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ABSTRACT “Electroslag remelting (ESR) is an important secondary refining technique capable of removing impurity
elements and non-metallic inclusions, improving the solidification structure of the ingots, and enhancing the mechanical
properties of the steels. When steels contain easily oxidizable alloying elements such as Al, Ti, Si, B, and rare earth elements
(REEs), the strong chemical reactions between the alloying elements and the unstable components in the CaF,-CaO-Al,05-
based ESR type slag system occur in the slag/metal interface, leading to the non-uniform distribution of the alloying elements
along the height of the remelted ingots and the deterioration of mechanical properties of the steels. To mitigate the oxidation
loss of these alloying elements during the ESR process, precise design of the composition of the CaF,-Ca0O-Al,0s-based ESR
type slag system enables accurate control of the reactive alloying elements within their target composition range, which relies

on the feasibility of the calculated thermodynamic activities of components in the slag and alloys employing ion-molecular
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coexistence theory and Wagner equation, respectively. Apart from incorporating corresponding oxide additives into the ESR-
type slag system to prevent the oxidation loss of the alloying element in the electrode during the ESR process, the effects of
common components like CaO and Al,O; in the ESR-type slag as well as temperature on the different alloying element
contents are different. For instance, the control of Al and Ti contents in alloys depends on the combined effects of the
composition range of CaO and remelting temperature besides the Al,O; in the ESR-type slag. For the B-bearing steels, the B
content in alloys can be controlled by CaO content rather than Al,0s. In the case of alloys containing rare earth elements, i.e.,
La, Ce, and Y, the addition of CaO can improve the yield rate of the rare earth elements, while the addition of Al,Os has a
negative effect. The accuracy of mass transfer models during ESR depends on not only the precise estimation of
thermodynamic activities of components in both slag and molten steel, but also temperatures at different reaction locations
(electrode tip, metal droplet, interface between slag bath and metal pool), mass transfer coefficients, and geometric
parameters. However, these parameters above are significantly influenced by different, ESR operations, slag
compositions, and steel grades, etc. Due to the difficulty in determining reaction temperatures/and fluid flow in the ESR
furnace, therefore the mass transfer coefficients of relative elements in both slag and metal’phases/at different reaction
locations can not be precisely estimated. Thus, the kinetic studies of the reactive elements' remain relatively scarce compared
to thermodynamic analyses. Physical parameters of the slag system also critically affeet the surface and solidification quality
of ingots. Current research on the physical parameters of remelting slag systems containing TiO,, SiO,, B,O;, and rare earth
oxides mainly focuses on viscosity and crystallization ability, while laboratory»§tudics, on their activities are yet to be
reported up to now. The development of low-fluorine ESR-type slag systems attracts’more attention, therefore the relative
fundamental research, viz., thermodynamics and physicochemical preperties of the low-fluorine slag, on the control of the
reactive alloying element contents in the ESR remelted ingots is very necessary.

KEY WORDS Electroslag remelting; Thermodynamics; Kinetics;/Slag composition design; Physic property
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B 1 7 1773 K & 1973 K IR ETEEN, 45E[%Ti] = 1.0 %4 K, Inconel 718 &4t Al {4 & & 55 CaF,-CaO-

AlL,O3-MgO-TiO, J&# H CaO FEZIAIMIKLR: (a) 5 wt.% TiO,, (b) 10 wt.% TiO,, (c) 15 wt.% TiO,Bl,

Fig.1 Relationship between the equilibrium content of Al in the liquid Inconel 718 alloy at a given Ti concentration ([%Ti] =

1.0) and CaO concentration in the CaF,-Ca0O-Al,0;-MgO-TiO; slag over a temperature range of 1773 K to 1973 K: (a) 5 wt.%
TiO,, (b) 10 wt.% TiO,, (¢) 15 wt.% TiO,.
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D7 B A Meltflow-ESR 431 1 S RV Yt /<6 a8 Joiy b 57 T 90 ~F 408 B2 4330l 4 2020 KT 1957 K
FH PA_EZH0R Matlab™ 04 R] DLUFSHS S0 I R 4 SR AR T B R V& R SR AE 4 J s 1 it

