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Evolution and Formation of Non-metallic Inclusions
During Electroslag Remelting of a Heat-Resistant
Steel for Ultra-supercritical Power Plants

SHIJUN WANG, CHENGBIN SHI, YUJING LIANG, XIUXIU WAN, and XIN ZHU

This work aims to clarify the evolution and formation mechanisms of non-metallic inclusions
during protective argon gas atmosphere electroslag remelting (ESR) of a low-aluminum
9 mass pctCr heat-resistant steel. The pickup degree of both boron and aluminum in liquid steel
during protective argon gas atmosphere ESR was lowered with increasing the SiO2 content of
the slag through inhibiting steel–slag reactions. A kinetic model for describing and predicting
oxide inclusion removal by slag adsorption was developed. The oxide inclusions from the steel
electrode (quaternary MnO-SiO2-Al2O3-CaO) were fully removed through dissociating into
their specific chemical species in liquid steel in parallel with absorbing those undissociated
inclusions into molten slag before liquid metal droplets enter into the liquid metal pool. The
critical sizes of the oxide inclusions through different removal ways in the ESR process were
determined. A part of patch-type MnS inclusions was dissociated into soluble sulfur and
manganese in liquid steel, whereas the others dissolved into oxide inclusions during the ESR.
The inclusions in the liquid metal pool and ingots are the newly born Al2O3 (around 80 pct in
number fraction) and CaO-Al2O3. The formation of oxide inclusions during the cooling and
solidification of liquid steel leads to an increase in both the size and number density of
inclusions.

https://doi.org/10.1007/s11663-022-02589-0
� The Minerals, Metals & Materials Society and ASM International 2022

I. INTRODUCTION

DEVELOPMENT of ultra-supercritical coal-fired
power units is an important strategy to reduce CO2

emission and improve fuel utilization efficiency. To this
end, extensive steel-research-and-development programs
around the world have been performing for ultra-su-
percritical (USC) coal-fired power plants toward higher
steam temperature (620 �C to 650 �C-class) and pres-
sure.[1–3] Rotor and main steam pipes are the most
critical components of steam turbines and boilers in
USC coal-fired power generation units, respectively. In
recent years, extensive efforts have been made to develop
heat-resistant steel candidates subjected to the steam
temperature of 650 �C-class for USC main steam pipes
and turbine rotors, such as MARBN, G115, and NPM
steel.[2–4]

Electroslag remelting (ESR) is usually used to pro-
duce heat-resistant steels for ultra-supercritical turbine
rotors and main steam pipes[5–7] mainly because of its
superiority in drastically removing non-metallic inclu-
sions and providing optimal solidification structure
(reducing segregation and center porosity, etc.) simul-
taneously. The production of qualified as-cast ingots by
ESR is one of the limiting steps in the manufacture of
ultra-supercritical turbine rotors and main steam
pipes.[8,9] Since ESR is the last stage for refining liquid
metal in the whole manufacture chain, targeting the
uniformity of chemistry and microstructure of as-cast
ingot as well as inclusion control in the ESR process are
quite noteworthy.
9pctCr martensitic heat-resistant steels (typically FB2,

MARBN, and G115) used for USC main steam pipes
and turbine rotors should keep low-aluminum content
(£ 100 ppm) with aim of preventing the decrease in the
creep strength and stress fracture toughness.[10,11] It is
also required that these martensitic heat-resistant steels
contain a few hundred ppm (by mass) of boron for
increasing the martensitic microstructure stability and
creep strength,[12,13] as well as reducing the coarsening
rate of M23C6 carbides along the grain boundaries[2,14].
Aluminum pickup and boron loss of liquid steel often
take place as a result of steel–slag reactions during
steelmaking of these martensitic heat-resistant steels,
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leading to unqualified chemical compositions.[8,11,15] It is
a general strategy that B2O3 and SiO2 are intentionally
kept at a certain content level in the slag in order to
prevent the loss of boron and silicon as well as
aluminum pickup in liquid steel during the
ESR.[8,11,15,16] The industrial trials demonstrated that
6 mass pct SiO2 addition in slag significantly improved
the surface quality of as-cast ESR ingot and draw-
ing-ingot operating practice.[17] In addition, the presence
of 1 to 10 mass pct of SiO2 in the slag is unavoidable in
many ESR practices (impurity in raw materials and/or
slag–metal reaction products during the ESR). The
study by Kim et al.[8] showed that the boron contents of
the ingots increased with the increase in the B2O3

content of slag (from 0 to 2 mass pct) for protective
argon gas atmosphere ESR of 9CrMoCoB steel. Fedko
et al.[18] found that the boron contents in electroslag
remelted ingot are about 4 to 7 times higher than that in
the electrode (0.0020 mass pct B) in the case of
0.8 mass pct B2O3 addition in 70 mass pct CaF2-30 -
mass pct CaO slag for protective argon gas atmosphere
ESR.

Non-metallic inclusions often induce the initiation of
stress concentration cracking[19,20] and fatigue crack-
ing[21,22] during hot forging and service process of
ultra-supercritical heat-resistant steels, as well as a
remarkable decrease in the creep strength.[12,23] The
severity of the detriments caused by inclusions is
dependent on their number density, size, and chemical
compositions. In low-aluminum steel, the oxide inclu-
sions generally are calcium aluminate and/or manganese
silicate inclusions. The inclusions with different chemical
compositions in consumable electrode basically undergo
different evolution trajectories during the ESR, even if
these inclusions are of the same types.[24] Unlike Al2O3

and MgOÆAl2O3 inclusions, calcium aluminate and/or
manganese silicate inclusions usually experience chem-
istry variation during ESR through slag–metal–inclu-
sion reactions. Shi et al.[16] demonstrated that the
reduction of SiO2 in CaO-Al2O3-SiO2-1 mass pct MgO
inclusions was lightened as the increase in the SiO2

content of the slag during protective argon gas atmo-
sphere ESR (resulting from suppression of soluble
aluminum pickup in liquid steel). Wen et al.[25] reported
that MnO-SiO2 inclusions from Q235B steel electrode
were modified to Al2O3-MnO inclusions in the ingot
because of the reaction between soluble aluminum in
liquid steel and SiO2 and MnO in original inclusions
during the ESR. Gao et al.[26] found that the soluble Ce
(reduced from the slag by soluble aluminum during
ESR) in liquid steel reduced MgO in MgOÆAl2O3

inclusions, consequently resulting in the generation of
MgO-Al2O3-Ce2O3 and Al2O3-Ce2O3 during ESR of
FGH96 superalloy.

