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Table 1 Chemical composition of experimental steel (/%)

C Si Mn \Y% Nb N S/P Fe

0.25 0.7 15 0.17 0.015 0.02 <0.025 Bal.
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Fig.1 Schematic diagram of specimen used for the dynamic CCT

thermal simulation
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Fig.2 Schematic diagram of the dynamic CCT thermal simulation

process for experimental steel
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Fig.3 Microstructures of the experimental steel

formed after cooling at different cooling rates

3.16 05 Cls a| 3.32fF s5Crs b
3.28}
c P =639 °C
E312 =601 C
s ' 3241 P=581 C
= B,=532 'C
kS 3.20 E
= 3.08
3.16
3.04 . . 3.12 L . L . L
500 600 700 800 400 500 600 700 800
3.20 3.44
8°Cls c 20 C/s d
3.40

Dilatation/mm

3.36

3.32

200 300 400 500 600 700 800
Temperature/'C

200 300 400 500 600 700 800
Temperature/’C

4 Seue B iR v HHUA T P AK IR BE AR 1 i 25
Fig.4 Dilatation-temperature curves of the experimental steel at the typical cooling rates of 0.5 ‘C/s (a), 5 C/s (b), 8 “C/s (c), and 20 ‘C/s (d)
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Table 2 Phase transformation temperature points of the experimental steel at different cooling rates

Cooling rate/C s Fo/C Py/C P#/°C Bs/C B{/C My/‘C M¢/C
0.5 767 639 601
1 728 632 580
3 714 631 594 570 521
5 712 581 532 442
8 702 531 436 340 307
10 678 530 433 338 294
12 674 525 431 351 292
15 673 430 354 298
20 667 427 361 296
1200 A5 K AE A HI R THE] 12 °Cls I FFUA4 /I B 113
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Fig.5 Dynamic CCT diagram of the experimental steel
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Fig.6  Overall micro-hardness of the experimental steel after cooling

at different cooling rates
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Fig.7 Examples of the micro-hardness test for the individual phases: (a) ferrite, (b) pearlite, (c) bainite, and (d) martensite
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Table 3 Micro-hardness (HV) of the individual phases in the
experimental steels after cooling at different cooling
rates (>9.8 MPa)

Cooling rate/C s*  Ferrite Pearlite Bainite  Martensite
0.5 207 294
1 234 308
3 284 310 347
5 291 325 350
8 395 444
10 - - 412 459
12 - - 441 485
15 - - 451 510
20 - - 468 537
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Fig.8 TEM-EDS analysis of precipitates at the cooling rate of 0.5 ‘C/s
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Fig.9 HRTEM analysis of ferrite and nano-precipitates at cooling rate of 0.5 ‘C/s
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Fig.10 TEM bright field images of precipitates at the typical cooling rates of 0.5 ‘C/s (a, b), 1 C/s (c, d), 3 ‘C/s (e, f), and 5 ‘C/s (g, h)
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Fig.11 Changes in the diameter (a) and number density (b) of nano precipitates with cooling rate
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Fig.12 TEM bright field images of precipitates within bainitic ferrite in the experimental steel at the cooling rate of 5 C/s
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Fig.13 Nominal stress-strain curves of the experimental steel after

hot-rolling
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Table 4 Mechanical properties of the experimental steel after

hot-rolling
Project Rel/MPa Rm/MPa Al% Rel/Rm
Sample 1 714.38 907.19 19.12 0.79
Sample 2 714.41 904.09 17.56 0.79
Average value 714.40 905.64 18.34 0.79 _
Bl 14 BAELSIRMLY RAEH S BE AT (VND)(C,N) 1 TEM
B3 HH
p == T AN
A T RERE . PURBIE S Fig.14 OM image of the experimental steel after hot rolling and
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R+EREE CInP 14a) o SR S2I6 AR 49 K AT HH AR 3 .
7 TEM #1E, W 14b fir, Havkiimmnssyv 3 F R
Fi/b8 Nb IS, AP ERE N 4.21 nm, 1) BEIHRET 3 °Cls B, %4 B ik 22 A RIER

BB 114108 ™, HORAE, YR AL SO R B 4740

TEM bright field image of the (V,Nb)(C,N) within ferrite
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Dynamic CCT Curves and Precipitation Sensitivity of Nano-sized Carbonitride Against
Cooling Rate in the High-V, N Micro-Alloyed Steel

Shi Peng*, Zhang Xianguang®, Shu Chunyang?, Qi Jianghua?, Guo Huangxun?, Chen Jiajun®,
Yan Jianhao®, Kiyotaka Matsuura®, Pei Yiwu'
(1. School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing, Beijing 100083, China)
(2. Liansteel Technology Center, Hunan Valin Lianyuan Iron & Steel Co., Ltd, Loudi 417000, China)
(3. Division of Materials Science and Engineering, Faculty of Engineering, Hokkaido University, Sapporo 060-8628, Japan)

Abstract: In order to achieve precise control of the structure and precipitates during the rolling-cooling process of the high V, N micro-alloyed
steel, the Gleeble-1500D thermal simulated test machine was used to study the thermal expansion curve and phase transformation rules of the
experimental steel at different cooling rates after rolling. In particular, the dynamic continuous cooling transformation curve (dynamic CCT curve)
of supercooled austenite, and the microstructure evolution behavior, microhardness and sensitivity of the nano-sized carbonitride precipitation
behavior to the cooling rate were studied. The results show that when the cooling rate is lower than 3 <C/s, the microstructure of the experimental
steel is composed of ferrite and pearlite. When the cooling rate is 3 <C/s, bainite transformation occurs, and the matrix structure is composed of
ferrite, pearlite and bainite. On the other hand, the pearlite structure disappears, and the martensite structure begins to be formed at the cooling rate
of 8 °C/s, and the matrix structure is composed of intergranular ferrite, bainite and martensite. When the cooling rate reaches 20 <C /s, the matrix
structure is dominated by martensite and it is mixed with a small amount of proeutectoid ferrite and bainite. Furthermore, the cooling rate also has
a significant influence on the precipitation behavior of nano-sized carbonitrides. When the cooling rate is within 1 <C/s, the diameter and number
density of the nanoprecipitates in the polygonal ferrite a show strong sensitivity to the cooling rate. The diameter of the nanoprecipitates is
apparently decreased with the increase in cooling rate, and it is inverse for the change in number density. When the cooling rate increases from
1 °C/s to 3 °C/s, the diameter of the nanoprecipitates further decreases, and the number density tends to be stable. As the cooling rate is further
increased from 3 °C/s to 5 °C/s, the diameter of the nanoprecipitates keeps constant, and the number density is decreased. It is also found that less
nanoprecipitates are contained in the bainite structure and the bainite is not helpful for the precipitation. Based on the above research on the
structure evolution and precipitation law, a high V, N micro-alloyed steel with a yield strength of more than 700 MPa and meeting seismic
requirements has been industrialized and trial-produced.

Key words: high V, N micro-alloyed steel; cooling rate; dynamic CCT curve; phase transformation law; nano-sized precipitates

Corresponding author: Zhang Xianguang, Ph. D., Associate Professor, School of Metallurgical and Ecological Engineering, University of Science

and Technology Beijing, Beijing 100083, P. R. China, Tel: 0086-10-62332265, E-mail: xgzhang@ustb.edu.cn


mailto:xgzhang@ustb.edu.cn