T2, AN OTR AL & IR b o AT R I 465 Ja Joi T 0t 25 P A 34 2 v 2 R AR o, IR
SURIBE N RIS FEREE O] & MG N . & @ AR (O & BRI HE N A BR H PEIA T 9T o FeO fEHE K



)5t . PRI R] DL PR i FeO &8, Bl FAEAIK 4 a8 A T2 B3 N [ RIS Y iR 2 P LA ey v
BEMISEIE R . S R NS ST T ] CaF,-CaO-ALO; SR MY LI B IE FE 1% S316 H AN, 14
SRR AL RS SRR, AR A T DA TRARE A AL S 7 10 SR 1 R FeO IR & &, R
B FARE AR RGN, F AT i S AL ) o VA S I AR AN IR S N o Ju S 1SV T FL v T g
Incoloy825 £ & 44 Al Ti Ml Si G &M, RAMIRH| AT 5 Hou 8 NS SI 4 J—3,
Wang %5 A ST B B o 50 I AR AR T AR A, AVRFR WV, 3047 T RBORHERR MG 5, o0l P X (13) %
(15)7H 16!,

R}
L o=—5 13
film COSH ( )
nRég

=— 14
i cos @ (14

L

— 3 2 2 3

2n(p,, — p,)gsinfcosd R;

A p RMERFEHE, (g-om™); x & BRI 0 40 A0 e, At A 138 2 57 f % AR
B Ar SR G R I G115 TR, 0 AL & BT, S & BERHUAM B S RMA L
TERAEAE M. 4N B & AR AL 2 5 (KR SUSLI BRI B 15 43 31 A v B0 A6 )5
R AL AL R . BV 2R 47.34CaF,-20.46Ca0-22A15050.5Mg0-9Si0,-0.5B,05 1] LUK i #4H
B & EAEHITE 80 ~150 ppm Al Al & & /N T 100, ppm Yo [l PN o 5577 3 10l Ik i 37 i {E A A4 166-701
ROV AANITY 72056 i o 1 AR LB I e Y R o A AR ] ok R DA B 4 R A P
BEATVELR 234, R e B R SR A AR . AABL BRI SRS RmTAn, B X Ha 8 2 0 AN [
SR B IR AR ORI LS TRAG B D 1 SE AR A Ah B, A A TR X e v
HH TG 3 P 43 i H BB R HE RS P T

® 1 RBERSNERRTENSE

Table 1 Summarization.of previous research works on the development of mass transfer model for the ESR process