The evolution of Al2O3, MgOÆAl2O3, and some kinds
of calcium aluminate and/or manganese silicate inclu-
sions during ESR and its relevance with process
parameters of ESR have been assessed in the authors’
recent review.[24] The removal degree and evolution of
the original inclusions during ESR are largely dependent
on the composition and size of these inclusions, as well
as more or less on other parameters (slag compositions,

liquid metal chemistries, melting rate, and electrical
parameters of ESR).[24,27] The detrimental effects of
oxide and nitride inclusions to the processing and
mechanical properties of heat-resistant steels used for
USC turbine rotors and main steam pipes have been
well recognized,[12,19–23] there is still a lack of the
investigations of the evolution and formation of inclu-
sions during ESR of USC heat-resistant steels (specific
to particular steel chemistry).
MARBN and G115 steels have been developed for

application to boiler components with maximum steam
temperature of 650 �C and as a potential candidate for
650 �C-class USC rotor steel.[3,4,28,29] In the current
study, the variation of alloying element content of a
heat-resistant steel (based around the general composi-
tions of MARBN and G115 steels) during protective
argon gas atmosphere ESR when using the slag with
varying SiO2 contents was ascertained. The evolution of
the inclusions from the electrode and generation of fresh
inclusions during protective argon gas atmosphere ESR
were studied through monitoring the transient inclu-
sions in combination with thermodynamic and kinetic
considerations. A kinetic model for describing and
predicting oxide inclusion removal during ESR was
developed. The influence of different SiO2 contents in
the slag on the oxide inclusions was clarified.

II. EXPERIMENTAL

A. ESR Procedure

The steel electrode was prepared by a vacuum
induction melting (VIM) furnace. The liquid steel was
cast into a rod of 300 mm in diameter, and thereafter
forged into consumable electrode. Table I presents the
chemical composition of the consumable steel electrode.
The chemical compositions of the pre-melted slag S1,
S3, and S5 used for protective argon gas atmosphere
ESR trials R1, R3, and R5, respectively, are shown in
Table II. Pre-melted slag was roasted at 973 K (700 �C)
for 8 hours to remove the moisture.
Steel samples were taken from liquid metal pool

during the protective argon gas atmosphere ESR pro-
cess using a vacuum sampling quartz tube, followed by
quenching. Three as-cast ingots produced in the trials
R1, R3, and R5 were designated as D1, D3, and D5,
respectively.

B. Composition Analysis and Inclusion Characterization

The contents of calcium, silicon and magnesium in the
consumable steel electrode and ESR ingots were mea-
sured by the inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES). The inductively coupled
plasma mass spectrometry (ICP-MS) measurement was
performed to analyze the aluminum content of the steel.
The inert gas fusion-infrared absorptiometry
(EMGA-830, HORIBA, Japan) was employed to mea-
sure the total oxygen content of the steel. The sulfur
content of the steel was measured by the combustion-in-
frared absorption technique (EMIA-920V2, HORIBA,
Japan).
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Metallographic samples that were taken from the
electrode and as-cast remelted ingots, as well as the steel
samples that collected from the liquid metal pool were
mechanically ground and polished. The cross-sections of
these polished steel samples were analyzed by scanning
electron microscope (SEM, FEI Quanta-250; FEI Corp.,
Hillsboro, OR) equipped with energy dispersive X-ray
spectrometer (EDS, XFlash 5030; Bruker, Germany) to
characterize the inclusions.

An automated SEM instrument (EVO18, ZEISS,
Germany) equipped with EDS (X-MaxN, Oxford Instru-
ments, U.K.) and INCA software (Oxford Instruments,
U.K.) were used to perform automated inclusion anal-
ysis. 17 mm2 of the polished cross-section was analyzed
for each steel sample. The inclusions with an equivalent
circle diameter (ECD) smaller than 1 lm were not
included in the analysis.

III. RESULTS AND DISCUSSION

A. Composition Change of the Steel

The chemical composition of the steel significantly
influences the inclusion chemistries. The types and
compositions of inclusions may vary depending on the
alloy element content of the steel during the ESR. The
chemical compositions of the remelted ingots are shown
Table III. It can be seen, by comparing the compositions
of consumable electrode and remelted ingots, that the
aluminum content increases, the silicon content
decreases as well as the boron content increases after
the protective argon gas atmosphere ESR. The steel–
slag reactions, which could lead to the change in the
steel compositions, are expressed in Eqs. [1] and [3]. The
Gibbs free energy changes for these two steel–slag
reactions were calculated.[18,30]

3½Si� þ 2ðAl2O3Þ ¼ 4½Al� þ 3ðSiO2ÞDGo
1

¼ 658300� 107:2T J=molð Þ; ½1�

K1 ¼
a4

½Al�
� a3ðSiO2Þ

a3½Si� � a2ðAl2O3Þ
; ½2�

3½Si� þ 2ðB2O3Þ ¼ 4½B� þ 3ðSiO2ÞDGo
3

¼ �97920þ 91:2T J=molð Þ: ½3�

K3 ¼
a4

½B�
� a3ðSiO2Þ

a3½Si� � a2ðB2O3Þ
; ½4�

where ( ) and [ ] represent the species in the slag and
liquid steel, respectively. ai represents the activity of
component i.
Steel–slag reactions would take place at three sites

during electroslag remelting: � electrode tip/slag inter-
face, ` molten metal droplet/slag interface, ´ liquid
metal pool/slag interface.[31] The electrode tip/slag
interface has been well recognized to be the most
dominant site for the chemical reaction because of
excellent thermodynamic and kinetic conditions during
the formation of liquid metal film, large specific surface
area, and adequate reaction time between liquid metal
film and slag at the electrode tip.[32–34] It has been
reported that the temperature of liquid metal film is
close to the liquidus temperature of the steel, and its
superheat could hardly exceed 20 K to 30 K (20 �C to
30 �C).[35–37] The solidus and liquidus temperatures of

Table I. Chemical Composition of the Consumable Electrode (Mass Percent)

C Si Mn Cr Ca Al B O S N

0.09 0.46 0.53 8.88 < 0.0005 0.0010 0.0089 0.0054 0.0046 0.0040

Table II. Chemical Compositions of the Slag Used in

Protective Argon Gas Atmosphere ESR Trails (Mass Percent)

Slag No. CaF2 CaO MgO Al2O3 SiO2 B2O3

S1 40.85 27.04 0.52 28.97 0.92 1.50
S3 39.13 25.91 0.50 27.75 5.00 1.50
S5 37.46 24.80 0.48 26.57 9.00 1.50

Table III. Chemical Compositions of ESR Ingots (Mass

Percent)

Ingot No. Si Al B Ca O S

D1 0.26 0.0400 0.034 < 0.0002 0.0032 0.0014
D3 0.30 0.0230 0.029 < 0.0002 0.0020 0.0018
D5 0.37 0.0079 0.028 < 0.0002 0.0035 0.0023
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the studied steel calculated with Thermo-Calc (TCFE 8
database) are 1608 K and 1763 K (1335 �C and
1490 �C), respectively. The activities of SiO2 and
Al2O3 relative to pure solid standard state, and the
activity of B2O3 relative to pure liquid standard state in
molten slag at 1793 K (1520 �C) were calculated with
the reported activity model.[38,39] The activity coeffi-
cients of soluble aluminum, silicon and boron in liquid
steel were calculated by the following formula:[40]

lg fi ¼ Rðeji½pctj� þ ½rji½pctj�
2Þ; ½5�

where fi is the activity coefficients of soluble component
i in liquid steel. ½pcti� represents the mass percentage of

component i in liquid steel. eji is the first-order interac-
tion parameter. The first-order interaction parameters

are shown in Table IV. rji is the second-order interaction

parameter, rCAl ¼ �0:004, rSiAl ¼ �0:0006,

rSiSi¼�0:0055þ6:5=T, rAl
Al¼�0:0011þ0:17=T.[41]

