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Table 1 Chemical composition of test steel/ % ( Mass fraction)

Sample C Si Mn S (0] La Ce
RE 0.2288 0. 4431 1.3721 0.0391 0.0322 0.0074 0. 0063 0.0116
LF+RE 0. 2462 0.5110 1.3913 0.0323 0.0071 0. 0031 0. 0070 0.0133
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Fig.1 Flowchart of the sampling procedure
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Table 2 Equivalent diameters in various inclusion

types/ pm
Inclusions RE LF+RE RE1100 LF+RE1100
MnS 2.56 2.07 2.64 1.95
RES 1. 42 1.70 2.42 1. 46
REO 3.65 4.86 8.34 4.30
Silacate 3.72 6. 66 12.55 7.02
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Table 3 Interaction coefficients of various elements in liquid steel at 1873 K

el C Si Mn p S 0 Cr Mo Ti Ce La
0] -0. 450 -0. 131 -0.021 0.070 -0.133 -0.200 -0. 040 0. 004 -0. 600 -0.570 -

Si 0. 180 0.110 -0.015 0. 090 0. 066 -0.230 - - - - -

S 0.112 0. 063 -0.026 0. 029 -0.028 -0.270 -0.011 0. 003 0.072 -1.880 -1.510
Mn -0.070 -0.033 - -0. 004 —-0.048 -0. 083 - - - - -
La 0. 030 - 0.280 - —-82.000 -105.000 - - - - -0.013
Ce -0.430 - - 1.770 -8.390 -5.030 - - -3.620 -0. 004 -
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Table 4 Standard Gibbs free energy of formation of

rare earth inclusions at 1520 °C*""*!

AG® = A +BT(J - mol™")

Reaction

A B
[Cel+[S]=CeS(s) -721130 294.0
2[Ce]+3[ 0] =Ce,04(s) -1888944 676.9
[Ce]+2[ 0] =Ce0,(s) -852720 249.9
2[ Ce]+3[S]=Ce,S,(s) -1340000 497.0
2[Ce]+2[0]+[S]=Ce,0,S(s) -791096 142.9
[La]+[S]=CeS(s) -637900 227.0
2[Lal+3[ 0] =La,0,(s) -1443880 337.0
2[La]+3[S]=La,S;(s) -1201018 425.0
2[La]+2[ 0]+[S] =La,0,S(s) -1341200 301.0
Ce, 05+[ 0] =2Ce0,(s) -276680 140. 4
[Cel+CeS(s)+2[ 0] =Ce,0,S -929300 210.6
Ce,S5(s)+2[ 0] =Ce,0,S(s)+2[S] -278560 3.3
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Fig.5 Gibbs free energy of formation of rare earth inclusions in liquid steel at 1520 °C in the test steel
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Table 5 Chemical reaction and Gibbs free energy for the formation of RE compounds

AG® = A +BT(J - mol™") AG(KJ - mol™")
Reaction

A B RE LF+RE
2[ Ce]+8i0,+[ 0] =Ce,0,+[ Si] -852320 141.28 -366. 67 -371.15
2[ Ce]+3MnO=Ce,0,+3[ Mn] -574060 -23.44 -447.35 -464. 67
2[ Ce]+MnO - Si0, =Ce,0,+[ Mn]+[Si] -537407 18.66 -350. 53 -367. 36
2[ Ce] +Si0,+[ S]=Ce,0,8+[ Si] ~774960 112.8 -371. 14 -365. 99
2[ Ce]+2MnO+[ S]=Ce,0,5+2[ Mn] ~781600 75.72 -428.95 -424.28
4[ Ce]+MnO - Si0,+[ 0]+2[S]=2Ce, 0,5+ Mn]+[ Si] -1811447 321.18 -738.20 -716. 03
2[La]+S8i0,+[ 0] =La,0,+[Si] -867440 118.8 -212.35 -382.70
2[La]+3MnO=La,0,+3[ Mn] -589180 -45.92 -293.03 -476.22
2[ La]+MnO - Si0, =La,0;+[ Mn]+[ Si] -552527 -3.82 -196.20 -378.92
2[La]+Si0,+[ S]=La,0,5+[ Si] ~764760 82. 80 -204. 98 -365.71
2[ La]+2MnO+[ S]=La,0,S+2[ Mn] ~771400 45.72 -262.79 -424. 00
4[ La]+MnO - Si0,+[ 0]+2[S] =2La, 0,5+ Mn]+[ Si] -1791047 261. 18 -405. 88 -715.47
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Fig. 6 Standard free energy of formation of rare earth inclusions
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Fig.7 EDS spectra of rare earth inclusions
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Effect of LF Refining and Heating on Inclusion Evolution and Coarsening

Suppression in Rare Earth Rebar

LU Xiao-jie', LU Heng-chang'”, LEI Kai'*, JIA Lai-hui’, FAN Jian-wen®*, XIE Li*, DONG Han'*"

(1. Zhejiang Institute of Advanced Materials ,Shanghai University, Jiaxing 314000, China
2. School of Materials Science and Engineering ,Shanghai University, Shanghai 201800, China
3. Zenith Steel Group( Nantong) Company Limited, Nantong 226100, China ;

4. AT&M Environmental Engineering Technology Co. , Lid. , Beijing 100081, China)

Abstract: To investigate the evolution law of inclusions in HRB40OE rare earth-treated threaded steel continuous casting
billets during the heating process, this study utilized scanning electron microscopy (SEM) and an automated inclusion analysis
system ( OTS) for comparative analysis. The research evaluated the type, size, distribution, and transformation behavior of in-
clusions after heating in billets produced through two different processes: direct rare earth addition without ladle refining versus
rare earth addition following Ladle Furnace (LF) refining. The results show that LF refining significantly reduces the sulfur
content in steel (from 0.032% to 0.007% ) , and the area ratio of MnS (inclusion area/scanning field area) decreases from
0.092% to 0.010%. After heating, the MnS content in the steel with direct rare earth addition without refining increases sig-
nificantly, whereas in the steel subjected to LF refining before rare-earth addition, the MnS content increases only slightly.
This suggests that LF refining effectively mitigates the tendency for MnS coarsening. During heating process, oxide inclusions
(such as rare earth oxides and silicates) in the unrefined samples coarsen significantly, whereas the growth tendency of inclu-
sions in the refined samples decreases. LF refining can improve the comprehensive properties of rare earth threaded steel by
optimizing the types of inclusions, refining their sizes and achieving uniform distribution.

Key words : non-metallic inclusions; refining; rare earth; continuous casting billet; heating process





