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Abstract: In combination with theoretical calculations, experiments were conducted to investigate the evolution behavior of nonmetallic
inclusions (NMIs) during the manufacture of large-scale heat-resistant steel ingots using 9CrMoCoB heat-resistant steel and CaF2–CaO–
Al2O3–SiO2–B2O3 electroslag  remelting  (ESR)-type  slag  in  an  80-t  industrial  ESR furnace.  The  main  types  of  NMI in  the  consumable
electrode comprised pure alumina,  a  multiphase oxide consisting of  an Al2O3 core  and liquid CaO–Al2O3–SiO2–MnO shell,  and M23C6

carbides with an MnS core. The Al2O3 and MnS inclusions had higher precipitation temperatures than the M23C6-type carbide under equi-
librium and nonequilibrium solidification processes. Therefore, inclusions can act as nucleation sites for carbide layer precipitation. The
ESR process completely removed the liquid CaO–Al2O3–SiO2–MnO oxide and MnS inclusion with a carbide shell, and only the Al2O3 in-
clusions  and Al2O3 core  with  a  carbide  shell  occupied  the  remelted  ingot.  The  M23C6-type  carbides  in  steel  were  determined as  Cr23C6

based  on  the  analysis  of  transmission  electron  microscopy  results.  The  substitution  of  Cr  with  W,  Fe,  or/and  Mo  in  the  Cr23C6 lattice
caused slight changes in the lattice parameter of the Cr23C6 carbide. Therefore, Cr21.34Fe1.66C6, (Cr19W4)C6, Cr18.4Mo4.6C6, and Cr16Fe5Mo2C6

can match the fraction pattern of Cr23C6 carbide. The Al2O3 inclusions in the remelted ingot formed due to the reduction of CaO, SiO2, and
MnO components in the liquid inclusion. The increased Al content in liquid steel or the higher supersaturation degree of Al2O3 precipita-
tion in the remelted ingot than that in the electrode can be attributed to the evaporation of CaF2 and the increase in CaO content in the
ESR-type slag.
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1. Introduction

Heat-resistant steels containing 9wt% to 12wt% Cr have
been widely used in high-efficiency ultrasupercritical power
plants for the reduction of greenhouse gas emissions, given
their  favorable  mechanical  properties  in  extreme  environ-
ments and at an elevated temperature of around 923 K (e.g.,
good oxidation resistance, high creep strength, and optimum
thermal  fatigue properties)  [1–3].  However,  M23C6 carbides
experience coarsening during long-term service at high oper-
ating temperatures, which can deteriorate the creep strength
of heat-resistant steel [4–7]. The addition of the 0.005wt%–
0.01wt% alloying element boron (B) can retard the coarsen-
ing  rate  of  M23C6 carbides  and refine  grains  in  9CrMoCoB
steel, which further improves the abovementioned mechanic-
al  properties  [8–10].  The  addition  of  boron usually  follows
the deoxidation and degassing of liquid steel in the form of a
complex ferroalloy with certain amounts of Al and Ti to pre-
vent the formation of BN and B2O3 [10]. Adjustment on the

activity  of  B2O3 in  the  slag  system  alleviates  the  oxidation
loss of B in ingots resulting from redox reactions at the slag/
metal interface [11–14].

On the other hand, the presence of nonmetallic inclusion
(NMI) poses harm to the manufacture of steels and alloys and
generates various defects in alloy products [15–17]. Some re-
searchers  have  observed  various  types  of  NMIs  in  Ni–Fe-
based superalloys [18–20], such as oxides [21–23], carbides
[24–26],  carbonitrides  [27–28],  sulphocarbide  [29–30],  and
complex inclusions  [31–33].  Studies  have also  reported the
NMIs  in  heat-resistant  steel  with  high-Cr  content  [34–36].
Sakuraya et al. [34] revealed the formation of BN inclusions
in high-Cr ferritic heat-resistant steel with 0.001wt% B and
0.015wt% N and their complete dissolution in a steel matrix
at  1523  K.  Li et al. [35]  investigated  the  evolution
of  oxide  inclusions  in  253  MA  heat-resistant  steel  (21Cr–
11Ni–0.04Ce, wt%) deoxidized by Si–Al alloy at the temper-
ature range of 1773 to 1873 K. They observed that the liquid
Ce–Si–Al–O  system  inclusions  in  steel  eliminated  nozzle 
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clogging of Ce-containing steel. Zhang et al. [36] examined
the  effect  of  electromagnetic  stirring  on  the  cleanliness  of
Fe–18Cr–2Ni–1Mo–0.2C–0.2Mn–0.1Si  (wt%)  heat-resist-
ant steels containing 3%–12% Co. They observed two main
types  of  inclusions,  namely,  Al2O3 and  MnO·Cr2O3 spinel,
generated  in  the  solidification  process  and  the  decreased
density  and  size  of  inclusions  after  electromagnetic  stirring
(EMS) treatment.

To reduce the amount of harmful NMIs and obtain a su-
perior  solidification  structure,  scholars  have  adopted  elec-
troslag  remelting  (ESR)  to  manufacture  high-quality  steels
and alloys [37–39]. Experimental and numerical research has
focused  on  the  removal  behavior  of  NMIs  in  various  steel
grades  during  the  ESR  process  [40–44].  However,  funda-
mental studies on the ESR of heat-resistant steel are limited.
Wang et al. [45]  conducted  laboratory-scale  experiments
and  reported  the  transformation  of  the  initial  MnO–
SiO2–Al2O3–CaO system inclusions in the steel electrode in-
to Al2O3 and CaO–Al2O3 inclusions in the liquid-metal pool
and  remelted  ingots.  Zhao et al. [46]  researched  the  evolu-
tion of inclusions in Ce-containing heat-resistant steel during
protective-atmosphere  ESR.  They  stated  the  presence  of
Ce2O2S and Ce2O3 inclusions in the consumable electrode, li-
quid-metal pool, and remelted ingot, which indicates that the
inclusions were unremovable during the ESR process.

