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The Effect of Soft-reduction Process on Microstructure
Evolution and Graphite Particle Precipitation
Behavior of High Silicon Graphited Steel
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Abstract: This study systematically investigates the influence of soft reduction (with/without, 5 passes with a total reduc-
tion of 7 mm) and subsequent heat treatments-salt bathing (440°C and 500°C) and tempering (630°C and 680°C)-on car-
bon/silicon segregation in high-silicon graphited steel billets and its effects on microstructure evolution and graphite precipi-
tation behavior in wire rods. Industrial continuous casting, heat treatment trials, and characterization tools (metallographic
microscopy, SEM) were employed. Results demonstrate that implementing soft reduction significantly improves centerline
quality of free-cutting graphited steel billets, effectively reducing carbon and silicon segregation at the billet core. Bainite
transformation significantly occurred in both non-soft-reduction and soft-reduction strand hot-rolled wire rods during salt
baths at 440°C and 500°C. Furthermore, acicular bainite was more readily formed under conditions of high carbon and sili-
con content in the rod thickness center and at lower salt bath temperatures. The heat treatment process employing a 440°C
salt bath followed by tempering at 680°C can effectively increase the number of graphite nucleation sites during the temper-
ing process of free-cutting graphited steel. Building upon this optimized process, increasing the base carbon and silicon con-
tent can accelerate and promote the massive nucleation of graphite particles in the size range =1 pm but <3 pwm during tem-
pering. After undergoing the 440°C salt bath and 680°C tempering treatment, the graphite particle densities in the thickness
center of the non-soft-reduction and soft-reduction rods were relatively high, reaching 24,434 particles/mm® and 32 675 par-
ticles/mm?, respectively. The graphite particle sizes in both cases were predominantly within the =1 pm to <3 pm range.
Key Words: Soft-reduction; High Silicon Graphited Steel; Salt Bath Temperature; Tempering Temperature; Graphite
Particles
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Fig. 1 Schematic diagram of sampling in the cast-rolling process of GECO1 free—cutting graphited steel
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Fig. 2 Macrostructure of GECO1 free—cutting graphited steel billet: (a) cross—section—non—soft reduction, (b) longitudinal section—

non—soft reduction, (¢) cross—section—soft reduction, (d) longitudinal section—soft reduction
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Fig. 3 Carbon segregation index at various sampling locations on the cross—section of GECO1 free—cutting graphited steel billet: (a)

non-soft reduction, (b)soft reduction
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Fig. 4 Silicon segregation index al various sampling locations on the cross—section of GECO1 free—cutting graphited steel billet : (a)

non—soft reduction, (b)soft reduction.

L0 VAU RIS, 7 B TR Al B 3 A DX B
YR AR A% P e B 25 2 #e V) A8 2k Jy AR OK, -
BRI ik S O M LA 102 A A i SR Rk
FAR R B sz B R SRR R IR K
KA TRV BSF, B Jot L REAE 4K 3R AR B 6 7 &y 7 it 3t T
R BT DI R DL AR g e i
B 25 JEL B v Bl 5 e 1 () A B A L X
FE — T 1T 3 o DL TG AR A B 7 B L 1 e i
W2, 5 350 DL FCAAR T U R A T 38 o4 AP AR A A 3 ik
1, 53— 7 T 23 {2 A B [RAAR RS PR 3G I 5 280 il
BRARST H P S SOH R VA A 4 ) 5 B TE ik Ak
Prsl Ak CEDRO) DU IRIARTE SR
2.1.3  [AkHA

(DA AHHN

&l 6 F1E 7 4390 R A R R R T ik A 28
Sy VIR 43 511 28 630,680 °C [H] 2k 1) 4k 55 JEE 13 1/4 4b

