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1. Introduction and Scope

Non-metallic inclusions have a great influence on the cleanliness and mechanical
properties of steel. By controlling the size and composition of inclusions, the excellent prop-
erties of “clean steel” can be maintained. At the same time, in terms of our understanding
of inclusions’ behavior using thermodynamics principles, the design and control of the
composition, shape, size, and distribution of non-metallic inclusions in different steels can
significantly enhance their properties.

The primary focus of this Special Issue is on recent advancements in inclusion engi-
neering which have the aim of controlling steel cleanliness and microstructure through
modeling and experimental work. Research into the particularly interesting theme of
the formation mechanism and evolution control methods of inclusions in the smelting
process in laboratories and steel plants was welcomed. The study of the agglomeration and
floatation of inclusions and the kinetics of slag adsorption in the process of refining and
solidification were also potential themes.

2. Contributions

In this Special Issue, 10 high-quality papers covering a wide range of inclusion met-
allurgy research, including rare earth treatment, electroslag remelting, the formation and
evaluation of inclusions during steel smelting, and the effect of inclusions on mechanical
properties and solidification structures have been published.

Five papers focused on the effect of rare earth on steel, which clarified the effect of
sulfur on inclusions and the mechanical properties of Ce-Mg-treated, resulfurized SCr420H
steel [1]; the evolution of inclusions in austenitic heat-resistant steel with different levels
of Ce content during protective argon gas atmosphere electroslag remelting (ESR) [2];
the effect of Ce on the morphology of manganese sulfide [3]; the effects of rare earth
La–Ce alloying treatment on the characteristics of steel [4]; and the effect of rare earth Ce
content on the morphology, composition, type, and size distribution of inclusions in W350
non-oriented silicon steel [5].

Four papers focused on the formation and evolution of inclusions during steel smelting,
which covered the formation and removal mechanisms of inclusions in 42CrMo4 steel
during the steelmaking process [6]; the evolution of inclusions and the control strategies
used to improve the cleanliness of molten steel in Ti-bearing IF steel [7]; the source and
formation of magnetic particle inspection defects identified on the near-surface of the
Cr5 back-up roll-forged ingot [8]; and the origin, evolution, and formation mechanism of
MgO-based inclusions in Si-Mn-killed steel [9].

One paper focused on the solidification behavior and structure of 2311 die steel with a
cross-section dimension of 415 × 2270 mm at different casting speeds, specific water flow,
and superheat [10].

3. Conclusions and Outlook

Topics such as the effect of rare earth on steel, the formation and evolution of inclusions
during steel smelting, and solidification behavior and structure are covered in this Special
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Issue, which presents the latest developments in inclusion metallurgy research and their
applications. As Guest Editors of this Special Issue, we hope that the reported studies will
be useful to researchers in advancing their respective research areas.
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Evolution and Formation of Non-Metallic Inclusions during
Electroslag Remelting of Ce-Bearing 15Cr-22Ni-1Nb Austenitic
Heat-Resistant Steel

Zhongwei Wang, Chengbin Shi *, Shijun Wang, Jing Li and Xin Zhu

State Key Laboratory of Advanced Metallurgy, University of Science and Technology Beijing (USTB),
Beijing 100083, China
* Correspondence: chengbin.shi@ustb.edu.cn

Abstract: The evolution of inclusions in austenitic heat-resistant steel with different Ce content during
protective argon gas atmosphere electroslag remelting (ESR) was studied. All oxide inclusions in the
Ce-free consumable electrode are MgO·Al2O3. A part of these MgO·Al2O3 inclusions was removed
before metal droplets entered the liquid metal pool during the ESR. The soluble oxygen (arising
from the reoxidation) reacted with soluble aluminum, calcium, and magnesium in liquid steel to
form MgO·Al2O3 and CaO–Al2O3 inclusions in liquid steel. All oxide inclusions in the electrode
with 0.016 mass% Ce are Ce2O2S. A portion of these Ce2O2S inclusions was dissociated into soluble
oxygen, cerium, and sulfur in liquid steel during the ESR process, whereas the others were removed
by absorbing them into molten slag. The oxide inclusions in the liquid metal pool and remelted ingot
were Ce2O3, CeAlO3, and Ce2O2S. The CeAlO3 and Ce2O3 inclusions were reoxidation products
formed by the chemical reaction between the soluble oxygen, soluble aluminum, and cerium. The
oxide inclusions in the electrode with 0.300 mass% Ce are CeS and Ce2O2S. These CeS inclusions were
removed by molten slag adsorption during the ESR. A part of these Ce2O2S inclusions was removed
by slag adsorption, and the remaining entered into the liquid metal pool. The oxide inclusions in the
liquid metal pool and the ingot were Ce2O3 and Ce2O2S. The Ce2O3 inclusions were formed through
the chemical reaction between the soluble oxygen and cerium in the liquid metal pool. The Ce2O2S
inclusions in the liquid pool originate from reoxidation products during the ESR process and the
relics from the electrode.

Keywords: inclusion; cerium; electroslag remelting; reoxidation; evolution

1. Introduction

Austenitic heat-resistant steel of Ni-Cr system is extensively utilized in automotive
engines and fossil fuel power generation plants applications at moderately elevated temper-
atures, such as fasteners and bolts, and heat exchangers, because of their superior strength,
toughness, oxidation resistance, and organizational stability [1–3]. Except the advantages of
some types of fine non-metallic inclusions through acting as the nucleation sites to generate
intragranular acicular ferrites and the pinning particles to inhibit the growth of austenite
grains [4], inclusions are generally detrimental to mechanical properties of steel, such as
creep strength, fatigue strength, corrosion resistance, tensile properties, toughness, and ductil-
ity [5–10]. The local stress concentration induced by large inclusions often causes cracking
at inclusion-steel matrix interface during working of steel [11]. The detriment degree of
inclusions is strongly dependent on their number density, size, and chemical compositions.

Rare earth Ce can improve the corrosion resistance [12,13], oxidation resistance [14,15],
grain refinement [16,17] and reduction of dendritic spacing [18,19] of heat-resistant steels
and improve the mechanical properties of austenitic heat-resistant steels [20,21]. The
generation of Ce-bearing non-metallic inclusions in Ce-containing steel was unavoidable.
Ce-containing inclusions were detrimental to the fatigue strength, toughness and ductility,
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impact strength, tensile properties, corrosion resistance, initiation of fatigue cracking, and
stress concentration cracking of steel [22–24]. Many studies on the evolution of Ce-bearing
inclusions have been conducted in industrial-scale secondary refining (LF and RH refining)
or laboratory-scale crucible experiments of slag-steel reactions [25,26]. However, no studies
have been reported on the evolution of Ce-bearing inclusions in the ESR process.

In the current study, the evolution of inclusions in the steel with different Ce contents
during ESR was investigated. The effect of reoxidation during the ESR on inclusion
evolution was ascertained. The evolution mechanism of Ce-bearing inclusions during the
ESR was elucidated.

2. Experimental

2.1. ESR Experimental Procedure

The chemical compositions of the consumable electrodes are shown in Table 1. The
oxide scale on the electrode steel surface was thoroughly removed before ESR experiments.
The pre-melted slag (40.92 mass% CaF2, 27.09 mass% CaO, 0.52 mass% MgO, 29.02 mass%
Al2O3, 0.92 mass% SiO2, 0.21 mass% FeO) was roasted at 700 ◦C (973 K) for 8 h to remove
moisture before the ESR trials.

Table 1. Chemical compositions of the consumable electrodes (mass%).

Trials No. C Si Mn Mo Ti Cr Ni Al Nb S Ca Ce Mg N O

T1 0.02 0.5 0.83 2.49 0.18 15.1 22 0.15 0.98 0.0032 0.0002 0 0.0004 0.0071 0.0010
T2 0.02 0.5 0.89 2.53 0.14 14.9 22 0.10 0.99 0.0009 0.0002 0.016 0.0003 0.0120 0.0006
T3 0.02 0.5 0.78 2.50 0.21 14.6 22 0.15 1.03 0.0025 0.0002 0.300 0.0003 0.0031 0.0007

Three ESR trials were conducted in protective argon gas atmosphere. The operating
current, voltage, and outlet temperature of the mold cooling water were maintained at
about 2500 A, 32 V, and 313 k. During electroslag remelting of the steel electrode with
0.016 mass% Ce, Al shots were added for deoxidation (addition amount: 1 kg/ton of steel).
For deoxidation in ESR trial T3, Al shots were added (2 kg/ton of steel) during the ESR
of the electrode with 0.300 mass% Ce. A steel sample was taken from the liquid metal
pool during the ESR refining using a vacuum sampling tube made of quartz, followed by
quenching in water. The remelted ingots corresponding to the ESR trials T1, T2, and T3
were designated as ingots C1, C2, and C3, respectively.

2.2. Compositional Analysis and Inclusions Characterization

The steel samples were taken from the consumable electrodes and the remelted ingots
of the ESR for chemical composition analysis. The total oxygen (composed of both the
soluble oxygen and the oxygen bonded as oxide inclusions) content of the steel was
measured by the inert gas fusion-infrared absorptiometry. The sulfur and carbon contents
of the steel were measured by the combustion-infrared absorption technique. The nitrogen
content was determined by the inert gas fusion-thermal conductivity method. The contents
of soluble aluminum, total calcium, magnesium, silicon, cerium, and manganese in the
electrodes and ingots were measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES).

Steel samples for metallographic observation were taken the consumable electrodes
and the mid-height of each remelted ingot at the mid-radius position. To reveal the
evolution of inclusions in the ESR process, steel samples collected from the liquid metal
pool with vacuum sampling tubes were polished after mechanical grinding. Inclusions
exposed on the cross-section of the polished sample were analyzed in terms of their
chemistry, size, and morphology by scanning electron microscope (SEM; FEI Quanta-250,
FEI Corp, Hillsboro, OR, USA) equipped with an energy-dispersive X-Ray spectrometer
(EDS, XFlash 5030; Bruker, Karlsruhe, Germany).
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Furthermore, the size of inclusions on the polished sample cross-section was calculated
using the equivalent circle diameter (ECD). The equivalent circle diameter of the inclusions
smaller than 1 μm is not included in analysis.

3. Results and Discussion

3.1. Steel Composition

The chemical compositions of remelted ingots are shown in Table 2. The Ce contents
of the remelted ingots C2 and C3 are 0.0055 mass% and 0.063 mass%, respectively. The
yields of Ce during the ESR are 34.4% and 21.0%, respectively.

Table 2. Chemical Compositions of Remelted Ingots (mass%).

Ingot No. C Si Mn Mo Ti Cr Ni Al Nb S Ca Ce Mg N O

C1 0.02 0.5 0.82 2.60 0.13 15.5 22 0.19 1.00 0.0007 0.0002 0 0.0004 0.0076 0.0016
C2 0.02 0.5 0.89 2.60 0.12 15.4 22 0.23 1.00 0.0007 0.0002 0.0055 0.0003 0.0140 0.0013
C3 0.02 0.5 0.83 2.50 0.15 14.6 22 0.15 1.02 0.0016 0.0002 0.0630 0.0003 0.0054 0.0018

The aluminum content of the steel increases from 0.15 mass% in the Ce-free electrode
to 0.19 mass% in the remelted ingot C1. The aluminum content of steel in the ESR trial T2
increases from 0.10 mass% in the consumable electrode to 0.23 mass% in the ingot C2. The
aluminum content of the steel in the ESR trial T3.

The slag-steel reactions during the ESR are a potential source of soluble aluminum
pickup in liquid steel. The chemical reaction between Ce in liquid steel and Al2O3 in the
slag can be expressed as follows [27]:

2[Ce] + (Al2O3)slag = (Ce2O3)slag + 2[Al] (1)

ΔGo = 205703 + 34T (J/mol) (2)

K =
a2

Al · aCe2O3

a2
Ce · aAl2O3

=
( fAl[%Al])2 · aCe2O3

( fCe[%Ce])2 · aAl2O3

(3)

where aCe2O3 and aAl2O3 are the activities of Ce2O3 and Al2O3 in the slag, respectively.
fAl and fCe are the activity coefficients of soluble aluminum and Ce in the liquid alloy,
respectively, which can be calculated by the following equation [28].

lg fi = ∑ ej
i [%j] (4)

where ej
i is the first-order interaction parameter.

The activities of the Al2O3 and Ce2O3 relative to pure solid standard states in the slag
melts at 1873 K (1600 ◦C) are estimated with FactSage 8.0 (FToxid database; ThermFact/CRCT,
Montreal, Canada). According to the chemical composition of the electrode with 0.300 mass%
Ce combined with the first-order interaction parameters (as shown in Table 3), the Gibbs free
energy change for the chemical reaction (1) was calculated to be 312.89 kJ/mol. It suggests
that Ce in the electrode with 0.300 mass% Ce cannot reduce the Al2O3 in the slag during the
ESR process, leading to the Al pickup in the steel. The Al pickup in liquid steel is caused by
the Al addition in the ESR process.

Table 3. First-order interaction parameters used in the current study [29–32].

C Si Mn Mo Ti Cr Ni Al Mg Ca S Ce N O

O −0.421 −0.066 −0.021 0.005 −1.8 −0.033 0.006 −1.17 −300 - −0.133 −0.57 0.057 −0.17
S 0.111 0.075 −0.026 - −0.27 −0.0105 - 0.041 −1.82 −110 −0.046 −1.91 0.01 −0.27

Al 0.091 0.056 0.035 - 0.004 - −0.029 0.045 −0.3 −0.047 0.035 −0.52 −0.057 −1.98
Ce −0.077 - - - −3.62 - - −2.25 - - −8.36 −0.003 −6.612 −5.03
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In the present study, the oxygen contents of the electrodes with different Ce contents
apparently increase during the ESR to 0.0016 mass%, 0.0013 mass%, and 0.0018 mass%
in ingots C1, C2, and C3, respectively. It indicates that the reoxidation of the liquid steel
occurred in these three ESR trials. The sulfur contents of steel decrease during the ESR to
0.0007 mass%, 0.0007 mass%, and 0.0016 mass% in ingots C1, C2, and C3, respectively.

The difference in the oxygen potential between liquid steel with low oxygen con-
tent and the molten slag contributes to soluble oxygen pickup in liquid steel during the
protective argon gas atmosphere ESR [33]. The introduction of FeO (newly formed FeO
during ESR and the unremoved oxide layer on the surface of the electrode steel) to the
molten slag pool during ESR is difficult to be prevented, and it is the source of the increased
oxygen content of liquid steel according to the chemical reaction (FeO)slag = [Fe] + [O]
(ΔGo = −139,000 + 57.1T (J/mol)) [34].

The interaction coefficients used in the present calculation are shown in Table 3. The
Gibbs free energy change for the chemical reaction (FeO)slag = [Fe] + [O] for the ESR trials
T1, T2, and T3 was calculated to be −102.75 kJ/mL, −105.99 kJ/mL, and −100.92 kJ/mL,
respectively. It indicates that FeO in molten slag transfers oxygen to liquid steel, resulting
in the reoxidation of liquid steel during ESR. Meanwhile, the desulfurization reaction
(CaO) + [S] = (CaS)slag + [O] is also an important source of soluble oxygen pickup in the
liquid steel during the ESR [35].

3.2. Inclusions in Consumable Steel Electrode

The SEM images and EDS spectra of typical inclusions in the consumable electrodes
are shown in Figures 1–5. As shown in Figure 1, the typical inclusions in the Ce-free
electrode are (Ti,Nb)N, MgO·Al2O3 inclusions surrounded by (Ti,Nb)N and MgO·Al2O3
inclusions, respectively. Figure 1a shows typical (Ti,Nb)N inclusions in the electrode with
near-square shape. Figure 1c,d show typical MgO·Al2O3 inclusions in Ce-free electrode,
and the morphology of these spinel inclusions is nearly spherical. The MgO·Al2O3 spinel
inclusion plays a nucleation role for (Ti,Nb)N.

Figures 2 and 3 show the typical inclusions in the electrode with 0.016 mass% Ce.
The observed inclusions are (Ti,Nb)N, and Ce2O2S, respectively. Figure 2a shows typical
inclusions (Ti,Nb)N in the consumable electrode with a clear angular shape. Figure 2b,c
show the typical inclusions of Ce2O2S in the consumable electrode, showing both near
spherical or irregular morphologies.

The typical inclusions in the electrode with 0.300 mass% Ce are shown in Figures 4 and 5.
The rare-earth inclusions in the electrode are identified as CeS and Ce2O2S, respectively. It
can be seen from SEM photographs that these inclusions are near-spherical. It is found from
ESD element mappings of the Ce2O2S inclusion that the elements are uniformly distributed
on cross-section of the inclusions.

