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Numerical Simulation on Deformation Behavior of High-
Carbon Steel Billet During Mechanical Reduction Process
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Abstract: The deformation behavior of the high-carbon steel billet in the continuous casting
mechanical reduction process was analyzed from aspects such as appearance deformation, two-
phase region deformation, and strain by establishing a 3D thermal-mechanical coupling
numerical model. The research results show that the deformation behavior of the high-carbon
steel billet during the mechanical reduction process is closely related to the amount and the
position of mechanical reduction applied. A larger reduction amount indicates a larger overall
appearance deformation of the billet and a more reduced area of the two-phase region caused by
the mechanical reduction; the strain generated inside the billet also increases, while the reduction
efficiency decreases with the increase in the reduction amount. As the reduction position moves
forward, the deformation trend of the billet expanding in the width direction on both sides has
intensified, and the reduction efficiency increases. Furthermore, as the central solidification rate
corresponding to the reduction position decreases, the intensity and area of the lateral tensile
strain in the spread direction acting on the central region of the billet show an increasing trend.
Key words: billet; continuous casting; mechanical reduction; deformation behavior; numerical
simulation
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Table 1 Chemical composition of studied steel grade
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x2 INFREHUNERSH
Table 2 Basic parameters of billet caster
) R 4 BB (2 i )
G T L N e S T LT
mmXmm mm
160x160 10 800 7.7 450 13.6~18.0
*3 RERETSH
Table 3 Parameters for casting and reduction
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Fig.1 Schematic diagram of thermal-mechanical
coupling model established for mechanical
reduction process
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Table 4 Comparison of calculated values and measured values of reduction reaction forces

ZH 24 3# 4# 5# o#
JE AR 1A AN 32.6 109. 1 203. 8 306. 8 254. 4
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Fig.2 Variation of displacement of upper surface of

billet along reduction direction with reduction
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Fig. 3 Variation of displacement of lower surface of
billet along reduction direction with reduction
amount
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Fig.4 Variation of displacement of side surface of
billet along spread direction with reduction
amount
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Fig.5 Variation of displacement of upper surface of
billet along reduction direction with reduction
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two-phase region of billet

PNERINDRES I = 11025 i A S WA= .0}
JO7 F AR 2R £ROAC , R DX T AR/ /) 5 L
M9 il e i AR R B mT LA, Bl 4
R PR DX T AR el /) i 0 0 R AR 2 R TR
e X —TJ7 W T B PAH X IR B TR R 7
B IR AL AN 5 55 —J7 TR T 7 5
Jei A 2 AR DX B T A s

M T AR /N P X AR F
JESES ik s b A S A = R RPN il e R S ) (9752

A FIT PR XS BERY B IN. SR10, 3 2 >S54
I IR AR DX AR TR 11478 A D7 1) R T AR DX AR
ol R )52 00 0 S A S PR RS 3, 5 5
I R [T B 7 X R T B T R A S )
FHIE, BT TR 205

87.14
\63.53

\47.04

\%6.55

T~__17.52

0 012 024 016 018 1.0
A
9 ETHEXHZEREXERB/NENIT
Fig. 9 Effect of reduction position on reduced area of

P X T BR8N/ mm®
c&8388388

[\*]
o
T

—_
o

two-phase region of billet

FE TR S R R ST I f 8 5
A T B 0% R 22 R — R
SRR RIS TSR AT

y = % % 100%.

Ay MIETFRCR, % ; A4, 0 R 35 51558 [ i
IR B A TE TR, mm? 5 A4, R TR B 3% 20 26 1
(B AR A, mm?.

