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Abstract: Using the warm rolling process in the two-phase region, ultrafine-grained ferrite-
pearlite lamellar microstructures were obtained in a 0.41%C medium carbon steel. The
microstructures and mechanical properties of the warm rolled steel sheets were characterized
using scanning electron microscopy (SEM) , electron backscatter diffraction (EBSD) , quasi-static
tensile tests, and a series of low-temperature impact tests at three different temperatures (770, 800
and 830 °C ) for comparative analysis. The results reveal that in the steel sheets rolled at
temperatures of 770,800,and 830 °C,the average grain size of ferrite is measured to be 0. 82,0. 89,
and 1. 14 um, the proportion of pearlite is 16. 4%, 36. 2%, 43. 5%, with the size of 0.9, 1.3,
1.8 um, respectively. Furthermore, the yield strength is (696+3) , (733+7) and ( 776+5) MPa,
the elongation after fracture is 16. 5%, 16. 1% and 13. 8%, and the impact energy at —-60 °C is 119,
114, and 89 J, respectively. The proportion and size of ultrafine-grained ferrite-pearlite in the
lamellar structure of medium carbon steel can be changed by warm rolling at different temperatures
in the two-phase region. As a result, a remarkable improvement in the low-temperature impact
toughness of the medium carbon steel with high pearlite content is achieved. This leads to a
synergistic enhancement of strength, ductility, and low-temperature impact toughness.
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Fig. 1 Schematic illustration of rolling process for
ultrafine-grained medium carbon steel
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Fig.2 Optical micrographs of steel sheet samples in
direct-quenched and warm-rolled states at
various temperatures
(a)—DQ; (b)—WA770; (c)—WAS00; (d)—WAS30.
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Fig.3 SEM micrographs of direct-quenched and
warm-rolled steel sheets at various

subcritical temperatures
(a)—DQ; (b)—WA770; (¢)—WAS00; (d)—WAS30.

& 4 578 T WA770, WA800 FI1 WA830 4K 1Y
EBSD [E1% , 5 OM 1 SEM 45 5L A% 1 , B 3E T
OM FlI SEM ULZZEI (1) 2R 20 i i A 5 A RFAIE . R
TR PR RG], OGRS i Iork
B BRI Z R R AR Z 9 R boe £H,
AR RS AR — R R 22 LT AR/ N
S I 2558 20~15°, B A2 AR 26 KT 15°1Y
KBS WEBSD BIG ] LI i, 7 WAT70,
WAS00 1 WA830 iR FE H 15° LA I KA BE f AL 1Y
A543 514 61.8% , 66.4% F1 74.9% , T KAM {H Fl
1o KAM {H 2k 4% % J 032 70/ . DA TPF &1 ]
[7]— 24 R R sl B O A A AR EL AT AH [R] 1 44



84 ALK FFHRA RAFR)

% 46 %

Sge) T SR (1] 4d~ 181 46) i, 2 ) di 5k R
FVE S B, — 2 T8 D5 16 09— A Aok, [/ — J= N
s R U 22 B /0N £ JEE Ay B 00 B AT 1R AR X

KAM [ I 2 B 3 B A A AR AL . R, A7 3
G firRL RS B /N T U2 9 4 A5 2

B4 WA770,WAB800 %1 WAS30 $H#Y IPF & . & 57 & #1 KAM & #n
Fig. 4 IPF micrographs, grain boundary maps and KAM distribution for WA770, WA800, and WAS830 steels
(a)—IPF,WA770; (b)—IPF,WA800; (c)—IPF, WA830; (d)— ko1, WAT770; (e)—fiA 21 , WAS00;
(f)— K531, WA830; (g)—KAM,WA770; (h)—KAM,WA800; (i)—KAM, WAS30.