   

Figure 1. Typical inclusions in the Ce-free electrode. (a) (Ti,Nb)N, (b) MgO·Al2O3+ (Ti,Nb)N, (c) and
(d) MgO·Al2O3.
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Figure 2. SEM images and EDS spectra of typical inclusions in the electrode with 0.016 mass% Ce.
(a) (Ti,Nb)N, (b,c) Ce2O2S. (EDS spectrum shown in (d) corresponds to the inclusion shown in (c)).

    

Figure 3. EDS element mappings of Ce2O2S inclusion in the electrode with 0.016 mass% Ce.

  

(d) (c) 

Figure 4. SEM images and EDS spectra of typical inclusions in the electrode with 0.300 mass% Ce. (a) CeS,
(b) Ce2O2S. (EDS spectra shown in (c) and (d) correspond to the inclusions shown in (a) and (b), respectively).
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Figure 5. EDS element mappings of Ce2O2S inclusion in the electrode with 0.300 mass% Ce.

3.3. Inclusions in the Liquid Metal Pool and Remelted Ingots

The SEM micrographs, EDS spectra, and elemental mappings of typical inclusions
observed in the liquid metal pool during the ESR trial T1 and remelted ingot C1 are shown
in Figures 6–9. The inclusions in the liquid metal pool of the ESR trial T1 are (Ti,Nb)N,
MgO·Al2O3 inclusions wrapped by (Ti,Nb)N, CaO–Al2O3, and MgO·Al2O3.

    

(e) 

Figure 6. SEM images and EDS spectra of inclusions in the liquid metal pool during ESR trial T1.
(a) (Ti,Nb)N, (b) MgO·Al2O3 + (Ti,Nb)N, (c) CaO–Al2O3, (d) MgO·Al2O3. (EDS spectrum shown in
(e) corresponds to the inclusion shown in (c)).

    

Figure 7. EDS element mappings of CaO–Al2O3 inclusion in the liquid metal pool during the ESR trial T1.
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Figure 8. SEM images and EDS spectra of typical inclusions observed in ingot C1. (a) (Ti,Nb)N,
(b) MgO·Al2O3 + (Ti,Nb)N, (c) CaO–Al2O3, (d) MgO·Al2O3. (EDS spectra shown in (e) and (f)
correspond to the inclusions shown in (c) and (d), respectively).

    

Figure 9. EDS element mappings of CaO–Al2O3 inclusion in the ingot C1.

Four types of inclusions are found in ingot C1, namely (Ti,Nb)N inclusions, MgO·Al2O3
inclusions wrapped by (Ti,Nb)N, CaO–Al2O3, and MgO·Al2O3. Figures 7 and 9 show the
EDS element mappings of CaO–Al2O3 inclusions in the liquid metal pool of the ESR trial
T1 and remelted ingot C1, respectively. CaO and Al2O3 are uniformly distributed over the
entire cross-section of the inclusion.

SEM micrographs, EDS spectra, and elemental mappings of typical inclusions in the
liquid metal pool of ESR trial T2 and remelted ingot are shown in Figures 10–13. The types
of inclusions in the liquid metal pool of the ESR trial T2 are (Ti,Nb)N, Ce2O2S, and CeAlO3
encapsulated by (Ti,Nb)N, CeAlO3, and Ce2O3. The types of inclusions are (Ti,Nb)N,
Ce2O2S, CeAlO3 surrounded by (Ti,Nb)N, and Ce2O3. It is observed that the types of
inclusions in the remelted ingot did not change compared to the types of inclusions in the
liquid metal pool.
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(e) (f) 

(g) 

Figure 10. SEM images and EDS spectra of typical inclusions in the liquid metal pool during the
ESR trial T2. (a) (Ti,Nb)N, (b) Ce2O2S, (c) CeAlO3 + (Ti,Nb)N, (d) Ce2O3. (EDS spectra shown in (e),
(f) and (g) correspond to the inclusions shown in (b), (c) and (d), respectively).

    

Figure 11. EDS element mappings of CeAlO3 and Ce2O2S inclusions in the liquid metal pool during
the ESR trial T2. (a) CeAlO3 (b) Ce2O2S.

10



Metals 2022, 12, 2094

(e) (f) 

(g) 

Figure 12. SEM images and EDS spectra of typical inclusions in the ingot C2. (a) (Ti,Nb)N,
(b) Ce2O2S, (c) CeAlO3 + (Ti,Nb)N, (d) Ce2O3. (EDS spectra shown in (e,f), and (g) correspond
to the inclusions shown in (b,c), and (d), respectively).

Figure 13. EDS element mappings of Ce2O2S inclusion in the ingot C2.

Typical inclusions in the liquid metal pool and remelted ingot for the ESR trial T3
are shown in Figures 14–17. The two types of rare earth inclusions in the liquid metal
pool of the ESR trial T3 are observed to be Ce2O3 and Ce2O2S, and the morphology of
these rare-earth inclusions is near-spherical. The results of the elements mappings of
Ce2O2S inclusions in the liquid metal pool of ESR trial T3 and remelted ingot are shown in
Figures 11 and 13, respectively.
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(c) (d) 

Figure 14. SEM images and EDS spectra of typical inclusions in the liquid metal pool during ESR
trial T3. (a) Ce2O2S, (b) Ce2O3. (EDS spectra shown in (c) and (d)correspond to the inclusions shown
in (a) and (b), respectively).

    

Figure 15. EDS element mappings of Ce2O2S inclusion in the liquid metal pool during ESR trial T3.

(c) (d) 

Figure 16. SEM images and EDS spectra of typical inclusions in the ingot C3. (a) Ce2O3, (b) Ce2O2S.
(EDS spectra shown in (c) and (d) correspond to the inclusions shown in (a) and (b), respectively).
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Figure 17. EDS element mappings of Ce2O2S inclusion in the ingot C3.

3.4. Size Distribution and Types of Inclusions

Most of inclusions in the Ce-free electrode are 2 to 5 μm in size (accounting for 72%
in number proportion), followed by the inclusions larger than 5 μm (21% in the relative
fraction), and the number proportion of the inclusion smaller than 2 μm is 7%. The size of
inclusions in the electrode with 0.016 mass% Ce is 2 to 5 μm (accounting for 92% in number
proportion). The number proportion of inclusions in the size range of 1 μm to 2 μm and the
inclusions larger than 5 μm are 6% and 2%, respectively. The proportion of the inclusions
in the size range of 1 μm to 2 μm in the electrode with 0.300 mass% Ce is 88%, and the
number proportion of inclusions between 2 and 5 μm is 12%.

Figure 18 shows the size distribution of inclusions in liquid metal pools and remelted
ingots with different Ce contents. The proportion of inclusions smaller than 2 μm in the
liquid metal pool of ESR trial T1 is 67%. The proportion of the number of inclusions occupied
between 2 μm and 5 μm is 31%. The size of inclusions smaller than 2 μm in ingot C1 decreased
to 34%, and inclusions between 2 and 5 μm increased to 61%. The proportion of the number
of inclusions in the size range of 1 μm to 2 μm in the liquid metal pool of the ESR trial T2 is
75%, and the proportion of the number of inclusions occupied between 2 and 5 μm is 25%.
The proportion of inclusions in the size range of 1 μm to 2 μm in the remelted ingot decreased
to 71%, and the proportion of inclusions in the size range of 2 to 5 μm increased to 27%. The
proportion of inclusions larger than 5 μm is 2%. The proportion of inclusions in the liquid
pool of the ESR trial T3 remained almost unchanged compared to the remelted ingot C3.
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Figure 18. Size distribution of inclusions in the electrode, liquid metal pool, and ingots. (Pool
represents liquid metal pool).

Figure 19 shows the distribution of inclusions types in electrodes, liquid metal pools,
and remelted ingots with different Ce contents. All inclusions in the Ce-free electrode are
identified as MgO·Al2O3. The type of inclusions in the liquid metal pool of the ESR trial T1
has changed compared to the electrode. The newly formed CaO–Al2O3 inclusions in the
liquid metal pool account for 6% in the number proportion. The proportion of CaO–Al2O3
inclusions in the ingot account for 49% of the total inclusions.
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Figure 19. Proportion of different types of inclusion in steel (Elec. and Pool represent electrode and
liquid metal pool, respectively. CA and MA represent CaO–Al2O3 and MgO·Al2O3, respectively).

The rare earth oxide inclusions in the electrode with 0.016 mass% Ce are identified as
Ce2O2S. The rare earth oxide inclusions present in the liquid metal pool of ESR trial T2 are
identified as Ce2O3, CeAlO3, and Ce2O2S, accounting for 51%, 7%, and 42% in the number
proportion, respectively. The Ce2O3 and CeAlO3 inclusions are newly formed in the liquid
metal pool. The proportion of Ce2O3 inclusions in the liquid metal pool and ingot reduce
from 51% to 28% and CeAlO3 inclusions increased from 7% to 39%. The Ce2O2S inclusions
are reduced to 33% in the number proportion after ESR.

The CeS inclusions are completely removed and Ce2O3 inclusions are newly formed in
the trial T3 during ESR. The proportion of Ce2O3 and Ce2O2S inclusions in the liquid metal
pool is 46% and 54%, respectively. The relative proportions of inclusions in the remelted
ingot (43% Ce2O3 and 57% Ce2O2S) do not change significantly compared to the metal pool.

3.5. Evolution Mechanism of Inclusions during Remelted Remelting

In the present study, thermodynamic calculation is performed for understanding the
evolution of inclusions during the ESR with FactSage 8.0 (FSstel, FactPS, and FToxid database).
Figures 20 and 21 show the transformation of inclusions precipitation with temperature for
electrodes with different Ce content and remelted ingots C1, C2, and C3, respectively.
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Figure 20. Inclusions formation in the electrode with different Ce contents calculated with FactSage
8.0. (a) 0.016 mass% Ce, (b) 0.300 mass% Ce.
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Figure 21. Inclusions transformation in the ingots with different Ce contents calculated with FactSage
8.0. (a) 0 mass% Ce, (c) 0.0055 mass% Ce, (d) 0.063 mass% Ce. (b) The change in the mass fraction of
the component in liquid inclusion with 0 Ce.

According to the above experimental observations, no other types of oxide inclusions
are observed in the Ce-free electrodes except for MgAl2O4 inclusions. The temperature of
the liquid metal film steel at the electrode tip is close to the liquidus temperature during
ESR [36,37]. The results showed that the part of MgAl2O4 inclusions are removed by the
adsorption of the molten slag, and the remaining is not removed and entered into the liquid
metal pool.

The predicted inclusions transformation with respect to the temperature in the elec-
trodes is present in Figure 20. The Ce2O3 inclusions are already formed when the liquid
steel temperature at 1800 ◦C. The Ce2O3 inclusions gradually precipitate out as the tem-
perature decrease. when the temperature decreases to 1669 ◦C, the mass fraction of Ce2O3
inclusions decrease sharply, and the mass fraction of Ce2O2S inclusions increases sharply.
The precipitation rate of Ce2O2S inclusions become slow when the temperature of the liquid
steel decreases to 1593 ◦C. According to the thermodynamic calculation, the inclusion in
the electrode containing 0.016 mass% Ce is mainly Ce2O2S, which is consistent with the
experimental results.

It suggested that Ce2O2S inclusions dissociated into liquid steel as soluble oxygen,
sulfur, and cerium as the liquid metal films formed on the downside of the electrode tip
and collected into liquid metal droplets subsequently during ESR, whereas the others
do not dissociate into liquid steel. Experimental results show that the Ce2O2S inclusions
are not completely removed. The removal of these Ce2O2S inclusions is attributed to
the dissociation of a portion of these original oxide inclusions into liquid steel and the
absorption of the others by the molten slag phase during the ESR process.
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The predicted inclusion transformation with respect to the temperature in the electrode
with 0.300 mass% Ce is present in Figure 20b. The amount of the CeS inclusions is higher
than that of Ce2O2S inclusions. The present thermodynamic calculation supports the above
theoretical analysis of oxide inclusions formation and the experimental observations of
oxide inclusions in the electrodes.

The electrode tip is heated to near the liquidus temperature of the steel during the
ESR. As shown in Figure 20b, CeS and Ce2O2S inclusions in the electrode with 0.300 mass%
Ce do not dissociate into liquid steel as soluble elements. The experimental results show
that CeS inclusions are fully removed by the adsorption of the molten slag before liquid
metal droplets collect in the liquid metal pool. According to the results of the experiment,
a portion of the Ce2O2S inclusions are removed and the remaining enters into the liquid
metal pool. The removal of these Ce2O2S inclusions is attributed to the absorption of the
molten slag during the ESR process.

The predicted inclusions transformation with respect to the temperature in the remelted
ingot C1 is present in Figure 21a. The liquid inclusions start to precipitate in the liquid steel
at 1690 ◦C. As the temperature decreases, the mass fraction of liquid inclusions increases
sharply. The precipitation rate of liquid inclusions slows down at which point MgAl2O4
inclusions begin to precipitate when the temperature is reduced to 1647 ◦C. When the
temperature is reduced to 1574 ◦C, the mass fraction of liquid inclusions decreases and
CaAl4O7 inclusions start to precipitate. Figure 21b shows the variation of the mass fraction
of each component in the liquid inclusions with temperature. It can be seen from Figure 21b
that the liquid inclusions consist of Al2O3, MgO, and CaO, in which Al2O3 is dominant in
the mass fraction.

As shown in Tables 1 and 2, the reoxidation of liquid steel occurs during the ESR pro-
cess of trial T1. Thereafter, soluble oxygen reacts with calcium, aluminum and magnesium
to form CaAl4O7 and MgAl2O4 inclusions in the liquid metal pool during the ESR.

All oxide inclusions in the Ce-free electrode were identified as MgAl2O4. The types of
inclusions in the liquid metal pool after ESR are MgAl2O4 (accounting for 94% in number
proportion) and CaAl4O7 (6% in number proportion). The proportion of these two types
of inclusions in the remelted ingot C1 is 61% and 39%, respectively. Thermodynamic
calculations support the above analysis of oxide inclusions in the remelted ingot C1.

The predicted inclusions transformation with respect to the temperature in the ingot
C2 is present in Figure 21c. The Ce2O3 inclusions already form at 1800 ◦C in the liquid steel,
and Ce2O3 inclusions precipitate slowly as the temperature gradually decreases. The mass
fraction of Ce2O3 inclusions decreases rapidly at 1659 ◦C, and CeAlO3 inclusions start to
form in the liquid steel.

As listed in Tables 1 and 2, the changes in oxygen content before and after the ESR
show that reoxidation of liquid steel occurred in the trial T2 during the ESR. The sol-
uble oxygen inside the liquid metal pool during trial T2 ESR steel reacts with cerium
2[Ce] + 3[O] = Ce2O3(s) (ΔGo = −1431120 + 121T (J/mol)) [38] to form Ce2O3 and the Gibbs
free energy change of the reaction to −14.56 kJ/mol. Once the soluble oxygen pickup takes
place in liquid metal pool (arising from the reoxidation), the soluble oxygen reacts with
soluble aluminum and cerium in liquid metal pool to form CeAlO3 inclusions, [Ce] + [Al] +
3[O] = CeAlO3(s) (ΔGo = −1366460 + 364T (J/mol)) [39] with a Gibbs free energy change
of −41.47 kJ/mol. The present thermodynamic calculation supports the above analysis of
oxide inclusions formation and the experimental observations of oxide inclusions in the
liquid metal pool and ingots.

The predicted inclusions transformation with respect to the temperature in ingot C3
with respect to the temperature is present in Figure 21d. The Ce2O3 inclusions are already
formed at 1800 ◦C. When the temperature is reduced to 1781 ◦C, the mass fraction of Ce2O3
inclusions starts to decrease in the liquid steel and the Ce2O2S inclusions start to precipitate
in the liquid steel.

The change of oxygen content in Tables 1 and 2 shows that reoxidation of liquid steel
occurs during ESR. The reoxidation of liquid steel leads to considerable pickup of soluble
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oxygen during ESR, which provides a driving force for the generation of Ce2O3 inclusions.
2[Ce] + 3[O] = Ce2O3(s) (ΔGo = −1431120 + 121T (J/mol)), the Gibbs free energy change
is −142.37 kJ/mol. Soluble oxygen in the liquid metal pool reacts with soluble sulfur and
cerium 2[Ce] + 2[O] + [S] = Ce2O2S(s) (ΔGo = −1353590 + 332T (J/mol)) [40] to form Ce2O2S
inclusions. The Gibbs free energy change is −158.85 kJ/mol. According to the experimental
results, the Ce2O2S inclusions in the electrode cannot be removed completely, the Ce2O2S
inclusions in the liquid metal pool originate from reoxidation inside the liquid metal pool
and the original inclusions that has not been removed. The thermodynamic calculations
results are consistent with the experimental observations and analysis of the formation of
oxide inclusions in the liquid metal pool and remelted ingot.

