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a b s t r a c t

The laboratory-scale experiments between the CaF2eCaOeAl2O3eSiO2eB2O3 slag and

9CrMoCoB steel were carried out in alumina and magnesia crucibles at 1823 K to investi-

gate the oxidation behavior of boron (B) during the electroslag remelting (ESR) process. The

activities of SiO2 and B2O3 in the slag and the activities of Si and B in the molten steel were

calculated by the ion and molecule coexistence theory (IMCT) and the Wagner formalism,

respectively. The results showed that both SiO2 and B2O3 have a significant influence on the

equilibrium B content. The calculated content of B was in good agreement with the

experimental value when the SiO2þB2O3 content in the slag is more than 3.3 wt%. The

temperature had little influence on the equilibrium B content when the SiO2, B2O3 and CaO

content were in the ranges of 3e5 wt%, 0e1 wt%, and 20e30 wt%, respectively. However,

the Si is more prone to oxidation than is B as the temperature increases, indicating that

more SiO2 should be added in the slag to reduce the oxidation of Si. From the 80 tonnes

industrial tests, the distribution of B and Si content along with the radial direction of the

remelted ingot was almost uniform, which is in line with the calculated B content (approx.

30 ppm) under conditions of the Si content in the liquid steel and the (%B2O3)/(%SiO2) ratio

are 0.07% and 0.05, respectively, at 1973 K.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

About two-thirds of global electricity is produced from fossil

fuel power plants with coal and natural gas as the primary

fuels [1]. However, the use of these fuels is facing the dual

pressures of high fuel consumption and environmental
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pollution [2]. To improve the net energy efficiency and reduce

high CO2 emissions associated with fossil fuel power plants,

high efficiency of thermal power stations can be achieved by

enhancing the steam temperatures and pressures [3]. These
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Table 1 e Chemical reaction formulas of complexmolecules that may be formed, their standard Gibbs free energy changes,
and mass action concentration of structural units in 100 g of the CaF2eCaOeAl2O3eSiO2eB2O3 slags.

Reactions DGo
f ðJ =molÞ Mass action concentration (�)

3(Ca2þþO2�) þ (SiO2) ¼ (3CaO$SiO2) �118,826 - 6.694 T [50] N3CaO,SiO2
¼ Kc1N3

CaONSiO2

3(Ca2þþO2�) þ 2(SiO2) ¼ (3CaO$2SiO2) �236,814 þ 9.623 T [50] N3CaO,2SiO2
¼ Kc2N3

CaON
2
SiO2

2(Ca2þþO2�) þ (SiO2) ¼ (2CaO$SiO2) �102090 - 24.267T [51] N2CaO,SiO2
¼ Kc3N2

CaONSiO2

(Ca2þþO2�) þ (SiO2) ¼ (CaO$SiO2) �21757 - 36.819 T [51] NCaO,SiO2
¼ Kc4NCaONSiO2

3(Ca2þþO2�) þ (Al2O3) ¼ (3CaO$Al2O3) �21757 - 29.288 T [51] N3CaO,Al2O3
¼ Kc5N3

CaONAl2O3

12(Ca2þþO2�) þ 7(Al2O3) ¼ (12CaO$7Al2O3) 617,977e612.119T [51] N12CaO,7Al2O3
¼ Kc6N12

CaON
7
Al2O3

(Ca2þþO2�) þ (Al2O3) ¼ (CaO$Al2O3) 59,413e59.413 T [51] NCaO,Al2O3
¼ Kc7NCaONAl2O3

(Ca2þþO2�) þ 2(Al2O3) ¼ (CaO$2Al2O3) �16736 - 25.522 T [51] NCaO,2Al2O3
¼ Kc8NCaON2

Al2O3

(Ca2þþO2�) þ 6(Al2O3) ¼ (CaO$6Al2O3) �22594 - 31.798 T [50] NCaO,6Al2O3
¼ Kc9NCaON6

Al2O3

3(Ca2þþO2�) þ (B2O3) ¼ (3CaO$B2O3) �129790.8 - 54.6 T [52] N3CaO,B2O3 ¼ Kc10N3
CaONB2O3

2(Ca2þþO2�) þ (B2O3) ¼ (2CaO$B2O3) �108019.44 - 46.56 T [52] N2CaO,B2O3 ¼ Kc11N2
CaONB2O3

(Ca2þþO2�) þ (B2O3) ¼ (CaO$B2O3) �75362.4 - 20.77 T [52] NCaO,B2O3 ¼ Kc12NCaONB2O3

(Ca2þþO2�) þ 2(B2O3) ¼ (CaO$2B2O3) �109694.16 - 0.67 T [52] NCaO,2B2O3 ¼ Kc13NCaON2
B2O3

9(Al2O3) þ 2(B2O3) ¼ (9Al2O3$2B2O3) �176749.5 þ 58.27 T [52] N9Al2O3,2B2O3
¼ Kc14N9