FUEREE PO A S, IE 6 i LIE Y, 630 “CIFlk
BF, AR T R R R kA 38 55 DI AR ) 4 AH 2
AR R R IR+ 8B T+Fe,C, Hif Fe,C 22 411/1
PRI A ROTHEATE 1 pm DU, 0743 S8R R
XK, RZZAFMIER , RF M1 wm £ 6 wm
ANEE L KA EE 500 “CELIS , 440 CERIR 45 B 55 I Uk S
B[] K B 2R TR 1/4 A R JE v 1 Fe,C 85 B
BHEZ MFEEREEE T, 4 B k5K L)
Fe,C B0 B 8 2 T HJRE 1/4 40, R 5 E T 3k ml
KEELRE L) Fe,C B B 2 T RE F IR,
ME T BT LA 2 iR BE L 630 CHR &
680 “C., #5 S I [l I Ak 25 1Y) Fe,C B0 SURII AL | i
VAR YA e e DI NEER s iy o] R P e
ERVIREE R, 45 1m0k 38 2% J5 B vt 1 A ARk 4
Wi 2 T LR R 1/4 4 RS TE R Ik Il ok 4 5%
JE T A SRR RS B B R TR R R IR,



- 108 - FFIR N

547 5

440 C

JEEBE1/44k

B L

S RPRNEAR L FRRIEAR

B 5 AFEELAIERE T GECOL A1 35 VI 2 S BRI I B2 1/4 /b Frpuco 402 . (o) RIS -JEEBE 1/4 hb-440 °C; (b) 35T -
JELJE 1/4 40-440 °C; (¢) KRR TR 1/4 4b-500 °C; (d) B H T -JE B 1/4 4b-500 °C; (e) KE2 T -JE AL H.0-440 °C;
() 25T - 440 °C; () R -BEH0-500 °C; (h) 25 T -JE5 H0-500 C

Fig. 5 Microstructures at quarter—thickness and center positions on the cross—section of GECO1 free—cutting graphited steel wire rod

under different salt bath temperatures :

(a) non—soft reduction—quarter—thickness—440°C; (b)soft reduction—quarter—thickness—440°

C; (¢)non—soft reduction—quarter—thickness—S()()0 C; (d)soft reduction—quarter—thickness—500° C; (e)non-soft reduction—center—
440°C; (f) soft reduction — center—440°C; (g)non—soft reduction—center—500°C; (h)soft reduction—center—500°C
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Fig. 6 Microstructures at quarter—thickness and center positions on the cross—section of GECO1 free—cutting graphited steel wire rod

tempered at 630°C : (a) non—soft reduction—quarter—thickness—440° C; (b) soft reduction—quarter—thickness—440° C; (c) non—soft

reduction—quarler—thickness—500°C; (d)soft reduction—quarter—thickness—500°C; (e)non—soft reduction—center—440°C; (f) soft re-
duction - center-440°C; (g)non—soft reduction—center—500°C; (h)soft reduction—center—500°C
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Fig. 7 Microstructure at quarter—thickness and center positions on the cross—section of GECO1 free—cutting graphited steel wire rod

tempered at 680° C : (a) non—soft reduction—quarter—thickness—440° C; (b) soft reduction—quarter—thickness—440° C; (c) non—soft

reduction—quarter—thickness—500°C; (d)soft reduction—quarter—thickness—500°C; (e)non—soft reduction—center—440°C; (f) soft re-
duction - center-440°C; (g)non—soft reduction—center—500°C; (h)soft reduction—center—500°C
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Fig. 8 Average grain size at quarter—thickness and center positions on the cross—section of GECO1 free—cutting graphited steel wire

rod under two tempering temperatures : (a)630°C, (h)680°C
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Fig. 9 SEM morphology and EDS analysis results of graphite and Fe,C in the core region of non—soft-reduction wire rod from a spe-
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Fig. 10 SEM morphology and EDS analysis results of graphite and Fe,C in the core region of non—soft-reduction wire rod from a spe-
cific cast: salt—bathed at 440°C and tempered at 680°C. :
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Fig. 11  Statistical results of graphite particle density in GECO1 free—cutting graphited steel wire rod under two tempering tempera-
tures : (a) 630°C, (b) 680°C
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