Authors and year Slag composition Alloy Main conclusions Refs.
The increase of Al in the molten steel mainly occurred at the
Wei et al droplet position, but due to the short residence time of the
: CaF,-Ca0-Al,04 SAE1020 low alloy steel droplet in the slag and its small size, the contribution to the 15253
1986 o
change of the slag composition was smaller than that of the
electrode tip and the metal bath.
The rate-controlling step of the reactions was the mass transfer
Hozlzﬁ;al. Si((:)ag:ic(;ﬂ:z\;[Ag%éo 1Cr21Ni5Ti stainless steel of Al through the molten steel, SiO, through the slag phase, 15758
2-1102-Mg and Ti on both the metal and slag sides.
The rate-controlling step of the desulfurization reaction was
Hou et al. CaO-CaF,-Al,05- U the mass transfer in the metal phase, addition of the calcium 731
2017 Si0,-Ti0,-MgO 1Cr2INiSTi stainless steel can enhance the sulfur mass transfer and promote
desulfurization during the ESR process.
The rate-determining step of [Al] + (FeO) reaction was in the
. mass transfer of Al in the molten steel. The increase of [O]
L;gtl;l' Siga-cl)\/_liz)lii\_/[Ag?lch G20CrNi2Mo bearing steel mainly happened during the formation and falling of metal 1621
2 & droplets, which relied on the mass transfer of FeO in the slag
phase.
Hou et al. CaO-CaF,-Al,0;- AISI 321 steel The remelting rate has little effect on the variations of 174]
2018 Si0,-Ti0,-MgO aluminum, titanium, and silicon conféntin the remelted ingot.
Duan et al. CaO-CaF,-Al,0;- The mass transfer of TiO, and/opA04 in théwslag phase likely 27
2018 Ti0,-MgO Inconel718 alloy to be the rate-controlling step.
Duan et al. CaO-CaFy-AlLOs- The mterfac1a} oxygen content mcree'lsed with increasing -
2020 TiO»-MgO Inconel718 alloy temperature, giving rise t0 a’decrease™in the desulfurization
ratio, and the mass transfer¢oefficient is &, ,=9 x 10 m/s.
Wane et al The low content of ALO; in\the slag was beneficial to the
2(%261 ) Ca0-CaF,-Al,0;-MgO Plain carbon steel removal of aluminum in\théssteel, while the high content of 176]
ALO; in the slag increased the content of total Al in the steel.
The rate-controlling Steprof the reactions was the mass transfer
Jgg;;l. si((:)af)l:icc;ﬂii;[Ag(_)F}éo Incoloy825 alloy of Al through, the”molten/steel, SiO, through the slag phase, 165]
2 Mg and Ti on both the metal’and slag sides.
The rate<controlling,step of the reactions was the mass transfer
Juetal. CaO-CaF,-Al,0;- » . 7
2022 $i0,-LiO>-MgO Incoloy825 alloy of Al and"Ti through the molten steel, and SiO, through the
slag phase.
The lfate/determining step for the variation of boron (B) in
steel is the/mass transfer of B,O; in molten slag, and the mass
Wang et al. CaO-CaF,-Al,0;- . T . =, (451
2023 $i0,-B,05-MgO-FeO G115 heat-resistant steel transfer of Al in liquid steel is the rate-determining for the Al

pickup. The pickup of Al, the loss of Si and the variation of B
arg'mainly at the tip of the consumable electrode.

3 AEERERYIEAFHER

BEVHE £ 10 HL L S A% R ) 3 T o B e i AL U o i g Los

80T TiO,

%, Shi 25 \BUIE T ANE TiO, &% Cal,-Ca0-ALOs-MgO-TiO, i 2 2 AN 45 Fy (K5, R IIBE

BT TIO, HEMIME 9.73 wedo, FEERIRE RS, @2 bl ras Rz, T
NI TiO, J&, ¥ HP [ ALOASVUTHIA S5 M 36 A IR Ti,0F 4548, BRAR T/ 7RG, X 575
(120 152 B AIG 1) e 6 5 RAH AR, Zheng %5 N2 ] Z2 R A4 S #X (Differential scanning calorimetry,
DSC) & T AN A TiOy & B Xt CaF,-Ca0-ALO3-MgO-TiO, ¥ R 45 S AT NI . M AITHE H 24 i
TiO, & EM 4.2, wt.% G N2 16.8 wt.%MN, A LABRIEE L iR . 2 TiO, &8 1E 4.2 wt.%=E 12.6
W% I3 Bl A IS OB 0] A 45 AN 11Ca0-7AL,05-CaF,, ZR4EH N p Tio, R 4% 168 wt.
%, Z5 A4S N 11Ca0-7A1L,05-CaF, Al CaTiOs. %4 R UiW], HT CaF,-Ca0-AlL,03-MgO-
TiO, ¥ TiO, MM LRI HE A 45 S Re 10, 16 PV S RN 45 R4 (R T B T 3 ST Vs 2, ml DAAE 3]
LV PR T LT 5 PRV B [ K 4 8 s 2 P R R A i, T4 e F VAL 110 2 T o 2 M ] ZHL 21