AR S B AN TR A7 8 Ak 1) T 3508
FR 45 SR 43 S fnn 7 10 AR 11 F i L eI 10 AT
31y 12 ) D2 S N A W < S A B [ A
BN 1 mm (1 15.67% FFAKE 5 mm 1) 8.95%;
X 55 1 8 R A DX/ ) i ) 494 s ot T ) AR 4k
e S0 B 1R MR E T, R
T ARCRBEE T A A R O [ A R A Y 3
T AR, A £=0.1 B} 1) 18.15% F#AK 2= £=0.9 i}
[ 3.65%. X BLHH , F A5 B g , e 4R 19 e T A A
X A% 356 25 A DX, 3k 5 1 9 T R AE IXC T AR /)
A R R A8 A

AR, % T & 10 A 11 48 3 728 ki3,
WA LA 76 A A AL S B L B R T
I, TR R IR B TR R A A
Xof o O LA £ T R R ORI s2 ), WI7E £ K
T 0.7 )5 BB S
2.3 B %

/N IRTENUE i R B T A
HNAETE LA B W AH X AR TE A1 | 5 5K 7 3% F) 7= 1 AR
DI - VA W B S eV Y5 N E N =R N D O v



% 10 #9 =

FkE . BAAR I T AR E T a2 T AT A AL 101

NMANN0OO =W
T T T T T T T T T T
[

1 2 3 4 5
FET &/mm
E10 ETEXETHERNZI

Fig. 10 Effect of reduction amount on reduction

efficiency
20515
18+
16 -
L 14t 13.26
o~
@_ 12 -
K10 8.80
= gl "
B \.53
4l T~—_3.65
2 L
0 02 04 06 08 10
A
B11 ETEXETRENZN
Fig. 11 Effect of reduction position on reduction

efficiency

HT AN TR S 4 S 9 R AR A (] 12)
PR, DA AR A B A A T 3 A R AR A I
AR, HUJR AR M A4 b R e X
AR AR AR . B T T B BB, B R AL B
AR R UK 3E RRE Fs [R) I 3o BT D 1] 1)
SRV e RN VRN < I R R A 2 oS 1 59 AR
B L E S N DN 23 Y g LT i )
VA0 4 O AR SR, 3 R — 7 A g A A
AT AR Y AR RO 3 T B T AE A
o, EARON EBIE TR, AR 9 BN AR, X
5 HABPIE T 2 AR 0 AR BE S AE R L
N TR DDA S/ S e S il SN N TR D V'S S
FEAEYT R G TS0 v e )07 U S i T ek
55, H T 23 5 0 0 A 1) Y IUTRE A9 3 X
SIS I TR AR — 2

13 W], Hy A ] 1 A5 8 0 17 A X T
FRORV/IN 22 5, v R A% DX 3 T AU A
255 . B TR T 57 Ak X 10 Oy [F A 8 AT
P PR A IR 1 73 A1 S AT T, B A 0 R AR T

HH I A A 22 S AR R T L, e T A, i
AR By 1] e rh O AR 3, R T DX 2 £
B AL N AN N (SR VR A o L R TR
JR R 3 AL i

[ s.647e-02
. 5.238e-02
4.8280-02
4.4190-02
4.0090-02
3.5990-02
3.1900-02
2.7800-02
23710-02
1.961e-02
1.552e-02

(@
® ©
@ (e)

12 ETEXNHFENTES IR
Fig. 12 Effect of reduction amount on strain
distribution of billet

(a)—1 mm; (b)—2 mm; (¢)—3 mm;

(d)—4 mm; (e)—5 mm.

+9.000e-02
- 8.240e-02
77.480e-02
6.720e-02
5.960e-02
5.200e-02
4.440e-02
3.680e-02
2.920e-02
2.160e-02
1.400e-02

(b) ©
@ O]
B 13 ETEXNHENETSHRIMm
Fig. 13 Effect of reduction position on strain
distribution of billet

(a)—f=0.1; (b)—f=0.3; (c)—f=0.5;
(d)—f=0.7; (e)—f=0.9.




102 FlkF

FIR(A R FR)

% 46 %

R 22 A T8 B BUAE AT T A A 5 T A XY
HEUPURRIX (BTR)', 445 %500 A%
JERIXC PN I A 3 BR AN ) 38 31 KT i

AR 2 AR RS R N R B AR T |
JEJEFNGE U 34T 1) 7 R AR 3 i S /N5 B
AL X N PR XN SRR X i 2 45T 1]
F8 A8 - VR O 2R 20l i, A SE T 1)
LR ER T 18] B9 0 A8 5 4 SRR X PR ) A
J5 ] ST L OG AR LY 3K 2 AT 1] B AR G g R
JOL AR, WA 25 5 7 5 SUBURR X A 7 A T A Al Y
28, i 7 AR SR A S AR T B A
KPEHONAT IR, B350 5 B E A A i 3, X Al
FHAERLER T 18] L™ A 0 0 A8 5 S BRAE F] REAF 7R
PR A 22 , T LA T2 20 B0 A 4 0 £ 58 8 5 1) B
VAR i AR AL L