The activity calculation shows that the activities of
SiO2, Al2O3, and B2O3 increase with the increase in the
SiO2 content of slag. The calculated values of Gibbs free
energy change with regard to three protective argon gas
atmosphere ESR trials for chemical reaction [1] are
� 281.99, � 180.56, and � 120.83 kJ/mol, respectively.
The calculated values of Gibbs free energy change for
chemical reaction (3) are calculated to be � 248.03,
� 171.98, and � 145.76 kJ/mol for R1, R3, and R5
trials, respectively. These thermodynamic calculations
indicate that the loss of Si and the pickup of Al and B in
the steel are indeed caused by the chemical reactions (1)
and (3). It is more SiO2 addition to the slag in the trial R3
and trial R5 that the pickup of Al and B and the loss of Si
in liquid steel are inhibited, as indicated by an increase in
theGibbs free energy change for the chemical reactions [1]
and [3]. The present result is consistent with the finding by
Kim et al.,[8] who found that the Si recovery was increased
with increasing SiO2 content of the slag, and the Al and B
contents were controlled in the target ranges by varying
the SiO2 content of slag. The current study demonstrates
that the appropriate amounts of SiO2 and B2O3 addition
to the slag would prevent the aluminum pickup and the
loss of silicon and boron in heat-resistant steel during
protective argon gas atmosphere ESR process.

B. Inclusions in Consumable Steel Electrode

Figure 1 presents an example of inclusions in the
consumable steel electrode. All observed oxide inclu-
sions were recognized as quaternary system MnO-
SiO2-Al2O3 with approximately 3 mass pct of CaO.
Note that these oxide inclusions are accompanied with
patch-type MnS inclusions invariably.
Typical inclusions in the steel electrode are presented

in Figure 2. Almost all observed inclusions are larger
than 2 lm and associated with more or less patch-type
MnS inclusions. The compositions of the oxides in the
oxide-sulfide inclusions were plotted on the MnO-
SiO2-Al2O3-3 mass pct CaO phase diagram calculated
with FactSage 7.2 (FToxid database) (see Figure 3).
100 pct of the oxide inclusion have compositions located
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Fig. 1—SEM image and EDS element mappings of a typical inclusion observed in the steel electrode. (a) patch-type MnS associated with a
MnO-SiO2-Al2O3-CaO inclusion. EDS spectra in (b) and (c) correspond to the points +b and +c of the inclusion shown in (a), respectively.
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in low-melting-temperature region limited by 1773 K
(1500 �C) isotherm, as presented in Figure 3, indicating
the liquid state of these oxide inclusions in liquid steel at
the steelmaking temperatures.

C. Inclusions in the Liquid Metal Pool and Remelted
Ingots

To reveal the evolution of inclusions during the ESR,
the inclusions in the steel taken from the liquid metal
pool during protective argon gas atmosphere ESR and
as-cast ingots were characterized in terms of their
compositions and size. Examples of inclusions are
shown in Figures 4 through 7. No relics from the
consumable electrode without a change are observed in
the liquid metal pool. It is noted that the observed
inclusions are roughly smaller than that in the electrode.
Figure 4 shows the SEM images and EDS spectra of
typical inclusions in liquid metal pool in the R1 trials.
The inclusions are mainly Al2O3, and the others are
binary CaO-Al2O3. The same types of inclusions were

observed in the liquid metal pool of R3 and R5 trials, as
shown in Figures 5 and 6. The CaO content of
CaO-Al2O3 inclusions in liquid metal pool of trials R1,
R3, and R5 increases from 13.65 mass pct,
16.11 mass pct to 20.75 mass pct with increasing SiO2

content of slag from 0.92 mass pct, 5.00 mass pct to
9.00 mass pct. The liquidus temperatures of the
CaO-Al2O3 inclusions (based on overall average com-
position) in the liquid metal pool are predicted with
FactSage 7.2 (FToxid database) as 2123 K (1850 �C),
2079 K (1806 �C), and 2037 K (1764 �C) for R1, R3,
and R5 trials, respectively, indicating that all
CaO-Al2O3 inclusions remain solid state in liquid steel.
The examples of the observed inclusions (EDS ele-

ment mappings) in ESR ingots are illustrated in Figure 8.
Two types of oxide inclusions, i.e., CaO-Al2O3 and
Al2O3, were identified in the ingots. The Al2O3 contents
of CaO-Al2O3 inclusions are 91.47 mass pct,
90.96 mass pct, and 90.22 mass pct in ingots D1, D3,
and D5, respectively. The number proportion of differ-
ent kinds of oxide inclusions in the electrode, metal pool
and ingots are presented in Figure 9. There is no
noticeable change in the number proportion of oxide
inclusions from liquid metal pool to as-cast ingots
(about 80 pct of Al2O3 inclusions in number fraction).
Figure 10 shows the compositions of CaO-Al2O3

inclusions in the liquid metal pool and ingots. The Al2O3

content of CaO-Al2O3 inclusions in ingot is higher than
that in liquid metal pool for each protective argon gas
atmosphere ESR trial. It should be stressed that no
sulfide inclusions were observed in the liquid metal pool
for each trial and as-cast ingot.

D. Size and Number Density of Inclusions

The size distribution of the inclusions in the consum-
able electrode, liquid steel pool and remelted ingot is
shown in Figure 11. In this article, equivalent circle
diameter of inclusion represents its size unless specially
stated. It is noted in Figure 11 that the size of the
inclusions decreases and then increases slightly from the
consumable electrode to the liquid steel pool then to the
electroslag ingot. There are 18.24 pct of inclusions less
than 2 lm in size in the consumable electrode, while the
number of proportions of inclusions less than 2 lm in
size increases significantly after electroslag remelting.
The number of proportions of inclusions smaller than

Fig. 3—Oxide inclusions composition at MnO-SiO2-Al2O3-3
mass pct CaO phase diagram (temperature in degrees Celsius). Solid
pink circles, some of which overlap each other, represent the
composition of the inclusions.