The liquid steel solidification progresses in a is non-equilibrium state during the ESR
practice, which leads to insufficient solute diffusion in solid [41,42]. The evolution of inclusions
during the solidification of liquid steel with different Ce contents is calculated using the non-
equilibrium module (Scheil-Gulliver model) of the thermodynamic software FactSage 8.0.

As shown in Figure 22a, MgAl2O4 and CaAl4O7 inclusions are formed at the high-
temperature stage (around 1600 ◦C). The mass fraction of oxide inclusions forms at tempera-
tures below the liquidus temperature of the steel is virtually nothing during the solidification
process. Figure 22b shows that the Ce2O3 inclusions already formed at 1600 ◦C in the liquid
steel. The mass fraction of Ce2O3 inclusions no longer changes as the temperature decreases.
When the temperature reaches to 1600 ◦C, CeAlO3 inclusions are formed in liquid steel and
the mass fraction of oxide inclusions does not change when the temperature is reduced to
1449 ◦C. At the temperature below the liquidus temperature of the steel, the mass fraction of
oxide inclusions does not change. As shown in Figure 22c, the Ce2O3 and Ce2O2S inclusions
are formed at 1600 ◦C in liquid steel. As the temperature of liquid steel decreases, the mass
fraction of Ce2O3 and Ce2O2S inclusions no longer change.
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Figure 22. (a) Non-equilibrium precipitation of inclusions during the cooling and solidification of
liquid steel. (a) 0 mass% Ce, (b) 0.0055 mass% Ce, (c) 0.063 mass% Ce.
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As shown in Figure 22, amount of individual type of oxide inclusions does not change
during liquid steel solidification. It can be learned that no fresh oxide inclusions are
generated during the solidification of liquid steel. The types of inclusions in the liquid
metal pools of the ESR trials T1, T2, and T3 are the same as those in the remelted ingots. This
is consistent with the experimental observations. The differences in the number proportions
of different types of inclusions between liquid metal pool and remelted ingot are attributed
to the removal through floatation before full solidification of liquid steel during the ESR.

4. Conclusions

1. The Al pickup in the steel is caused by the Al addition for deoxidation during the
ESR process, rather than the reduction of Al2O3 in the slag by Ce. The soluble oxygen
pickup is generated in liquid steel due to the decomposition of FeO in the slag and
desulfurization during the protective argon gas atmosphere ESR.

2. The oxide inclusions in Ce-free electrode are MgO·Al2O3, part of which are removed
by molten slag absorption during the ESR. The oxide inclusions in liquid metal pool
are mainly MgO·Al2O3 and CaO–Al2O3 (6% in number fraction). The soluble oxygen
that arising from reoxidation of liquid steel during the ESR react with soluble calcium
and aluminum to form CaO–Al2O3 inclusions. MgO·Al2O3 inclusions are originated
from reoxidation products and the relics from the electrode.

3. The oxide inclusions in the electrode with 0.016 mass% Ce are Ce2O2S. Part of Ce2O2S
inclusions are removed during ESR in two ways: (I) dissociated into soluble oxygen and
soluble elements in liquid steel, (II) absorbed by molten slag. The oxide inclusions in the
liquid metal pool are Ce2O3, CeAlO3, and Ce2O2S. CeAlO3 inclusions are reoxidation
product, and Ce2O2S inclusions are the relics from the electrode. The proportions of
Ce2O3, CeAlO3 and Ce2O2S inclusions in ingot are 28%, 39%, and 33%, respectively.

4. The rare-earth inclusions in the electrode with 0.300 mass% Ce are Ce2O2S and CeS.
The CeS inclusions are fully removed during ESR. Part of Ce2O2S inclusions are
removed by slag adsorption. The oxide inclusions in liquid metal pool are Ce2O3
(reoxidation products, 46% in number proportion) and Ce2O2S (54% in number
fraction). Ce2O2S inclusions in liquid metal pool are originated from the relics of
electrode and reoxidation products. The proportion of Ce2O3 and Ce2O2S inclusions
in remelted ingots are 43% and 57%, respectively.

5. No fresh oxide inclusions are generated during the solidification of liquid steel. The
differences in the number proportions of different types of inclusions between liquid
metal pool and remelted ingot are attributed to the removal through floatation before
full solidification of liquid steel during the ESR.
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Abstract: To clarify the effect of sulfur on inclusions and mechanical properties of Ce-Mg treated
resulfurized SCr420H steel. Laboratory experiments were conducted to prepare steels with sulfur
contents as 0.01%, 0.06%, and 0.132%. Inclusion evolution in liquid steel, MnS precipitation during
solidification, and tensile test results of steel after quenching and tempering were investigated. The
results showed that due to the limitation of mass transfer in molten steel, composite inclusion that Ce-
O-S wrapped by Ce-Ca-Mg-Al-Si-O, which was named transition state inclusions, can form quickly
after adding Ce-Mg lump to the molten steel. As the homogenization of molten steel, the difference of
sulfur content in steel can lead to the transition state inclusions transformed into different inclusions.
With the increase of sulfur content, the quantity of MnS increased significantly, and the morphology
of MnS transformed from “stick” to “dendritic + fishbone”, and then to “fishbone”. Tensile test results
and fracture analysis indicate that the decline of inclusion spacing as the increase of sulfur content
leads to a shorter physical path of crack propagation in steel. Therefore, the increase of sulfur content
can bring about a decrease in the strength and plasticity of the steel. From the perspective of inclusion
control, making the MnS inclusion precipitate more dispersive and increasing the distance between
inclusions can be considered as a method for preventing the decline of mechanical properties in steel
with high sulfur content.

Keywords: MnS; inclusion; cerium; sulfur; fracture

1. Introduction

As an element that can improve steel machinability, sulfur has been widely used in
gear steel, non-quenched and tempered steel, and other steel grades that require good
turning and forming performance [1,2]. The increase of sulfur content can result in the for-
mation of a large amount of MnS in steel. This inclusion can play a lubricating role during
machining, reducing tool wear and machining costs [3–5]. Resulfurized gear steel SCr420H
produced by a steel plant in China is a steel grade with sulfur addition (0.01–0.02%), was
widely used in the manufacture of high-grade automobile gears. The production pro-
cess was as follows: electric arc furnace (EAF)→ladle furnace (LF)→vacuum degassing
furnace (VD)→continuous casting (CC). During the production process, sulfur addition
was conducted at the final timing of the VD process. Due to the lack of machinability,
it is considered to design an enhanced machinability gear steel based on steel SCr420H
with increasing sulfur addition. In addition, to achieve grain refinement during the gear
carburizing process [6,7], grain refining elements cerium and magnesium are considered
to be added into steel during the secondary refining process [8–16]. However, it is known
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that sulfur, as one of the common inclusion forming elements, can participate in inclu-
sion formation in liquid steel [17,18] and MnS precipitation during solidification [19] and
present an impact on the mechanical properties of steel finally [20]. Therefore, an in-depth
understanding of the influence of sulfur content on inclusions and mechanical properties
becomes necessary for designing a proper sulfur content for industrial production.

In recent years, the effect of cerium and magnesium in steel has gradually become
a research hotspot, and many studies have reported that cerium and magnesium can
improve the cleanliness and properties of steel [21–27]. However, the application of these
two elements in industrial production has some limitations. High cerium content can easily
cause nozzle clogging [28], and magnesium treatment have problems such as low yield
and severe reaction [29]. Under this background, Ce-Mg combined treatment technology
has attracted the interest of scholars. This technology’s idea is to realize cerium and
magnesium’s synergistic effect and avoid a high single element content addition. At present,
this technology has been applied in the industrial processing of die steel for improving
its performance [30]. As the elements with strong reactivity, cerium and magnesium can
obviously impact inclusion in steel [31–37]. Li et al. [35] studied that the effect of Ce-Mg
alloy on inclusion evolution in industrial production of die steel, and they found that with
the increase of magnesium content, the stability area of cerium inclusions moves from the
Ce2O2S stability area to the direction of the CeS stability area. The literature [36] indicates
that rare earth magnesium alloy has better deoxidization and desulfurization ability than
only adding cerium and only adding Mg in H13 steel, because the composite inclusions that
low-density MgO attaching or wrapping on the surface of high-density cerium inclusions
are easy to float up. Chang et al. [37] found that inclusions in GCr15 bearing steel were
obviously refined after rare earth (cerium and lanthanum) and magnesium treatment, and
the proportion of large particle inclusions decreases with increasing rare earth content. It is
noted that some studies clarified the relations between the content of rare earth element
and magnesium and inclusion evolution, but it is rarely seen that research about the role of
sulfur content in inclusion formation and evolution after Ce-Mg treated steel.

As mentioned, MnS inclusion can enhance machinability as the free-cutting phase
in steel. However, the mechanical properties of steel can inevitably be damaged, which
is contradictory to the requirement of gear steel to have enough strength and plasticity.
Many studies have studied the harmful effect of MnS inclusion in steel, but these researches
mainly focus on steel with low sulfur content [38–41]. In resulfurized steel, the relation
between MnS precipitation and fracture in steel with high sulfur content is needed to
research, especially it may be different from steel with low sulfur content, due to the variety
of morphology, quantity, and distribution of MnS.

In the present study, the industrial production process of resulfurized SCr420H was
simulated in laboratory. Three groups of steels with different sulfur content were prepared
for comparison. Cerium and magnesium were added to the liquid steel during the refin-
ing process, and the influence of sulfur content on inclusion evolution was analyzed by
sampling. The three-dimensional morphologies of MnS inclusion were revealed by the
method of electrolytic etching. Based on the tensile test results and fracture observation,
the relation between MnS inclusion and steel fracture was proposed.

2. Methods

2.1. Material Preparation

In this experiment, cerium and magnesium powder were mixed evenly and then
pressed into a lump by using a powder compressing machine. The metal ratio was (5%
Ce-20% Mg-75% Fe), and the addition amount in the experiment was set as 0.7%. Chemical
reagents (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) were used to prepare
refining slag, and all reagents were heated at 800 ◦C for 6 h to remove moisture. To simulate
the actual production situation, graphite, ferrosilicon, ferromanganese, chromium, nickel,
copper, and molybdenum supplied by a domestic steel plant were used as alloy materials in
this experiment, and MgO crucible was used as the reaction vessel (Shandong Refractories
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Group Lunai Kiln Refractory Co., Ltd., Shandong, China). The MgO crucible has a height
of 90 mm and a diameter of 55 mm. The total mass of experimental raw materials was
controlled at about 1000 g.

2.2. Experiment Procedure

Three experimental steels with different sulfur content were designed, each named
Steel A, Steel B, and Steel C. Sulfur was added in steel in the form of FeS, and the addition
of sulfur in the experiment was designed as 150 ppm, 700 ppm, and 1500 ppm, respectively.
The experiment was conducted in a MoSi2 tube furnace, as shown in Figure 1. To control
the air tightness of furnace, a simple air tightness inspection device was installed at the
outlet of the furnace. During the whole experiment, 99.999% of high purity argon was
continuously introduced into the furnace to control the protective atmosphere. The MgO
crucible was placed in a graphite crucible, and the role of graphite crucible was to protect
MgO crucible. The flow chart of the experiment was shown in Figure 2. The total time of
the experiment was controlled at 73 min. Before the experiment began, the molybdenum
rod was used to stir the molten steel several times to ensure that the molten steel was
completely liquid and uniform. At 5 min, Al was fixed in the bottom of quartz tube and
inserted in the molten steel during experiments. Refining slag (55% CaO 11% SiO2 29%
Al2O3 5% MgO Basicity R = 5) was added at 13 min of the experiment. At 48 min, the
refining process enters the second stage. Slag with high SiO2 content was added on steel
for the purpose of adjusting the slag basicity to 1.5. At 53 min, FeS wrapped by iron foil
was fixed in the bottom of quartz tube and inserted in the molten steel. In order to ensure
the yield, Ce-Mg lump is usually added at about 5–15 min before the end of steelmaking in
production, and this design was referred to in the current experiment. Ce-Mg lump was
added in liquid steel after FeS addition for 5 min. At 73 min, experiments were finished
and started cooling. To understand the evolution behavior of inclusions in an experiment,
quartz tubes with an internal diameter of 6 mm were used to extract the sample. Sample
S0 was obtained at 58 min (timing before Ce-Mg lump addition), sample S1 was obtained
at 60 min (timing after Ce-Mg lump addition for 2 min), and sample S2 was cut from the
as-cast ingot. In order to ensure the validity of experimental data, the first group experiment
(Steel A) was repeated.

 

Figure 1. Sketch of experimental setup.
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Figure 2. Experimental process.

The sample treatment method for inclusion observation and mechanical properties
was shown in Figure 3. The cylindrical ingot was cut into two semi-cylinders along
diameter. One was forged and conducted heat treatment for tensile test, and another was
used to acquire samples for inclusion observation. The forging process starts at 1200 ◦C
after heat preservation for 2 h, and finally air-cooled to room temperature after forging. The
cross section of forging bar was 12 mm × 12 mm. Forged steel were austenized at 900 ◦C
for 25 min, and oil quenched to room temperature, followed by tempering at 200 ◦C for
120 min. The atmosphere of heat treatment process was air. For the mechanical property
characterization, tensile tests were conducted on Shimadzu AGS-X100KN electronic tensile
testing machine following standard GB/T 228.1-2010 (ISO 6892-1:2009, MOD).

 

Figure 3. Sample treatment method for inclusion observation and mechanical properties.

2.3. Analysis

The as-cast sample was used to measure the steel composition. The contents of silicon,
manganese, molybdenum, chromium, nickel and copper were measured by a direct reading
spectrometer (ARL4460, Thermo Fisher Scientific, Waltham, MA, USA). The contents of
carbon and sulfur were measured by infrared carbon and sulfur analyzer (CS230, LECO
Corporation, St. Joseph, MI, USA), the contents of cerium and acid solution aluminum were
measured by ICP-OES (Optima 8300DV, PerkinElmer, Waltham, MA, USA), The content of
magnesium was measured by ICP-MS (Agilent 7800, Agilent Technologies, Santa Clara, CA,
USA), and the content of oxygen was measured by nitrogen & oxygen analyzer (ONH836,
LECO Corporation, St. Joseph, MI, USA).
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ZEISS EVO18 SEM-EDS (Carl Zeiss AG, Oberkochen, Germany) was used to analyze
the morphology and composition of inclusions in steel, and the OPTON OTSInca system
(OTSInca, OPTON Co., Ltd., Beijing, China) was used to analyze density, aspect ratio, and
Dinclusion spacing (Dinclusion spacing represents the average distance between each inclusion
and its nearest inclusion) of inclusions in the steel. In order to reveal the three-dimensional
morphology of MnS inclusions, the samples were electrolytically etched in 1% tetram-
ethylammonium chloride—10% acetylacetone—methanol [42], and the morphology was
observed by SEM-EDS. FactSage 8.0 software (FactSage, Thermfact Ltd. (Montreal, QC,
Canada) & GTT-Technologies (Aachen, Germany)) was used to analyze the formation of
inclusions in liquid steel at 1873K and the precipitation of MnS during solidification. ZEISS
ULTRA PLUS SEM-EDS (Carl Zeiss AG, Oberkochen, Germany) was used to analyze the
surface and longitudinal section of the tensile fracture.

3. Results and Discussion

3.1. Steel Composition

The steel composition of Steel A–C was listed in Table 1, the yield of main alloy
elements was stable. The sulfur content of Steel A–C was 0.01%, 0.06% and 0.132%, and
represented low sulfur, medium sulfur and high sulfur respectively. It can be seen that
the yield of sulfur of Steel A–C was 66.7%, 85.7% and 88%, respectively. As the increase of
sulfur content, cerium content and magnesium content have a weak downward trend, but
it can still be considered as the same level. In order to simulate production, ferroalloy used
in the factory was used in this experiment, and calcium may come from calcium impurities
in ferroalloy, which was illustrated in some literature [43,44].

Table 1. Steel composition (%).