Shi %5 NI83HRE T RALKRT L5 5, A 1{E CaF,-CaO-ALO; NN E & & Si0,, 45 3%
Bl SiO, WS INEETE 0 & 6.8 wt.% 6 [Bl N S ZUIN 1% R 45 S BE,  [FIITRESE Si0, & & i
(IR 2R IR R B 2 PR . 5 R BIR SR E 22 7T DA BRI ER Sy e AN i s s A AR R RV A, 00
W5 G T I R ACHAAE RN T8 A B M50 5 23 (A4 OG ZR 184871, Shi &5 N\ 18815 30 fg
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Fl Li,O {0 CaF,-Ca0-ALOs-MgO & & H1(f) CaF,, FERIFEE Li,0 WINERINZE 4.5 wt.% E# 1)
BRI, XA R T A A . Zheng &5 N B94K T & DLAN IDBR &2 J8 S8 404 LibO fef
PR 4 SR BE T #1] CaF,-Ca0-Al05-MgO-Li)O 45 iR . An 28 ABE IS ] CaF,-CaO-Al0s-
MgO-TiO, ¥ RN Na,O F K,0 JEHEIR IR S5 18, IR I KO AL B0 E v 1 il 28 /E F 9 T
Na,O.

M 2 IR 3 1] LATE H K 70 2 28 ORI e — 1 Al 70 A0 8 B I 3 o S Bl & X s v vk
AR o AF 38 I S0 I 8 AR — AN By VG Y X S M S B AR A 1 0K AR A543 R AE
Yu 5 N B8 ] JLAA LA 1 1873 K N CaF,-CaO-Al,Os ¥ VA X VU BBl Y FORG RS . HL 5 SRR
AR E R AR, W 2 FiR. S5 RRINZ U SR S S @A B, R,
S FRNR A B TRAE 5 SR IR 45 R 22 43 7 11.0 %, 11.2 % A1 1.7 %,

Calcualtion
@ e
~

d 6
\ X L .
(_?\ n/(dPa-s)

3 04 o > 12
&“' 0.5 1.1
*o0s Lo

3
03 04

04
x (ALO,)
(c) (Calcualtion Boundary|  1873K
: X G logCH
3 ~ B
s :
& 2.6
0. -

“50:'3 51 0.4
x (ALO,)

0.2

B2 S HEEALET LAY T A i €a0-AQ;—CaF, i R7E 1873 K &M FERE (a). TR (b) M6
R S 881
Fig. 2 The experimental data and the caleulated iso-viscosity (a), iso-electrical conductivity (b), and iso-sulfide capacity

contours of CaO-Al,0;—CaF, systém at]873 K by the new geometrical model.

AR, #5320 X B0y HUVA B R M WIPE SR AT TR 51991, Geng 55 A\ ®M HJig
LI T 55CaF,-20Ca0-3Mg0-22A1,05-B,03 WEHR N 0 ~ 3 wt.% B,O; Ji MHAE L FE (1520,
S5 5L R DAY wt.% B,Os AT LA A A 7E 55 B T VO P OR AR e, 7T DASE FLVE B AR AR v 7
BTN S5 T 38 Z AR R T SR R 3 20 5% . Huang %5 N0 Zhang 26 NPUE 24518 . T
CaF,-Ca0-MgO-Al,05-B,05 ¥ 145 i AT MW 7T, Peng S5 NO2RILAIN 1 wt.%  B,0; 1l LA
CaF, RN, TSRS R AP B g R . 8 DL ERF S 45 AT AN, 5 CaF-CaO-AlL0s-
MgO-TiO, FHELEL, & BoOs A5 R FI LRIV M ME S HOI STBON 2 03100, i i B ARV &R CaF -
CaO-MgO-ALOs-B,O5 W1 ZE B 7T LU > . Dai 55 AOUE I CaO-B,0; Al MgO-B,05 7t
i B,Os ot AR I A . Peng &5 NN i FE A0 H74X, BA 10 K/min (4 458 22 %
55CaF,-20Ca0-3Mg0-22A1,05-xB,05 (Wt.%, x< 3.0) IR ERFATIE, AT IMBEEEF B,0O; &
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BAT 0.5 wt.%, BRI R RN AIERE. & TiAGHRE B L ERlmR, HEEns
SN BoOs & BEAMAS M4, 7552 B v 2 5 i R b ol T b CaF, 1 BoOs IOFE R AR 0ot 1 i
YIPESH AT 7 EE AT WAL