Fig. 2—SEM images of typical inclusions in the steel electrode. (a), (b), (c), and (d) MnO-SiO2-Al2O3-CaO attached with more or less patch-type
MnS.
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2 lm in the R3 liquid steel pool is the largest, at
47.06 pct. Moreover, the number of proportions of
inclusions larger than 5 lm was significantly reduced
after electroslag remelting, in which the number pro-
portion of the inclusions larger than 5 lm in D3 ingot
was the smallest (7.69 pct). The number proportion of
the inclusions larger than 4 lm in D1 and D5 ingots are
higher than that of the inclusions larger than 4 lm in the
liquid steel pool, and the ratio of inclusions smaller than
2 lm in D3 is lower than that of inclusions smaller than
2 lm in the liquid steel pool. It was reported that the
oxygen content level of the steel could affect the size of
oxide inclusions.[44] As shown in Figure 11, the oxygen
content of the steel decreases after electroslag remelting,
resulting in a reduction in the size of the inclusions
accordingly.

The relationship between number density and size of
inclusions during the protective argon gas atmosphere
ESR process is shown in Figure 12. As shown in
Figure 12, the number density of all inclusions with
different sizes decreases significantly after protective
argon gas atmosphere ESR. It can be learned that the
number density of the inclusions with different size in
each as-cast ingots is larger than that in the steel
sampled from the liquid steel pool. The inclusions in the
liquid steel pool and ESR ingot are mainly in the size

range of 1 to 3 lm. The current experimental results
show that the inclusions in the consumable electrode
have been fully removed before entering the liquid metal
pool, and the inclusions in the liquid metal pool are
newly formed. During the cooling and solidification of
liquid steel at the bottom of the liquid steel pool, more
fresh oxide inclusions are generated (as discussed in
Section III–F), accompanying with growth of inclusions,
consequently causing an increase in the number and size
of inclusions in the remelted ingots.

E. Mechanism of Oxide Inclusion Removal During
Protective Argon Gas Atmosphere ESR

The equilibrium module of FactSage 7.2 (FToxid and
FSstel databases) was used to calculate the formation
and transformation of inclusions as well as the variation
of inclusion-forming elements contents in steel with the
temperature. The transformation of the inclusions in the
consumable electrode with temperature is shown in
Figure 13(a). It can be seen from Figure 13(a) that
non-metallic inclusions are gradually precipitated as the
temperature decreases. The liquid inclusions start to
form when the temperature is decreased to 1942 K
(1669 �C), and show an increasing trend in amount until
1623 K (1350 �C). The thermodynamic calculation
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Fig. 4—Examples of inclusions in the steel sampled from the liquid metal pool of R1 trial. (a) and (b) CaO-Al2O3, (c) and (d) Al2O3. (EDS
spectrum shown in (e) corresponds to the oxide inclusion shown in (a)).
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shows that the liquid inclusion consists of the MnO,
SiO2, Al2O3, and CaO as shown in Figure 13(b), which is
consistent with the experimentally observed inclusions
in the electrode. According to the thermodynamic
equilibrium calculation, MnS, SiO2, Mn2Al4Si5O18,

and CaAl2Si2O8 inclusions would precipitate gradually
when the temperature is lower than 1623 K (1350 �C).
As described in Section III–B, all detectable oxide
inclusions in the consumable electrode are liquid
MnO-SiO2-Al2O3-CaO. The absence of other types of
oxide inclusions is expected to be due to insufficient
diffusion of the elements in the solid steel (the thermo-
dynamic calculation with FactSage shows that these
inclusions are precipitated in the solid steel at equilib-
rium state).

Figure 13(a) shows that the amount of liquid inclu-
sions decreases during the heating up and melting of the
consumable electrode, in parallel with an increase in
soluble oxygen, manganese, silicon, aluminum and
calcium in steel (see Figures 13(c) and (d)), reflecting
dissociation of liquid inclusions into their individual
chemical species into the liquid steel. It can also be
learned in Figure 13(a), there are still some liquid
inclusions remaining in the steel at the temperature of
30 K (30 �C) above the liquidus temperature of steel.
However, there are no inclusions (which are the relics
(original inclusions) from the electrode) in liquid steel
pool and remelted ingots. It indicates that the inclusions
in electrode would be removed fully before entering the

liquid steel pool. The finding in the current study is
consistent with the experimental observations reported
by Evseyev et al.,[45] Shi et al.,[46] and Dong et al.[47]

Apart from the removal by decomposing into liquid
steel, the absorption by molten slag is also a way of
inclusion removal during the ESR. As pointed out by
Baligidad,[48] the liquid metal films at the electrode tip
contributed to the removal of inclusions by slag
adsorption.
The removal of an oxide inclusion by molten slag at

slag–steel interface in the ESR process is schematically
illustrated in Figure14. This removal process consists of
four stages, i.e., Stag I: Inclusion just reaches the
steel–slag interface. Stag II: Inclusion is crossing the
steel–slag interface. Stag III: Inclusion is about to leave
the steel–slag interface completely. Stag IV: Inclusion is
dissolving in the slag bulk. The free energy change for
the inclusion absorption by molten slag DGs at the
electrode tip can be expressed as Eq. [6].[49]

DGs ¼ 4pr2ri�s þ DG� 4pr2rm�i � n4pðrþ dÞ2rm�s;

½6�

where r is the radius of inclusion. ra�b is the interfacial

tension of phase a and b. DG is the free energy change
for the dissolution of the inclusion in slag. n is the
ratio of the surface area of the part that gets into the
slag phase of an inclusion to the total surface area of
the inclusion (only for the case where there is a liquid
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Fig. 5—Typical inclusions in the steel sampled from the liquid metal pool of R3 trial. (a) and (b) CaO-Al2O3, (c) and (d) Al2O3. (EDS spectrum
shown in (e) corresponds to the oxide inclusion shown in (a)).
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steel film around the inclusion). d is the thickness of
liquid steel film around inclusion. It is considered that
there is no film covering outside of liquid inclusion
because of the small size of the inclusion, the values of
both n and d therefore are taken as 0.

In the case of DGs < 0, the inclusions would be
removed spontaneously by slag adsorption. The free
energy change for the inclusion dissolution in the slag
can be neglected by considering the effect of interfacial
energy between steel and slag, steel and inclusion, and
inclusion and slag. For the case of DGs < 0, the
following equation is obtained.

4pr2ðri�s � rm�iÞ<0: ½7�
It can be obtained from Eq. [7] that the decrease in the

interface energy between inclusion and slag ri�s, the
increase in the interface energy between liquid steel and
inclusion rm�i is more favorable to remove the inclu-
sions by slag adsorption.

The interfacial tension between phase a and phase b
can be expressed as Eq. [8].[50, 51]

ra�b ¼ ra þ rb � 2/ðrarbÞ0:5; ½8�

where ri is surface tension for phase i, / is the interfa-
cial parameter of phase a and phase b, and can be
expressed as / ¼ 0:5þ 0:3XFeO for the interface of
steel–slag and the interface of inclusion–steel.[52] / is
taken as 0.5 for the interface between inclusion and
slag.[52]

The surface tension of liquid steel can be expressed as
Eq. [9][53]:

rM ¼ 1910� 825� lg 1þ 210� ½mass pct O]ð Þ � 540
� lg 1þ 185� ½mass pct O]ð Þ:

½9�
The calculated value of rM is 1.494 N/m by Eq. [9].