Al2O3
N2

B2O3

2(Al2O3) þ (B2O3) ¼ (2Al2O3$B2O3) �91712 þ 30.097 T [52] N2Al2O3,B2O3
¼ Kc15N2

Al2O3
NB2O3

3(Al2O3) þ 2(SiO2) ¼ (3Al2O3$2SiO2) �4354 - 10.467 T [52] N3Al2O3,2SiO2
¼ Kc16N3

Al2O3
N2

SiO2

(Ca2þþO2�) þ 2(SiO2) þ (B2O3) ¼ (CaO$2SiO2$B2O3) �167116.3 þ 38.46 T [52] NCaO,2SiO2,B2O3
¼ Kc17NCaON2

SiO2
NB2O3

2(Ca2þþO2�) þ (Al2O3) þ (SiO2) ¼ (2CaO$Al2O3$SiO2) �116,315 - 38.911T [51] N2CaO,Al2O3,SiO2
¼ Kc18N2

CaONAl2O3
NSiO2

(Ca2þþO2�) þ (Al2O3) þ 2(SiO2) ¼ (CaO$Al2O3$2SiO2) �4184 - 73.638 T [51] NCaO,Al2O3,2SiO2
¼ Kc19NCaONAl2O3

N2
SiO2

3(Ca2þþO2�) þ 3(Al2O3) þ (Ca2þþ2F2�) ¼ (3CaO$2Al2O3$CaF2) �44492 - 73.15 T [53] N3CaO,2Al2O3,CaF2 ¼ Kc20N3
CaON

2
Al2O3

NCaF2

11(Ca2þþO2�) þ 7(Al2O3) þ (Ca2þþ2F2�) ¼ (11CaO$7Al2O3$CaF2) �228,760 - 155.8 T [53] N11CaO,7Al2O3,CaF2 ¼ Kc21N11
CaON

7
Al2O3

NCaF2

3(Ca2þþO2�) þ 2(SiO2) þ (Ca2þþ2F2�) ¼ (3CaO$2SiO2$CaF2) �255,180 - 8.20T [54] N3CaO,2SiO2,CaF2 ¼ Kc22N3
CaON

2
SiO2

NCaF2
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enhancements, in turn, demand the use of more advanced

materials with adequate creep strength, toughness, and heat

resistance at elevated temperatures (up to 650 �C) [4]. The

addition of small amounts of boron (B) into steels and alloys,

such as 9CrMoCoB heat resistant steel, is considered a valid

strategy to enhance these mechanical properties [5e7], as the

B retards the coarsening of M23C6 particles and promotes the

formation of fine grains in steels and alloys [8e12]. Therefore,

it is indispensable to maintain the B content in the steels and

alloys within a narrow target range.

The loss of B in steel is mainly a result of the alloying

element reacting with soluble oxygen [O] and nitrogen [N] in

the steel. Therefore, in the melting stage, B should be added

after the steel melts have been deoxidized using oxidizable

elements, i.e., Ca, Al, and Si [6,13]. The addition of strong

nitride-forming elements, such as Ti and Zr, can prevent B

from combining with nitrogen in the steel [14]. A method of

combining Al and Ti has been adopted byMelloy et al. [15], and

Llewellyn and Cook [16] to ensure soluble B in liquid steels.

However, the unstable SiO2 in electroslag remelting (ESR)

type slag can also cause the oxidation loss of B in steel due to

the following redox reaction that occurs at the slag/metal

interface [17,18], which inevitably leads to the inhomoge-

neous distribution of the oxidative element from the bottom

to top of the ingot during ESR of the B-containing steel [17].

4½B� þ 3ðSiO2Þ ¼ 2ðB2O3Þ þ 3½Si�; DGo
1

¼ �97;920� 91:2 T ðJ=molÞ (1)

The activity of B2O3 in slag is one of the key parameters to

control the homogeneous distribution of B in steel during the

ESR process. Some attempts had been made to measure the

Henrian activity coefficient of B2O3 in the CaOeB2O3 [19e21],

MgOeB2O3 [22e24], SiO2eB2O3 [25,26], Al2O3eB2O3 [27e29],
MgOeB2O3eSiO2 [30,31], CaOeB2O3eSiO2 [32,33], CaOeB2O3-

eSiO2eCaF2 [34], and the CaOeMgOeB2O3eAl2O3eSiO2 [35]

slag systems. However, to the best of the authors’ knowledge,

the activity of B2O3 in ESR type slag has yet to be experimen-

tally determined [36]. To overcome these issues, Kim et al. [17]

developed an understanding of the relationship between [B]/

[Si] ratio and (B2O3)/(SiO2) ratio based on industrial trials and

optimized technological conditions that can be used for pro-

ducing 120-tonne 9CrMoCoB ingot.

