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Research progress on the control of reactive elements in remelted ingots during the
electroslag remelting process
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ABSTRACT Electroslag remelting (ESR) is an important secondary refining technique that effectively removes impurities and
nonmetallic inclusions, improves the solidification structure of ingots, and enhances the mechanical properties of steels. However, when
steels contain easily oxidizable alloying elements such as Al, Ti, Si, B, and rare earth elements (REEs), strong chemical reactions can
occur between these elements and unstable components in the CaF,—CaO-Al,0;-based ESR type slag system. These reactions take place
in the slag—metal interface and result in uneven distribution of the alloying elements along the height of the remelted ingots, ultimately
compromising the mechanical properties of the steels. To reduce the oxidation loss of these alloying elements during the ESR process, a
precise design of the CaF,—CaO-Al,O3-based ESR slag composition is crucial. This design facilitates accurate control of the reactive
alloying elements within their target composition range, which relies on the feasibility of calculating the thermodynamic activities of

components in the slag and alloys employing ion—molecular coexistence theory and Wagner equation, respectively. In addition to
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incorporating the corresponding oxide additives into the ESR-type slag system to prevent oxidation loss of alloying elements in the
electrode during the ESR process, the effects of common components such as CaO and Al,O; in the ESR-type slag, as well as
temperature, on the alloying element content can vary. For instance, controlling the Al and Ti contents in alloys is influenced by the
combined effects of the CaO composition range and the remelting temperature, in addition to the presence of Al,O; in the ESR-type slag.
For B-bearing steels, the B content in alloys can be primarily controlled by the CaO content rather than by Al,O;. In the case of alloys
containing REEs, such as La, Ce, and Y, the addition of CaO enhances the yield of these elements, while the addition of Al,0; has a
negative effect. The accuracy of mass transfer models during ESR not only relies on precise estimation of the thermodynamic activities
of components in the slag and molten steel but also on factors such as temperatures at different reaction locations (e.g., electrode tip,
metal droplet, interface between slag bath, and metal pool), mass transfer coefficients, and geometric parameters. However, the
parameters above are substantially influenced by various factors, such as different ESR operation conditions, slag compositions, and steel
grades. Due to the challenges in determining reaction temperatures and fluid flow within the ESR furnace, precisely estimating the mass
transfer coefficients of the relative elements in the slag and metal phases at different reaction locations is difficult. Thus, kinetic studies
of reactive elements are relatively scarce compared to thermodynamic analyses. Additionally, the physical parameters of the slag system
play a crucial role in determining the surface quality and solidification characteristics of the ingots. Current research on the physical
parameters of remelting slag systems containing TiO,, SiO,, B,O3, and rare earth oxides has primarily focused on viscosity and
crystallization behavior. However, laboratory studies on the activities of these components remain limited. As the development of low-
fluorine ESR-type slag systems attracts increasing attention, the need for relative fundamental research, specifically on the
thermodynamics and physicochemical properties of low-fluorine slags, also rises. This research is essential for effectively controlling the

contents of reactive alloying elements in the ESR remelted ingots.

KEY WORDS clectroslag remelting; thermodynamics; kinetics; slag composition design; physic property
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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 mass fraction
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Table 1

#1

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

P T A B0 T 2 S AR R S

Authors and

Slag composition

Alloy

Main conclusions

Refs.