Steel C Si Mn Cr Ni Cu Mo Als Ca Mg Ce T.O S Category

A 0.191 0.320 0.865 1.210 0.16 0.17 0.03 0.020 0.0019 0.0010 0.014 0.0026 0.01 Low sulfur
B 0.203 0.298 0.872 1.210 0.15 0.17 0.03 0.017 0.0022 0.0009 0.013 0.0029 0.06 Medium sulfur
C 0.214 0.313 0.869 1.225 0.15 0.17 0.03 0.016 0.0020 0.0008 0.013 0.0030 0.132 High sulfur

3.2. Evolution of Inclusions in Liquid Steel

Figure 4 lists the typical inclusion morphology in Sample S0 of Steel A–C. Figure 4a
was MnS inclusion, which was mainly formed during the solidification process of steel. In
the present study, although water quenching is conducted as soon as possible after Sample
S0 was extracted, this did not completely avoid the formation of MnS. Figure 4b is a Ca-Mg-
Al-Si-Mn-O-S composite inclusion, and this inclusion has a spherical shape, indicating that
the inclusion may be liquid in steel. Some literature [45–47] has explained the formation
mechanism of Ca-Mg-Al-O inclusion, which is mainly formed in the secondary refining
process. In this experiment, SiO2 formed in composite inclusion with the consumption of
acid-soluble aluminum by slag-steel reaction during the period from 13 min to 58 min, and
the Ca-Mg-Al-Si-O inclusion formed in steel in final. Figure 4c is a spinel inclusion, which
was one of the typical inclusions in Al-killed steel.

Figure 5 shows typical inclusions detected in Sample S1–S2 of Steel A–C. In steel
A, after the addition of Ce-Mg lump, it was found that Ce-Al-O inclusions and Mg-Al-
O inclusions formed in Sample S1, as shown by A-S1-(a) and A-S1-(b). Cerium reacted
with inclusions Ca-Mg-Al-Si-O and transformed into Ce-Ca-Mg-Al-Si-O inclusions, as
demonstrated by A-S1-(c). A-S1-(d) showed a novel composite inclusion with a double
layer structure: Ce-O-S inclusion was the core inclusion bearing with Ce-Ca-Mg-Al-Si-O
inclusions. According to the detection results of Sample S2 of Steel A, the composition
of inclusions changed with the continuation of the experiment. The composite inclusion
bearing Ce-O-S inclusion (A-S1-(d)) disappeared, while Ce-Al-O inclusions, spinel, Ce-Ca-
Mg-Al-Si-O inclusions can still be detected in Sample S2. Besides, (Ca, Mn) S also formed
in steel, which is usually considered to be formed during solidification.

25



Metals 2022, 12, 136

 

Figure 4. Typical morphology and composition of the inclusions observed in S0 sample. (a) MnS
inclusion (b) Ca-Mg-Al-Si-O inclusion (c) Spinel inclusion.

Figure 5. Typical morphology and classification of the inclusions observed in S1–S2 sample. A-S1-(a)–
A-S1-(d) Inclusion in A-S1. A-S2-(a)–A-S2-(d) Inclusion in A-S2. B-S1-(a)–B-S1-(d) Inclusion in B-S1.
B-S2-(a)–B-S2-(d) Inclusion in B-S2. C-S1-(a)–C-S1-(d) Inclusion in C-S1. C-S2-(a)–C-S2-(d) Inclusion
in C-S2.
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In Sample S1 of Steel B and Steel C, inclusion types were identical with Steel A.
A similar inclusion type exhibited a composite inclusion with a double layer structure:
Ce-O-S inclusion serving as a core wrapped by Ce-Ca-Mg-Al-Si-O inclusions can be also
found during detection. Typical element mapping of this type of inclusion was shown in
Figure 6. With the continuation of the experiment, inclusion with that structure disappeared.
However, Ce-O-S inclusion still existed in the composite inclusion as a constituent phase in
Sample S2, as shown in B-S2-(c) and C-S2-(a), and this was the main difference from Steel
A. In addition, Ce-Mn-S inclusions with a low aspect ratio can be detected only in Steel C,
as shown in C-S2-(c).

 
Figure 6. Typical elemental mapping of transition state inclusion in S1 sample for experiments A–C.

Figure 7 presents the proportion of MnS inclusions in Steel A–C. It can be seen that
with the increase of sulfur content, the number of MnS inclusions in as-cast samples
increased, and the proportion of MnS inclusions in Steel B and C both exceeded 90%, which
was the primary inclusions. Figure 8 shows density, aspect ratio and Dinclusion spacing of
inclusion. With the increase of sulfur content, inclusions density increased, aspect ratio
increased, but the inclusion spacing decreased, and their relationship was approximately
linear. It indicated that the sulfur content has a significant impact on the MnS precipitation
and morphology.

Figure 7. Percentage distribution of inclusion classification in S2 sample for Steel A–C.
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Figure 8. Inclusion density, aspect ratio and Dinclusion spacing in Sample S2 of Steel A–C. (a) Inclusion
density. (b) Aspect ratio. (c) Dinclusion spacing.

A summary of the phenomenon that the sulfur content has an impact on inclusion
evolution in liquid steel at 1873K and MnS inclusion precipitation during solidification can
be obtained as follows, a type of double structure inclusion that Ce-O-S inclusion serving
as a core wrapped by Ce-Ca-Mg-Al-Si-O inclusions can form in liquid steel after Ce-Mg
lump addition and disappeared with experiment time prolonging. In Sample S2, Ce-O-S
inclusion can not be detected in Steel A but can be found in Steel B and Steel C. The increase
of sulfur content promotes MnS precipitation and also has an impact on the Dinclusion spacing
and morphology of MnS.

3.3. Discussion on Evolution Mechanism of Inclusions in Liquid Steel

To illustrate the inclusion mechanism in liquid steel after Ce-Mg lump addition,
a thermodynamic calculation was conducted by FactSage software. Database was se-
lected as FactPS and FSstel, and the system was 0.20C-0.30Si-0.87Mn-0.02Al-0.001Mg-
0.0020Ca-0.003O-1.20 Cr-S-Ce-Fe (balance). It can be seen from Figure 9, the results
showed that with the increase of cerium content, the evolution sequence of Ce-containing
inclusions in 0.01% sulfur content steel was CeAlO3→Ce2O3→Ce2O2S, and the evolu-
tion sequence of Ce-containing inclusions in 0.06% and 0.132% sulfur content steel was
CeAlO3→Ce2O2S→Ce2S3. When cerium content was fixed as 0.013%, the variation of
cerium-containing inclusions was CeAlO3→Ce2O2S with the increase of sulfur content.
From here, it can be concluded that the increase of cerium content and sulfur content can
both result in the transition between CeAlO3 and Ce2O2S.
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Figure 9. Thermodynamic calculation of the effect of cerium content and sulfur content on inclusion
formation by FactSage. (a) Effect of Ce content on inclusion formation in steel containing 0.01%
sulfur content (b) Effect of Ce content on inclusion formation in steel containing 0.06% sulfur content
(c) Effect of Ce content on inclusion formation in steel containing 0.132% sulfur content (d) Effect of S
content on inclusion formation in steel containing 0.013% Ce content.

Based on experimental results and thermodynamic calculation results, the inclusion
evolution mechanism for this research was concluded as shown in Figure 10. In a short
time after adding the Ce-Mg lump, due to the limitation of mass transfer, there was a
concentrated area of cerium in liquid steel. Considering thermodynamic calculations, the
high content of cerium in the concentrated area resulted in the formation of Ce2O2S. At
the same time, the addition of magnesium can bring a severe stirring of the molten pool
because the solubility of magnesium in liquid steel is very low, resulting in the proba-
bility of physical collision of inclusion increasing greatly. Under this system conditions,
a comprehensible situation is that Ce2O2S, as a high melting point inclusion, presents a
solid-state in liquid steel, and collides with Ca-Mg-Al-Si-O inclusion in a liquid state. As a
result, the liquid phase adhered to the outside of the solid phase and formed a composite
inclusion with a double-layer structure, as shown in A-S1-(d), B-S1-(d), C-S1-(d) in Figure 5.
Considering that formation mechanism and experimental phenomenon, this inclusion was
named transition state inclusion. With the homogenization of steel and conduct of chemical
reactions, in Steel A, due to the CeAlO3 has higher formation ability than Ce2O2S, Ce2O2S
phase of transition state inclusion transition into CeAlO3 as expressed in reaction (1).

Ce2O2S + 2[Al] + 4[O] = 2CeAlO3 + [S] (1)
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Figure 10. Schematic diagram of inclusion evolution after Ce-Mg addition.

In Steel B and Steel C, the formation ability of Ce2O2S is stronger than CeAlO3.
Therefore, Ce-O-S of transition state inclusion was not replaced, and as the substitution
reaction conducting at the outer layer, SiO2 and CaO in the outer layer were consumed
according to reaction (2)–(5), which can be seen as B-S2-(c) and C-S2-(a).

4[Ce] + 2(Al2O3)inclusion + 3(SiO2)inclusion = 4CeAlO3 + 3[Si] (2)

2[Ce] + (Al2O3)inclusion + 3(CaO)inclusion = 2CeAlO3 + 3[Ca] (3)

2[Ce] + (SiO2)inclusion + [S] = Ce2O2S + [Si] (4)

2[Ce] + 2(CaO)inclusion + [S] = Ce2O2S + 2[Ca] (5)

Also, based on the experimental phenomena, there were two reactions conducted in
liquid steel as follows, (1) Cerium reacted directly with aluminum and oxygen to form
CeAlO3 in liquid steel. (2) Cerium reacted with the Ca-Mg-Al-O inclusion forming before
adding Ce-Mg lump with the consumption of the unstable oxide components (such as SiO2)
and forming composite inclusion Ce-Ca-Mg-Al-Si-O.

3.4. Precipitation of MnS Inclusion during Solidification

The three-dimensional morphology of MnS observed by SEM was presented in
Figure 11a–l. It is obviously that the size of MnS inclusion has become much more ex-
tensive and the morphology of MnS has become from “stick” to “dendritic + fishbone”
to “fishbone” with the increase of sulfur content. Especially, MnS inclusions showed a
multi-directional growth morphology in Steel C, which is consistent with the analysis in
two-dimensional morphology.
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Figure 11. 3D morphology of MnS inclusions in as-cast sample. (a–d) Sample S2 of Steel A; (e–h)
Sample S2 of Steel B; (i–l) Sample S2 of Steel C.

For understanding the precipitation behavior of MnS, in the present study, FactSage
software was used to analyze the precipitation behavior of MnS during solidification under
different sulfur contents. The calculation was based on the Scheil-Gulliver model [48] which
assumes that no diffusion takes place in the solid and that solute redistribution in the liquid
is fast. The database were FactPS and FSstel, and the calculation system is 0.20C-0.30Si-
0.87Mn-0.02Al-0.001Mg-0.0020Ca-0.003O-1.20Cr-S-0.013Ce-Fe(balance). The calculation
results were shown in Figure 12. With the increase of sulfur content, the temperature point
at which MnS precipitated in large quantities advances during solidification. The increase
of sulfur content resulted in the increase of the mass fraction of MnS obviously, and when
the sulfur content reached 0.132%, the mass fraction of MnS in the system reached 0.21%.

 

Figure 12. Thermodynamic calculation of MnS inclusion formation during solidification process
by FactSage.

31



Metals 2022, 12, 136

3.5. Effects of MnS Inclusions on Mechanical Properties

Figure 13 presents the tensile strength and elongation of Steel A–C. It can be seen that
with the increase of sulfur content, tensile strength and elongation showed a downward
trend. Tensile strength decreased from 1443.8 MP to 1343.57 MPa, and the elongation
decreased from 9.7% to 6.8%. The negative effect of the increase of sulfur content on the
strength and ductility of steel was noticeable.

 

Figure 13. Tensile strength and elongation result. (a) Tensile strength; (b) Elongation.

To explore the impact mechanism of sulfur content on tensile fracture, the fracture
morphology of Steel A–C was observed and analyzed. Representative fractography of
tensile specimens was presented in Figure 14. According to Figure 14a–i, the fracture
morphology consisted of major cracks, voids, and dimples. With the increase of sulfur
content, the void amount increased obviously, and the morphology that multiple voids
coalescenced into large-sized voids can be observed clearly in Steel C as shown in Figure 14i.
MnS inclusion can be found in some voids, which indicates that MnS inclusion provided a
nucleation point for void initiation. Figure 14j–l present the observation and analysis of the
longitudinal section of the tensile fracture. It can be seen that MnS inclusion located at the
root of a void. It can be inferred that stress concentration occurs at the tip of MnS, which
resulted in void initiation. This is consistent with the research of Yamamoto et al. [49].

The fracture of steel was usually illustrated as void nucleation, growth, coalescence.
As the nucleation point of the void, the distance between inclusions may greatly determine
the difficulty of void coalescence. In the present study, the increase of sulfur content caused
the decline of inclusion spacing and resulted in a shorter physical path of crack propagation
in steel, which makes void coalescence occurrence easier. A schematic diagram of this
mechanism was presented in Figure 14m.

For the purpose of machinability enhancement, the sulfur content of gear steel
SCr420H is considered to increase in the future. The volume of MnS will increase a
lot in steel because of the increase of sulfur content. Excessive MnS inclusion can increase
the nucleation points of cracks inevitably and bring a harmful effect on the mechanical
properties of steel. Therefore, it is essential to adopt some metallurgical means to make
MnS distribute uniformly, and the damage of inclusions to mechanical properties can
be suppressed.
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Figure 14. Morphology observation and inclusion analysis on tensile fracture. (a–c) tensile fracture
of Steel A; (d–f) tensile fracture of Steel B; (g–i) tensile fracture of Steel C; (j–l) Longitudinal section of
tensile fracture of Steel C; (m) Schematic diagram of MnS inclusion initiation fracture.

4. Conclusions

The current work investigated the effect of sulfur content on inclusion and mechanical
properties by laboratory experiment and thermodynamic calculation. The main conclusions
were summarized as follows.
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(1) After the Ce-Mg addition, the cerium concentration area formed in liquid steel. This
may result in the formation of transition state inclusions. In current experiment,
solid Ce2O2S formed in the cerium concentration area and collides with Ca-Mg-
Al-Si-O liquid inclusion, and the liquid phase adhered to the outside of the solid
phase, and formed a composite inclusion with a double-layer structure. As a type
of transition state inclusion, it only exists in a short time after Ce-Mg addition. As
the homogenization of liquid steel, cerium concentration area disappeared, and the
difference of sulfur content in steel can result in this type of transition state inclusions
transformed into different inclusions.

(2) The thermodynamic calculation results indicated that with the increase of cerium con-
tent, the evolution sequence of Ce-containing inclusions in 0.01% sulfur content steel
is CeAlO3→Ce2O3→Ce2O2S, and the evolution sequence of Ce-containing inclusions
in 0.06% and 0.132% sulfur content steel is CeAlO3→Ce2O2S→Ce2S3.

(3) With the sulfur content increasing from 0.01% to 0.132%, MnS becomes the prominent
inclusion in steel, and inclusion spacing decreases from 21.20 μm to 10.19 μm, the ten-
sile strength decreases from 1443.8 MPa to 1343.57 MPa, and the elongation decreases
from 9.7% to 6.8%.
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Abstract: In order to study the effects of rare earth La–Ce alloying treatment on the characteristics
of inclusions in non-oriented silicon steels, industrial experiments were conducted studying the
composition, morphology, size and quantity of inclusions in W350 non-oriented silicon steel during
the RH (Ruhrstahl-Hereaeus) refining process and tundish process, after rare earth treatment. The
products were analyzed by means of ICP-MS (inductively coupled plasma mass spectrometry),
SEM/EDS (scanning electron microscope-energy dispersive spectrometry), and ASPEX (automated
SEM/EDS inclusion analysis). The research results showed that the types of inclusions in experi-
mental steel changed significantly after rare earth treatment. The types of inclusions after RE (rare
earth) treatment are typically rare earth composite inclusions that are mainly composed of (La,
Ce)Al2O3, and conventional inclusions. The addition of rare earth promotes the agglomeration of
inclusions; the morphologies of the inclusions are mostly blocky, and some are distributed in long
strips. After rare earth treatment during the RH refining process, the number of inclusions with
sizes of 1.0~3.5 μm in the experimental steel is increased, and the average size of the inclusions is
2.66 μm. In addition, the number of inclusions larger than 4 μm in the specimens increases due
to the collision and growth of inclusions caused by the RH circulation. After rare earth treatment
during the tundish process, the number of micro inclusions with sizes of 1.0~2.5 μm in the specimen
steels decreases, while the number of inclusions larger than 5 μm increases. The size distribution of
micro inclusions in hot-rolled sheets after rare earth treatment was studied using TEM (transmission
electron microscopy). In the specimens without rare earth, the content of micro inclusions (≤1 μm) is
51,458.2/mm2 and the average size is 0.388 μm. In the specimens with rare earth added, the content
of micro inclusions (≤1 μm) is 24,230.2/mm2 and the average size is 0.427 μm. Compared to sheet
produced by the original process, the iron loss of the 0.35 mm finished experimental sheet is reduced
by 0.068 W/kg, and the magnetic induction is increased by 0.007 T. The iron loss of the 0.50 mm
finished experimental sheet is reduced by 0.008 W/kg, and the magnetic induction is increased by
0.004 T. After rare earth treatment, the average size of micro inclusions increases and the magnetic
properties are obviously improved.