To the  best  of  the  present  authors’ knowledge,  no  study
has reported the evolution of inclusions during the manufac-
ture of a large 9CrMoCoB ingot. In the present study, an in-
dustrial experiment was conducted on an 80-t industrial ESR
furnace  to  investigate  the  differences  in  the  inclusions,  in-
cluding oxides, sulfides, and carbides, at various locations in
the electrode and remelted ingot to provide assistance in the
production of large 9CrMoCoB ingots with high cleanness. 

2. Experimental

9CrMoCoB steel (1600 mm in diameter) was served as the
consumable  electrode.  The  manufacture  of  the  ESR  elec-
trode  was  completed  in  a  100-t  electrical  arc  furnace  and
ladle furnace (LF). Table 1 lists the chemical composition of
the electrodes. Oxidation loss of major alloy elements, such
as Si, Mn, Nb, and B, was prevented by controlling the oxy-
gen content in the mold below 0.1wt%. An industrial experi-
ment was performed in an industrial 80-t–scale ESR furnace
(melting  capacity:  150  t;  Consarc,  USA). Table  2 provides

the operating parameters of the ESR process. The introduc-
tion of high-purity Ar gas (the contents of impurity compon-
ents, such as H2O, oxygen, nitrogen, and hydrogen, were less
than 1 ppm) into the chamber of the ESR furnace resulted in
the isolation of the air atmosphere and oxidation loss of the
reactive  element,  i.e.,  B,  during  the  ESR  process.  The
9CrMoCoB steel electrode (diameter: 1600 mm and weight:
80  t)  was  refined  using  CaF2–CaO–Al2O3–SiO2–B2O3 slag
(masss  ratio  of  B2O3/SiO2 =  0.04);  the  design  approach  to
slag composition for the control of the homogenous distribu-
tion  of  B  in  a  large  9CrMoCoB  ingot  has  been  described
elsewhere [14]. The variations in SiO2 and B2O3 contents in
CaF2–CaO–Al2O3–SiO2–B2O3 slag have been verified via ef-
fective  strategies  to  control  the  oxidation  of  alloying  ele-
ments Si and B in the ESR ingot.

After  the  experiment,  four  metal  samples  were  collected
from the top and bottom parts of the remelted ingot (diamet-
er: 2150 mm), with two samples being further obtained from
the center and surface of each part. The sampling positions in
the remelted ingot corresponded to various refinement stages,
with the bottom and top parts representing the initial and fi-
nal stages of the ESR process, respectively. Fig. 1 shows the
external shape and appearance of the remelted ingot.
  

Sampling
position

Top part

Bottom partSampling
position

ϕ2150 mm

80 t

Fig. 1.    External shape of the remelted steel ingot.
 

To investigate the morphology of NMI in two-dimension-
al (2D) alloy, pieces of the metal sample were resin-mounted
and  ground  with  2000-grade  SiC  paper.  Surface  finishing
was conducted on a  polishing machine using a  1 µm poly-
crystalline  diamond  suspension.  2D  observations  revealed
imprecise compositions of inclusions, which were due to the
excitation  effect  of  the  matrix  phase.  Hence,  three-dimen-
sional  (3D)  observations  were  performed  after  electrolytic
extraction  to  observe  the  exact  morphology,  composition,
and size of inclusions. For the related experiment, a 10wt%
AA  solution  (10wt%  acetylacetone–1wt%  tetramethylam-
monium chloride–methanol) was used as the electrolyte, and
a 300 mA current was applied for 4 h. The solution prepara-
tion  method  has  been  described  elsewhere  [47].  A  vacuum
pump was used to filter  out the extracted inclusions,  which
were laid on a membrane filter with a pore size of 0.1 μm.
The film was dried, and the filter was coated with platinum.

 

Table 1.    Chemical compositions of 9CrMoCoB steel wt%

C Si Mn S Cr B Al O Others* Fe
0.13 0.08 0.08 0.003 10.2 0.003 0.004 0.003 5.7 Bal.

Note: *Ni + Mo+ V + W + Co.

 

Table 2.    Parameters for the electroslag remelting of 9CrMo-
CoB steel

Start method Voltage
swing / V

Remelting
current / kA Atmosphere Fill ratio

Cold start 8–10 65 Ar 0.7
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Then,  inclusions  on  the  filter  were  evaluated  using  a  field-
emission  scanning  electron  microscope  (SEM;  TESCAN
model  MIRA 3)  equipped  with  an  energy-dispersive  X-ray
spectroscope (EDS). 

3. Results and discussion 

3.1. Evolution of steel composition after ESR process

Table 3 lists  the chemical  compositions of  steel  samples
obtained from various parts of the remelted ingot. Comparis-
on  of  the  compositions  of  the  consumable  electrode  and
remelted ingot (Tables 1 and 3, respectively) revealed that the
B  contents  of  steel  samples  at  various  locations  of  the
remelted  ingot  were  nearly  the  same or  slightly  lower  than
those  in  the  consumable  electrode,  which  indicates  that  the
designed slag composition (Table 1) is applicable to the ESR
of  9CrMoCoB  steel.  The  B  content  of  the  ingot  was  gov-
erned by the following reaction [11]:
4[B]+3(SiO2) = 3[Si]+2(B2O3) ,

lgK1 = lg
a2

R,B2O3
·a3

%, Si

a3
R,SiO2

·a4
%, B
=

5114
T
+4.76 (1)

K1 a%,i

i
%i

aR,iO
iO

Xi

T

where  is the reaction equilibrium constant;  refers to
the activity of element  in the metal phase, which was refer-
enced to the 1wt% standard state, with mass percentage [ ]
as the concentration unit,  and  indicates the activity of
oxide  in  the  slag  phase  relative  to  the  pure  matter  as  a
standard  state,  with  mole  fraction  as  the  concentration
unit.  represents  the  absolute  temperature  (K).  From  Eq.
(1),  the  B  content  of  the  remelted  ingot  exhibited  a  close
relation  to  the  activities  of  SiO2 and  B2O3 in  CaF2–
CaO–Al2O3–SiO2–B2O3 slag and temperature. The activities
of SiO2 and B2O3 in the slag were calculated by using the ion
and  molecule  coexistence  model  at  1823  K  in  the  authors’
previous study [13]. CaF2 and B2O3 in the ESR-type slag can
be evaporated at  the operation temperature of  the industrial
ESR process [48–50], which can possibly alter slag composi-
tion,  further  influence  the  activities  of  SiO2 and  B2O3,  and
subsequently result in slight fluctuations of Si and B contents
along the height or radius direction of the remelted ingot. In
addition,  the  production  of  CaO  due  to  the  evaporation  of
CaF2 can decrease the activity of SiO2 in slag and increase the
Al content of liquid steel. As a result, fresh Al2O3 can be pre-
cipitated in the remelted ingot, as will be discussed in the fol-
lowing text.