year
The increase of Al in the molten steel mainly occurred at the droplet position.
Wei et al. SAE1020 low  However, due to the short residence time of the droplet in the slag and its small
CaF,~CaO-Al,O > —
1986 A 23 alloy steel size, its contribution to changes in the slag composition was smaller than that of [52-53]
the electrode tip and the metal bath.
Hou et al. CaO-CaF,-AlL, 05— 1Cr21NiSTi The rate-controlling step of the reactions involved the mass transfer of Al through 57-58
2017 Si0,-TiO,~MgO-FeO  stainless steel ~ the molten steel, SiO, through the slag phase, and Ti on the metal and slag sides. [ ]
Hou et al. CaO-CaFy-AlLO+ 1CE2 NS TS The rate-controlling st.ep of the de-sulfurlzatlon reaction was the mass transfer in
. . . the metal phase. Adding the calcium can enhance the sulfur mass transfer and  [73]
2017 Si0,-TiO,-MgO stainless steel .o .
promote desulfurization during the ESR process.
The rate-determining step of the [Al] + (FeO) reaction was in the mass transfer of
Lietal. CaO-CaF,-Al,05— G20CrNi2Mo Al in the molten steel. The increase of [O] mainly occurred during the formation (62]
2017 Si0,-MnO-MgO-FeO  bearing steel  and falling of metal droplets, which relied on the mass transfer of FeO in the slag
phase.
Hou et al. CaO—CaF,-Al,05— AISI 321 steel The remelting rate has minimal effect on the variations of aluminum, titanium, [74]
2018 Si0,-TiO,-MgO and silicon contents in the remelted ingot.
Duan et al. CaO—CaF,-Al,05— Inconel718 The mass transfer of TiO, and/or AL,O; in the slag phase is possibly the rate- 27]
2018 TiO,-MgO alloy controlling step.
Duan et al. CaO-CaF,-ALO; Inconel718 The 1nter'fa01al oxygen.cor'ltent 1pcreased with rising temperature, l.eadlng to a
. decrease in the desulfurization ratio, and the mass transfer coefficient is k; ,, =9 x  [75]
2020 TiO,-MgO alloy 4 g
10" ms™.
Wane et al Plain carbon The low content of Al,O5 in the slag was beneficial to the removal of aluminum
& * CaO-CaF,~-Al,05;-MgO in the steel, while the high content of Al,O; in the slag increased the content of  [76]
2021 steel .
total Al in the steel.
Juetal CaO-CaF,-AlL, 05— Incoloy825 The rate-controlling step of the reactions was the mass transfer of Al through the 65
2022 SiO,-TiO,~MgO-FeO alloy molten steel, SiO, through the slag phase, and Ti on the metal and slag sides. [65]
Juetal CaO-CaF,-AlL, 05— Incoloy825 The rate-controlling step of the reactions was the mass transfer of Al and Ti 77
2022 SiO,-LiO,-MgO alloy through the molten steel and SiO, through the slag phase. (77]
The rate-determining step for the variation of boron (B) in steel is the mass
Wang et al. CaO—CaF,-Al,05— G115 heat- transfer of B,O; in molten slag, and the mass transfer of Al in liquid steel is the [45]
2023 Si0,-B,0;-MgO-FeO resistant steel ~ rate-determining for the Al pickup. The pickup of Al, the loss of Si, and the