The surface tension of molten slag and inclusion can be
obtained from Eq. [10][50]:

rS ¼ X1r1þX2r2 þ X3r3 þ X4r4þ � � � þXnrn: ½10�
Based on the reported value of the surface tension of

each component in the slag and oxide inclusions[53,54],
the values of surface tension of molten slag (slag S3) and
MnO-SiO2-Al2O3-CaO inclusions (according to their
average composition in the consumable electrode) were
calculated to be 0.464 and 0.493 N/m, respectively. The
values of the interfacial tension of steel–slag, inclu-
sion–steel, and slag–inclusion can be calculated as
1.051 N/m, 1.130 N/m, and 0.479 N/m, respectively.
Thus, Eq. [7] is proved to be valid. It indicates that the
inclusions would be spontaneously absorbed by molten
slag thermodynamically at the electrode tip during the
ESR process.
For a better understanding of the inclusion removal

during the ESR, a mathematical model was developed
to describe the behavior of inclusions at the steel–slag
interface at the electrode tip and to predict the removal
of oxide inclusions during electroslag remelting. The
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Fig. 6—Examples the liquid metal pool of R5 trial. (a) and (b) CaO-Al2O3, (c) and (d) Al2O3. (EDS spectrum shown in (e) corresponds to the
oxide inclusion shown in (a)).
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velocity of inclusions, which stay away from steel–slag
interface, are assumed to be zero. It is considered that
no liquid steel film around inclusion because the
inclusion is too small (the inclusion Reynolds number
is smaller than unity[55]). For simplifying the calculation,
the following assumptions are introduced.

(1) Axially symmetric flow.
(2) Inclusions are considered as spherical since they are

small in size.
(3) Creeping flow.
(4) Isothermal incompressible fluid.
(5) Interfacial tension of slag–steel, steel–inclusion, and

slag–inclusion is constant.
(6) The original position of the inclusions is just above

the slag at the steel–slag interface. The inclusions
would be completely separated into slag phase when
the displacement exceeds inclusion diameter.

Force diagram of inclusion is schematically illustrated
in Figure 14. Seven different forces are considered to
contribute to the transfer of inclusions, which include
gravity force Fg, buoyancy force Fb, drag force Fd,
added mass force Fa, lift force Fl, electromagnetic
pressure force Fp, and rebound force Fr.

[56]

The gravity force, acting downward, is given by
Eq. [11].

Fg ¼ mg ¼ 4

3
qigpr

3
i ; ½11�

where qi is the density of inclusion. g is gravitational
acceleration, and takes as 9.8 m/s2. ri is the radius of
inclusion.
The buoyancy force is upward, and is described by

Eq. [12].

Fb ¼ 4

3
pr3i gðAðZ�Þqs � qiÞ; ½12�

where Z� is the dimensionless displacement of the
inclusion from its initial position, Z� ¼ Z=ri, Z is the
displacement of inclusion.

AðZ�Þ ¼ 1
4

qm
qs
� 1

� �
Z�3 � 3

4
qm
qs
� 1

� �
Z�2 þ qm

qs
, qm, qs and

qi are the density of steel, slag and inclusion, respec-
tively. The values of qm, qs and qi are taken as7.0 g/
cm3, 2.6 g/cm3 and 3.0 g/cm3.[57]

The drag force, positive in the upward direction, is
given by Eq. [13].

Fig. 7—Element mappings of CaO-Al2O3 inclusions in the liquid metal pool. (a) R1 trial, (b) R3 trial, and (c) R5 trial.
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Fd ¼ 4p
ffiffiffiffiffiffiffi
r3i g

q
� ls � B � CðZ�Þ dZ

�

dt�
; ½13�

where t� is the dimensionless time, t� ¼ t
ffiffiffiffiffiffiffiffi
g=ri

p
. t is the

time for inclusions movement..

B ¼ 2þ3
li
lm

2 1þ li
lm

� �CðZ�Þ ¼ lm
ls
� 1

� �
Z�2 � 2 lm

ls
� 1

� �
Z� þ lm

ls
,

lm, ls and li are the viscosity of liquid steel, slag and
inclusion, respectively. The viscosity of liquid steel is
taken as 0.006 PaÆs.[55] The viscosities of slag and oxide
inclusion are calculated by FactSage 7.2 (viscosity
module) to be 0.04 PaÆs and 0.421 PaÆs, respectively.

The added mass force, positive in the downward
direction, is described by Eq. [14].

Fa ¼
2

3
pr3i gqsAðZ�Þ d

2Z�

dt�2
; ½14�

Lift force is from rotation of the inclusion caused by
the velocity gradient of the melt, electromagnetic pres-
sure force is in the horizontal direction, given by
Eqs. [15] and [16].[58,59]

Fl ¼ �6:46lr2i ðvi � vÞsgnðGÞ q Gj j
l

� �
;G ¼ dv

dn
; ½15�

Fp ¼ � 2ðd� diÞ
2dþ di

pr3i Fe; ½16�

where l is the viscosity of mixture phase. vi and v are
the velocity of inclusion and melt, respectively. di and
d are the electrical conductivity of inclusion and mix-
ture phase, respectively. Fe is Lorentz force.

Fig. 8—BSE images and EDS element mappings of typical inclusions observed in the remelted ingots. (a) CaO-Al2O3 in D1, (b) CaO-Al2O3 in
D3, (c) CaO-Al2O3 in D5, (d) Al2O3 in D1, (e) Al2O3 in D3, (f) Al2O3 in D5.
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The rebound force, positive in the upward direction,
can be expressed as Eq. [17].

Fr ¼
dEr

dZ
¼ 2prirm�sDðZ�Þ; ½17�

where Er is the change of interfacial energy caused by
inclusions transferring across the steel–slag interface,
Er ¼�pð2riZ�Z2Þrm�sþ2priZri�sþ2prið2ri�ZÞri�m.
DðZ�Þ¼Z� �1� coshims, hims is the contact angle of
inclusion and slag. coshims ¼ ri�m�ri�s

rm�s
. When coshims> 0,

molten slag spreads over the surface of the inclusion,
suggesting that the inclusion would enter molten slag
bulk.
In the vertical direction, the equation of inclusion

motion can be written as:

Fg þ Fa � Fb � Fd � Fr ¼ ma ¼ 4

3
pr3i qig

d2Z�

dt�2
: ½18�

Eq. [18] can be rewritten as follows:

d2Z�

dt�2
¼g� 2ðqsAðZ�Þ � qiÞ

ðqsAðZ�Þ þ 2qiÞ
� 3rm�s

r2i gðqsAðZ�Þ þ 2qiÞ
DðZ�Þ

� 6Blsffiffiffiffiffiffiffi
r3i g

q
ðqsAðZ�Þ þ 2qiÞ

CðZ�Þ dZ
�

dt�
:

½19�
The numerical solution was obtained by Python

program using the fourth-order Runge–Kutta–Gill
method. The behavior of inclusions with radius of 1.0,
1.5, 1.9, 1.95, 2.0, and 3.0 lm was calculated at the
steel–slag interface of the electrode tip, results are shown
in Figure 15. When the displacement of the inclusions is
greater than the diameter of the inclusions, the
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Fig. 9—Relative proportion (number) of oxide inclusions in the
electrode, liquid metal pool and remelted ingots.