Recently, Peng et al. [37] calculated the activity of B2O3 in

the 55CaF2e20CaOe22Al2O3e3MgO-xSiO2-yB2O3 (wt%) slag

(x � 3, y � 3) at 1823 K using the agglomerated electron phase

model. They found that the relationship between the activity

coefficient of B2O3 (gB2O3
) in the slag and temperature can be

expressed as log gB2O3
¼ � 6; 582=T. There are many studies

regarding control of Al and Ti loss during the ESR process

[38e42], whereas a few fundamental studies have been con-

ducted to systematically investigate the oxidation behavior of

B by ESR type slag. To address this gap in knowledge, the

present study systemically investigates the effect of each

component in the CaF2eCaOeAl2O3eSiO2eB2O3 slag on the

equilibrium content of B in 9CrMoCoB steel in the temperature

range from 1823 to 1973 K. In addition, the calculated equi-

librium B content was also confirmed by the results of slag/

metal equilibrium experiments.
2. Thermodynamic consideration

According to Eq. (1), the relationship between the equilibrium

content of B in 9CrMoCoB steel and three variables, i.e., the

composition of the CaF2eCaOeAl2O3eSiO2eB2O3 slag, the

chemistry of consumable electrode and the temperature,

https://doi.org/10.1016/j.jmrt.2022.01.033
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Table 2 e Chemical composition of steel (wt%).

C Si Mn B Al Cr O N Othersa Fe

0.12 0.07 0.09 0.0049 0.002 10.3 0.004 0.02 6.1 Bal.

a Mo þ V þ W þ Co þ Ni þ Nb.

Table 4 e Composition of slag used in this study (wt%).

Variable Slag Composition

CaF2 CaO Al2O3 SiO2þB2O3

SiO2 content

S1 49.3 26.2 24.1 0.3

S2 48.8 26.0 23.9 1.3

S3 47.8 25.4 23.4 3.3

S4 46.8 24.9 22.9 5.3

B2O3 content

B1 47.0 25.0 23.0 5.0

B2 46.9 24.9 22.9 5.2

B3 46.7 24.8 22.9 5.6

B4 46.5 24.7 22.8 6.0

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 2 ; 1 7 : 5 7 4e5 8 5576
can be obtained by simplemathematical derivation, as shown

in Eq. (2).

log½%B� ¼1
4

(
log

a2
B2O3

a3
SiO2

þ 3 log fSi � 4 log fB þ 3 log½%Si��
�
5;114

T
þ 4:76

�) (2)

where fi are the activity coefficient of component i in the

metal phase in reference to the 1 wt% standard state, ai is the

activity of component i in slag phase with reference to the pure

solid Raoultian standard state.T is the absolute temperature (K).

It can be seen from Eq. (2) that calculating the relationships

between equilibrium B content in 9CrMoCoB steel and each

component in the CaF2eCaOeAl2O3eSiO2eB2O3 slag requires

a couple of parameters. One such parameter is the activity of

SiO2 and B2O3 in the slag. The ion and molecule coexistence

theory (IMCT) has been successfully applied to calculate the

activities of components in CaF2 containing slag used in the

ESR process [43e46]. Therefore, the activity (mass action

concentration, Ni) of each component in the slag can be

determined using the reported activity model based on the

IMCT in the present study [43,47]. The physicalmeaning of the

Ni is mole fraction, viz., the ratio of the equilibrium molar

number ni of structural unit i to the total molar number
P

ni in

a closed system, which is consistent with the traditionally

applied activity ai in the slag, and the pure solid matter is

chosen as the standard state [48,49]. Since the phase diagram

of the CaF2eCaOeAl2O3eSiO2eB2O3 slag has not been reported

so far, the complex molecules will be deduced by using sub-

systems of the five-component slag. According to the hy-

pothesis of the IMCT [47], 22 kinds of complex molecules can

be found in the slags at metallurgical temperatures. Chemical

reaction formulas of the complex molecules, their standard

Gibbs free energy changes, and mass action concentrations of

structural units in the subsystems of the CaF2eCaOeAl2O3-

eSiO2eB2O3 slag are shown in Table 1. The modeling and

solving processes used have been described elsewhere in

detail [43].

Another important parameter for determining equilibrium

B concentration is the activity coefficient fi¼B; Si of B and Si

which can be calculated using the Wagner equation [55], the

chemical composition of the steel, and the interaction co-

efficients are listed in Tables 2 and 3, respectively. Final

parameter to be considered is temperature. The melting point

of the steel is about 1820 K, as calculated by FactSage™ 7.3
Table 3 e Interaction coefficients were used in the present stu

ei
j B N O Si

B 0.038 770/T-0.337 �0.212 0.078

Si 0.2 0.005 �0.23 0.103
software. Fraser and Mitchell [56] reported that the tempera-

ture of the electrode-slag interface is close to the liquidus

temperature of 9CrMoCoB steel, and its superheat does not

exceed 20e30 K. The reaction temperature at slag bath-metal

pool interface can be taken as 1973 K based on the results

experimentally determined by previous researchers [57e60].