variation of B are mainly observed at the tip of the consumable electrode.
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Table 2 Summarization of previous studies on the physicochemical properties of the CaF,—CaO—Al,05-based ESR-type slag
Authors and Slag composition Research contents Refs.
year
Wang et al. CaF,-CaO-ALO4-SiO, The 'effects of CaF, content al'ld temperatl}rf} on the physical pr'opertlfes, such as [12]
2013 melting temperature and electrical conductivity of the slag, were investigated.
Dong et al. The water-cooling tube method was adopted to measure the thermal conductivity
CaF,-Ca0O-Al,0O
2015 A ATAR s of solid fluoride slag. (113]
Shi et al. . The crystallization characteristics of the slags with varying amounts of SiO, were
CaF,-Ca0-Al,05;—(SiO
2015 e 205-(5i0,) experimentally studied. (83
Shi et al. . The effect of the substitution of CaF, with Li,O on the viscosity and structure of
CaF,-Ca0-Al,0;-MgO-Li,0 2 2
2016 A 2058 & the low-fluoride slag was investigated. [83]
Zhene et al The crystallization characteristics of the slags with various TiO, contents were
20gl 6 ) CaF,-CaO-Al,05;-MgO-TiO, studied using a single hot thermocouple technique, SEM-EDS, and X-ray [114]
diffraction.
Liu et al The slags with varying CaO/Al,0; mass ratios and CaF, contents were selected
2018 ’ CaF,~CaO-Al,05 for investigating the vaporization behavior of slag by thermo gravimetry and ion [115]
and molecule coexistence theory.
Shi et al The effects of TiO, contents on the melting point, viscosity, density, optical
2018 ' CaF,-Ca0O-Al,05;-MgO-TiO, alkalinity, electrical conductivity, and other physical parameters of the slag were [116]
investigated.
Lao et al The effects of the basicity (CaO/SiO,) and the CaF, content on the viscosity of
2019 ’ CaF,—Ca0-SiO, the slag were investigated using the rotating cylinder method in temperatures [117]
ranging from 1773 K to 1533 K.
Yuetal. An extended geometrical model was introduced for the prediction of the
CaF,-Ca0O-Al,0O
2020 A 23 viscosity, electrical conductivity, and sulfide capacity of the slag. [88]
Juetal. . . The evaporation of fluoride from the slag with different TiO, contents was
CaF,-Ca0-Al,0;-MgO-Li,0-TiO
2020 A 2Ve & 2 investigated. [86]
Zhene et al The crystallization kinetics and structure of the slag for electroslag remelting
2ogzo ’ CaF,-Ca0-Al,0;-MgO-TiO, (ESR) were investigated by differential scanning calorimetry and Raman [82]
spectroscopy, respectively.
Juetal The relationship between the viscosity and structure of the slag with different
2021 ’ CaF,-Ca0O-Al,0;-MgO-TiO, CaF, contents and CaO/Al,O; ratios was studied using the rotating cylinder [118]
method, Fourier transform infrared spectroscopy, and Raman spectrometry.
Geng et al. The effects of the B,O; content on slag viscosity, breakpoint temperature, and
CaF,-Ca0-Al,0;-MgO-B,0
2022 ara 2058 23 activation energy for viscous flow were investigated. (89]
Hou et al The melting temperature of the slag systems and thermodynamic equilibrium
: CaF,—Ca0-Al,0;—MgO-TiO, between the A-286 superalloy and the slag were experimentally conducted based [11]
2022 . ™ . :
on the phase diagram, FactSage ™, and thermodynamic calculation.
The structure and viscosity of the slag with varying CaF2 and Li2O contents were
Wan et al. . . investigated by Raman spectroscopy, ’Al, *Si and "B magic angle spinning
F,-Ca0O-Al,05-B,05;-SiO,-L
2022 CaF;-Ca0-Al,05-B,05-510,-L10 nuclear magnetic resonance (MASNMR) spectroscopy and rotating cylinder (119]
method, respectively.
An et al. CaF,~Ca0-Al,0;-MgO-TiO,— The non-isothermal evaporation of the low-fluoride slag was studied using (87]
2023 (Na,0-K,0) thermogravimetric analysis.
Huang etal. oy a0 ALO, MgO-Si0, B,0;  The effect of SiO, and B,0; on slag viscosity and surf i ined
2003 aF,~Ca0O-Al,0;-MgO-S10,-B,04 e effect of S10, and B,0; on slag viscosity and surface tension was examined. [90]
Yang et al. CaF,-Al05-TiO, The ml?rostructure of the ESR .slag‘ under. an electric field was investigated by [120]
2023 employing the molecular dynamics simulation.
The electrical conductivity and viscosity of the slag system with different
Juetal. . . CaO/Al,05 (0.9-1.8) were measured by a high-temperature physical property
CaF,-Ca0-Al,05-Si0,-MgO-TiO 223
2024 e e 2 measuring instrument, and the structure of the slag was analyzed by FTIR and (4]
Raman spectroscopy.
Zhang et al. The melting temperature, electrical conductivity, and viscosity of the slag were
F,— —Al,0,-MgO-B
2024 CaFy Ca0-ALO;MgOB05  jetermined. on

Al 03-Si0,-Ce, 05 & ML IR B Bl 1 P Cey)05 7
= 138N AE B A K. Kitano 55" )2 1 CaO-Al,O5—
Ce,0; — JU I Z2 19 ¥ AH X 35 (1823 K) i F Xcao/

XaL,0, BE IR 5T Z R 0.8 Fl Xee,0, < 0.2550 Fl 4,
FE 1873 K N M9 A1 IX 8% 0] 7E Xce,0, < 0.2931
M. Guo S5 ] & B4 GRS 1540 °C 54T
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Table 3 Summarization of previous research works on the physicochemical properties of the ESR-type slag containing rare earth oxides