(&1 5 255 T EBSD &k 25 JL 0T KA B i A i
ST SE T WAT70, WAS00 1 WAS30 4 At °F
RN ST 435100 0.82,0.89 F11.16 wm. M fihi
Guit g T LUE W TR AL I R R, R A A R
RF R  [R) B b e A 2O 5 3R B, B A L o) Ui
FETH R, 2 RARAE A 25 B A 55 4k, SRk R
TR AR 22 | J2 58 BE AR RO R

N WA 770
— [ WA 800
[ 1WA830

0 1 2 6 7 8

3 4 5
B ERLR T /pm
E5 WA770,WAS800 F1 WAS830 $R i & Hi R~ 4> 75

Fig. 5 Distribution of grain size of WA770,WAB800,
and WAB830 steels

2.2 HzEikge
&l 6 7 WA770, WAS00 Fil WAS30 4 it AF 1Y

£V I Y A B VAt 5 S S VA S IR R et
ELR AR 2 AT LA, 3 FhAR G 17 A th R 2 77 A
A I 9 IR 5, >R FH I e Rt B A kg SI2 36 A9 1)
JiE IR 3, WA 770, WAS00 F1 WAS830 A4 i) Jit JIR
JE 23 50 (696+3) , (733+7) F1(776+5) MPa, Hifi
50 43591 Ay (881+5) , (941+2) #1(975+2 ) MPa, Wi
JE AR 243 511K 16.5%, 16.1% F1 13.8%. Jii IR 5
AT A 9 Bl O R T v T B v, S R i
REAIC .

TE NN TRk - 00 A% 28 (5] 6b~&] 6e)
AFRADCAr s T, TR T B, 409 XoF o o7 fif o) 7
rF R S AR T B B AR B B R N AR e Ak B B
AT LA 3 R A TR AL R AE T B Be 34 2]
T K&, {H WA770 F1 WA800 4N 1t T [ F2 15 55 T
WAB30 4N . 76 I B Be v, i T Ak 32 5 22 A5 4k,
$) i J5 B B 3 b TR IRk B — AN A, %R TR
fifrask 72 1 Jes Al B B2, L WA770 T WAB00 K 1)
AR EE/NT WAS30 A9 . 5 J I BB A 1T B B 1y
WA AH 5 T 4 720 7 2 AT, X6 iy T3k B e o
JE (R 35 5] SEAT Y B



% 94 F BT RmB% AR EREN TR ) P 85
60
1000 L (®) ®)
2 & s S0f
[=7
2 800 ; 40 -
= ——WA770 S WAS830
R 600 —— WAS00 x 30F —— WAS800
£ ——WA830 | # | ——WA770
ﬁ 400 —— §
) 10t
0r ﬁ
-10 ;

0 2 4 6 8§ 10 12 14 16 18

0 2 4 6 8 10 12 14 16

TRENAE% HWAE x 107
30
£ 55[© @ ©
g — WA770 — WAS800 — WAS830
(:9 20 . \ -
L 1 L

Sd D 1T SR A LI il 1 | pm
gw- C1.5% S YN © ] 0.9% [

shop—— A - |
= ! !
Hor . m I
.R _5 L 1 1 1 1 1 1 L 1 1

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
QAR x10° QAR x10° HWAF x10°

El6 WA770,WA800, WAS30 AL 1 K i TAE 1 2 g 4
Fig. 6 Tensile and work hardening rate curves of WA770, WA800 and WAB830 steels
(a)— TRER S1- TR AR M2k 5 (b)~(e)—Hm TR fh - B A8 h 2% .

K7 B8 T WA7T70, WA800 Fl1 WAS30 4K A
S iy WS T I e iR R Y AR AR 3 R A
A LB S AR o 0 AP ) P i e U
JEE T A 111 SF- 22 AR, 76 0 2= -60 °C Y8 [l N 2 6 W
i BB A A A IR B L Y, WAT770 4N 1
i Ui, WAS00 HI IR 2 , WA 830 A i A% , Hirf
-60 °C & N b D43 3o 119,114 F1 89 J.