Therefore, the temperature range investigated during the ESR

process was 1823e1973 K.
3. Experimental procedure

Reagent-grade powders of CaF2 (Junsei chemical Co., Ltd.),

Al2O3 (SigmaeAldrich, Co.), SiO2, and B2O3 (Samchun Pure

Chemical Co., Ltd) were used as rawmaterials. CaCO3 powders

(Kanto Chemical Co., Inc.) were calcined at 1273 K for 10 h in a

muffle furnace to produce CaO. The thoroughly mixed pow-

ders weremelted at 1773 K in a graphite crucible under a high-

purity Ar atmosphere to ensure complete melting and ho-

mogenization. Then, the liquid sample was quenched on the

cooled copper plate and ground. The chemical composition of

the slag is listed in Table 4.

Examination of the slag-metal reaction between CaF2-
eCaOeAl2O3eSiO2eB2O3 slag and heat-resistant steel was

conducted in a super Kanthal electric resistance furnace

with a MoSi2 heating element (Fig. 1). The temperature of the

furnace was controlled by a proportional-integral-derivative

controller connected to a Pt-30wt.%Rh/Pte6wt.%Rh refer-

ence thermocouple. The temperature was calibrated to

1823 K using another thermocouple prior to the experiment.
dy [61].

C Al Cr Mn

0.22 e e �0.00086

0.18 0.058 �0.0003 �0.0146
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Fig. 1 e Schematic of the experimental equipment setup.
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Themaster alloy (10 g) and slagmixture (5 g) were loaded into

an Al2O3 crucible (15 mm outer diameter [OD], 12 mm inner

diameter [ID], 50 mm height [HT]) and placed in a graphite

holder (50 mm OD, 40 mm ID, 65 mm HT), which were linked

with a molybdenum wire. When the furnace temperature

reached the pre-set temperature of 1823 K, the graphite

holder was then positioned in the constant zone of the

resistance furnace. The reaction chamber was flushed by

highly purified Ar gas at a constant rate to avoid oxidation of

the steel. After 1 h of equilibration, the samples were quickly

extracted from the furnace and quenched by dipping the

crucible into brine.

After sampling, metal samples were polished using a

grinder to remove the surface layer, which can affect the

analysis results, then cut to a constant weight to reduce

analytical error. Slag samples were ground and sized into 200

mesh sizes, and then prepared for chemical analysis. B, Si, and

Al content in the metal samples and the composition of the

slag were determined by inductively coupled plasmae atomic

emission spectroscopy (ICP-AES, Spectro Arcos).
4. Results and discussion

4.1. Relationship between equilibrium B content and
slag composition at various temperatures

Asmentioned above, the activities of SiO2 and B2O3 are the key

parameters to control equilibrium B content in the steel. The

calculated activity coefficient of B2O3 (B2O3<1.0 wt%) in the
ESR type slag is about gB2O3
¼ 4:79 � 10�4 at 1823 K in this

study, which is close to the value gB2O3
¼ 2:45 � 10�4 reported

by Peng et al. [37] at the same temperature. Therefore,

the relationships between the calculated B content for a

given Si content (0.07%) and each component in the CaF2-
eCaOeAl2O3eSiO2eB2O3 slag in the temperature range from

1823 to 1973 K can be obtained from Eq. (2) based on the

calculated activities of SiO2 and B2O3 by the IMCT, and the

results are shown in Fig. 2.

It can be seen from Fig. 2(a) that the equilibrium B content

increases slightly with increasing CaF2 content in the CaF2-
eCaOeAl2O3eSiO2eB2O3 slag at a fixed temperature. This

result implies that the CaF2 in the slag has little effect on the

equilibrium B content. As shown in Fig. 2(b), the equilibrium B

content decreases with increasing content of CaO when the

CaO content in the slag is less than about 10%, while the

equilibrium B content stays approximately the same value as

the CaO content changes from 20% to 30%. The point of

intersection between the calculated equilibriumB content and

the iso-concentration line at 49 ppm (the initial B content in

the steel as shown in Table 2) indicates that both B and Si in

the liquid steel are not oxidized when the CaO content in the

CaF2eCaOeAl2O3eSiO2eB2O3 slag is more than 20% at 1973 K.

The effect of Al2O3 content on B content is not significant until

15% Al2O3, after which the equilibrium B content slightly in-

crease with increasing content of Al2O3 as shown in Fig. 2(c).

The equilibrium B content shows negative correlation with (%

SiO2)/(%B2O3) ratio in the slag, as shown in Fig. 2(d). The

relationship between equilibrium B content and SiO2 and B2O3

content is reliable when SiO2þB2O3 content in the slag is

https://doi.org/10.1016/j.jmrt.2022.01.033
https://doi.org/10.1016/j.jmrt.2022.01.033


Fig. 2 e Relationship between equilibrium content of B for a given Si content (0.07%) and (a) CaF2, (b) CaO, (c) Al2O3 content,

(d) (%SiO2)/(%B2O3), and (e)e(f) (%B2O3)/(%SiO2) in the CaF2eCaOeAl2O3eSiO2eB2O3 slag in the temperature range from 1823 to

1973 K.
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greater than about 3.3 wt%. In contrast, it can be seen from

Fig. 2(e) that the equilibrium B content increases with an in-

crease in (%B2O3)/(%SiO2) ratio up to 0.2. By comparing the

results in Fig. 2, it can be understood that the relative order of

importance of the components in the CaF2eCaOeAl2O3-

eSiO2eB2O3 slag for reducing the loss of B in molten 9CrMo-

CoB steel is: B2O3 > SiO2 > CaO > Al2O3 z CaF2.