Mitchell and Joshi [51] observed the inhomogeneous tem-
perature distribution of a slag bath and metal pool. Specific-

ally,  serious  temperature  fluctuation  of  the  molten  bath  oc-
curred at the initial stage of the ESR process [52], which also
affected the B content in the remelted ingot. Hou et al. [53]
conducted  the  ESR  of  1Cr21Ni5Ti  stainless  steel  using  a
50 kg ESR furnace. They reported a higher increased rate of
FeO (due to iron oxidation) in CaF2–CaO–Al2O3–MgO–SiO2

slag at the initial stage, which then decreased with remelting
time. The slight decrease in B content of the remelted ingot as
listed in Table 3 compared with that of the consumable elec-
trode  can  be  ascribed  to  the  abovementioned  reasons.  The
ESR furnace was isolated in a cap, and Ar gas was supplied
to the reaction chamber, which resulted in a slight decrease in
B content rather than a serious oxidation loss in the remelted
ingot. 

3.2. Characterization  of  NMIs  in  the  consumable  elec-
trode

Fig. 2 shows the EDS elemental mappings of the typical
inclusions,  which  can  be  classified  as  complex  oxide  and
sulfide  inclusion  surrounded  by  carbide  on  the  top  surface
part of the consumable electrode. Fig. 2(a) indicates that the
complex oxide inclusion consisted of solid Al2O3 and liquid
CaO–Al2O3–SiO2–MnO  system  oxide  with  a  low  melting
point. The complex inclusion also comprised solid V, Ti, and
Cr-containing oxides. Fig. 2(b) indicates that the sulfide in-
clusion is MnS and the outer carbide layer mainly contains C,
W,  Fe,  and  Cr  elements.  Additionally,  pure  alumina  inclu-
sion can be observed in the consumable electrode as shown in
Fig.  2(c).  The  characterizations  of  the  carbides  will  be  dis-
cussed in the following text.

Xuan et al. [54] used the sessile drop method to investig-
ate  the  wettability  of  liquid  iron  in  contact  with  the  Al2O3

substrate  at  1815  K.  They  reported  an  equilibrium  contact
angle of 103°. Mukai et al. [55] determined the contact angle
between liquid Fe–16wt%Cr droplets and Al2O3 substrate at
1823 K and observed an equilibrium contact angle of 150°.
The results demonstrated the increased contact angle between
the metal droplet and alumina substrate after the addition of
Cr to liquid iron. Choi and Lee [56] investigated the wetting
behavior of solid Al2O3 with molten CaO–Al2O3–SiO2 slag at
1873 K and reported that the contact angles ranged from 38°
to 75° and increased with the increase in Al2O3 content in the
slag at a given CaO/SiO2 ratio. Monaghan et al. [57] conduc-
ted similar experiments at 1773 K and observed that the con-
tact  angle  between  CaO–Al2O3–SiO2–MgO  slag  and  Al2O3

substrate  reached 19° to 20°.  According to Ohta and Suito,
the  contact  angles  between  Al2O3 and  CaO–Al2O3 particles

 

Table 3.    Chemical compositions of metal samples at various parts of the remelted ingot wt%

Sample C Si Mn S Cr B Al O Others* Fe
TS 0.13 0.07 0.08 0.002 10.2 0.003 0.006 0.002 5.7 Bal.
TC 0.15 0.05 0.08 0.002 10.3 0.003 0.006 0.002 5.7 Bal.
BS 0.12 0.05 0.08 0.002 10.2 0.002 0.006 0.002 5.7 Bal.
BC 0.12 0.06 0.08 0.002 10.1 0.003 0.007 0.002 5.7 Bal.

Note: Sample notations TS (BS) and TC (BC) mean that the samples were obtained from the top surface (bottom surface) and top center
(bottom center) of the ingot, respectively. *Ni + Mo + V + W + Co.
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and  liquid  iron  were  144°  and  65°,  respectively  [58].  Fur-
ukawa et al. [59]  compared  the  wetting  behavior  between
molten  Fe  and  Fe–18wt%Cr–9wt%Ni  alloy  NMI-type  ox-
ides.  The  molten  Fe  had  a  wetting  angle  of  114°  with  an
Al2O3 substrate, and that of liquid Fe–Cr–Ni alloy was 105°
when using the same substrates. Although the wetting angle
between molten Fe–Cr–Ni alloy and Al2O3 substrate mildly
decreased compared with pure liquid iron, both materials re-
mained nonwetted. A similar result was proven by Guo et al.
[60]. The above results imply that the rectangular Al2O3 in-
clusion that forms during solidification of heat-resistant steel
will  be pushed into the liquid steel  and embedded in liquid
CaO–Al2O3–SiO2–MnO  inclusion  due  to  the  high  wetting
capability of Al2O3 with the CaO–Al2O3–SiO2–MnO system,
which may be one of the reasons for the formation of mul-
tiphase  oxide  inclusion as  shown in Fig.  2(a).  The sulfide–
carbide inclusion (Fig. 2(b) is another complex structure con-
taining a MnS core surrounded by an outer carbide layer.