200

—=—WA770
——WAS800

150

W T/

50
A

~60 ~40 =20 0
W\EEC

B7 WA770,WA800, WAB30 $R K i o I Y Th

hEiR R L

Variation of impact absorbed energy with

temperature of WA770,WAS800 and

WAB830 steels

Fig. 7

3 Ore

0.41%C H il X 28 35k B 42 93 ORI AR IX T 4L
ALBRS AT DAARAFER R AR FER AR A B S (1) )2

DR M A 22 AR K A N BRI T A X% A
A PO AARKL AR | HL B PG AR PR B fn A T B T s
B IR ERIR B AR E £ CHEILR AL
PR DX Lok A v, R 3R R R L EC ARV L D 1)
ST, I Bl A AL A G AR T A R L B A A
% BRI R R R X il A [m] B2 RN P2 A T L LG
PRI H T R B e R A RO AR AR A . ] 5 HL I PR
BT AL O ) AR R R R AR R SR AR 45 8 B
1o AR X IR BT HES T BN B A A (UL ] 4g~
B 4i) ! TS BT ATR K S AN Sk Z R TR
B, 43 B AR X S5k A 4k 28 R ) A T e
TV 180 A4 i 25 A 2R AR ok (O 5] 4d~ 4] 46). T
B e L AR L el R vt Vi 2 LR O AR
TR AR 2 ARV A 7 rp B A RO IR A A2
TR E AN [R] 228 T A DXL ECAAR H 8], e L 1
o A 3 A 152 5 EE A i LA R BRI AH AR B
AR Ak, BRI 2R 2Pk R 41 R R AR AR R T
BRG], DT IR B R F7 2= e B Y
WA770, WAS00 H1 WAS30 A4 4k Z 1A & ki
R FIERCAR LU IR R 38 n, ez T F o g A
R b i DRI 5 R A e R EIE R T EROL
AT 3 I, HEI TR AR A RREL A XT
AR B 52 ) . 17 i RS- £ 6 Ik ZE AR B i AR
TEAILT , 260 TR £k e — B0 A2 il £ rhoxt iz 1T By
B HARK B 5 R IR LA 5% . WAS30 40 H Bkt
A LU 1 ik 43.5%, J2 T R s K, B & T



86 AR FFIHR(A RAF M) % 46 %
WAS00 F1 WA770 4 , B &% 5 04 JE IR o )5 F 4t (Wang Zhao-dong, Deng Xiang-tao, Cao Yi, et al

IR . TR ARZ TR 55 32 2 Z 3Ok
JZ I BELAS , VER 4R  T a JE IR S A T Ak 3R
(fnl& 6e FTaR ) , 2 WAS30 4 (1) 24 &) FiE fifi 5 Fl
W J i 3R 18 e I

3 FPR 56 A9 B 7E 60 °C IR 4514 F w1y
Wik F) 80 J LA L (& 7 7w ) , 22 B J2 0k A8 40 &
O 285 4 S 2 4 v 1 e A A I b 30 4 B
{4 A e LR BRI AR WA 770 B9 B T Bk
SRS D B RS AN ZEARR vy o i rh 38
Je B D[R] s G R L1 2 (A R A it R T
T 2Ry e i, P EA S A I
.

4 4 e

1) 0.41%C H i 7E 770, 800 F1 830 °C ¥ AH
DX AL 38tk R AR A P L AN R A
AHAR B, ARAT T RS FIAR H AP A [] A J2 bk A 4
Ak R IR-EROEIR 4 21 WA 770, WAS00 Fil WAS30
B AR 2R A R ST 43 1 Al AR #1341 0.82,0.89
116 pm, BROCAR AT 73 1) 4 16.4%, 36.2% Fil
43.5% , BROCARGERE 539 0.9, 1.3 1 1.8 pum.

2) LI B AR T R A o R 3R AR S Bk
FEARE R R L], SE B0 T F1 22 PERE VR . Bl 2k
Ttk & 5 R SFRI, WA770, WAS00 11 WAS30
B 1) e AR 5 B2 43591 R 696, 733 i1 776 MPa, 471 L
S J 43591 Sk 881,941 F11975 MPa, {H A i 4iE i 5
AR v 2 R

3) JRAR A AR R ARG A W 0 ks T L
181 2R S AR T Bk B A9 G T 1 . WA770,, WAS00 Fil
WAS30 0 7E-60 °CAIK IR &5 14 T wh s T 4351l 35 3]
119,114 189 J.

SE 3k

[1] Jia NN, Guo K, He Y M, et al. A thermomechanical
process to achieve mechanical properties comparable to
those of quenched-tempered medium-C steel [J]. Materials
Science and Engineering: A, 2017, 700(17): 175-182.

(2] 2EMRMELRORZE D 2 TRRHU = o B i 2 55 A

FANAHE GB/T 24186—2022 [S]. dL5T : v [ 45 Hi AL,
2022.
(National Steel Standardisation Technical Committee. High-
strength  wear-resistant  steel plates and strips for
construction machinery GB/T 24186—2022 [S]. Beijing:
China Standard Press, 2022.)