Temperature is a key factor in controlling the equilibriumB

content in 9CrMoCoBsteel by theCaF2eCaOeAl2O3eSiO2eB2O3

slag during the ESR process. As can be observed in Fig. 2(b), the

equilibrium B content increases with increasing temperature

at a fixed slag compositionwhen CaO content is less than 20%.

These data indicate that the alloying element Si in the molten

steel becomes more prone to oxidation than does B as the

temperature rises, so extra SiO2 should be added in the slag

system. However, the oxidation loss of B in the liquid steel can
also bemitigated by addition of 20%e30%CaO, hence high slag

temperature canbe adopted to remelt 9CrMoCoB steel. Tokeep

the B content constant, such as at the iso-concentration line of

[B] ¼ 49 ppm, the amount of CaO should be increased with an

increase in temperature from 1823 to 1973 K, as shown in

Fig. 2(b) during the beginning stage of the ESR process.

Similar results can be observed in Figs. 2(e) and (f). The CaF2-
eCaOeAl2O3eSiO2eB2O3 slagwith (%B2O3)/(%SiO2)¼ 0.1 canbe

recommended for remelting of 9CrMoCoB steel.

4.2. Effect of refractory material on equilibrium B
content in steel: alumina crucible

As previously mentioned, both SiO2 and B2O3 in the CaF2-
eCaOeAl2O3eSiO2eB2O3 slag have a significant effect on the

equilibrium B content in liquid 9CrMoCoB steel. To test the

https://doi.org/10.1016/j.jmrt.2022.01.033
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Fig. 3 e Comparisons between the calculated and

measured B content in the liquid steel equilibrated with

ESR type slags with various B2O3 (B1 to B4) and SiO2

contents (S1 to S4) at 1823 K.

Fig. 4 e Change of Mo content in the liquid steel that was

melted in an alumina crucible with and without a Mo foil

lining at 1823 K.
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feasibility of the thermodynamic calculation method for the

equilibrium B content in the liquid steel, the equilibrium B

content was measured based on Eq. (1). Comparisons of the

calculated and measured B content in the liquid steel equili-

bratedwith ESR slagswith variousB2O3 (B1 to B4 inTable 4) and

SiO2 contents (S1 to S4 in Table 4) at 1823 K are shown in Fig. 3.

The measured final slag composition of the slag-metal equi-

librium experiments after 60 min is listed in Table 5. It can be

observed from Fig. 3 that the calculated values of the equilib-

rium B content are in good agreement with the measured B

content in the liquid steel equilibratedwith B1 to B4, S3, and S4

slagsat 1823K.Whereas thecalculatedequilibriumBcontent is

higher than the experimental values when the molten steel

equilibratedwith S1 and S2 slags. The reason for this deviation

will be discussed later.

It is noted from Table 5 that the Al2O3 content in the slag

after the slag-metal equilibrium experiment is nearly double

that in the initial slag, as listed in Table 4, suggesting that
Table 5 e Slag composition after slag-metal equilibrium exper

Slag No. Al2O3 crucible without
Mo foil

Al2O3 crucible with
foil

Al2O3 SiO2 B2O3 Al2O3 SiO2

AS1 47.3 0.1 0.2 40.2 0.6

AS2 49.7 0.8 0.2 47.3 0.5

AS3 51.1 1.9 0.2 48.7 1.7

AS4 50.3 3.1 0.2 42.9 2.8

AB1 50.0 2.9 <0.1 33.6 2.7

AB2 52.1 3.0 0.1 43.1 2.9

AB3 49.2 3.1 0.4 48.8 2.4

AB4 50.4 3.2 0.6 29.3 2.5

Note: “A” and “M” in slag sample ID means that the experiments are con
dissolution of the Al2O3 crucible occurs upon contact with slag

melts. Several researchers [62e66] have investigated the

dissolution behavior of Al2O3 refractory in fluoride-containing

slag melts. They found that the dissolution rate of Al2O3

increased with increasing temperature and CaF2 content in

slag due to the increase of mass transfer coefficient of Al2O3

and the reduced viscosity of the slag [67,68].