Fig. 10—Composition of CaO-Al2O3 inclusions in the liquid metal
pool and remelted ingots.
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Fig. 13—(a) Transformation of inclusions with the temperature in the steel electrode at an equilibrium state, (b) the change in the concentrations
of the components of liquid inclusion with temperature, (c) the variation of the contents of sulfur, aluminum and oxygen in steel with
temperature, and (d) the variation of the contents of silicon and manganese in steel with temperature calculated with FactSage 7.2.

Fig. 14—Force diagram of inclusion and schematic illustration of the removal process of inclusion by slag absorption at the steel–slag interface
in electroslag remelting. (NMI represents non-metallic inclusion).

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 53B, OCTOBER 2022—3107



inclusions are said to cross the steel–slag interface and
enter into the slag. Dimensionless displacement Z� is
defined as the ratio of displacement and radius of
inclusion, The inclusions are therefore considered to be
fully absorbed by molten slag when Z� ‡ 2.

It can be seen from Figure 15 that the final dimension-
less displacement of the inclusions is smaller than 2 when
the radius of inclusion is 1.0 or 1.5 lm.When the radius of
inclusion is 1.9 lm, the maximum value of dimensionless
displacement of the inclusion reaches 1.98 but is still
smaller than 2, indicating that the inclusion with a radius
no more than 1.9 lm cannot be allowed to enter the slag.
When the radius of the inclusion is 1.95 lm, Z� has just
increased to 2.00. In this case, the inclusions can cross the
steel–slag interface and move into the molten slag bulk.
Inclusions with the radius of 2 lm can enter into slag
because the dimensionless displacement is 2.02. The
dimensionless displacement of the inclusions is 2.35 when
the inclusion with a radius of 3.0 lm and can enter into
the slag. Inclusionwith a larger radius is in favor to have a
larger dimensionless displacement. It indicates that the
critical diameter of the inclusion that can cross the
steel–slag interface and move into slag is 3.9 lm. There-
fore, the inclusions larger than 3.9 lm can cross the
slag–steel interface and absorbed by slag during the ESR.
According to the statistical results shown in Figure 11,
16 pct of oxide inclusions (in number fraction) from the
electrode would be removed through being absorbed by
molten slag at electrode tip. The residence time of the
liquidmetal filmat the electrode tip is about 1 to 3 seconds
duringESR.[37,60,61] The current study shows that the time
for inclusion absorption bymolten slag is less than 10�5 s.
Therefore, sufficient residence time is available for inclu-
sion to cross the steel–slag interface and be removed by
slag adsorption.

During the current protective argon gas atmosphere
ESR process, the oxide inclusions in the consumable
electrode have been removed in two ways: (I) in the
process of electrode heat-up, the liquid oxide inclusions
dissociated as dissolved manganese, silicon, aluminum,
calcium and oxygen in the molten steel, which entered
the molten droplets at the electrode tip and passed
through the slag pool with the molten droplets and then
moved into the molten pool. (II) the inclusions larger
than 4 lm in size passed through the steel–slag interface
and were removed by slag adsorption.

The inclusion observations in the current study show
that all MnS inclusions from the electrode are removed
before liquid metal droplets enter into the liquid metal
pool (see Section III–C). The formation of patch-type
MnS inclusion around oxide inclusion has been clarified
in previous studies.[62] The trajectory of patch-type MnS
inclusions removal may be different from that of
single-phase MnS and oxide inclusions. The question
whether the removal of patch-type MnS inclusions holds
different mechanisms still remains during ESR. A
thermodynamic calculation was made to assess the
patch-type MnS inclusion removal through the interac-
tion between liquid steel and MnS inclusions[63].

(MnS)inclusion ¼ [Mn]þ [S]DG20
o

¼ 168822� 98:87T J=molð Þ; ½20�

K ¼
a½Mn� � a½S�
aðMnSÞ

¼
f½Mn�½pctMn�f½S�½pctS�

aðMnSÞ
; ½21�

where aðMnSÞ is the activity of MnS. The activity coeffi-
cients of soluble aluminum and silicon in liquid steel
f½Mn� and f½S� can be calculated with formula [5] in com-
bination with the first-order interaction parameters
summarized in Table IV and available second-order
interaction parameters as:[30] rCS = 0.0058,

rSiS = 0.0017, rSS = �0.0009, rAl
S = 0.0009.

The temperature of the liquid metal film was taken as
the liquidus temperature of the steel because its super-
heat could hardly exceed 20 K to 30 K (20 �C to
30 �C).[35–37] The Gibbs free energy change for reaction
[20] is evaluated to be � 95.42 kJ/mol at 1763 K
(1490 �C). This very negative Gibbs free energy change
would confirm the dissociation of MnS inclusions into
soluble sulfur and manganese in liquid steel during the
formation of liquid metal films and subsequent their
collection into metal droplets. This is supported by
thermodynamic calculation with FactSage showing that
the amount of MnS inclusions decreases, in parallel with
an increase of the soluble sulfur content in steel, as
increasing the temperature of the electrode (see Fig-
ures 13(a) and (c)).
It can be learned from Figure 13(b) that the concen-

tration of MnS in liquid MnO-SiO2-Al2O3-CaO inclu-
sion increases with increasing the temperature up to
1364 �C, indicating the dissolution of MnS into liquid
oxide inclusion. KTH model, as expressed in Eq. [22][64],
has been widely used to predict the sulfide capacity of
oxide melts. In the current study, KTH model was
employed to calculate the sulfide capacity of MnO-
SiO2-Al2O3-CaO inclusions.
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Fig. 15—Displacement of the inclusions at the steel–slag interface of
electrode tip with different sizes at time t for the case with no steel film.
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Cs ¼ exp �DGo

RT

� �
� exp � n

RT

� �
; ½22�

where Cs is sulfide capacity. DGo is the standard Gibbs
free energy change for reaction [23].

n in a multicomponent system is described as a
function of both temperature and composition, as
expressed in Eq. [24].