Keywords: rare earth La–Ce; inclusions; modification; non-oriented silicon steel; magnetic property

1. Introduction

High-grade non-oriented silicon steel, as the functional material for high-end power
equipment [1,2], is widely used in the cores of large generators and high-efficiency energy-
saving motors, in high-efficiency energy-saving appliances, and in electric vehicle manufac-
turing, due to its magnetic characteristics of low iron loss and high magnetic induction [3–5].
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With the implementation and promotion of frequency conversion technologies in the home
appliance industry, the rise of the new energy automobile industry and the development of
energy-saving and high-efficiency motors, there is an increased demand for the low iron
loss and high magnetic induction properties of high-grade non-oriented silicon steel [6].
Inclusions in steel are one of the many factors affecting its magnetic properties, in particular,
the size of the inclusions. Since coercivity is inversely proportional to the size of inclusions,
when the size of the inclusions is close to the thickness of the domain wall, the ability of
inclusions to pin magnetic domains is usually at its strongest, and the deterioration of
magnetic properties is typically at its most serious [7,8]. Relevant production enterprises
and research institutes have carried out research on the modification and purification
of inclusions in silicon steels, with the mechanisms and production applications of rare
earth modified inclusions attracting a large number of researchers. Rare earth elements
have unique metallurgical and physical properties, and can change the inherent types and
morphologies of inclusions, reduce the harm of inclusions in the steel, and improve the
related properties of steel products [9–14]. Takashima et al. [15,16] proposed the addition
of composite rare earth and Al to non-oriented silicon steel. Their results showed that after
adding rare earth alloys and Al, the inclusion sizes increased, the grain growth rate was
significantly improved, the residual stress after annealing was reduced, and the product
performance was significantly improved. Li [17], Kong [18], Qiao [19], and Wan [20–22]
have studied the applications of rare earth elements in silicon steels. With the addition
of rare earth elements, the magnetic properties of silicon steel products are obviously
improved. The modification mechanism of rare earth elements on inclusions is relatively
clear. However, there is a lack of relevant research on how the type and size distributions
of inclusions formed in each process change after the addition of rare earth, especially the
type transformations and size changes of micro inclusions in liquid steel.

In this work, industrial trials were carried out using La and Ce rare earth alloys during
the production of silicon steels. The effects of rare earth La and Ce alloys on the evolution
characteristics and metamorphism of inclusions, and the magnetic properties of products
from different processes were investigated, which was conducive to realizing the stable
application of rare earth elements in industrial production.

2. Materials and Methods

Slag was completely removed before the hot metal entered the desulfurization sta-
tion, and slag was removed twice after the deep desulfurization treatment, to achieve
[S] ≤ 0.0010% and minimize the amounts of high-sulfur slag entering the converter. The
scrap steel was self-produced high-quality scrap steel, of which about 50% was silicon steel
scrap. During the tapping of the converter, the slide plate and the slag stopper were used
to control the slag, and the thickness of the top slag in the ladle was required to be less
than 60 mm. Lime was added to the top slag during the tapping process, and the argon
flow rate was controlled to prevent the top slag of the ladle from agglomerating. During
the RH refining process, it was forbidden to add aluminum to the liquid steel to melt it
after the liquid steel had arrived at the RH refining station. After decarburization, the
oxygen content of the liquid steel was less than 300 ppm, before alloying. After adding the
desulfurizer and bauxite, rare earth alloys were added to liquid steel. The vacuum was
broken after 8 min of net circulation and the sedation time was not less than 15 min.

The chemical composition of La and Ce alloys used in the experiment is listed in Table 1.
Spectrography and inductively coupled plasma mass spectrometry (ICP-MS, Thermo Fisher
Scientific (China) Co., Ltd., China) were used to determine the steel composition. The
chemical composition of the experimental steel is shown in Table 2.

Table 1. Chemical composition of rare earth La–Ce alloys (wt%).

Element C Mg Si Ca La Ce

Content 0.002 0.001 0.2 0.001 37.32 61.67
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Table 2. Chemical composition of experiment steel (wt%).

Element C Mn S P Si Als N Ti Cu La Ce

RE-free (Rare earth-free) 0.0024 0.32 0.0022 0.016 2.69 0.53 0.001 0.0018 0.038 / /
RE-added (Rare earth-added) 0.0026 0.36 0.0028 0.015 2.62 0.54 0.001 0.0019 0.040 0.0012 0.0013

During the experiment, steel samples were taken during the RH refining process and
from the tundish. The specific sampling plan is shown in Table 3. Metallographic specimens
(20 mm × 15 mm × 15 mm) were taken from the edges of the steel samples after removing
the oxide scales on their surfaces, as shown in Figure 1. After grinding and polishing, the
morphology, quantity, size and composition of inclusions with sizes >1 μm in the steel
were analyzed by automated SEM/EDS inclusion analysis (ASPEX, FEI, USA), scanning
electron microscopy (SEM, JSM-6490LV, JEOL Ltd., Tokyo, Japan), and energy dispersive
spectroscopy (EDS, Oxford Instruments, High Wycombe, UK). The contents of total oxygen
(T.O.) and nitrogen in the steel were detected by inert gas fusion pulse-infrared absorption
spectroscopy.

Table 3. Sampling plan.

No. Process Sampling Location Sampling Method

1 RH refining Rare earth alloying Cylindrical sample (Φ70 mm × 100 mm)
2 Carrying out station Cylindrical sample (Φ70 mm × 100 mm)
3

Tundish
Impact zone Cylindrical sample (Φ70 mm × 100 mm)

4 Pouring zone Cylindrical sample (Φ70 mm × 100 mm)
Φ represents the diameter of cylindrical sample.

Figure 1. Diagram depicting sampling of the experimental steel.

The magnetic flux density, B50, was determined at a magnetic field strength of
H = 5000 A/m, and the core losses, P15/50, at an induction of 1.5 T and 50 Hz. Mag-
netic measurements were carried out for final-annealed sheets of 30 mm in width and
100 mm in length, in both rolling and transverse directions. The measured values were
averaged to align with the Epstein method, using MPG100D equipment (Dr. Brockhaus
Messtechnik GmbH & Co. KG, Lüdenscheid, Germany).

3. Results

The morphologies and compositions of inclusions in the steel were analyzed by
SEM and EDS. Figures 2 and 3 show the typical morphologies, compositions and surface
scanning results for inclusions in the steel during the RH refining process, with rare earth
treatment. The main types of inclusions in the steel are (La, Ce)Al2O3+CaO-Al2O3-MgO,
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(La, Ce)Al2O3+CaS-(CaO-Al2O3), and CaO-Al2O3-MgO. Inclusions with (La, Ce)Al2O3 as
the core are surrounded by a CaO-Al2O3-MgO or CaO-Al2O3-MgO composite phase, and
their morphologies are spherical or ellipsoidal. Among the inclusions, the (La, Ce)Al2O3
inclusions are distributed in light, white blocks, and CaO-Al2O3-MgO inclusions are
spherical or approximately spherical.

 
(a) 

Figure 2. Typical morphologies and compositions of inclusions, with rare earth treat-
ment. (a) (La,Ce)AlO3+Al2O3-CaO-CaS; (b) Inner layer: (La,Ce)AlO3, Outer layer:Al2O3-CaO-
MgO; (c) (La,Ce)AlO3+Al2O3-CaO-MgO; (d) Al2O3-CaO-MgO; (e) (La,Ce)AlO3+Al2O3-MgO-CaS;
(f) (La,Ce)AlO3.

Figures 4 and 5 show the typical morphologies, compositions and surface scanning
results for inclusions in the steel at the end of the RH refining process. It was found that the
types of inclusions are still (La, Ce)Al2O3+CaO-Al2O3-MgO, (La, Ce)Al2O3+CaS+oxides,
and CaO-Al2O3-MgO. (La, Ce)Al2O3 inclusions are distributed in long strips at the edge of
the composite phase. In addition, some inclusions contain a small amount of SiO2.

     
 

    
 

(a) 

Figure 3. Cont.
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(b) 

Figure 3. Surface scanning results for inclusions, with rare earth treatment. (a) (La, Ce)Al2O3+CaS-
CaO-Al2O3, (b) (La, Ce)Al2O3+CaO-Al2O3-MgO.

 
 

Figure 4. Typical morphologies and compositions of inclusions in the steel at the end of the RH
refining process. (a) (La,Ce)AlO3+Al2O3+MgO-CaS-SiO2; (b) (La,Ce)AlO3+Al2O3+Al2O3-CaO-MgO;
(c) (La,Ce)AlO3+Al2O3+Al2O3-MgO-CaS-SiO2; (d) (La,Ce)AlO3+Al2O3-CaO-MgO-CaS; (e) Al2O3-
SiO2; (f) Al2O3-CaO-MgO.

 

(a) 

Figure 5. Cont.
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(b) 

Figure 5. Surface scanning results for inclusions in the steel at the end of the RH refining process.
(a) (La, Ce)Al2O3+CaS-MgO-Al2O3, (b) (La, Ce)Al2O3+CaS-MgO-Al2O3-CaO.

The main types of inclusions in the tundish impact zone are (La, Ce)Al2O3+CaO-
Al2O3-MgO, (La,Ce)Al2O3+CaS+oxides and CaO-Al2O3-MgO-(CaS); the typical morpholo-
gies and compositions are shown in Figure 6. Compared to the inclusions found after
the RH refining process, the morphologies of inclusions in the tundish impact zone are
mainly spherical. Figure 7 shows surface scanning results for typical inclusions. The (La,
Ce)Al2O3+CaO-Al2O3-MgO inclusions are composed of two composite phases with (La,
Ce)Al2O3 as the core, surrounded by CaO-Al2O3-MgO.

 
    

Figure 6. Typical morphologies and compositions of inclusions in the tundish impact zone.
(a) (La,Ce)AlO3+Al2O3-MgO-CaO; (b) (La,Ce)AlO3-Al2O3+Al2O3-CaO-MgO-CaS; (c) Al2O3-MgO-
CaS-CaO; (d) Al2O3-MgO-CaS.

 

Figure 7. Surface scanning results for (La, Ce)Al2O3+CaO-Al2O3-MgO in the tundish impact zone.
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Figures 8 and 9 show the typical morphologies, compositions and surface scanning
results for inclusions in the tundish pouring zone. The types of inclusions in the tundish
pouring zone are mainly (La, Ce)Al2O3+CaO-Al2O3-MgO, (La, Ce)Al2O3+CaS+oxides, and
MgO-Al2O3-SiO2-CaS. The (La, Ce)Al2O3 inclusions are distributed in light, white blocks.

 
 

Figure 8. Typical morphologies and compositions of inclusions in the tundish pouring zone.
(a) (La,Ce)AlO3+Al2O3-MgO-CaO; (b) (La,Ce)AlO3+Al2O3-CaO-CaS; (c) (La,Ce)AlO3-Al2O3-MgO-
CaO+Al2O3-MgO; (d) (La,Ce)AlO3-Al2O3+Al2O3-MgO-CaS; (e) (La,Ce)AlO3+Al2O3-CaO-SiO2;
(f) Al2O3-CaS-MgO-SiO2-MnS.

 

(a) 

 

(b) 

Figure 9. Surface scanning results for inclusions in the tundish pouring zone. (a) (La, Ce)Al2O3+MgO-
Al2O3-CaO, (b) (La, Ce)Al2O3+CaS-Al2O3-CaO.
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4. Discussion

4.1. Changes to Inclusion Types after Rare Earth Treatment

Figure 10 shows the morphologies and compositions of typical inclusions after alloying
in the RH refining process, with and without rare earth treatment. It can be seen that
without rare earth treatment, the types of inclusions in the steel after RH alloying are
mainly Al2O3-SiO2-(MnO) and Al2O3-(MgO), and some inclusions contain a small amount
of CaS and MnS. The Al2O3-(MgO) inclusions are mostly spherical, while those including
CaS and MnS have square or angular shapes. In addition, some Al2O3 inclusions aggregate
in clusters. After adding rare earth La–Ce alloys during the RH refining process, the main
types of inclusions are (La, Ce)Al2O3+CaO-Al2O3-MgO, (La, Ce)Al2O3+CaS-(CaO-Al2O3),
and CaO-Al2O3-MgO, a finding which is similar to that of Ren et al. [23,24]. Inclusions
with (La, Ce)Al2O3 as the core are surrounded by a CaO-Al2O3-MgO or CaO-Al2O3-MgO
composite phase, and the morphologies are spherical or ellipsoidal.

RE-free (After RH 
alloying) 

    
     

RE-added (La and Ce 
alloys) 

    
     

Figure 10. Morphologies and compositions of inclusions, before and after rare earth treatment,
after RH alloying. (a) Al2O3-MgO; (b)MgO-Al2O3-MnO; (c) Al2O3-MgO; (d) Al2O3-MgO-MnS;
(e) (La,Ce)AlO3+Al2O3-CaO-CaS; (f) (La,Ce)AlO3+Al2O3-MgO-CaO; (g) (La,Ce)AlO3+Al2O3-MgO-
CaO; (h) Al2O3-MgO-CaO.

Figure 11 shows the morphologies and compositions of typical inclusions in the
steel before and after rare earth treatment, after the RH refining station. The majority of
inclusions at the RH station are composed of Al2O3-CaO, with some inclusions containing
a small amount of MnS and CaS. The content of Al2O3 in the inclusions is high, and their
morphologies are spherical or irregular. After rare earth treatment, the main types of
inclusions in the steel after the RH refining station are (La, Ce)Al2O3+CaO-Al2O3-MgO, (La,
Ce)Al2O3+CaS+oxides, and CaO-Al2O3-MgO. The (La, Ce)Al2O3 inclusions are distributed
at the edge of the composite phase. In addition, some of the inclusions contain a small
amount of SiO2.

Figure 12 shows the typical morphologies and compositions of inclusions in the
tundish pouring zone, before and after rare earth treatment. The results show that with-
out rare earth treatment, the inclusions in the tundish pouring zone are composed of
Al2O3-CaO-MgO-(SiO2), and their morphologies are spherical or oval. After adding rare
earth, the main types of inclusions in the steel are (La, Ce)Al2O3+CaO-Al2O3-MgO, (La,
Ce)Al2O3+CaS+oxides, and MgO-Al2O3-CaS.
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RE-free (after the 
RH refining station) 

     

RE-added (after the 
RH refining station) 

     

Figure 11. Morphologies and compositions of typical inclusions in the steel, before and after rare earth
treatment, after the RH refining station. (a) Al2O3-CaO; (b) Al2O3-SiO2-MnS-CaS; (c) Al2O3-CaO-CaS;
(d) Al2O3-CaO; (e) (La,Ce)AlO3+Al2O3-MgO-CaS-SiO2; (f) (La,Ce)AlO3-Al2O3+Al2O3-MgO-CaO;
(g) (La,Ce)AlO3+Al2O3-MgO-CaS-SiO2; (h) (La,Ce)AlO3+Al2O3-MgO-CaS-CaO.

RE-free (Tundish 
pouring zone) 

     

RE-added (Tundish 
pouring zone) 

     

Figure 12. Morphologies and compositions of typical inclusions in the steel, before and after rare earth
treatment, in the tundish pouring zone. (a) Al2O3-CaO-MgO-SiO2; (b) Al2O3-CaO-MgO; (c) Al2O3-
CaO-MgO; (d) Al2O3-CaO-MgO; (e) (La,Ce)AlO3+Al2O3-MgO-CaO; (f) (La,Ce)AlO3+Al2O3-CaS-
CaO; (g) (La,Ce)AlO3+Al2O3-MgO; (h) (La,Ce)AlO3-Al2O3+Al2O3-MgO-CaS.