The predicted saturation concentration of Al2O3 in the

CaF2eCaOeAl2O3eSiO2eB2O3 slag at 1823 K is about 60 wt% as

determined by FactSage™ 7.3 software. The measured results

are lower than the predicted values from the FactSage calcu-

lation, as displayed in Table 5. This discrepancy is likely due to

the formation of intermediate compounds, such as

CaO,6Al2O3 and CaO,2Al2O3, that occur at the interface be-

tween the Al2O3 crucible and the slag [65e70]; these inter-

mediate compounds could suppress the direct dissolution of

Al2O3 from the crucible to the slag [71,72].

To try to prevent the direct reaction between slag and re-

fractory crucible, several authors have adopted the method of
iments (wt%).

Mo Slag No. MgO crucible without Mo foil

B2O3 SiO2 Al2O3 B2O3 MgO

0.2 MS1 4.1 18.8 0.5 18.0

0.1 MS2 5.8 18.6 0.9 17.9

0.1

0.1

<0.1
0.1

0.2 MB3 6.3 19.3 0.6 17.9

0.4 MB4 3.0 20.3 0.4 16.7

ducted using an Al2O3 or a MgO crucible, respectively.
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lining the crucible with amolybdenum foil [37,43,46] to design

the slag composition for simulating the oxidation of reactive

elements in steels and alloys during the ESR process. There-

fore, an alumina crucible lined with a 0.2-mm-thick molyb-

denum foil was used in the present study to investigate the

oxidation behavior of B in the liquid steel by the CaF2-
eCaOeAl2O3eSiO2eB2O3 slag at 1823 K. The final slag

composition after the slag-metal equilibrium reaction using

the alumina crucible linedwith Mo foil is detailed in Table 5. It

can be seen from Table 5 that the slags contain an average of

about 42 wt% Al2O3 because the part of the Mo foil in contact

with the slag and metal corrodes at high temperature, even

though the Mo foil is placed on the inner wall of the alumina

crucible.

In addition, it is evident from Fig. 4 that the Mo content

increases from 0.7% in the master alloy to 6%e8% in the steel

samples after the slag-metal equilibrium experiments using

an alumina crucible lined with Mo foil at 1823 K. It is inter-

esting to note that the determined equilibrium B contents

using crucibles with and without the Mo foil are consistent.

These results imply that a change in the Mo content in the

liquid steel has little effect on the equilibrium B content.

The relationship between Mo content and the calculated

activities of B and Si in the liquid steel by FactSage™ 7.3

software at 1823 K is illustrated in Fig. 5. These data suggest

that both the activities of B and Si remain basically unchanged

with increasingMo content from 0.7% to 8% in the liquid steel.

As a result, the measured equilibrium B content maintains

stable whether or not a Mo foil is used in the present study.

From the results of these experiments, it is clear that the

method of lining a crucible with a Mo foil is not effective in

inhibiting the dissolution of an alumina crucible. However,

the increased Al2O3 content only results in a slight increase of

the equilibrium content of B in the liquid steel, as shown in

Fig. 3. This phenomenon has been proven by the relationship

between the calculated equilibrium B content and the Al2O3
Fig. 5 e Relationship between Mo content and the activity

of B and Si in the liquid steel at 1823 K, as calculated by

FactSage™ 7.3 software. The activities of B and Si refer to

the pure solid matter as standard state.
content in the slag in the temperature range from 1823 to 1973

K, as shown in Fig. 2(c). These results demonstrate that the

relationship between the calculated equilibrium content of B

and the content of each component in the CaF2eCaOeAl2O3-

eSiO2eB2O3 slag at the temperature range from 1823 to 1973 K

can be applied to design a slag composition that controls the

oxidation loss of B during the ESR process.

4.3. Effect of refractory material on equilibrium B
content in steel: magnesia crucible

Additional experiments were carried out using a magnesia

crucible without Mo film to investigate the changes to the Si,

Al, and B contents in the molten steel during the reaction

between themolten steel and S1, S2, B3, and B4 slags at 1823 K.

These experiments aim to elucidate why the calculated

equilibrium B content is higher than those measured for low

SiO2 content, such as S1 and S2 slags, a phenomenon that can

be observed in Fig. 3. The experimental procedure is described
Fig. 6 e Changes to (a) B content, and (b) Si and Al contents

in the molten steel during the reaction between the molten

steel and slags S1, S2, B3, and B4 reacted at 1823 K. Note:

“A” and “M” in the sample ID indicates that the

experiments are conducted using Al2O3 or MgO crucibles,

respectively.
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in detail in Section 3. After a certain reaction period (60 min),

both slag and metal samples were quickly taken from the

furnace and quenched in brine. The experimental results are

shown in Fig. 6.

Comparing Fig. 3 and Fig. 6(a) show similar trends in that

the calculated B content is higher than the measured B con-

tent in the liquid steel equilibrated with Sl and S2 slags,

whereas the calculated B content is in good agreement with

the measured values when the liquid steel reacts with B3 and

B4 slags in an alumina or a magnesia crucible. This deviation

can be attributed to the fact that only the equilibrium reaction

given in Eq. (1) is considered when calculating equilibrium B

content based on the equilibrium Si content in the molten

steel for slag systems containing low SiO2 content, S1 (SiO2-

þB2O3 ¼ 0.3%), and S2 (SiO2þB2O3 ¼ 1.3%). Besides Eq. (1), the

following reaction also simultaneously occurs:
Fig. 7 e (a) Change of standard Gibbs free energies of Eqs.