Fig. 3 displays the typical inclusions found at the center of
the top part of the consumable electrode and their SEM map-
ping  results,  respectively.  A  comparison  of Figs.  2 and 3
revealed  the  unchanged  categories  of  oxide  inclusions.
Fig. 3(c) and 3(d) indicate that Al2O3-rich oxide and sulfide
inclusions  can  be  a  core  for  carbide  layer  precipitation,  re-
spectively. Notably, the MnS inclusion serving as the core of
complex  inclusion  at  the  center  position  of  the  upper  elec-
trode shown in Fig. 3(d) is larger than that at the surface due
to the higher cooling rate of the surface position than the cen-
ter  part  of  the  upper  electrode.  The  bottom  position  of  the
electrode  exhibited  a  similar  type  of  inclusion  as  shown  in

101̄4

Fig. 4. The radius of the MnS inclusion was affected by the
sulfur content of liquid steel and the local solidification peri-
od,  showing  an  association  with  the  cooling  rate  [61−62].
Through an in situ method, Zeng et al. [63] observed the pre-
cipitation  behavior  of  MnS  in  a  high-sulfur  microalloyed
steel at cooling rates of 50 to 400°C/min. In their study, the
supersaturation degree of MnS increased, and the local solid-
ification time decreased with the increase in the cooling rate
and the number of MnS inclusions; in addition, MnS inclu-
sions became smaller. Xue et al. [64] reported the same res-
ults.  MnS  precipitated  in  the  Al2O3–SiO2 system  inclusion
(Fig. 4(a)) due to the low sulfide solubility of the Al2O3–SiO2

inclusion, high disregistry between Al2O3 and MnS inclusion,
or  both  inclusions,  which  can  act  as  a  nucleation  core  of
carbide. The oxide inclusion mainly comprised Al2O3 as con-
firmed by the elemental mapping results shown in Fig. 4(c).
Guo et al. [60] observed Al2O3, MnS, and Al2O3−MnS inclu-
sions  in  high-speed  steel  and  the  3.75%  2D  disregistry
between  Al2O3 ( )  and  MnS  inclusion  (211).  Liu et al.
[65] reported similar results. 

3.3. Inclusions in remelted ingot

Characterization of the morphologies and compositions of
inclusions in the remelted ingot was conducted to reveal the
evolution of inclusions during the ESR of heat-resistant steel.
Fig. 5 shows the typical inclusions observed at different posi-
tions  in  the  remelted  ingot,  and Fig.  6 displays  elemental
mapping results of inclusion as shown in Fig. 5(c). The inclu-
sions  consisted  of  Al2O3 alone,  and  they  can  act  as  sub-
sequent nucleation sites for peripheral carbide precipitation.

 

5 μm

O Al Si

Ca Mn Ti V

2 μm

C Cr Fe

W S Mn

(a)

(b)

5  μm

(c)

Fig. 2.    SEM images and element mappings of typical inclusions observed in the consumable electrode (top surface): (a) complex ox-
ide; (b) MnS surrounded by a carbide layer; (c) Al2O3 inclusion.
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Al2O3 inclusions  exhibited  irregular  and  angular  morpholo-
gies. Statistical analysis of inclusion particles in various loca-
tions  at  the  electrode  and  remelted  ingot  was  performed
based  on  the  Japanese  Industrial  Standard  (JIS-G-0555).
Fig. 7 presents the comparison of the cleanliness of the elec-
trode and remelted ingot  before  and after  the  ESR process.
As  shown  in  the  figure,  the  ingot  attained  a  considerably

higher  cleanliness  than  the  consumable  electrode  at  any
sampling position. In some cases, the initial inclusions in the
electrode  remained  in  the  remelted  ingot.  The  sources  of
large-sized  Al2O3 inclusions  in  the  remelted  ingot  (Fig.  5)
possibly originated from the electrode or were newly formed.
However,  no  sulfide  inclusions  were  observed  in  the
remelted ingot. The following text will discuss the thermody-

 

O Al Si

Ca Mn Cr

O Al Si

Ca Mn Ti V

O Al Ca

Cr Fe W

5 μm

(a)

(b)

(c)

(d) C Cr Fe

W S Mn

2 μm

2 μm

2 μm

Fig.  3.     SEM images and elemental mappings of typical  inclusions observed in the consumable electrode (top center):  (a–c) Al2O3

rich oxide inclusion with carbide layer; (d) MnS surrounded by a carbide layer.
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namic  analysis  of  the  removal  and  transformation  mechan-
ism  of  inclusions  in  heat-resistant  steel  during  ESR  pro-
cessing. 

3.4. Transformation mechanism of inclusions in the con-
sumable electrode

Multiphase  oxide  inclusions  in  the  electrode  contained
CaO (Figs. 2 and 3), which was likely due to the transfer of
Ca from slag during the preparation of the consumable elec-
trode in the LF [66]. The determined total Ca content in the

steel  comprised  soluble  and  insoluble  Ca  in  the  inclusions.
Free  Ca  was  lower  than  total  calcium  and  was  difficult  to
measure [67]. A total of 2 ppm Ca was used in calculations
for  ease  of  explanation  of  the  formation  behavior  of  inclu-
sions in the consumable electrode. The oxide inclusions con-
tained  low  amounts  of  MgO,  and  thus,  the  Mg  content  in
steel was neglected in this study.

FactSageTM software  (Ver.  8.2,  Databases:  FToxid  and
FSstel) was used to calculate the formation and transforma-
tion of inclusions in liquid heat-resistant steel with the alloy-

 

Cr Fe
Fe

(b) (c) (d)(a)

5 μm 2 μm 5 μm 2 μm

O Al

S Mn

O Al

Fig. 4.    SEM images and elemental mappings of typical inclusions observed in the consumable electrode at different locations: (a, b)
bottom surface and (c, d) bottom center.

 

10 μm 10 μm 5 μm 2 μm

(a) (b) (c) (d)

Fig. 5.    SEM images of typical inclusions observed in the remelted ingot at various locations: (a) top surface; (b) top center; (c) bot-
tom surface; (d) bottom center.