Through the analysis of the experimental results before and after rare earth treatment
in different processes, it can be seen that rare earth treatment transforms the typical CaO-
Al2O3-MgO inclusions with rectangular, acicular, or irregular shapes, into spherical or
ellipsoidal rare earth inclusions. According to the investigations of Li et al. [17], rare earth
elements added to liquid steel at a certain temperature will first react with the non-metallic
elements O, S, etc., to form inclusions. The general formula of the chemical reaction is
as follows:

[RE] +
y
x
[M] =

1
x

RExMy(s) (1)

where [RE] represents various rare earth elements dissolved in liquid steel, [M] represents
various impurity elements dissolved in liquid steel, and (s) refers to the solid phase, with an
activity of 1. According to the change of Gibbs free energy, the different types of inclusions
can be determined. In addition to the formation sequence of inclusions in liquid steel, rare
earth inclusions can also be converted to each other, which is closely related to the amounts
of rare earth elements added. In the previous study, the author introduced the modification
of inclusions in W350 non-oriented silicon steel by rare earth Ce [25].
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Furthermore, it is generally accepted that rare earth inclusions have high melting
points, that is, higher than 1690 ◦C. The temperature of liquid steel during the RH refining
process and the continuous casting process is lower than the melting point of rare earth
inclusions. Therefore, the physical properties of rare earth inclusions essentially determine
that they can be used as the basic conditions for heterogeneous nucleation in liquid steel [26].
Whether during the RH refining process or the tundish process, the types of inclusions
in the steel changed significantly before and after rare earth treatment. With the ability
of rare earth oxides (sulfides) to form heterogeneous nuclei, the types of inclusions with
rare earth treatment are mainly rare earth composite inclusions, and most of them are (La,
Ce)Al2O3+conventional inclusions [27]. In addition, the inclusions detected after rare earth
treatment are usually composed of more than two composite phases, indicating that the
addition of rare earth elements promotes the agglomeration of inclusions.

4.2. Size Distribution of Inclusions before and after Rare Earth Treatment

Figure 13 shows the size distributions of inclusions, the proportions of inclusions
with different sizes, and the changes in average size during the production processes
of RH refining→after RH station→tundish. The morphologies, quantities and sizes of
inclusions with a size of >1 μm in the steel were analyzed by an automatic scanning electron
microscope (ASPEX). It can be seen that the number of inclusions with a size of 1.0~3.5 μm
in the steel during the RH refining process, after rare earth treatment, is increased and
their proportion is 11.11~24.07%. The average size of inclusions in the steel is 2.66 μm.
The number of inclusions in the steel increases after the RH station, and the number of
inclusions larger than 5 μm in the steel increases due to the collision of inclusions during
the RH refining process. As the pouring casting proceeds, the number of micro inclusions
with sizes of 1.0~2.5 μm in the steel decreases, while the number of inclusions with sizes of
>5 μm increases, especially in the tundish impact zone. The number density of inclusions in
the tundish pouring zone is 8.50/mm2 and their proportion is 28.57%. The size distribution
of inclusions is relatively stable.

Inclusions of less than 1 μm were difficult to observe due to their small size. Therefore,
high-magnification TEM (backscattered, JEM-2100, JEOL Ltd, Japan) observation was used
to assist in the identification of typical inclusions, through energy spectrum observation
statistics.

The carbon extraction replica test samples for TEM were prepared as samples with
sizes of 8 mm (TD) × 10 mm (RD) by wire cutting, and then roughly and finely ground. The
samples were prepared by electro-polishing at 90 mA in 10% AA (acid alcohol) electrolyte
for 120 s. The electrolyzed samples were coated with a layer of carbon film with a thickness
of approximately 30 nm, using a vacuum carbon spray instrument. After dividing the
carbon film into sizes of approximately 2 mm × 2 mm, they were placed in a 10% perchloric
acid alcohol solution for electrolytic release, and then molybdenum nets with a 3 mm
diameter were used to extract the carbon film. The samples were also prepared for TEM,
and then electropolishing and observations, with 30 fields in each sample, were performed
at different magnifications under TEM. The sizes and numbers of precipitates were analyzed
using Image-Pro Plus.

The inclusions in hot-rolled sheet were observed and counted, and 30 fields of view
were randomly selected, as shown in Figure 14.
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(a) 

 
(b) 

(c) 

Figure 13. Size distributions and changes to inclusions in the steel. (a) The size distribution of
inclusions, (b) The proportion of inclusions with different sizes, (c) Average size change of inclusions.
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Figure 14. TEM morphology of micro inclusions in hot-rolled sheet, after rare earth treatment.

As illustrated in Figure 15, the content of micro inclusions (≤1 μm) in hot-rolled
sheets is 51,458.2/mm2 and their average size is 0.388 μm, before rare earth treatment.
After rare earth treatment, the content of micro inclusions (≤1 μm) in hot-rolled sheets is
24,230.2/mm2 and their average size is 0.427 μm. According to previous investigations,
when the size of micro inclusions in non-oriented silicon steel is 0.1~0.5 μm, the magnetic
properties of non-oriented silicon steel seriously deteriorate because the sizes of the micro
inclusions are close to the thickness of the magnetic domain wall. In the current study,
the number of micro inclusions in hot-rolled sheets after rare earth treatment is greatly
reduced, and the average size of the micro inclusions is also increased. The magnetic
properties of the steel with rare earth treatment are improved, which is consistent with
previous investigations [28–30]. Compared to sheet produced through the original process,
the iron loss of the 0.35 mm finished experimental sheet is reduced by 0.068 W/kg, and
the magnetic induction is increased by 0.007 T, as shown in Table 4. The iron loss of the
0.50 mm finished experimental sheet is reduced by 0.008 W/kg, and the magnetic induction
is increased by 0.004 T.
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(a) (b) 

Figure 15. Size distribution of inclusions before and after rare earth treatment. (a) RE-free (b) RE-added.

Table 4. Electromagnetic properties of the steel.

Grade Project P1.5/50, W/kg Δ Value (P1.5/50, W/kg) B50, T Δ Value, (B50, T)

0.35 mm
Experiment roll after rare earth treatment 2.370 −0.068 1.679 +0.007

Original process sheet 2.438 1.672

0.50 mm
Experiment roll after rare earth treatment 2.730 −0.008 1.695 +0.004

Original process sheet 2.738 1.691

5. Conclusions

(1) The types of inclusions in the steel significantly change after rare earth treatment.
They are mainly composed of (La, Ce)Al2O3 and conventional inclusions. The morphologies
are mostly blocky and partially chain-shaped.

(2) Adding rare earth La–Ce alloys during the RH refining process results in inclu-
sions that are mainly (La, Ce)Al2O3+CaO-Al2O3-MgO, (La, Ce)Al2O3+CaS+oxides, and
CaO-Al2O3-MgO. At the end of RH refining, the inclusions are mainly (La, Ce)Al2O3+CaO-
Al2O3-MgO, (La,Ce)Al2O3+CaS+oxides, and CaO-Al2O3-MgO. The inclusions in the tundish
impact zone are mainly (La, Ce)Al2O3+CaO-Al2O3-MgO, (La, Ce)Al2O3+CaS+oxides,
and CaO-Al2O3-MgO-(CaS). The inclusions in the tundish pouring zone are mainly (La,
Ce)Al2O3+CaO-Al2O3-MgO, (La, Ce)Al2O3+CaS+oxides, MgO-Al2O3-SiO2-CaS, and Al2O3-
SiO2-CaO. After rare earth treatment during the RH refining process, the number of inclu-
sions in the steel with sizes of 1.0~3.5 μm is increased and their average size is 2.66 μm.
Due to collisions and growth, the number of inclusions with sizes greater than 4 μm in the
steel increases after the RH refining station. The number of micro inclusions with sizes of
1.0~2.5 μm in the tundish decreases, while the number of inclusions with sizes larger than
5 μm increases.

(3) Before rare earth treatment, the content of micro inclusions (≤1 μm) in hot-rolled
sheets is 51,458.2/mm2 and their average size is 0.388 μm. The content of micro inclusions
(≤1 μm) in hot-rolled sheets with rare earth treatment is 24,230.2/mm2 and their average
size is 0.427 μm. Compared to sheets produced by the original process, the magnetic
properties of the experimental sheets show that the iron loss of the 0.35 mm finished
product is decreased by 0.068 W/kg, and the magnetic induction is increased by 0.007 T.
The iron loss of the 0.5 mm finished product is decreased by 0.008 W/kg, and the magnetic
induction is increased by 0.004 T.
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Abstract: Owing to the insufficient converter heat, IF steel is produced via the BOF–LF–RH–CC
process in Pangang Group Xichang Steel and Vanadium Co., Ltd. To clarify the evolution of inclusions
and the control strategy to improve the cleanliness of molten steel in Ti-bearing IF steel produced via
the long process, scanning electron microscopy with energy spectroscopy analysis and automatic
scanning electron microscopy were employed to analyze the number, size, type and morphology
of inclusions in IF steel from RH to tundish. The results show that the characteristics of inclusions
are similar in two heats during RH treatment. In the tundish sample of Heat 2, the number density
(ND) and area fraction (AF) of Al2O3 and Al2O3·TiOx inclusions increase significantly, and the size of
Al2O3 inclusions decreases obviously, which is closely related to the serious reoxidation of molten
steel caused by the slag with high oxidability during the holding process. Meanwhile, a new method
of determining the number of cluster inclusions is used to evaluate the cleanliness of IF steel in this
paper, and the obtained number of inclusion clusters is consistent with the trend of ND and AF
of inclusions. The effects of reoxidation on the morphology, number and other indexes of Al2O3

and Al2O3·TiOx inclusions are discussed in detail, and there are two ways of forming Al2O3·TiOx

inclusions in the case of serious reoxidation. To weaken the reoxidation process and enhance the
cleanliness of IF steel produced via the long process, reducing the oxygen content in molten steel
before Al deoxidation, minimizing the holding time and reducing the oxidability of slag after RH
are helpful.

Keywords: nonmetallic inclusion; cleanliness; Ti-bearing IF steel; reoxidation; long producing process

1. Introduction

Ti-bearing IF steel is widely used in automotive, home appliances, electronics and
other fields due to its good deep-drawing performance. With the market’s increasing
requirements for the surface and internal quality of final products, the demand for high-
quality IF steel is increasing [1,2]. The performance of IF steel is greatly affected by
the type, number and size distribution of nonmetallic inclusions [3–6]. Engine failure
caused by nonmetallic inclusions of tens of microns is a typical problem in the automotive
industry [7,8]. Clogging of the submerged entry nozzle is also a common problem in the
steelmaking process because of the presence of Ti [9–12]. Therefore, it is important to enhance
the potential for inclusion removal from molten steel during RH and tundish processes.

There are two routes for producing IF steel currently; one is the BOF–RH–CC short
process, and the other is the BOF–LF–RH–CC long process. The short process is more uni-
versally employed in this field owing to its simpler process and better refining effect [13–17].
In Pangang Group Xichang Steel and Vanadium Co., Ltd., the hot metal after extracting
vanadium with lower carbon content is smelted in BOF, resulting in the insufficient heat
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of molten steel after BOF. In order to produce smoothly, electric heating (LF) is used to
compensate for the heat of molten steel. Therefore, the Ti-bearing IF steel is produced via
the BOF–LF–RH–CC process.

At this plant, a high oxygen activity generally in the range of 500~900 ppm after BOF is
necessary to complete the deep decarburization task by the natural decarburization process
during RH treatment. Due to there being no pre-deoxidation operation before RH and
the longer reaction time between the molten steel and slag, the total mass fraction of the
FeO and MnO in the ladle slag is basically over 15% during RH treatment. Some scholars
have also studied the cleanliness control of IF steel produced via the long process [15,18,19].
However, there are few reports about the effect of the high oxidized slag on inclusions in
IF steel produced via the long process, and the influence of the reoxidation process on the
cleanliness of molten steel should not be ignored. In the industrial producing process, the
evolution of inclusions in Ti-bearing IF steel produced by the long process also needs to be
studied more deeply. Additionally, it is still not clear how to take measures to improve the
cleanliness of IF steel produced via the long process.

The main objective of this work is to clarify the evolution of inclusions in the long
process from RH to tundish and evaluate the influence of the reoxidation process and
the relevant process parameters on the cleanliness of molten steel. Theoretical guidance
obtained by these experiments is good for optimizing the long smelting process and
improving the cleanliness of Ti-bearing IF steel.

2. Materials and Methods

2.1. Industrial Investigations

At the steel plant of Pangang Group Xichang Steel and Vanadium Co., Ltd., IF steel
is typically produced in heat sizes of 200 tons via the basic oxygen furnace (BOF)–ladle
furnace (LF)–Ruhatahl–Hausen (RH)–continuous casting (CC) process. The processes
mainly include the following: (1) The BOF steelmaking is carried out after extracting
vanadium. (2) The temperature of molten steel is increased in LF. (3) After ending the
decarburization process, aluminum and sponge titanium are added for alloying. The
interval time between the added Al and Ti is about 4 min, and the pure circulation time
after Ti addition is usually around 6 min. (4) After the vacuum break, the holding time is
usually between 30 and 40 min. The steps are shown in Figure 1.

 

Figure 1. Steps of producing IF steel during steelmaking processes.

The inclusion landscapes of two heats have been tracked from RH to tundish, and
4 standard lollipop samples were taken in different time steps after Al addition. The exact
time steps are listed in Table 1. The total oxygen (T.O) and nitrogen (N) contents of samples
were analyzed using the TCH-600 oxygen/nitrogen/hydrogen analyzer (LECO Company,
San Jose, CA, USA). The chemical compositions of the IF steel slab for two heats are shown
in Table 2. The chemical compositions were obtained with ICP-AES (Inductively Coupled
Plasma-Atomic Emission Spectrometer).
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Table 1. Time of sampling and chemical composition of lollipop samples.

Sample
Heat 1 Heat 2

Description T.O % N % Description T.O % N %

RH-1 2.0 min after Al addition 0.0080 0.0014 2.5 min after Al addition 0.0120 0.0011
RH-2 3.0 min after Ti addition 0.0027 0.0018 3.3 min after Ti addition 0.0052 0.0010
RH-3 6.0 min after Ti addition 0.0020 0.0018 5.0 min after Ti addition 0.0013 0.0010

Tundish - 0.0017 0.0020 - 0.0150 0.0014

Table 2. Chemical composition of Ti-bearing IF steel (wt%).

Heats C Si Mn P S Als Ti N

1 0.0018 0.0030 0.1300 0.0080 0.0060 0.0250 0.0550 0.0027
2 0.0022 0.0030 0.1300 0.0060 0.0060 0.0250 0.0540 0.0018

2.2. Experimental Methods

To analyze the inclusions in the IF steel, the standard samples
(15 mm × 15 mm × 15 mm) were cut from the lollipop samples. They were inlaid and
ground to 2000 grit and then polished with the diamond polishing agent. The number
and size distribution of nonmetallic inclusions (NMIs) were statistically analyzed by an
ASPEX Explorer scanning electron microscope (FEI Company, Hillsboro, OR, USA). An
area of about 83 mm2 was set as the standard area on samples for inclusion observation,
and the minimum detectable inclusion was 1.0 μm in equivalent circle diameter (ECD). The
number density and area fraction are two statistical parameters to characterize the amount
of nonmetallic inclusions, as shown in the following two Equations:

ND =
n

Atotal
(1)

AF =
Ainclusion

Atotal
(2)

where ND is the number density of inclusions, mm−2; Atotal is the sample detection area,
mm2; n is the number of detected inclusions on the area of Atotal; AF is the area fraction of
inclusions, 10−6; and Ainclusion is the total area of detected inclusions, μm2.

A Zeiss Sigma 500 field emission scanning electron microscope (ZEISS Company,
Oberkochen, Germany) was used to analyze the morphology and composition of inclu-
sions. The inclusions in the view field of metallographic samples were observed and
photographed, and energy dispersive spectroscopy (EDS) was used to determine the
chemical composition of inclusions by point or plane scanning.

In the present work, the effect of relevant process parameters on the cleanliness of
molten steel is further discussed. Besides Heat 1 and Heat 2, several industrial tests were
carried out, and the relevant process parameters are listed in Table 3. T.Fe content is the
total mass fraction of FeO and MnO in the ladle slag. The ND of inclusions in Table 3 was
also analyzed by the ASPEX method and calculated by Equation (1).

Table 3. Parameters of experimental heats during RH and tundish processes.

Heats [O] before Al
Deoxidation/10−6

Holding
Time/Min

T.Fe in Slag after
RH/%

Number Density of
Inclusions/mm−2

After RH Tundish

1 295 35.5 15.3 13.5 9.3
2 294 42.5 18.1 15.2 35.1
3 288 35.3 14.2 9.3 6.1
4 357 26.0 17.0 15.0 2.5
5 247 32.8 16.8 2.5 13.8
6 312 34.9 9.5 9.5 4.6
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3. Results and Discussion

3.1. Number and Size Distribution of Inclusions

To reveal the evolution process, the results of the ASPEX inclusion assessment for
Heat 1 and Heat 2 were employed to analyze the number and size changes of inclusions
from RH to tundish, as shown in Figure 2.