3CaF, + B,0, =3Ca0 + 2BF, (g) (16)

CaF, + 2BF, +2Ca0 =3CaF, (g) + 20BF(g) (17)

Je 5% N1031% B Ca0-Al,03-Ce,05 Fll Ca0-Al,05-Si0,-Ce, 03 i 1 Ce B F LLIE =R Ced
FaTEAEAE, PR R B0 ILIRE 2> BIFE 1465 ~ 1516 °CAHI 1357 ~ 1366 °CiRJETEHIA, Hd CaO-
AL O3-Si0,-Ce, 05 M [IE AL IR E FEE H H Ce,05 TR AIIINBMA K. Kitano AFAMMHRIE CaO-
ALO;-Cey03 =TTl A MMM XK (1823 KD ArF X0 /X, 0, = 0.8 F X o/ 2025 (£ 1873 K T
WAHIXARIAE X, 0, <0.29 « Guo 5 NUOSIN & BLATGE L URM 1540 LCCZ&M%K T CaO-  SiOx-(ALOs)-
CeO, 1 Ce BT LA Ce¥ Ml Ce R EIRBAFAE, 2 CeO, B A CeO/ALOF G, A 12 [E %
MK, X EEEFEA CeO, HIRIITT LARFAISE IR A RE 1. Xi 55 NI H CeO, J6 5Tl B v T
CaO Fll BaO, & CeO, M LAMMIE RAG R TS S M B Lan 5 AT T 5 R 4% AT

(1373 K) CaO-SiO,—CaF,—Ce,05 i R AHKE, M4 12 VU ST 28 Sl AH 1B AT LA U i Rl 20 #2145
FEBBT HHFRSE, 3000 T4 il LV B R 46 o 25 [0 PRV S AR AR W PE R 1 73 L ZENS, 1081, Guo 45 A 1109
MR I 2 CaO-Si0,-CaF,-CerO3 M HT CeyO5 15 T3 IS ME T I A 1k il BE B MG m, 5230 “ s
PERT o 1124 Cer05 F KT 3 mol%, AV EA RALRE i A7 BRI E #0045 f o

Deng 2 NI & 1 7 AN [E] LayO3 &8 (454 50 A1 55 wt.%) X Lay05-Si0,-AlL,0; = T %
BRI, JER I INE T LayOy S &M, %=t RN R, LiZANMIEH 1723 K F
CaF,-CaO-ALO; I K ¥ 2% €CaF, M1 AIF;, BEE AT La,O5 B2 AN, CaF, M1 AIF; KA
ASRIBHTBRAR, R T CaRe-CA0*A1L,05-LayOs M I K 1125 I HLBEHE La,O5 MR 1Y 45 5
W, HETHH] CaF, f111Ca0FAL0, - CaF, 45 S AT H o

R 2 BEERA CaF,-CaO-ALO; £2ERMBUFMRMRITIEN S
Table 2 Summarization of{previous research works on the physicochemical properties of the CaF,-CaO-Al,0O3-based ESR-
type slag
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Authors and year

Slag composition

Research contents

Refs.

Wang et al.
2013

Dong et al.
2015

Shi et al.
2015

Shi et al.
2016

Zheng et al.
2016

Liu et al.
2018

Shi et al.
2018

Lao et al.
2019

Yuetal.
2019
Juetal.
2020

Zheng et al.
2020

Juetal. 2021

Geng et al.
2022

Hou et al.
2022

Wan et al.
2022

An et al.
2023

Huang et al.
2023

Yang et al.
2023

Juetal.
2024

Zhang et al.
2024

Can—CaO—A1203—SiOZ
Can—CaO—A1203
Can-CaO-Ale3-(SiOZ)