 

C O Al

Cr Fe W

Fig. 6.    Elemental maps of the inclusion shown in Fig. 5(c).
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ing  element  Ca  (2  ppm)  in  the  consumable  electrode  as  a
function  of  temperature,  and  the  results  are  illustrated  in
Fig.  8(a),  which shows that  liquid oxide inclusions  initially
formed at 1650°C, followed by calcium aluminate inclusions
(CaAl2O7 and CaAl12O19). Fig. 8(b) illustrates the calculated
mass  fraction  of  each  component  in  the  liquid  oxide  inclu-
sion.  The  liquid  inclusion  mainly  consisted  of  the  CaO–
Al2O3–SiO2 system  containing  a  small  amount  of  MnO,
which is  in  good agreement  with  the  experimental  findings
presented in Figs.  2 and 3.  Pure Al2O3 inclusions started to
form  when  the  temperature  was  dropped  to  approximately

the  liquidus  temperature  of  the  steel  (1550°C),  and  the
amount  of  Al2O3 inclusion  increased  with  the  decrease  in
temperature.  Therefore,  pure  Al2O3 inclusions  can  be  ob-
served at various sampling positions at the electrode, such as
the top and bottom surface at the electrode.

S o/S ∗o

As  discussed  above,  multiphase  inclusion,  i.e.,  a  solid
Al2O3 inclusion  surrounded  by  the  liquid  CaO–Al2O3–SiO2

system oxide inclusion, was formed due to the higher contact
angle of Al2O3 particles at the solid/liquid front of steel com-
pared with that of liquid CaO–Al2O3–SiO2 system oxide in-
clusion.  As a  consequence,  the  solid  Al2O3 inclusions  were
pushed into  liquid steel  during the  lower  solidification pro-
cess and combined with the CaO–Al2O3–SiO2 system oxide
inclusion.  On  the  other  hand,  the  nucleation  rate  of  Al2O3

particles was lower than that of the CaO–Al2O3–SiO2 system
at a fixed supersaturation ratio ( ) at 1873 K [68], which
indicates  the  embedment  of  Al2O3 particles  in  the  CaO–
Al2O3–SiO2 system inclusion.

FactSageTM 8.2  software  was  used  to  calculate  the
nonequilibrium  solidification  curve  of  liquid  steel,  and  the
results are presented in Fig. 9. Thermodynamic analysis re-
vealed  that  liquid  inclusion  was  mainly  composed  of  the
CaO–Al2O3–SiO2 system during  the  equilibrium (Fig.  8(b))
and nonequilibrium cooling processes (Fig. 9(b)). However,
the calcium aluminate inclusions (CaAl2O7 and CaAl12O19) in
Fig. 8(a) cannot be observed in Fig.  9(a),  which proves the
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manufacture of a larger heat-resistant  consumable electrode
during the nonequilibrium cooling process. This finding is in
accordance with the experimental results shown in Figs. 2(a),
3(a), and 3(b).

After full  solidification of liquid heat-resistant steel,  pre-
cipitation of MnS inclusions can occur at temperatures lower
than 1300°C. To explain the precipitation behavior of MnS
and carbide, as displayed in Figs. 2(b) and 3(d), respectively,
we also calculated a similar equilibrium solidification curve
of  liquid  heat-resistant  steel  using  Thermo-CalcTM 2022b
with  a  TCFE12  database  at  the  temperature  range  between
600 and 1600°C (Fig. 10). The calculated precipitation tem-
peratures of MnS inclusion using the abovementioned ther-
modynamic software (FactSageTM and Thermo-CalcTM) were
almost the same, ca. 1250°C and 1210°C, during the equilib-
rium  cooling  process  shown  in Figs.  8(a)  and 10,  respect-
ively.  The  estimated  formation  temperature  of  MnS  during
the nonequilibrium solidification process (Fig. 9(a), approx-
imately 1050°C) was lower than that during the equilibrium
solidification  process  due  to  the  higher  cooling  rate  under
nonequilibrium solidification  [69].  It  can  be  observed  from
the thermodynamic calculation results that the order of pre-
cipitation  temperature  was  M23C6 carbides  <  MnS  <  Al2O3

particles.
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Fig. 10.    Equilibrium solidification curves of the electrode cal-
culated using Thermo-CalcTM software.
 

According  to  the  results,  the  formerly  precipitated  MnS
and/or  Al2O3 inclusions  acted  as  heterogeneous  nucleation
sites  for  the  formation  of  M23C6-type  carbides  (Figs.  3(c),
3(d),  and 4(a)).  After full  solidification of steel,  the carbide
precipitates  comprised  nanometer-sized  secondary  carbides
[70],  which  differs  from  the  experimental  findings  in
Figs.  2–5.  Therefore,  the  M23C6 carbides  observed  via  the
SEM in this study should have been formed during the solidi-
fication process of liquid steel. The accumulation of alloying
elements at the solid/liquid front due to microsegregation can
thermodynamically benefit  carbide formation. Nevertheless,
a  high  cooling  rate  would  result  in  inadequate  time  for  the
growth of carbides at the top surface position of the electrode
and ingot. Similar results regarding the precipitation of MnS
have  been  reported  in  the  author’s  previous  study  [62].
Fig.  11 displays the 3D morphologies of carbides extracted
from  the  consumable  electrode  at  various  locations.  The
composition and size of carbides were easily identified using

the  proposed  method.  The  M23C6-type  carbide  exhibited
hexahedron, octahedron, and dodecahedron morphologies.

Fig. 11(j) and (k) show the EDS spectra corresponding to
the carbides in Fig. 11(h) and (i) at the bottom surface posi-
tion  of  the  electrode,  respectively.  The  results  indicate  that
the M23C6-type carbides mainly included C, W, Cr, Fe, and
Mo.  Yoshizawa et al. [71]  reported  a  similar  structure  of
M23C6-type carbide in their study on the effect of W on the
coarsening  of  carbide  in  heat-resistant  steel  (9Cr–1W–
3Co–0.2V–0.05Nb–0.003B,  wt%)  during  creep  at  elevated
temperatures.  They  observed  that  W  can  replace  Cr  in  the
M23C6 lattice  to  form [Fe4(Cr,W)19]C6.  Xiao et  al. [72]  and
Sanhueza et al. [73] arrived at  the same conclusion and re-
vealed that carbide coarsening can be restrained through the
addition of the alloying element boron (B); the discontinuous
distribution of small-sized carbide along the grain boundary
protected  against  grain  boundary  sliding,  which  improved
creep strength at high temperatures [7].