1

2
S2f g + (O2�Þ ¼ 1

2
O2f g + (S2�ÞDGo

23

¼ 118535�58:8157T 64½ � J=molð Þ; ½23�

where { } represents the species in the gas.

n ¼
X

ðXini þ nmixÞ; ½24�

where Xi represents mole fraction of component i in
oxide melts. ni is expressed as a linear function of the
temperature for each component in the oxide melts in
the absence of interaction between different species.
nmix represents the mutual interaction (binary and tern-
ary) between different species. The expression of n for
MnO–SiO2–Al2O3–CaO melts is presented as follows:

n ¼XMnOnMnO þ XSiO2
nSiO2

þ XAl2O3
nAl2O3

þ XCaOnCaO þ nAl2O3�CaO
mix

þ nAl2O3�MnO
mix þ nAl2O3�SiO2

mix þ nCaO�SiO2

mix

þnMnO�SiO2

mix þ nAl2O3�CaO�SiO2

mix

þ nAl2O3�MnO�SiO2

mix þ nCaO�MnO�SiO2

mix :

½25�

The parameters included in Eq. [25] are summarized
in Table V. In Table V, yi represents the cation fraction
of cation i, defined as the number of the cations of i Ni

over the total number of the cations
Pn
j¼1

Nj:
[64]

yi ¼
Ni

Pn
j¼1

Nj

: ½26�

The sulfide capacity of MnO-SiO2-Al2O3-CaO inclu-
sion (based on overall average composition) at different
temperatures predicted by KTH model is presented in
Figure 16. The sulfide capacity increases with the
increase in the temperature, suggesting dissolution of
patch-type MnS into MnO-SiO2-Al2O3-CaO inclusions
during heating up and the melting of steel electrode in
the ESR process. With continuous increase in the
temperature, patch-type MnS along with these oxide
inclusions would dissociate as their individual chemical
species into liquid steel (see Figures 13(a) and (b)),
whereas all undissociated MnS and oxide inclusions
from the electrode are removed by absorbing them into
molten slag before liquid metal droplets enter into the
liquid metal pool (no inclusion relics from the electrode
were observed in the liquid metal pool as presented in
Section III–C).

F. Formation Mechanism of Inclusions in Liquid Metal
Pool and Remelted Ingot

Even though all oxide and sulfide inclusions from the
electrode can be removed during the ESR for some
cases, it is a fact that fresh oxide inclusions would form
during cooling and solidification of liquid steel in mold
(even in liquid metal pool for particular cases). These
fresh oxide inclusions could hardly be removed during
the ESR,[65–67] even if fresh inclusion removal by
floating up is possible in liquid metal pool. Nearly all,
if not all, fresh oxide inclusions would remain until in
as-cast ingot.[46, 67] The work by Fu et al.,[66] Kay
et al.,[65] and Mitchell[67] demonstrated that most (even

Table V. Parameters Used for Calculating n

Unary ni

MnO � 36626.4629
SiO2 168872.587
Al2O3 157705.276
CaO � 33099.425

Binary interaction nmix

Al2O3-CaO yAl3þ � yCa2þ � 98282:7968þ 55:07340941T½ �
Al2O3-MnO yAl3þ � yMn2þ � 433987:403þ 249:121594T � ðyAl3þ�yMn2þÞ

	 

Al2O3-SiO2 yAl3þ � ySi4þ � 186850:468½ �
Ca-SiO2 yCa2þ � ySi4þ � 97271:7695þ 72:8749746T½ �
MnO-SiO2 yMn2þ � ySi4þ �

�322911:470þ 212:029980Tþ 134860:658 � ðyMn2þ � ySi4þÞ
	 


Ternary interaction nmix

Al2O3-CaO-SiO2 yAl3þ � yCa2þ � ySi4þ � �2035792:64þ 686.044695T½ �
Al2O3-MnO-SiO2 yAl3þ � yMn2þ � ySi4þ �

156584.846� 662.494162T� 532290.311yAl3þ
	 


CaO-MnO-SiO2 yCa2þ � yMn2þ � ySi4þ �
�1179891:59þ621.243714T�1191111:79yCa2þ
	 


Note The data in Table V are from Ref. [64].
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almost all) of the inclusions in ESR ingot are the
inclusions generated during the cooling and solidifica-
tion of liquid steel. In contrast, Shi et al.[16] reported that
the oxide inclusions in ESR ingots are originated in two
ways: (1) soluble aluminum modification of the oxide
inclusions from electrode, and (2) reoxidation products
that generated by the reactions taking place in the liquid
metal pool during protective argon gas atmosphere
ESR. Persson and Mitchell[68] reported that 50 pct of
the inclusions (MgOÆAl2O3) in pilot-scale ingot come
directly from the electrode without a change in the ESR
process. It was reported that the fresh inclusions in the
remelted ingot hold different sources.[16, 65–68] Besides
understanding the removal of the inclusions from the
electrode, it is quite necessary to clarify the trajectories
of fresh inclusions formation during the current protec-
tive argon gas atmosphere ESR.

The inclusion observations together with the thermo-
dynamic and kinetics calculation show that all oxide
inclusions from the electrode were removed during the
current during protective argon gas atmosphere ESR
(dissociated into their individual chemical species in
liquid steel or absorbed into molten slag), as discussed in
Section III–E. The soluble aluminum and calcium react
with available soluble oxygen in liquid steel (dissociated
from MnO-SiO2-Al2O3-3 mass pctCaO inclusions) to
form calcium aluminate and alumina inclusions. The
inclusion formation during cooling and solidification of
liquid steel at equilibrium state calculated with FactSage
7.2 (FToxid and FSstel databases) is shown in Figure 17.
The results depicted in Figure 17 indicate that Al2O3

inclusions are dominant, followed by CA6
(CaO-6Al2O3) across a wide temperature range (from
above 1873 K (1600 �C) to around solidus temperature
of the steel). The starting temperatures of CA2
(CaO-2Al2O3) formation during cooling of liquid steel
are 1985 K, 1920 K, 1919 K (1712 �C, 1647 �C,
1646 �C, in trials R1, R3, and R5, respectively. These

minor amounts of CA2 (CaO-2Al2O3) gradually
decrease to zero as the amount of CA6 increase during
the cooling of liquid steel. The thermodynamic calcula-
tion presented in Figure 17 shows that peritectic
reaction of liquid steel and CA2 takes place for forming
CA6, indicating that calcium aluminate inclusions in the
steel ingots are CA6.
The temperature of the liquid metal pool in the ESR

exhibits in a gradient distribution [typically around
1873 K (1600 �C)].[69–71] The thermodynamic calcula-
tion of inclusion formation at equilibrium state shows
that Al2O3 and CA6 inclusions would be generated
during ESR and remain until in the remelted ingots
(absence of CA2). However, the observed CaO-Al2O3

inclusions in both the liquid metal pool and ingots
contain much higher CaO contents in comparison with
the calculated CA6 (7.29 mass pct). For most cases,
oxide inclusions are heterogeneous in their chemistries,
and composed of multiple phases.[72,73] Thus, it is
expected that the observed CaO-Al2O3 inclusions are
not solely composed of single CA2 or CA6, but a
mixture of these two phases.
The thermodynamic calculation of inclusion equilib-