Can-CaO-A1203-MgO-Li20

Can-CaO-A1203-MgO-Ti02

CaF,-Ca0O-Al,0O3

Can-CaO-Alzog-MgO-TiOZ

CaF,-CaO-SiO,

CaF,-Ca0-Al,03

CaF,-Ca0-AL0;-MgO-Li,0-TiO,

CaF,-Ca0-AL0;-MgO-TiO,

CaF,-Ca0O-Al,05-MgO-TiO,

Can—CaO—A1203—MgO—8203

CaFZ—CaO—A1203—MgO—Ti02

Can-CaO-A1203-BzO;-SiOz-LizO

Can-CaO-Alzog-MgO-TiOZ-
(Na,0-K,0)

CaF,-Ca0-Al,03-MgO-8Si0,-B,03

CaF,-ALL05-TiO,

CaF,—Ca0-AlLO3=SiQ,-MgO*
TiO,

CaF,-Ca0-ALO;- MgO®B,0;

The effects of CaF, content and temperature on the physical properties, such as
melting temperature and electrical conductivity of the slag were investigated.

The water-cooling tube method was adopted to measure the thermal conductivity
of solid fluoride slag.

The crystallization characteristics of the slags with varying amounts of SiO, were
experimentally studied.

The effect of the substitution of CaF, with Li,O on the viscosity and structure of
the low-fluoride slag was studied.

The crystallization characteristics of the slags with various TiO, contents were
studied using a single hot thermocouple technique, SEM-EDS, and X-ray
diffraction.

The slags with varying CaO/Al,O; mass ratio and CaF, content were selected for
investigating the vaporization behavior of slag by thermo gravimetry and ion and
molecule coexistence theory.

The effects of TiO, contents on the melting point, viscosity, density, optical
alkalinity, electrical conductivity, and other physical parameters of the slag were
studied.

Effects of the basicity (CaO/SiO,) and the CaF, content/0n the viscosity of the
slag were investigated by the rotating cylinder method ip témiperatires ranging
from 1773 to 1533 K.

An extended geometrical model is introduced foy/thepredictien of the viscosity,
electrical conductivity, and sulfide capacity of the slag:

The evaporation of fluoride from the slag\with differént TiO, contents was
investigated.

The crystallization kinetics and structure“ef the slag’ for electroslag remelting
(ESR) were investigated by differential scanning calorimetry and Raman
spectroscopy, respectively.

The relationship between the viscosity and structure of the slag with different
CaF, contents and CaO/Al505 ‘ratios was( studied using the rotating cylinder
method, Fourier transform infrared spectroscopy, and Raman spectrometry.

The effects of the B,O; content jon sldg viscosity, breakpoint temperature, and
activation energy foryiscous flow/were investigated.

The melting temperature of the' slag systems and thermodynamic equilibrium
between A-286Supetalléy andsthe slag were experimentally carried out based on
the phase diagram, FactSage™, and thermodynamic calculation.

The structurerand viseosity of the slag with varying CaF2 and Li2O contents
were investigated by4Raman spectroscopy, 2’Al, #Si and '"B magic angle
spinning,/nuclear /magnetic resonance (MASNMR) spectroscopy, and rotating
cylinder methed, respectively.

The non-isothermal evaporation of the low-fluoride slag is studied using
thermogravimetric analysis.

The effect of SiO, and B,05 on viscosity and surface tension of the slag.

The microstructure of the ESR slag under an electric field was investigated by
employing the molecular dynamics simulation.

The electrical conductivity and viscosity of the slag system with different
CaO/AL O3 (0.9-1.8) were measured by a high-temperature physical property
measuring instrument, and the structure of the slag was analyzed by FTIR and
Raman spectroscopy.

The melting temperature, electrical conductivity, and viscosity of the slag were
determined.

2]

113

183]

185]

[114]

[115]

[116]

117

188]

186]

182]

[118]

189]

(]

[119]

1871

190]

[120]

[14]

191]

earth oxides

RI ORI ENDREERAERENCFEROMARTIENDSE

Table 3 Summarizatjon of previous research works on the physicochemical properties of the ESR-type slag containing rare
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Authors and year

Slag composition

Research contents

Refs.