The TEM results were obtained to further confirm the type
of carbide in 9CrMoCoB steel (Fig. 12). Analysis of diffrac-
tion  patterns  (Fig.  12(a))  determined  the  types  of  carbides
whose formulations are listed in Table 4. The crystallograph-
ic parameters of carbides containing C, W, Cr,  Fe,  and Mo
were selected from the Inorganic Crystal Structure Database.
These results indicate that the substitution of Cr with alloy-
ing  elements  (W,  Fe,  or/and  Mo)  in  the  Cr23C6 lattice  can
slightly  change  the  latter  parameter,  which  explains  the
match between the carbides listed in Table 4 and the diffrac-
tion pattern shown in Fig. 12(a). In addition, the observation
of Al2O3 inclusion in the electrode displayed in Fig. 12(b) is
consistent with the above experimental and thermodynamic-
al results. 

3.5. Removal mechanism of inclusions in steel during the
ESR process

τ

According to Fraser and Mitchell [74], the temperature at
the  electrode tip  during a  stable  ESR process  approximates
the  liquidus  temperature  of  steel,  and its  superheat  was  not
over 20–30 K. The liquidus and solidus temperatures of heat-
resistant steel were estimated using FactSageTM 8.2 software
(1550°C and 1320°C, respectively). Therefore, the temperat-
ure at the electrode tip ranged from 1570 to 1580°C during
the actual ESR process. In combination with the thermody-
namic  analysis  results  shown  in Fig.  9(a),  the  liquid-metal
film  at  the  electrode  tip  mainly  comprised  CaO–Al2O3–
SiO2–MnO  multiphase  inclusions  (mainly  contains  Al2O3)
and pure Al2O3 particles, most of which can be absorbed by
the  liquid  CaF2–CaO–Al2O3–SiO2–B2O3 slag  by  coupling
with the decomposed outer-layer carbides [37]. The absorp-
tion  of  the  formed  Al2O3–containing  inclusions  at  the  elec-
trode tip by CaF2–CaO–Al2O3–SiO2–B2O3 slag depended on
the  total  dissolution  time  ( )  of  oxide  inclusions,  which  is
defined as the ratio of slag viscosity and concentration differ-
ence between oxide inclusions and slag. The expression can
be represented as follows [75]:

τ =
ρη

∆C
(2)

ρ η ∆Cwhere , ,  and  refer to the density of oxide inclusion
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∆C (Al2O3)

particles, slag viscosity, and driving force of dissolution, re-
spectively. For the Al2O3-containing inclusions in the metal
film at the electrode, the slag composition with a high CaO
content  increased  the  concentration  difference 
and  decreased  slag  viscosity  [76],  which  benefitted  the  re-
moval  of  Al2O3-containing  inclusions  during  the  ESR  pro-
cess.  A similar  behavior  was  reported  by  Wang et al. [45],
who  observed  that  a  portion  of  CaO–Al2O3–SiO2–MnO in-
clusions can be decomposed into their chemical species in li-
quid steel except for the absorption of quaternary liquid in-
clusions  by  the  CaF2–CaO–Al2O3–MgO–SiO2–B2O3 slag
during  the  ESR process.  As  mentioned  above,  some  inclu-
sions can remain in the metal droplets that are detached from
the electrode tip, pass through the slag bath, and finally accu-
mulate  in  the liquid-metal  pool.  Meanwhile,  only Al2O3 in-
clusions can be observed in the remelted ingot (Fig. 5).

The  precipitation  and  transformation  behavior  of  inclu-
sions in liquid steel during the nonequilibrium solidification
process were estimated using the Scheil–Gulliver model in-

cluded in FactSageTM 8.2 software under the assumption that
solutes were uniformly distributed in the liquid phase, where-
as  no  diffusion  of  solutes  occurred  in  the  solid  phase  [77].
Fig. 13 displays the calculated result. Only the Al2O3 inclu-
sions  can  be  precipitated  in  the  remelted  ingot,  which  is  in
good agreement with the experimental findings presented in
Fig. 5. From an early discussion, M23C6 carbides can be de-
composed and dissolved in liquid steel during the ESR pro-
cess. Nevertheless, they reprecipitated in the remelted ingot,
and  the  formed  Al2O3 inclusions  served  as  heterogeneous
nucleation sites for the M23C6 carbide (Fig. 5(c)).

The precipitation of Al2O3 inclusion alone in the remelted
ingot can be attributed to the following reasons.

(1)  The  unremoved  liquid  multiphase  inclusions  can  be
decomposed into individual Ca, Al, Si, Mn, and O and dis-
solved in liquid steel [78].

(2) The Al content increased from 40 ppm in the electrode
to  approximately  60  ppm  in  the  remelted  ingot  despite  the
slight decrease in the total oxygen content of the remelted in-
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S Al2O3

K⊖Al2O3

got. The [Al]–[O] equilibrium in liquid steel [79] and the su-
persaturation degree of Al2O3 [80−81], , can be calcu-
lated through insertion of the equilibrium constant  of
the reaction in Eq. (4) at 1823 K while considering the pre-
cipitation  temperature  of  Al2O3 inclusions  in  the  electrode
and remelted ingot within 1773 to 1873 K (Figs. 8(a) and 13).
The  interaction  parameters  listed  in Table  5 [82−83]  were

employed to calculate the Henrian activity coefficient of Al
and O:

2 [Al]+ 3 [O]= (Al2O3) ,∆G⊖3 =−1202000+386.3T (J/mol)
(3)

S Al2O3
=

(
a2
%,Al ·a3

%,O

)(
a2
%,Al ·a3

%,O

)
eq

=

(
f 2
%,Al · [%Al]

2 · f 3
%,O · [%O]3

)
1

K⊖Al2O3

(4)

S Electrode
Al2O3

S Ingot
Al2O3

lgS Fe–Al–O
Al2O3

= 3.5
lgS Fe–Al–O–M

Al2O3

The calculated supersaturation degree for Al2O3 precipita-
tion in the electrode,  and the remelted ingot, 
were 1.66 and 1.93 at 1823 K, respectively. Thus, new Al2O3

inclusions  precipitated in  the  remelted ingot  besides  the  in-
herited  Al2O3 inclusions  from the  consumable  electrode.  In
the work of Li and Suito [80], the critical supersaturation de-
grees  for  Al2O3 precipitation  in  Fe–Al–O and  Fe–Al–O–M
(M = C, Si, Mn, Ti, Cr) systems reached  and

 = 0.8 to 1.3 at 1873 K, which are significantly
higher than that obtained in this study. The rationale behind
these results may be the high amounts of alloying elements in
9CrMoCoB steel in the present work.