Authors and

Slag composition Research contents Refs.
year
Long et al. Ca0-Al,03-S8i0,—Ce,0; The change of melting temperature and viscosity of the slag with increasing Ce,O3 [103]
2010 Ca0-Al,0;—Ce,04 content in the slag.
Kitano et al. The phase equilibria and activities of CaO, Al,O3, and Ce,0O; in the system at 1823
Ca0-Al,0;-Ce,0
2016 a 2P K and 1873 K were investigated by using a chemical equilibration technique. [104]
Deng et al. . The viscosities and free-running temperatures of the slag system were measured
La,05-Si0,—Al
2016 3,05-810,-A1,0; using an internal rotating cylinder method. [110]
Qietal. . In total, 45 g of slag and 120 g of steel were charged into the magnesia crucible and
Ca0-Al,0;-Li,0-Ce,0
2017 & Y5l s then placed into the vacuum induction furnace at 1873 K. (121]
Guo et al. . The effect of the CeO, content and CeO,/Al,05 ratio on the melt viscosity of the slag
- Si0— (Al,O-)— 2 2/ ALO3
2020 Ca0-510,- (A1,05)-Ce0, was determined using the rotating cylinder method. [103]
Ma et al. . The effect of Nb,O5 and basicity on the viscosity of the slag system was studied
Ca0-Si0,—Nb,05—CeO,—CaF 25
2020 IR ACI from 1653 K to 1813 K in a reducing atmosphere using the rotating cylinder method. [122]
She et al The crystallization behaviors of the slag with different basicity have been studied by
2020 ’ Ca0-Si0,—CaF,-La,0, differential scanning calorimetry (DSC), field emission scanning electron [123]
microscopy (SEM) and X-ray diffraction (XRD).
. The effects of La,05 and the La,05/Al,05 ratios on the melt viscosity of the slag at
Ca0-Si0,(-Al,05)-La,0 23 2323
Guoetal. 2021 20-Si0,(-ALO;)L2,05 high temperatures were investigated using the rotating cylinder method. [124]
. The isothermal phase diagram of the slag was constructed, and the phase equilibria
= —CaF,— >
Lan etal. 2021 Ca0-5i0,-CaF,-Ce,0; data of REEs in REE-bearing slag were provided. [107]
Zheng et al. The iso-activity curves of oxides in the ternary systems were estimated at 1500 C,
2021 Ca0-AL0,~Ce;0; 1550 °C, and 1600 °C. [125]
Lan et al. 2022 Ca0-Si0,-CaF,Ce,0, The v1sco_51ty of RE-bearing slag and kinetics for nucleation and growth of RE-phase [126]
were studied.
Li et al. 2022 CaF,-CaO-ALO;—(La,Os) The vaporization 'and cryst'alllza.tlon of the slags with different La,O; contents for [11]
electroslag remelting were investigated.
Zheng et al. - The effect of Ce,O; content on the properties (melting point and viscosity) and
Ca0-Al,03;—Ce,0;-MgO- SiO 273
2022 A 205~V E 2 structure of the slag was analyzed. [127]
Zhene et al The properties and structure of the slag with different CaO/Al,O; were investigated
) (‘;;22 : Ca0-Al,0;—Ce)O3-MgO-SiO, using the hemispherical melting point method, the rotating cylinder method, and [128]
Raman spectroscopy.
Zhao et al The effect of CeO, content on the melting temperature and mineral-phase structure
2023 ’ Ca0-Al,0;-Si0,-MgO-CeO,  of the slag was analyzed using the thermogravimetric analysis (TG) and differential [129]
scanning calorimetry (DSC) methods, respectively.
Guo et al. 2024 Ca0-Si0,-CaF,Ce,0, The §ffects of Ce,0O; and CaF, on the viscosity and structure of the slag were [109]
examined.
Wang et al. . The impact of Ce,O; content on the crystalline phase and structure within the slag
—Al,0;-MgO-SiO,
2024 Ca0-Al,05-MgO-8i0,-Ce,0; was studied. [130]
Lietal. The influence of Ce,O5 addition on the variation of the melting properties of the sla,
CaF,~Ca0-Al,05-MgO-Ce,0 e & Prop g
2024 e G 2 system was studied. [131]

CaO- SiO,— (AL O;)—CeO, i Ce B TLA Ce* Hl Ce*'
TRARASAEAE, 24 CeO, Fr il CeO,/AlLO; i i /4K
Z L3, e i 0 R BRI, X FE IR R CeO,
B AR AT DA R AV s s 1 2R G RE . X AU 4

CeO, Jt: 2 Bl J& 2 5 F CaO F1 BaO, f#i Fl & CeO,
s T 8L R AR T HL G & 1 L. Lan 5507
My T 20 4440 F (1373 K) Ca0O-Si0,—CaF,—Ce,0;
R AR, AR 20U T i AR A5 A B AT DL
T 3 45 A5 AR B BT S R 2, 3 T AR R H
T BE FN 2 A (] Y i 2 A% AR T e RE e
IS8 Guo 451 1, %% ) 24 CaO-Si0,—CaF,~Ce,0;

B CeyO5 7 S 3G N, 45 7 1) 9 A L B 30 ¥ 344
i, BRI 24 Ce,05 AT 3 mol%,
IR AR E R A RIS i 45 A

Deng %5 MOV 8 T AN [ 5 AR 43 5K (45% .
50% F1 55%) 4 La,0; % La,04—Si0,—Al,05 = JT i
REGEE M E A, IF & BB i T LayO, 7 w3,
U ARG, Li S A B 1723 K F
CaF,~CaO-ALO; & & =) /& CaF, Fl AlF;, BifE
P La,O5 & B AU 48 hin, CaF, Fll AIF, A9 4 Fl 2% <
JE % Wi B A%, I 8 /> T CaF,~CaO-Al,05-La,0;
WA K5 IF HLRER LayO5 2 B AY3E N, Y
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