Long et al.
2010

Kitano et al.
2016

Deng et al.
2016

Qietal.
2017

Guo et al.
2020

Ma et al.
2020

She et al.
2020

Guo et al. 2021
Lan et al. 2021
Zheng et al. 2021
Lan et al. 2022
Lietal. 2022

Zheng et al. 2022

Zheng et al. 2022

Zhao et al. 2023

Guo et al. 2024

Wang et al. 2024

Liet al.
2024

CaO—A1203*SiOZ—C6203
CaO—A1203—C6203

CaO—A1203—C6203

La203—SiOZ—A1203
CaO—A1203—LizO—CeZO3

Ca0-Si0,-(Al,05)-CeO,

Ca0-Si0,-Nb,05-CeO,-CaF,

CaO—SiOz—Can—La203

Ca0-SiOy(-ALO3)-La;0;
Ca0-8i0,~CaF,-Ce,05
Ca0-ALO;-Ce,05
Ca0-8i0,-CaF,-Ce,05
CaF,-CaO-ALO;—(La,03)

CaO—Ale3—CezO3—MgO— SlOz

CaO—A1203—C6203—Mg0— SIOZ

Ca0-Al,0;-Si0,.Mg0-CeO,
Ca0-Si0,-CaF,-Ce,03
CaO—A1203—MgO—Si02—C6203

Can-CaO-A1203-MgO-C6203

The change of melting temperature and viscosity of the slag with
increasing Ce,O; content in the slag.

The phase equilibria and activities of CaO, Al,0;, and Ce,0j; in the system
at 1 823 and 1 873 K were investigated by using a chemical equilibration
technique.

The viscosities and free-running temperatures of the slag system were
measured using an internal rotating cylinder method

The 45 g of slag and 120 g of steel were charged into the magnesia
crucible and then placed into the vacuum induction furnace at 1873 K.

The effect of the CeO, content and CeO,/Al,O5 ratio on the melt viscosity
of the slag was determined using the rotating cylinder method.

The effect of Nb,Os and basicity on the viscosity of the slag system was
studied from 1653 to 1813 K in reducing atmosphere by rotating cylinder
method.

The crystallization behaviors of the slag with different basicity have been
studied by differential scanning calorimetry (DSC), field emission
scanning electron microscopy (SEM) and X-ray diffraction (XRD).

The effects of La,0; and the La,03/Al,0; ratios omythe melt viscosity of
the slag at high temperatures using the rotating cylinder methed.

The isothermal phase diagram of the slag was genstructed, and the phase
equilibria data of REEs in REE-bearing slag were proyided.

The iso-activity curves of oxides in the terparygsystems\were estimated at
1500 °C, 1550 °C, and 1600 °C, respectiyelys,

The viscosity of RE-bearing slag and kineticsfor-nueleation and growth of
RE-phase were studied.

The vaporization and crystallization of the slags with different La,O;
contents for electroslag remelting,were inyestigated.

The effect of Ce,O; content on the properties (melting point and viscosity)
and structure of the slag was analyzed.

The properties and structure of the slag with different CaO/Al,0; were
investigated by hemispherical*melting point method, the rotating cylinder
method, and Raman spectroseepy, respectively.

Effect of CeO, Content 'on”melting temperature and mineral-phase
structure of the, slag using the thermogravimetric analysis (TG) and
differential scapningtcalorimetry (DSC) methods.

The effects of €805 and CaF, on viscosity and structure of the slag

The impact 0f €¢,05content on the crystalline phase and structure within
the slag was studied.

Theninfldence of Ce,0; addition on the variation of the melting properties
of the'Slag system was studied.