(1) and (3) for 1 mole SiO2, and (b) calculated Si content in

the steel equilibrated with S1, S2, B3, and B4 slags at

1823 K. Note: “A” and “M” in sample ID indicates that the

experiments are conducted using an alumina or a

magnesia crucible, respectively.
4½Al� þ 3ðSiO2Þ ¼ 2ðAl2O3Þ þ 3½Si�; DGo
3

¼ �720;680þ 133 T ðJ=molÞ (3)

Comparison between the standard Gibbs free energy

changes of Eqs. (1) and (3) is illustrated in Fig. 7(a). It can be

seen that the standard Gibbs free energy change of Eq. (3)

(1=3DGo
3 for 1 mol SiO2) is lower than that of Eq. (1) (1=3DGo

1

for 1 mol SiO2), indicating that the Si content in steel is mainly

controlled by Eq. (3). The equilibrium Si contents in themolten

steel calculated by Eqs. (1) and (3) are shown in Fig. 7(b), from

which it can be obtained that the equilibrium Si content

calculated by (SiO2)-[Al] equilibrium is higher compared with

that calculated by (SiO2)-[B] equilibrium when the liquid steel

reacts with low SiO2 (S1, S2) slags.

According to classical metallurgical thermochemistry,

both Eqs. (1) and (3) should be consideredwhen calculating the

equilibrium Si and B contents. This is why the calculated B

contents are higher than the measured values for low SiO2

content S1 and S2 slags in Fig. 6(a). However, with the increase

of SiO2 content in slag, such as in S2 to S4 and B1 to B4 slags,

the determined values of Si content from (SiO2)-[Al] and (SiO2)-

[B] equilibria are in good agreement, and the equilibrium B

content in the liquid steel can be accurately calculated only

using Eq. (1), even though the equilibrium Si content is pre-

dominantly controlled by Eq. (3). Therefore, the thermody-

namic analysis results using Eq. (1) can be used to design slag

composition for electroslag remelting of 9CrMoCoB steel with

(%SiO2)/(%B2O3) ratio more than 10, as can be observed in

Fig. 2.

It is interesting that the calculated Si contents (Fig. 7(b)) are

in good agreement with the measured values (Fig. 6(b)), and

that the measured Si content in the liquid steel equilibrated

with MS1, MS2, MB3, and MB4 slags are lower than those in

liquid steel equilibrated with AS1, AS2, AB3, and AB4 slags at

1823 K. It can be also seen from Table 5 that the MgO content
Fig. 8 e Relationship between Al2O3 and MgO content in

the CaF2eCaOeAl2O3eSiO2eB2O3 slag and log
�
g3
SiO2

=g2
B2O3

�
at 1823 K.
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Table 6 e Remelting parameters of 80 tonnes ESR
operation.

Electrode Size/weight 1600 mm/85 tonne

ESR conditions Slag system CaF2eCaOeAl2O3eSiO2eB2O3

Starting method Cold start

Voltage swing 8 ~ 10 V

Electrode surface Shot blast

Atmosphere Ar gas
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increases from 0 to about 18 wt% when the slag-metal re-

actions between the liquid steel and S1, S2, B3, and B4 slags are

conducted in a magnesia crucible, which is almost consistent

with the 15 wt% value calculated by FactSage™ 7.3 software at

1823 K.

The dependence of the log
�
g3
SiO2

=g2
B2O3

�
of the Al2O3 and

MgO content in the CaF2eCaOeAl2O3eSiO2eB2O3 slag at

1823 K is shown in Fig. 8. It is obvious that log
�
g3
SiO2

=g2
B2O3

�
sharply decreases with increasing Al2O3 and MgO content in

the slag, indicating that the value of logð½%Si�3 =½%B�4Þwill also

decreases. The change in MgO content in the CaF2eCaOeAl2-

O3eSiO2eB2O3 slag makes the values of log
�
g3
SiO2

=g2
B2O3

�
even

lower, giving rise to the lower measured Si and B contents in

the liquid steel equilibrated with MS1, MS2, MB3, and MB4

slags than those in the liquid steel equilibrated with AS1, AS2,

AB3, and AB4 slags.

4.4. Effect of Si content on equilibrium B content in liquid
steel at 1873 K

The relationship between the calculated B content and slag

composition for different Si contents at 1873 K is shown in

Fig. 9. In comparison to Fig. 2(d) and Fig. 2(e), Fig. 9 exhibits

similar trends, but the Si content has more of an effect on the

equilibrium content of B in the liquid steel than does tem-

perature. Similarly, the influence of Si content in electrode on

the B content in remelted ingot has been investigated by Kim

et al. [17] in a study of industrial-scale electroslag remelting of

9CrMoCoB steel using the CaF2eCaOeAl2O3eSiO2eB2O3 slag.