 
(a) 

 
(b) 

Figure 2. Number and size of different inclusions in (a) Heat 1 and (b) Heat 2 during RH treatment
and tundish processes.

It can be seen from Figure 2 that inclusions in molten steel are mainly divided into three
types, namely Al2O3, Al2O3·TiOx and other inclusions. Al2O3 and Al2O3·TiOx inclusions
account for almost 100% during the whole steelmaking process. The ND of Al2O3 inclusions
in molten steel is over 35 mm−2 within 3 min after Al addition, and the average size of
Al2O3 inclusions is about 2.3 μm. The number of Al2O3 inclusions decreases significantly
at about 3 min after Ti addition and then further decreases at the end of RH. During the
whole RH refining process, the size of Al2O3 inclusions changes a little. After adding the
sponge titanium, the formation of many small Al2O3·TiOx inclusions causes the reduced
size of all NMIs, and the size of Al2O3·TiOx inclusions in the pure circulation process shows
a growing trend. In the tundish sample of Heat 1, the mean size of all inclusions increases
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to about 2.7 μm owing to the notable increasing size of Al2O3·TiOx inclusions. On the
contrary to Heat 1, the number of various inclusions in the tundish sample of Heat 2 has
an increasing trend. In particular, the number of Al2O3 inclusions in tundish is more than
twice as much as that at the end of RH. The mean size of all inclusions shows a decreasing
trend, which is also related to the increase in small Al2O3 inclusions.

Figure 3 shows the change of the AF of inclusions during RH treatment and tundish
processes. In Figure 3, the AF of inclusions shows basically the same trend with the ND of
inclusions. In the tundish sample of Heat 2, the AF of Al2O3 and Al2O3·TiOx inclusions
also increases significantly. The process characteristics for producing IF steel in this steel
plant are the main reason for this phenomenon.

(a) 

(b) 

Figure 3. Change of the area fraction of inclusions in (a) Heat 1 and (b) Heat 2 during RH treatment
and tundish processes.
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IF steel in this plant is produced via the BOF–LF–RH–CC process, and the molten
steel is in a state of peroxidation at the end of BOF. The oxygen in molten steel is contin-
uously transferred to the ladle slag, resulting in the near-equilibrium conditions at the
steel/slag interface. Moreover, no pre-deoxidation measures are taken before the RH re-
fining. Consequently, the ladle slag oxidability is still at a high level despite taking the
slag denaturalization treatment, and the T.Fe content in the ladle slag after RH is basically
over 15%. Figure 4 shows the mean Ti percentage through the arithmetic average of Ti-
containing inclusions. In this figure, the mean Ti percentage in Ti-containing inclusions
increases gradually, especially more greatly from RH-end to tundish. It indicates that
the reoxidation of molten steel occurs during the holding process. Simultaneously, the
inclusion amount and the T.O content in molten steel for Heat 2 have a large increase in
the tundish sample, indicating that the reoxidation is relatively serious under the actual
producing conditions in this plant.

Figure 4. Transformation of inclusion composition during RH refining and tundish processes.

The unstable oxides in slag or refractory materials, including FeO, MnO, SiO2 and
other oxides; a source of oxygen in the added Ti-Fe alloy or sponge titanium; and the air
inhalation into molten steel under the poor protection effect may all cause the reoxidation
of molten steel, resulting in the increased content of the dissolved oxygen and total oxygen
and a large loss of alloying elements in molten steel [14,19–21]. As can be seen from the
change of N content in Table 1, the increase in N content in molten steel from RH-end to
tundish is below 4 ppm. During the whole producing process, the N contents in molten
steel do not obviously increase and are all below 20 ppm. Consequently, the reoxidation
caused by the absorbed air is basically excluded.

In addition, the inclusion amount and the T.O content in molten steel for Heat 1 do not
increase when the same sponge titanium is added into steel. Hence, under this experimental
condition, the ladle slag with high oxidability is the main reason for the serious reoxidation
of molten steel. During the RH refining process, the molten steel driven by argon gas has
better stirring conditions. Even when the slag is highly oxidizing, inclusions can float up
more quickly. Therefore, the ND and AF of inclusions in two heats gradually decrease
during RH treatment. At the holding stage, compared with the alloying time in RH, the
holding time is usually more than 2 times as long, and the stirring strength of molten steel
becomes weak. Because of the worse conditions for the floating up of inclusions and the
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strong oxidized top slag, the molten steel may undergo serious reoxidation, leading to a
significant increase in the ND and AF of inclusions in the tundish sample. For Heat 2, the
T.Fe content in slag after RH reaches 18.1%, and the holding time is also more than 40 min.
Before arriving at tundish, the oxygen in the ladle slag will transfer into the molten steel
continuously, resulting in the deteriorated cleanliness of molten steel.

To sum up, in order to improve the cleanliness of molten steel, it is crucial to weaken
the reoxidation by reducing the oxidability of slags and optimizing the steelmaking process
during RH refining and tundish processes.

Figure 5 shows the size distribution of inclusions in Heat 1 and Heat 2 during RH
treatment and tundish processes. From the figure, it can be seen that the ND of inclusions
within 3 μm is the largest and the ND of inclusions above 5 μm has dropped to less than
2 mm−2. Besides, the number of various inclusions appears to decrease with the increase in
inclusion size. The number of Al2O3 and Al2O3·TiOx inclusions in Heat 1 keeps decreasing
from the RH to tundish. However, in the tundish sample of Heat 2, the number of inclusions
within 2 μm increases significantly owing to the serious reoxidation, which is also the main
reason for the decrease in the mean size of Al2O3 inclusions. Meanwhile, it can be seen
from the cumulative frequency distribution of inclusions that small-sized inclusions below
3 μm increase from around 77% before Ti addition to more than 81% after Ti addition. The
long holding time between the removal of the ladle and the start of continuous casting
gives inclusions the chance to grow and agglomerate. This results in a relatively strong
increase in the percentage of the inclusions above 8 μm in tundish, which is a consequence
of the maturation of the inclusion population. In other processes, the number of inclusions
within 8 μm makes up almost 100%.

The Al2O3 cluster inclusions in IF steel are considered to be more harmful because of
their larger size [22]. In the analyzing process of using ASPEX, many large-sized cluster-
like inclusions may be defined as several inclusions, which will affect the accuracy of
calculating the number of inclusions. In this study, a new method of determining the
number of cluster inclusions is used to evaluate the cleanliness of IF steel. All Al2O3 and
Al2O3·TiOx inclusions in the total detected area of a sample are assumed to be spherical, and
then they are positioned on a map according to the location information of every inclusion.
The relative size of the spherical dimension in the figure is determined depending on the
size of inclusions, and multiple inclusions overlapping each other are considered as a
cluster inclusion, and then the number of cluster inclusions can be counted.

The distribution of inclusions in the total sample detection area for Heat 1 and Heat 2
during RH treatment and tundish processes is shown in Figure 6. In the sample of RH-1,
there are many small-sized inclusions aggregated together to form a cluster, including
38 clusters in Heat 1 and 21 clusters in Heat 2. During the period after Ti addition, the
number of cluster inclusions decreases significantly because some larger inclusions have
floated up and been removed. The single inclusion of forming the cluster is also larger
in size, and even some inclusions are over 10 μm. After finishing the holding stage,
compared with Heat 1, the number of cluster inclusions in the tundish sample of Heat 2
reaches 19, indicating that there are many cluster inclusions existing in the molten steel
when the molten steel undergoes serious reoxidation. In the meantime, for Heat 1, the
number of single inclusions in the tundish sample decreases obviously from Figure 6.
However, the number of single inclusions below 4 μm in the tundish sample of Heat 2 has a
significant increase, so the size of inclusions decreases significantly, as described in Figure 2.
Additionally, the number of clusters obtained by this method is in good agreement with
the ND and AF of inclusions in Figures 2 and 3, indicating that it is relatively reasonable.
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(a) 

 
(b) 

Figure 5. Size distribution of inclusions in (a) Heat 1 and (b) Heat 2 during RH treatment and
tundish processes.
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Figure 6. Distribution of inclusions in the total sample detection area for Heat 1 and Heat 2 during
RH treatment and tundish processes.

3.2. Morphological Evolution of Inclusions

The morphological evolution of Al2O3 inclusions in molten steel from RH to tundish
is depicted in Figure 7. Once the Al is added into the molten steel during the RH process, a
large number of small-sized Al2O3 inclusions with different shapes are formed in molten
steel, including spherical, bar-like, polygonal and other irregular shapes. These inclusions
begin to aggregate together to form large Al2O3 clusters as shown in Figure 7 (RH-1). At
around 3 min after Al addition, these small-sized Al2O3 inclusions cannot float up rapidly,
and the ND of Al2O3 inclusions reaches more than 35 mm−2. This indicates that it will take
a longer time to further polymerize and grow to be removed for these inclusions.
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(a) 

(b) 

Figure 7. Morphologies of Al2O3 inclusions during RH treatment and tundish processes. (a) Heat 1,
(b) Heat 2.
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After Ti addition, there is still a certain amount of Al2O3 clusters in molten steel, as
shown in Figure 7 (RH-2 and RH-3). Few Al2O3 inclusions can react with Ti in molten steel
to form Al2O3·TiOx inclusions, and most of the clusters are still pure Al2O3 inclusions. The
size of the Al2O3 cluster decreases significantly at the end of RH, and the ND of Al2O3
inclusions in molten steel drops to less than 15 mm−2, which is a combined result of the
larger inclusions being removed more rapidly from molten steel through floatation and
smaller inclusions precipitating. The decreasing trend of the T.O content in molten steel is
consistent with the above evolution characteristic of inclusions, and it can be speculated
that the Al deoxidation process at about 6 min after Ti addition could be completed because
the oxygen level is close to the equilibration at the end of RH.

In the tundish sample, few cluster-like Al2O3 inclusions in molten steel of Heat 1 are
found, and the Al2O3 inclusions mostly exist as single particles. Meanwhile, many Al2O3
clusters still exist in molten steel of Heat 2, as shown in Figure 7 (tundish). According to
the analysis results in Section 3.1, this is mainly due to the serious reoxidation of molten
steel caused by the ladle slag with high oxidation and the long holding time.

Figure 8 shows morphologies of Al2O3·TiOx inclusions during RH treatment and
tundish processes, indicating that there are mainly three types of Al2O3·TiOx inclusions.
The first type is similar to the shape of Al2O3 inclusions, including spherical and polygonal
shapes, and the size is usually smaller than 5 μm, as shown in Figure 8a–d. The other
two types of Al2O3·TiOx inclusions are substantially spherical and relatively large in
size, as shown in Figure 8e–l. Figure 9 shows the elemental mapping of Al2O3·TiOx
inclusions during RH treatment and tundish processes. In the first type, an Al-Ti-O corner
is distributed on the surface of the Al2O3 inclusion, and the morphology and composition
are nearly identical to pure alumina inclusions, as shown in Figure 9a,b. In the second type,
inclusions with traces of Al and Ti are homogeneously distributed, as shown in Figure 9c–e,
and some inclusions such as those in Figure 9c,e are surrounded by an Al2O3 layer with an
Al-Ti-O core. In the third type, there are heterogeneous Al-Ti-O inclusions with an irregular
Al2O3 core and an Al-Ti-O or TiOx surrounding layer, as shown in Figure 9f,g, and the size
is the largest of the three types.

Figure 8. Morphologies of Al2O3·TiOx inclusions during RH treatment and tundish processes.
(a–d) Type 1 of Al2O3·TiOx inclusions, (e–h) Type 2 of Al2O3·TiOx inclusions, (i–l) Type 3 of
Al2O3·TiOx inclusions.
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Figure 9. Elemental mapping of Al2O3·TiOx inclusions during RH treatment and tundish pro-
cesses. (a,b) elemental mapping of Type 1 inclusions, (c–e) elemental mapping of Type 2 inclusions,
(f,g) elemental mapping of Type 3 inclusions.

Similar morphologies of the first two types of Al2O3·TiOx inclusions were observed
by Dorrer [19], Yang [23], Wang [24], Bai [25] and Yang [26]. The third type of Al2O3·TiOx
inclusions, in which the Al-Ti-O is distributed in the outer part and the Al2O3 is distributed
in the inner part, was also reported by Basu [14], Park [20], Wang [27], Doo [28], Qin [29]
and Sun [30]. Furthermore, it is worth discussing the formation mechanism of different
types of inclusions later.

The percentage of various Al2O3·TiOx inclusions during RH treatment and tundish
processes is shown in Figure 10. From the figure, it can be seen that there are mainly two
types of titanium-containing inclusions, namely Type 1 and Type 2, after Ti addition during
the RH refining process. At 3 min after Ti addition, Type 1 of Al2O3·TiOx inclusions in two
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heats accounts for 83.8% and 93.2%, respectively. At the end of RH refining, the percentage
of Type 1 inclusions decreases, and the percentage of Type 2 inclusions begins to increase.
In the two tundish samples, Type 3 of Al2O3·TiOx inclusions appears, but the number of
Type 3 inclusions is significantly lower than that of the other two types. Meanwhile, the
proportion of Type 1 inclusions further decreases, and the proportion of Type 2 inclusions
further increases. This is mainly because under the good-stirring conditions in molten
steel after Ti addition, the process of Ti reducing Al to form Al2O3·TiOx inclusions has
been proceeding, and thus more and more Al2O3·TiOx inclusions with relatively uniform
composition are generated. In addition, for the tundish samples, the total amount of
inclusions in Heat 2 is larger, and the number of Type 1 and Type 2 inclusions in Heat 2 is
significantly more than that in Heat 1, which is caused by the serious reoxidation process
of molten steel. Therefore, the types of Al2O3·TiOx inclusions generated in molten steel
are not only related to the existence of Ti in molten steel, but also closely related to the
reoxidation process of molten steel caused by the excessively high oxidability of top slag.

Figure 10. Percentage of various Al2O3·TiOx inclusions during RH treatment and tundish processes.

The Ti/Al ratio in various Al2O3·TiOx inclusions during RH treatment and tundish
processes is presented in Figure 11. During the whole steelmaking process, the Ti content
in Type 2 and Type 3 inclusions is significantly larger than that in Type 1 inclusions, and
the Ti and Al contents in Type 1 inclusions almost keep constant. During RH treatment,
the Ti and Al contents in Type 2 inclusions have a small fluctuation. After arriving at
tundish, the Ti/Al ratio in Type 2 inclusions increases significantly owing to the increase
in Ti content. In the tundish sample, the Ti/Al ratio of Type 3 inclusions among the three
types of Al2O3·TiOx inclusions reaches the maximum, indicating that the relative Ti content
in Type 3 inclusions is at the largest level. Additionally, the Ti/Al ratio of Type 2 and Type
3 inclusions in the tundish sample of Heat 2 is larger than that in the tundish sample of
Heat 1. This indicates that the Ti content in Type 2 and Type 3 inclusions will increase
obviously when the molten steel encounters serious reoxidation.
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Figure 11. Ti/Al ratio in various Al2O3·TiOx inclusions during RH treatment and tundish processes.

3.3. Formation Evolution of Inclusions

Most research studies in this field have focused on the formation evolution of Al2O3
inclusions created in the laboratory through small furnace trials [31–33]. However, the
formation of Al2O3 clusters in the industrial steelmaking process should be studied more
completely. It is well known that nucleation, growth and removal of inclusions during
the deoxidation process determine the size distribution of the inclusion population. The
formation and removal mechanisms of Al2O3 inclusions during RH refining and tundish
processes are depicted in Figure 12. Al2O3 inclusions below 1 μm can nucleate quickly
after starting deoxidation. At around 3 min after Al addition, these tiny Al2O3 particles in
molten steel grow, collide with each other and aggregate to form the large Al2O3 cluster as
shown in Figure 7 (RH-1).

Figure 12. Formation and removal mechanisms of Al2O3 inclusions during RH refining and
tundish processes.