rium formation with FactSage 7.2 (as shown in Fig-
ure 17) assumes uniform solute distribution in both the
solid and liquid steel. However, this is not the case in the
ESR practice because the solidification of liquid steel
takes place at a high local cooling rate, resulting in
inadequate diffusion of solutes in solid phase.[74] The
different phases of inclusion groups are not in equilib-
rium state, but their compositions would move toward
the expected equilibrium phases over time. To this end,
the Scheil–Gulliver model included in FactSage 7.2
software was employed to predict inclusion precipitation
and transformation during the non-equilibrium solidifi-
cation of liquid steel. Scheil–Gulliver model assumes
uniform solute distribution in the liquid and no diffusion
of solutes in the solid phase.[75] The calculated results are
shown in Figure 18. It can be learned from Figure 18
that CA2 is not a transient phase, but exits in a wide
temperature range (from higher than 1873 K (1600 �C)
to fully solid).
The relative proportion (number) of oxide inclusions

does not apparently change from liquid metal pool to
solidified ingot, but the Al2O3 contents of the observed
CaO-Al2O3 inclusions increase (see Figure 10). It is
because the relative fraction of CA6 increases during
cooling of liquid steel as shown in Figure 18, resulting in
an increase in the Al2O3 content of CaO-Al2O3 inclu-
sions in remelted ingots. The mass fraction of Al2O3 in
the CaO-Al2O3 inclusions in the steel samples taken
from liquid metal pool decreases with increasing the
SiO2 content of slag. It is attributed to the reaction
between SiO2 in slag and soluble aluminum, resulting in
lower soluble aluminum content in liquid steel (provid-
ing a smaller driving force for increasing Al2O3 concen-
tration in CaO-Al2O3 inclusions). Note that there is no
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Fig. 16—Sulfide capacity of MnO-SiO2-Al2O3-CaO inclusions at
different temperatures.
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appreciable difference in the Al2O3 contents of
CaO-Al2O3 inclusions in the remelted ingots D1, D3,
and D5 despite the slag with varying SiO2 contents is
used in the current protective argon gas atmosphere
ESR.

According to the thermodynamic calculation of inclu-
sion non-equilibrium formation using Scheil–Gulliver
model, CA2 phase and CA6 phase (both of them are
classified as CaO-Al2O3 inclusion) are generated during
the cooling and solidification of liquid steel. The amount
of CA6 is always higher than that of CA2 during the
cooling and solidification of liquid steel. The CaO-Al2O3

inclusions in both liquid metal pool and ingots are
mixtures of CA2 and CA6. During the cooling of liquid
steel from the temperatures of 1707 �C, 1636 �C,
1630 �C in R1, R3, and R5 trials, respectively, the
amount of CA2 is constant, whereas the amount of CA6
increases (see Figure 18). Therefore, the mass fraction of
CA2 in CaO-Al2O3 inclusions in liquid metal pool is
higher than that in the remelted ingots. The content of
Al2O3 in CaO-Al2O3 inclusions in the ESR ingots is
close to that in the calculated CA6 (92.71 mass pct
Al2O3). This thermodynamic analysis is supported by
the experimental observations that the Al2O3 contents of

CaO-Al2O3 inclusions in the ingots D1, D3, and D5 are
91.47 mass pct, 90.86 mass pct, and 90.22 mass pct,
respectively.

IV. CONCLUSIONS

The loss and pickup of alloying elements in a
heat-resistant steel during protective argon gas atmo-
sphere ESR were investigated. The transformation and
removal of MnO-SiO2-Al2O3-CaO inclusions and
patch-type MnS inclusions during the protective argon
gas atmosphere ESR were studied. The formation of
Al2O3 and CaO-Al2O3 inclusions were ascertained. The
following conclusions are obtained:

(1) The boron content of the steel increases from
0.0089 mass pct in the electrode to 0.0280 to
0.0340 mass pct after protective argon gas atmo-
sphere ESR, which is accompanied by an increase in
the aluminum content from 0.0010 mass pct in the
electrode to 0.0079-0.0400 mass pct. The pickup
degree of both boron and aluminum in liquid steel
during protective argon gas atmosphere ESR was
suppressed with increasing the SiO2 content of slag
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Fig. 17—Cooling curves at an equilibrium state for (a) D1, (b) D3, and (c) D5 calculated with FactSage 7.2.
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(from 0.92 mass pct, 5.00 mass pct to
9.00 mass pct) through inhibiting the reactions of
Al2O3 and B2O3 in the slag with soluble silicon in
liquid steel.

(2) The oxide inclusions in the electrode are quaternary
liquid MnO-SiO2-Al2O3-CaO (containing around
3 mass pct CaO) invariably along with patch-type
MnS. The oxide inclusions from the electrode are
fully removed before liquid metal droplets enter into
liquid metal pool during the protective argon gas
atmosphere ESR process in two ways: a portion of
these oxide inclusions were decomposed into its
individual chemical species into liquid steel, and the
others were absorbed into molten slag.

(3) A part of patch-type MnS inclusions in the electrode
are dissociated into soluble sulfur and manganese in
liquid steel before they enter into liquid metal pool
during protective argon gas atmosphere ESR, and
the others are dissolved into MnO-SiO2-Al2O3-CaO
inclusions. MnS inclusions in MnO-SiO2-Al2O3-
CaO inclusion were removed together with this
oxide inclusion through being decomposed into
liquid steel or absorbed by molten slag.

(4) A kinetic model for describing and predicting oxide
inclusion removal by slag adsorption was developed.

The oxide inclusions smaller than 3.9 lm from the
electrode were removed through dissociating into
their specific chemical species in liquid steel. The
critical size of the inclusions that would be absorbed
by molten slag is 3.9 lm. The inclusion with larger
size is more favorable to be absorbed by molten slag.
16 pct of oxide inclusions (in number fraction) are
absorbed by molten slag at the electrode tip during
the protective argon gas atmosphere ESR.

(5) The inclusions in liquid metal pool and ingots are
the newly formed Al2O3 (around 80 pct in number
fraction) and CaO-Al2O3. The number fraction of
CaO-Al2O3 inclusions did not apparently change
from liquid metal pool to ingots, but their Al2O3

contents increase. The Al2O3 content in CaO-Al2O3

inclusions in the liquid metal pool significantly de-
creases with the increase in SiO2 content of the slag
because of the suppression of soluble aluminum
pickup. The compositions of CaO-Al2O3 inclusions
only slightly differ in the different ESR ingots even
though the SiO2 contents of the slag are significantly
different for protective argon gas atmosphere ESR
trials.

(6) The oxygen content of heat-resistant steel was de-
creased from 0.0054 mass pct in the electrode to
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Fig. 18—Scheil–Gulliver cooling curve of (a) D1, (b) D3, and (c) D5 calculated with FactSage 7.2.
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0.0021 mass pct to 0.0035 mass pct after protective
argon gas atmosphere ESR. The size of inclusions
was significantly reduced after protective argon gas
atmosphere ESR, in parallel with a considerable
decrease in the number density of inclusions. The
generation of fresh oxide inclusions during the
cooling and solidification of liquid steel leads to an
increase in both the size and number density of the
inclusions. The varying SiO2 additions in slag have
no influence on the size distribution and number
density of inclusions in liquid metal pool and ingots.
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