[103]

[104]

[110]

[121]

[105]

[122]

[123]

[124]

[107]

[125]

[126]

[

[127]

[128]

[129]

[109]

[130]

[131]

HLE B I HAT T R R B SR 2 DRI B A E /710 132 1320, SRy 1 P E I S A M ) R B
KSR R S AR AL B3, A S SR B I R, N L A AR LA P R AT A )

st FRAZIESE NIBAISR R TR 75 B S AR e 2 Wy 1 v i %, ns(18) s :

2 3
_ g pslag ’ (Ci,saturation - Cz) ’ dp,O

A CHIC

i,saturation

Zh

2
nslag

(18)

MG AT ST R B BN R A @ TR N (et

%): d, NIRMIWIEE R (m): py, Bl i, S ARFHREERIEE (kgom®) FIZDJIEREE C

kg-m'-s" ) g NEEH (m-s? ). WNRFATUEH, BmrkEZE (C

,saturation

TR 1y, BRI T B ARG 8 S A1 225
PEAL T R P 1 2 500! P B A R R P B T o S RIS, (RIS SO0 R DA AN T
CaF,-Ca0-ALO; Z:iE R 7 AL O3 TiO,+ SiOy+ B,0s LA K Fs AW S B 5 T3 | e i e b & 4
TCER MBS M, HRARM A+ 1L = . Zheng 55 A12S1i@ 1 1155 CaO-
ALO3-CeyO3 = 0 L MR A R 2 SIS 5, W . TR RGNS R #vey, i —
153 Ca0-AL05-Ce,05 =JLIELE 1773 K. 1823 K LA 1873 K 44F RN THISIEE L. bk
S PR B CRAF 1) S AR P SR e, R B AAE RARL BT, PR R CaF, & Sal v s s
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B Jm A, IR 32 B ORI 22 R SGVEIST. IR CaF, & BV A P 24 ol B2 A v Il B st 5
HIF R TCRIRIUR N2 312 DU RIS HOE 7 Edt— P i

4 FRLFRE

(1) PV i A 0 B e 3 P4 1) 3 AR T2 oS R RS rh AL e v E (e 5. A
BP0y T B RE S BONHERRAIC T B8 CaF, B R AP ALniig g . xRl sh AR R 21
SR TTER, WE R EINAE RN ITER KRN, (HRXT CaF,-CaO-ALO; R H I R i)
AFLHTC CaO M ALO; WA FEITCRIAMEHFEAME . 2R ALAD Ti & &k dF, B+ CaO
i FEN R Ti e AL SR, R MG I TiO, LA RACTY b (et hf
N Si A B &, BN CaO &' FHUNH B SR, (Ha2 B AbOyE =X B
EEREIHAR: WP LICER Ce Ml La &, WINE T CaO R FIFH = # Tt &= ik
B, i ALO; MR R MVEFH o BOBLERBEX N A 70 3R 42l A ANJRN A, #H LS Al It
RIEmEER AT Ti R BN S etn, BT EAE b RIS e 1 Tio,, (H& R 1 F st
B B A ARG LGRS BN K . 7E IS AR S YN, AT RN e R E
PRASHI O R SR, AT LSO b s B A R R R B

(2) P TS o R A O A TR R 5 SR 1) A A MR P s R Hh AL G I I 98 B . ANTRL I
R BREE CRRIE . SRR BB SURIVED . L5 R B U S5 et
IS ALR Ti ANEIRAREE A S, AR PLTRR B IRy AL ZEARTR P L 0. Si0, EE
P& T LA Ti TG 3 AE W AN 42 Ja AR T A% A SOSER BRI PR 1T % T8 Si A B i PRI, BRI P 3R
TN BO; AR RN R AL AL . AHELER )%, B 1A sy, EEFNAF E A
AR b2 T 08 N 4 8 RS W I R B2 3 2 A AN A ), R b B 5 1 g BRI A 3 49 38 7
T — ST

(3) EA M EIE R AVAP A T 5 A A TC R I 50 0 AT oy B, W IR R 1
YIVES B A RGN, ISIE G I 7y 7T DARRAR F SR AR M RE VRS AE, 6 vT DS v
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