(3) The components of CaO, SiO2, and MnO in the liquid
multiphase inclusions were reduced by the increased Al con-
tent in molten steel during the ESR process [84]. The same
trend  was  reported  by  Wen et al. [85]  in  a  study  on  non-
metallic inclusion evolution during the ESR of Q235B steel.
They observed that the increase in Al content in steel trans-
ferred from CaF2–CaO–Al2O3–MgO slag resulted in the gen-
eration  of  Al2O3 inclusion  through  reduction  reactions
between  the  SiO2–MnO  inclusion  and  the  dissolved  Al  in
molten steel. Our previous publication [14] indicated that the
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Table 4.    Crystallographic parameters of M23C6 type carbides

Phase Crystal system Laue class Lattice
parameter / nm

Cr23C6 Cubic m3̄m 1.0767
Cr21.34Fe1.66C6 Cubic m3̄m 1.0645
(Cr19W4)C6 Cubic m3̄m 1.0790
Cr18.4Mo4.6C6 Cubic m3̄m 1.0900
Cr16Fe5Mo2C6 Cubic m3̄m 1.0690
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Al content in molten 9CrMoCoB steel was mainly governed
by SiO2 in the CaF2–CaO–Al2O3–SiO2–B2O3 slag, as shown
by the reaction given in Eq. (5):
4[Al]+3(SiO2)= 2 (Al2O3)+3[Si] ,
∆G⊖5 = −720680+133T (J/mol) (5)

lgK⊖5 + lg
f 4
%,Al

f 3
%,Si

+ lg
[%Al]4

[%Si]3 = lg
γ2

R,Al2O3

γ3
R,SiO2

+ lg
X2

Al2O3

X3
SiO2

(6)

f%,i γR,iO K⊖i
i

iO

where , , and  refer to the activity coefficient of
element  in the metal phase referenced to the 1wt% standard
state, activity coefficient of oxide  in slag phase relative to
the pure matter as a standard state, and the standard equilibri-
um constant, respectively.

lg(a2
R,Al2O3

/a2
R,SiO2

)

lg(a2
R,Al2O3

/a2
R,SiO2

)

Given  the  high  volatilization  potential  of  CaF2 in  ESR-
type  slags  at  high  temperatures  [48,86−87],  the  product
(CaO)  can  cause  a  decrease  in  SiO2 activity  in  liquid  slag,
which further increased the Al content and decreased that of
Si in the remelted ingot compared with that in the electrode.
Fig.  14 shows the relationship between the CaO content  of
CaF2–CaO–Al2O3–SiO2–B2O3 slag  and  the  calculated

 at  1823  K.  The  activities  of  Al2O3 and
SiO2 were calculated using the ion and molecule coexistence
theory, with the calculation process given in Ref. [14]. Fig.
14 shows  that  the  calculated  increased
with the increase in CaO content in the slag, which indicates
the possible increase in Al content in liquid steel.

Eqs. (7) and (8) express the standard and actual Gibbs free
energy  of  MnS  formation  reaction  in  liquid  steel,  respect-
ively [63]:

[Mn]+ [S] = (MnS) ,∆G⊖7 = −177600+99.5T (J/mol) (7)

∆G7 = ∆G⊖7 +RT ln
aR,MnS

f%,Mn ·
[
%Mn] · f%,S·

[
%S]

(8)

f%,Mn f%,Swhere the activity coefficients  and  can be calcu-
lated utilizing the Wagner formulation [88] and relative inter-
action parameters listed in Table 5, respectively. Substitution
of the activity coefficient values into Eq. (8) resulted in the
following expression:

∆G7 = −177600+98.5T +RT ln ([%Mn] · [%S]) (9)

fs

Scheil formulation can be used to calculate the changes in
Mn and S contents in the residual liquid phase as a function
of solidification fraction  during the solidification process
[89]:

CL,i =C0,i(1− fs)(ki−1) (10)
CL,i C0,i i

ki

where  and  refer to the concentration of component 
in  molten  steel  in  the  solidification  process  and  the  initial
concentration,  respectively,  and  denotes  the  equilibrium

 

e j
iTable 5.    First-order activity coefficients ( ) used in this study [82]

Element i
Element j
C Si Mn S Ni Cr Mo

Mn −1370/T + 0.69 −1838/T + 0.964 0 −0.048 −0.0072 0.0039 0.0046
S 0.111 0.075 −0.026 −120/T + 0.018 0 −94.2/T + 0.04 0.0027
Al 0.091 0.056 — 0.035 −0.0173 0.012* —
O −0.421 −0.066 −0.021 −0.133 0.006 −380/T + 0.151 0.005

Element i
Element j
V Al Co W B N O

Mn 0.0057 0 −0.0036 236/T − 0.12 −0.0236 −0.091 −0.083
S −0.019 0.041 0.0026 0.011 0.134 0.01 −0.27
Al — 80.5/T — — — 0.015 −1.98
O −1050/T + 0.42 −1.17 0.008 0.0085 −0.31 −0.14 −1750/T + 0.76
Note: *This data is from Ref. [83].
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i kMn kSpartition  coefficient  of  component .  and  are  0.035
and 0.785, respectively [90]. Eq. (11) was deduced through
insertion of Eq. (10) into Eq. (9):
∆G7 = −177600+98.5T−

RT ln
(
[%Mn]0 ·[%S]0 · (1− fs)−1.18

)
(11)

fs

fs fs

Fig. 15 shows the relationship between the Gibbs free en-
ergy of MnS precipitation and solidification fraction . The
Gibbs  free  energy  of  MnS precipitation  decreased  with  the
increase in  and tended to be negative when  approached
1.0, which implies that MnS can only be formed in solid steel
as a result of the microsegregation of Mn and S at the solid/li-
quid interface.