[3] EBAR, RBE, B2, 5 BB RRA# w5 A% G 4 i
JE FRAF 5% B LTl A FH (7], 4%, 2010, 45(8) : 61-
64, 69.

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Development and industrial application of new low alloy
abrasion steel with low cost and ultra-high strength[] 1. Iron &
Steel, 2010, 45(8): 61-64, 69.)

IRARTE AT, FEMFAR , 25 T REALATI A 1 SRR A0 25 iy
PERE S 3 A P A SO L 2 [T ] M A P24 47
2022,43(3):81-88.

(Zheng Dong-sheng, Fan Cai-he, Qian Hai-gen, et al.
Bending properties and microstructure evolution during
bending of ultra-high strength steel for
machinery [J]. Journal of Heat Treatment of Materials,
2022, 43(3): 81-88.)

AR, TR, XA 4G G 4 e o 4K 5 [OIAR A
AT ]. K, 2020, 55(6) : 84-90.

(Jiang Yue-yue, Wang Zhao-dong, Deng Xiang-tao. Effect
of trace rare earth Ce on martensitic transformation behavior
of ultra-high strength low alloy steel [J]. Iron & Steel,
2020, 55(6): 84-90.)

Inoue T, Ueji R. Improvement of strength, toughness and
ductility in ultrafine-grained low-carbon steel processed by
warm  bi-axial rolling [J]. Materials
Engineering: 4, 2020, 786: 139415.

Song R, Ponge D, Raabe D, et al. Microstructure and
crystallographic texture of an ultrafine grained C-Mn steel
and their evolution during warm deformation and annealing
[J]. Acta Materialia, 2005, 53(3): 845 -858.

Mojtaba D, Fathallah Q, Mahdi G, et al. Effect of inter-
cycle heat treatment in accumulative roll-bonding (ARB)
process on planar isotropy of mechanical properties of
AA1050 sheets [J]. Transactions of Nonferrous Metals
Society of China, 2020, 30(9): 2381-2393.

Ovid’ ko I A, Valiev R Z, Zhu Y T. Review on superior
strength and enhanced ductility of metallic nanomaterials
[J]. Progress in Materials Science, 2018, 94: 462-540.
Shaeri M H, Shaeri M, Salehi M T, et al. Microstructure
and texture evolution of Al-7075 alloy processed by equal
channel angular pressing [J]. Transactions of Nonferrous
Metals Society of China, 2015, 25(5): 1367-1375.

Duan J Q, Quadir M Z, Xu W, et al. Texture balancing in a
FCC/BCC multilayered composite produced by accumulative
roll bonding[J 1. Acta Materialia, 2017, 123: 11-23.

Foe K, BEN, RLeT, 45 IRALXT DP590 42 AR A8 40
At XU ZE LS R P REBSZ R [ 1], AR b4 (A SRR
ML), 2023, 44(3): 357-362, 369.

(Su Yuan-fei, Li Hui-jie, Xu Xiao-ning, et al. Effect of
warm rolling on laminated ultra-fine grained dual-phase
microstructure and tensile properties of DP590 steel [J].

construction

Science and

Journal of Northeastern University (Natural Science) ,
2023, 44(3): 357-362, 369.)

Zhao X, Yang X L. Ultrafine-grained steel produced by
warm rolling and annealing of lath martensite [T]. Materials
Science Forum, 2010, 667/668/669: 863—-866.

Hanamura T, Yin F, Nagai K. Ductile-brittle transition
temperature of ultrafine ferrite/cementite microstructure in a
low carbon steel controlled by effective grain size[J]. ISLJ
International, 2004, 44(3): 610-617.

ZhouY H, XiaoY, LiR, etal. In situ investigation on plastic
deformation behaviors in austenite-ferrite heterostructured
stainless steel [J]. Materials Science and Engineering: A,
2022, 857: 144111.

Zhao L J, Park N, Tian Y Z, et al. Dynamic transformation
mechanism for producing ultrafine grained steels [J].
Advanced Engineering Materials, 2018, 20(7): 1701016.
Wang P F, Li Z D, Lin G B, et al. Influence of vanadium
on the microstructure and mechanical properties of medium-
carbon steels for wheels[ J|. Metals, 2018, 8(12): 978.