They observed that the equilibrium B content increased with

an increase in B2O3 content in the slag and Si content in the

electrode (from about 0.1 to 0.3 wt%). These results demon-

strate that adjustment of Si content in the electrode is a more

effective method for controlling the oxidation loss of B during

the ESR process.
Fig. 9 e Relationship between equilibrium content of B in

the liquid steel and ratio of mass percent of SiO2 to B2O3 in

the slag for various Si content in electrode at 1873 K.
4.5. Industrial trials

To further testify the feasibility of the relationship between

the slag composition and equilibrium B content in 9CrMoCoB

steel at various temperatures as shown in Fig. 2, the 9CrMo-

CoB steel was employed as the consumable electrode with a

diameter of 1600 mm and remelted at an industrial ESR

furnace using the optimized slag composition. The relative

parameters of 80 tonnes ESR operation are listed in Table 6.

The metal samples were taken from the position 520 mm

below the top part of the remelted ingot along with radial di-

rection (diameter 2150 mm) for the analysis of the chemical
Fig. 10 e Picture of remelted ESR ingot (a) and Si and B

content along with the radial direction of the remelted

ingot (b).
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composition since the reaction given in Eq. (1) can reach the

equilibrium during the ESR process. The sampling locations

along the radial direction are located at the center, 1/3 radius,

2/3 radius, and surface of the remelted ingot. The image of

remelted ingot and the composition of the remelted ingot (Si

and B contents) are shown in Fig. 10. It can be seen that the

distribution of B and Si content along with the radial direction

of the remelted ingot is almost uniform, which is in line with

the calculated equilibrium B content (approx. 30 ppm) as

shown in Fig. 2 under conditions of the Si content in the liquid

steel and the ratio (% B2O3)/(% SiO2) are 0.07% and 0.05,

respectively, at 1973 K.

In summary, the ion and molecule coexistence theory

(IMCT) can be reliably used to calculate the activity of B2O3 in

the liquid CaF2eCaOeAl2O3eSiO2eB2O3 slag, and the ther-

modynamic analysis between the slag composition and

equilibrium B content at the temperature range from 1823 to

1973 K can be applied to guide the slag design for control of the

homogenous distribution of B and Si in 9CrMoCoB steel during

the ESR process.
5. Conclusions

In the present study, the oxidation behavior of B in 9CrMoCoB

steel by the CaF2eCaOeAl2O3eSiO2eB2O3 ESR type slag was

theoretically and experimentally investigated, and the

following main conclusions were obtained:

1) The equilibrium Si content in the steel is simultaneously

controlled by reactions 4½B� þ 3ðSiO2Þ ¼ 2ðB2O3Þ þ 3½Si� and
4½Al� þ 3ðSiO2Þ ¼ 2ðAl2O3Þ þ 3½Si�, and it was confirmed that

the latter is thermodynamically dominant. The equilib-

rium B content can be accurately calculated based on the

reaction 4½B� þ 3ðSiO2Þ ¼ 2ðB2O3Þ þ 3½Si� when the SiO2þ
B2O3 content in the slag is more than 3.3 wt%, as the Si

contents controlled by (SiO2)-[Al] and (SiO2)-[B] equilibria

are almost consistent with each other.

2) The relationships between each component in the CaF2-
eCaOeAl2O3eSiO2eB2O3 ESR type slag and the equilibrium

B content in liquid 9CrMoCoB steel for a given Si content

indicate that the order of importance of the slag compo-

nents for reducing the loss of B inmolten 9CrMoCoB steel is

B2O3 > SiO2 > CaO > Al2O3 y CaF2.

3) Temperature is one of the key parameters that control the

oxidation behavior of B in the liquid steel during the ESR

process. The effect of temperature on the oxidation

behavior of B in the liquid steel is different when the con-

tent of different components in the CaF2eCaOeAl2O3-

eSiO2eB2O3 ESR type slag change. The oxidation of Si is

more prone to occur compared to that of Al when the

temperature rises and the CaO content is less than 10%,

whereas the temperature has little influence on the

oxidation of Si and Bwhen the CaO, B2O3, and SiO2 contents

are in the ranges of 20%e30%, 0%e1.0%, and 3%e5%,

respectively.
4) The ratio [%Si]/[%B] in the steel melted in a magnesia

crucible was lower than that melted in an alumina crucible

due to the MgO in the slag makes the value of

log
�
g3
SiO2

=g2
B2O3

�
even lower at 1823 K.

5) From the 80 tonnes industrial tests, the distribution of B

and Si content along with the radial direction of the

remelted ingot was almost uniform, which is in line with

the calculated B content (approx. 30 ppm) under conditions

of the Si content in the liquid steel and the (%B2O3)/(%SiO2)

ratio are 0.07% and 0.05, respectively, at 1973 K.
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