HTE] 14 AT 36 MR A L 5 JE T 1] Y
ARG 5, BEAMN B I, sz s B R
B A TS 1T e 1 0 R v i = A S a4
S, v B2 A A B DX 5 R A 2 T 4 K
H & 15 m] R, £ S R T T R L T P
DAL W PR TR T [ B N AR B R
(183 38 0 17 2% 34 i) 7 2 A% T ) B A, HL s
PN A VRS IR N

[ 5.2820-03

—3.4500-02
—3.892¢-02

Ulll!

E14 ETENZERNESESHHIFIN

Fig. 14 Effect of reduction amount on distribution of

strain component in spread direction
(a)—1 mm; (b)—2 mm; (¢)—3 mm;
(d)—4 mm; (e)—5 mm.

WEE 5T LAY ATRS , aniEl 16 Bros , #5201
i BT 11 9 I8 A8 - 1 A B EE O, B
DX I 32 0 8 7 T 2 A A T o7 728 £ DX IR
J3E 49 % 38 T R PR 17 T 7 A T
HLAPD R A ALE U R TE R DT 1) 4 AR
R QA N VA= RO IR EATTRN N E MR IR

> Ot Jin e 280

rbugs BEAHER £REAIC A 0.1 B, 12007 8] KR 430 B
TEH TR EE = AR AR

15

—&— l'mm
- 1otk —o— 2 mm
5] —— 3 mm
X +451mm
]]]m 5_ —o— d>mm
S o
=
f’E -5r !
1
%-10-
~15+

(I) 2IO 4IO 6IO 8I0 160 12IO 1:10 16IO
5 B /mm
E15 ETEXNERAEBEESERHLFREH D
EHF SRR
Fig. 15 Effect of reduction amount on distribution of
strain component in spread direction along
vertical central line of billet surface

[15.450e-03
1.0000-03
3.4490-03
7899003
21235002
~1/6800-02
2125002
2.5700-02
3.0150-02
3.4600-02

—3.905e-02

E 16 J‘Tﬁﬁﬁ#%f‘*ﬁéﬁ*ﬁmﬂf

Fig. 16 Effect of reduction position on distribution of

strain component in spread direction
(a)—f=0.1; (b)—/=0.3; (c¢)—f=0.5;
(d)—f=0.7; (e)—f=0.9.

5 st
X
MW oor
R
st
‘]a
= —= £=0.1
g 101 o =03
-4 —— f=0.5
8B 15+ —f£=0.7
—— £=0.9
20705720 20 60 80 160' 120 140 160
R R F/mm
E17 ETHNEXNZERAENTSEFEHFERET RO
EHEFEDHHIFN

Fig. 17 Effect of reduction position on distribution of
strain component in spread direction along
vertical central line of billet surface



% 10 #8 BFREF BN T IRAAE T AR T AT A RALALE L

103

3 4 7

1) A FREAE MSC. Marc $ /) J5 ALK
F R i A0 O 45 1] [P 32 252 A1 ) o B9 /N AR HE
R ST AR DT C Y = Ak AT S B A
TS A R T A R S RO T BT
B EFE T b BN T I S LU Rl AR A AR
2w

2) TERS/NIT RSB T B, St s e S
AT o7 o LR - I N  AS
T, EL T S0 b 3 AR f S TR 3
TR P M AL AR R R T, 5 il
725 57 B AN A b stk , HLRE A R 1
R, B A T F o o) P TR Y 728 S T e 4

3) BUBRO T 3 S50/ T 8 A DX B A D/
S T AR LK R BB S i T
TN TS 255023 D) I T i ) 8o DA T Ao
R 5 A% T AT

4) TENUVBOE T i R rp /N5 SR i L A 7
JIT 32 04 7 i R, B A v DX /) 5 B T
AN LL R AL PR AT, S B A A
Ak By RO AR SRR R A T B T R A2 T AR
FIRY 5 J3E 1 DX Sl 473 T 1K

Sk :

[1] Chen C Y, Wang L, Sun M, et al. Recent advances in
inclusions and central segregation control technology in tyre
cord steel and saw wire steel [J].
Steelmaking, 2023, 50(2): 179-214.