By contrast, the MnS inclusions can be decomposed into
soluble Mn and S in liquid steel, as shown by the backward
reaction in Eq. (7), when the temperature rose above the li-
quidus temperature of steel. Based on the desulfurization re-
action in Eq. (12), the dissolved S in liquid steel can be fur-
ther  transferred  to  the  slag  by  combining  with  CaO  in  the
CaF2–CaO–Al2O3–SiO2–B2O3 ESR-type slag.

[S]+ (O2−) = (S2−)+ [O] (12)

∆G7

Hou et al. [91]  reported  the  high  desulfurization  effi-
ciency  of  ESR  operation,  with  the  rate-controlling  step  of
desulfurization reaction involving the mass transfer of sulfur
in  the  liquid-metal  phase.  Wang et al. [92]  restudied  the
effect of B2O3 on the physicochemical properties of 7CaF2–
50CaO–20Al2O3–8MgO–15SiO2–B2O3 (wt%)  slag  and  ob-
served decreased melting point and viscosity; moreover, the
desulfurization  capability  increased  after  the  addition  of
4wt% B2O3 to the slag. In this study, the sulfur content of in-
got  was  approximately  20  ppm,  and  the  calculated  activity
coefficients of Mn and S and the precipitation temperature of
MnS (1323 K) were incorporated in Eq. (9). The results in-
dicate that  > 0, and the amount of sulfur was extremely
low to  form sulfide  inclusions  in  the  remelted ingot.  Wang
et al. reported a similar behavior [45].

MnS  inclusions  were  wrapped  by  a  M23C6 carbide  shell
(Figs.  2(b), 3(d), 4(b),  and 4(d)),  which  precipitated  at  ap-
proximately  950°C.  Thus,  the  dissociation reaction of  MnS
inclusion involved the coupling with M23C6 carbide decom-
position at the electrode tip. Zhu et al. [93] observed the de-
creased  total  area  and  average  size  of  M23C6 and  M7C3

carbides  in  8Cr13MoV  martensitic  stainless  steel  after  the
ESR process;  they suggested that ESR can facilitate the re-
duction of primary carbide in the electrode. This finding ex-
plains the lack of MnS inclusions in the remelted ingot. 

4. Conclusions

Industrial experiments were conducted in an 80-t ESR fur-
nace under an Ar gas atmosphere to manufacture a large 9Cr-
MoCoB heat-resistant steel ingot. A systematic investigation
was conducted on the evolutionary behavior of nonmetallic
inclusions at  various locations (top center,  top surface,  bot-
tom center, and bottom surface) in the electrode and remelted
ingot.  Thermodynamic  analysis  was  focused  on  the  trans-

formation and removal behavior of inclusions in steel during
the ESR process. The main conclusions can be summarized
as follows.

(1)  The  main  types  of  oxide  inclusions  in  the  electrode
comprised pure Al2O3 and a liquid multiphase CaO–Al2O3–
SiO2–MnO inclusion with an Al2O3 island. The formation of
multiphase  inclusions  was  likely  due  to  the  higher  contact
angle between the Al2O3 inclusion and liquid steel than that
between  Al2O3 inclusion  and  the  liquid  CaO–Al2O3 higher
SiO2 higher MnO system inclusion.

(2)  The  M23C6-type  carbide  that  formed  in  heat-resistant
steel mainly contained C, Fe, Cr, Mo, and W. The order of
precipitation  temperatures  was  as  follows:  Al2O3 >  MnS  >
M23C6-type carbide. Hence, Al2O3 and MnS can act as nucle-
ation  sites  for  the  precipitation  of  M23C6-type  carbide.  The
M23C6-type  carbides  were  determined  as  Cr23C6,  Cr23C6

carbide,  Cr21.34Fe1.66C6,  (Cr19W4)C6,  Cr18.4Mo4.6C6,  or
Cr16Fe5Mo2C6 after the analysis of TEM results.

(3)  The  removal  of  the  liquid  multiphase  CaO–Al2O3–
SiO2–MnO  inclusion  occurred  due  to  absorption  by  the  li-
quid CaF2–CaO–Al2O3–SiO2–B2O3 slag, decomposition, fur-
ther  dissolution into the liquid steel,  and reduction of  CaO,
SiO2,  and  MnO  by  the  increased  Al  content  in  liquid  steel
during the ESR process. The MnS inclusions in the consum-
able electrode were decomposed and dissolved in liquid steel,
and  the  sulfur  content  dropped  to  20  ppm,  which  is  ex-
tremely low to form the sulfide inclusion in the remelted in-
got  due  to  the  high  desulfurization  efficiency  of  the  ESR
process.

S Electrode
Al2O3

S Electrode
Al2O3

(4) The remelted ingot comprised pure Al2O3 and Al2O3-
core inclusions surrounded by a carbide shell. The new Al2O3

inclusions formed when the supersaturation degree of Al2O3

precipitation in the electrode  became lower than that
in the remelted ingot  except for that inherited from
the  electrode.  The  evaporation  of  CaF2 resulted  in  the  in-
creased  CaO  content  of  the  ESR-type  slag  and  further  in-
creased in the Al content in liquid steel during the ESR pro-
cess.  Consequently,  the  increased  Al  content  in  liquid  steel
either generated a new Al2O3 inclusion or reduced the com-
ponents  (CaO,  SiO2,  and  MnO)  of  the  liquid  CaO–Al2O3–
SiO2–MnO inclusion to form Al2O3 inclusion in the remelted
ingot. 
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