Sivesson P, Ortlund T, Widell B. Improvement of inner

Ironmaking &

quality in continuously cast billets through thermal soft
reduction and use of multivariate analysis of saved process
variables [J]. Ironmaking & Steelmaking, 1996, 23 (6) :
504-511.

Zhang Z, Wu M H, Zhang H J, et al. Modeling of the as-
cast structure and macrosegregation in the continuous
casting of a steel billet: effect of M—EMS [J]. Journal of
Materials Processing Technology, 2022, 301: 117434.

Han Y S, Yan W, Zhang J S, et al. Comparison and
integration of final electromagnetic stirring and thermal soft
reduction on continuous casting billet [J]. Journal of Iron
and Steel Research International, 2021, 28(2): 160-167.

[5]

[8]

(9]

[10]

[11]

[121]

[13]

[14]

[15]

[16]

[17]

[18]

Zhang MY, Bao Y P, Zhao L H, et al. Improvement of
carbon segregation in cast bloom and heredity in hot-rolled
bar [J]. Metallurgical Research & Technology, 2021, 118
(6): 610.

Zong N F, Jing T,
chamfer technology and a convex roll technology during the

Liu Y. Comparative studies on a

soft reduction process [J]. Archives of Metallurgy and
Materials, 2021, 66(3): 819-829.
Zhang J Y, Wu C H, Ji C,
microporosities in wide-thick continuous casting slab during

et al. Evolution of
heavy reduction process [J]. Steel Research International,
2022, 93(7): 2000601.

Yang B, Wang M L, Zhang H, et al. Optimization of heavy
reduction process on continuous-casting bloom[J]. Metals,
2022, 12(11): 1873.

Chen X H, Deng W, Niu S. Industrial application of
mechanical reduction on continuous casting of bearing steel
bloom[J]. Processes, 2021, 9(12): 2280.

Okimori M, Nishihara R, Fukunaga S, et al. Development
of soft reduction techniques for preventing center porosity
occurrence in large size bloom[J]. Tetsu-to-Hagane, 1994,
80(8): 120-123.

Byrne C, Tercelli C. Mechanical soft reduction in billet
casting [J]. Steel Times International, 2002, 26(10) : 33—
35.

Ludlow V, Normanton A, Anderson A, et al. Strategy to
minimise central segregation in high carbon steel grades
during billet casting[J]. Ironmaking & Steelmaking, 2005,
32(1): 68-74.

Zeng J, Chen W Q, Wang Q X, et al. Improving Inner
billets:
comparison between mechanical soft reduction and final

quality in continuous casting rectangular
electromagnetic stirring [J]. Transactions of the Indian
Institute of Metals, 2016, 69(8): 1623-1632.

Nabeshima S, Nakato H, Fujii T,

centerline segregation in continuously cast blooms by

et al. Control of

continuous forging process[]]. ISIJ International, 1995, 35
(6): 673-679.

Gao Y B, Bao Y.P, Wang Y, et al. Development of a novel
strand reduction technology for the continuous casting of
homogeneous high-carbon steel billet [J]. Steel Research
International, 2023, 94(5): 2200740.

Zhang M Y, Bao Y P, Zhao L H, et al. Formation and
control of central cracks in alloy steel ZKG223 [J]. Steel
Research International, 2022, 93(11): 2200289.

Wu C H, Ji C, Zhu M Y. Numerical simulation of bulging
deformation for wide-thick slab under uneven cooling
conditions[J]. Metallurgical and Materials Transactions B,
2018, 49(3): 1346-1359.

Zong N F, Huang J, Liu Y, et al. Controlling centre
segregation and shrinkage cavities without internal crack in
as-cast bloom of steel GCrl5 induced by soft reduction
technologies[ J . Ironmaking & Steelmaking, 2021, 48(8):
944-952.