During the pure circulation period after Ti addition, many large-sized Al2O3 inclusions
have been removed, and some small-sized Al2O3 clusters still exist in molten steel, as shown
in Figure 7 (RH-2 and RH-3). When the slag oxidability is relatively low with the weak
reoxidation process during the holding process, the cleanliness of molten steel will not
deteriorate, and most of the Al2O3 inclusions form single inclusion particles, as shown in
the tundish sample of Figure 7a. Nevertheless, when the unstable oxide contents (FeO,
MnO, SiO2) in the ladle slag are large and the holding time is also relatively long, the molten
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steel will undergo serious reoxidation and the cleanliness of molten steel will deteriorate.
There are many small-sized Al2O3 inclusions formed by the reoxidation process, so it can
be seen in Figure 7b that there are still some Al2O3 clusters in the tundish sample.

The mechanism of the reoxidation process of molten steel by the top slag during
the holding stage is shown in Figure 13. When the unstable oxide contents (FeO, MnO,
SiO2) in the top slag are at a high level, the oxygen can transfer continuously into molten
steel at the steel/slag interface. Thus, the [Al] in molten steel combines with the oxygen
at the steel/slag interface to form Al2O3 inclusions, according to Reaction (R1). In the
meantime, the [Al] and [Ti] in molten steel may also react with the oxygen at the steel/slag
interface, resulting in the formation of Al2O3·TiOx inclusions, based on Reaction (R2). The
morphologies of Al2O3·TiOx inclusions formed by the reoxidation process are mainly the
Type 1 and Type 2 inclusions as shown in Figure 8. The number of Type 3 Al2O3·TiOx
inclusions is relatively low as described in Figure 10, and the formation conditions are
fairly limited during the reoxidation process, which will be explained in detail below. In
addition, the formation of TiOx inclusions is possible at the steel/slag interface based on
Reaction (R3).

2[Al] + 3[O]∗ = Al2O3 (R1)

2[Al] + [Ti] + (x + 3)[O]∗ = Al2O3 · TiOx (R2)

[Ti] + x[O]∗ = TiOx (R3)

 

Figure 13. Mechanism of the reoxidation process of molten steel by the top slag during the hold-
ing stage.

Many scholars [23–30] have studied the formation mechanism of Al2O3·TiOx in-
clusions, and their studies are good for analyzing the formation mechanisms of vari-
ous Al2O3·TiOx inclusions. The schematic of the process is depicted in Figure 14. The
Al2O3·TiOx inclusions formed by mechanisms I and II usually exist in the melt away from
the steel/steel interface. After Ti feeding into molten steel, the formation of a local high
[Ti] region provides the possibility of generation of Al-Ti-O or TiOx inclusions based on
Reactions (R4) and (R5). The reaction area between the high [Ti] region and the inclusion
surface determines the final morphology of Al2O3·TiOx inclusions. When only part of the
area around Al2O3 inclusions is a high [Ti] region, the Al2O3 inclusion is only partially
reduced by [Ti] with time, thus forming the Type 1 inclusions in Figure 8a–d, and the
formation mechanism is depicted in Figure 14I.
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Figure 14. Formation mechanisms of Al2O3·TiOx inclusions during RH refining and tundish pro-
cesses. (I) first formation mechanism of Al2O3·TiOx inclusions, (II) second formation mechanism of
Al2O3·TiOx inclusions, (III) third formation mechanism of Al2O3·TiOx inclusions.

When the Al2O3 inclusion is completely covered by the high [Ti] region, the Al2O3
inclusion will gradually be reduced from the outside to the inside, thus forming the Type 2
inclusions as shown in Figure 8e–h. The formation mechanism of the inclusions is depicted
in Figure 14II. After that, with the progress of reduction of Al2O3, a low [Ti] region around
the inclusion exists. Thus, the Al2O3·TiOx inclusion may transfer to Al2O3 from the surface
to the inner part of the inclusion according to Reactions (R4) and (R5). As a result, the
inclusion with an Al-Ti-O core surrounded by a Al2O3 layer forms finally, as shown in
Figure 8e,h.

xAl2O3 + 3[Ti] = 3TiOx + 2x[Al] (R4)

5Al2O3 + 3[Ti] = 3Al2TiO5 + 4[Al] (R5)

4[Al] + 3Al2TiO5 = 3[Ti] + 5Al2O3 (R6)

2x[Al] + 3TiOx = 3[Ti] + xAl2O3 (R7)

The third type of Al2O3·TiOx inclusions mainly exists in the tundish process. Previous
studies [14,20,28,30] have pointed out that these inclusions are closely related to the reoxi-
dation of molten steel, and the top slag with strong oxidability in this steel plant during
the smelting process also provides conditions for the formation of such inclusions. The
formation mechanism of the inclusions is depicted in Figure 14III. The ladle or tundish
slag with high unstable oxide contents keeps transferring oxygen into molten steel, and
the oxygen reacts with [Al] and [Ti] in molten steel to form the Al-Ti-O inclusion on the
surface of the irregular Al2O3 inclusions according to Reaction (R2). Finally, the spherical
inclusions partially or completely wrapped by the Al-Ti-O inclusion on the surface of pure
Al2O3 inclusions appear in molten steel. Because of the continuous reoxidation process,
newly formed Al-Ti-O inclusions accumulate constantly on the surface, so the size is also
larger than the previous two types.

Interestingly, these irregular Al2O3 inclusions in Type 3 inclusions are usually larger
in size as shown in Figure 8i–l, and they are unlikely to be generated from the reoxida-
tion process. It is more likely that the Al2O3 inclusions accumulate and grow in the melt,
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then float up to the steel/slag interface and finally become the nucleation core of Type 3
inclusions. However, the number of Type 3 inclusions is relatively small, indicating that
most of the mature Al2O3 inclusions have been absorbed by the top slag. According to
the above analysis results, the number of Al2O3 inclusions formed by the reoxidation is
significantly larger than that of Al2O3·TiOx inclusions formed by the reoxidation. Combin-
ing Figure 13 with Figure 14, the Al2O3·TiOx inclusions can not only form directly at the
steel/slag interface, but also there is an indirect way of forming Al2O3·TiOx inclusions in
the case of serious reoxidation of molten steel. Specifically, the Al2O3 inclusions formed by
the reoxidation form at the steel/slag interface firstly, and then these new Al2O3 particles
scatter in the melt. Eventually, these Al2O3 particles may be transferred into Al2O3·TiOx
inclusions under the action of the high [Ti] region.

The equilibrium phase diagram for the Fe-Al-Ti-O system at 1873 K was calculated
by using Factsage 7.2 with the FactPS, FToxid and FSstel databases in September 2020,
as depicted in Figure 15. The black dot in Figure 15 represents the IF steel composition
in the current work, indicating that Al2O3 is the only thermodynamically stable phase
under the experimental conditions. From the figure, it can be seen that different types
of Al-Ti-O inclusions have various modification mechanisms. The Type 1 and Type 2 of
Al-Ti-O inclusions can be formed by the increase in the local [Ti] concentration, and the red
solid arrow can represent the formation mechanisms of I and II in Figure 14. Meanwhile,
the reoxidation of molten steel by the ladle or tundish slag leads to an increase in the
dissolved oxygen and total oxygen in molten steel, and thus it is possible to generate
directly or indirectly three types of Al-Ti-O inclusions, as presented by the blue solid
arrow in Figure 15. In addition, with the uniformity of the molten steel composition, the
Al-Ti-O inclusion may eventually be partially or fully turned into the Al2O3 inclusion by
Al reducing, as shown by the green dashed arrow in Figure 15.

 
Figure 15. The equilibrium phase diagram for the Fe-Al-Ti-O system at 1873 K.

3.4. Influence of Process Parameters on the Cleanliness of Molten Steel

The secondary refining process is considered to be the main place for the removal of
inclusions in molten steel, and the percentage of inclusions removed accounts for more
than 70% [34]. Recently, to improve the cleanliness of molten steel, reducing the number of
endogenous inclusions, improving the removal efficiency of inclusions and lessening the
external inclusions caused by the reoxidation are dominant ways during the RH refining
process. For this reason, studying the influence of relevant process parameters on the
removal efficiency of inclusions is vital to improve the quality of the products.
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The [O] content in molten steel before Al deoxidation is a key parameter that de-
termines the amount of Al added and the number of inclusions in molten steel [15,34].
Figure 16 shows the relationship between the number of inclusions after RH and [O] content
in molten steel before Al deoxidation. As shown in the figure, with the increase in the [O]
content in molten steel, the number of inclusions in molten steel after RH tends to increase,
and the cleanliness of molten steel becomes worse.

Figure 16. Relationship between the number of inclusions after RH and [O] content in molten steel
before Al deoxidation.

According to the research of Wakoh [35], all dissolved oxygen was consumed for
forming spherical inclusions, and the relationship between the oxygen content in molten
steel and the number of inclusions in molten steel was obtained, as shown in Equation (3).

4
3

πr3ρiNi(
3MO

Mi
) = (

CO

106 )WFe (3)

where r is the radius of inclusion, m; ρi is the density of inclusion, kg·m−3; the density of
Al2O3 inclusions is taken as 3.97 × 103 kg·m−3 [27]; MO is the molar weight of oxygen,
g·mol−1; Mi is the molar weight of inclusion, g·mol−1; CO is the concentration of oxygen,
10−6; and WFe is the total weight of molten steel, kg.

The relationship between the number of Al2O3 inclusions and [O] content in molten
steel before Al deoxidation is depicted in Figure 17. From the figure, it can be seen that
the number of Al2O3 particles formed in molten steel increases gradually with the gradual
increase in dissolved oxygen in molten steel before Al deoxidation, and the increased
amplitude is more obvious with the decreased radius of Al2O3 inclusions. In this paper,
the average diameter of Al2O3 inclusions in these samples at 3 min after Al addition is only
about 2 μm. Therefore, reducing the dissolved oxygen content before Al deoxidation has a
significant effect on reducing the number of Al2O3 inclusions. Combining Figure 16 with
Figure 17, it can be seen that reducing the dissolved oxygen content before Al deoxidation
is beneficial to improve the cleanliness of molten steel.
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Figure 17. Relationship between the number of Al2O3 inclusions and [O] content in molten steel
before Al deoxidation.

Figure 18 shows changes in the ND of inclusions, T.Fe content after RH and holding
time in different heats. When the T.Fe content is above 15% and the holding time is
more than 30 min, the ND of inclusions in molten steel is more than 9 mm−2. However,
when the holding time is less than 30 min or the T.Fe content of slag is below 15%, the
number of inclusions in molten steel is relatively low. Therefore, it is beneficial to weaken
the reoxidation process of molten steel and improve the cleanliness of molten steel by
minimizing the holding time and reducing the oxidability of slag after RH.

Figure 18. Changes in number density of inclusions, T.Fe content after RH and holding time in
different heats.
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4. Conclusions

Considering Ti-bearing IF steel produced via the BOF–LF–RH–CC process, the evo-
lution of inclusions in molten steel during RH refining to tundish was analyzed through
a systematic sampling experiment, and the influence of reoxidation process and process
parameters on the cleanliness of molten steel was also studied. The results are summarized
as follows:

(1) During RH treatment, the ND and AF of Al2O3 and Al2O3·TiOx inclusions decrease
gradually. In the tundish samples, when the ND and AF of Al2O3 and Al2O3·TiOx in-
clusions especially from 1 to 2 μm increase significantly, the mean size of all inclusions
shows a decreasing trend.

(2) The deteriorated cleanliness of molten steel is closely related to the serious reoxidation
of molten steel caused by the slag with high oxidability during the holding process.
Meanwhile, the number of clusters counted by the location maps shows basically the
same trend with the ND and AF of inclusions.

(3) During the whole steelmaking process, Type 1 and Type 2 inclusions are the main two
types of titanium-containing inclusions. In the tundish sample with serious reoxidation,
there are still some small-sized Al2O3 clusters, and the number of Type 1 and Type 2
inclusions and Ti content of Type 2 and Type 3 inclusions will increase obviously.

(4) In the case of serious reoxidation, Al2O3·TiOx inclusions can not only form directly
at the steel/slag interface, but also form indirectly: Al2O3 particles generated from
reoxidation may be transferred into Al2O3·TiOx inclusions under the action of a local
high [Ti] region.

(5) It is beneficial to weaken the reoxidation process and improve the cleanliness of
molten steel by reducing the oxygen content in molten steel before Al deoxidation,
minimizing the holding time and reducing the slag oxidability after RH.

Author Contributions: Conceptualization, B.Y. and J.L.; Methodology, B.Y. and J.L.; Software, B.Y.;
Validation, B.Y., J.L. and J.Z.; Formal Analysis, B.Y.; Investigation, B.Y. and M.Z.; Resources, B.Y., J.L.
and J.Z.; Data Curation, B.Y., J.H. and X.Y.; Writing—Original Draft Preparation, B.Y.; Writing—and
Editing, B.Y.; Visualization, B.Y.; Supervision, J.L., J.Z. and M.Z.; Project Administration, J.L., J.Z., J.H.
and X.Y.; Funding Acquisition, J.L., J.Z. and J.H. All authors have read and agreed to the published
version of the manuscript.

Funding: The research was funded by the National Natural Science Foundation of China, grant
number 51874028.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Pangang Group Xichang Steel and Vanadium
Corporation Limited for providing technical and financial support. The authors gratefully acknowl-
edge Pangang Group Research Institute Corporation Limited for the help and support with the
ASPEX analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in
the choice of the research project; the design of the study; the collection, analysis or interpretation of
data; the writing of the manuscript; or the decision to publish the results.

References

1. Wang, C.; Nuhfer, N.T.; Sridhar, S. Transient behavior of inclusion chemistry, shape, and structure in Fe-Al-Ti-O melts: Effect of
titanium source and laboratory deoxidation simulation. Metall. Mater. Trans. B 2009, 40, 1005–1021. [CrossRef]

2. Wang, C.; Nuhfer, N.T.; Sridhar, S. Transient behavior of inclusion chemistry, shape, and structure in Fe-Al-Ti-O melts: Effect of
titanium/aluminum ration. Metall. Mater. Trans. B 2009, 40, 1022–1034. [CrossRef]

3. Deng, X.X.; Ji, C.X.; Zhu, G.S.; Liu, Q.M.; Huang, F.X.; Tian, Z.H.; Wang, X.H. Quantitative evaluations of surface cleanliness in IF
Steel slabs at unsteady casting. Metall. Mater. Trans. B 2019, 50, 1974–1987. [CrossRef]

4. Matsuura, H.; Wang, C.; Wen, G.H.; Sridhar, S. The transient stages of inclusion evolution during Al and/or Ti additions to
molten iron. ISIJ Int. 2007, 47, 1265–1274. [CrossRef]

72



Metals 2022, 12, 434

5. Deng, X.X.; Liu, G.L.; Wang, Q.Q.; Liu, B.S.; Ji, C.X.; Li, H.B.; Shao, X.J.; Zhu, G.S. Effect of the weir structure in the tundish on the
cleanliness of IF steels and elimination of spot-like defects in deep drawing automobile steel sheets. Metall. Res. Technol. 2020, 117,
609. [CrossRef]

6. Deng, X.X.; Ji, C.X.; Guan, S.K.; Wang, L.C.; Xu, J.F.; Tian, Z.H.; Cui, Y. Inclusion behaviour in aluminium-killed steel during
continuous casting. Ironmak. Steelmak. 2019, 46, 1428420. [CrossRef]

7. Choucair, H.; Zhou, J.Z.; Ali Jawad, B.; Liu, L.P. Study of the fatigue failure of engine valve springs due to non-metallic inclusions.
SAE Int. 2012, 5, 388–394. [CrossRef]

8. Murakami, Y. Metal Fatigue: Effects of Small Defects and Nonmetallic Inclusions, 2nd ed.; Elsevier: London, UK, 2002; pp. 681–682.
9. Story, S.R.; Goldsmith, G.E.; Klepzig, G.L. Study of cleanliness and castability in Ti-stabilized ultra low carbon steels using

automated SEM inclusion analysis. Metall. Res. Technol. 2008, 105, 272–279. [CrossRef]
10. Salgado, U.D.; Weiß, C.; Michelic, S.K.; Bernhard, C. Fluid force-induced detachment criteria for nonmetallic inclusions adhered

to a refractory/molten steel interface. Metall. Mater. Trans. B 2018, 49, 1632–1643. [CrossRef]
11. Lee, J.H.; Kang, M.H.; Kim, S.K.; Kim, J.H.; Kim, M.S.; Kang, Y.B. Influence of Al/Ti Ratio in Ti-ULC steel and refractory

components of submerged entry nozzle on formation of clogging deposits. ISIJ Int. 2019, 59, 749–758. [CrossRef]
12. Bernhard, C.; Xia, G.; Karasangabo, A.; Egger, M.; Pissenberger, A. Investigating the influence of Ti and P on the clogging of

ULC steels in the continuous casting process. In Proceedings of the 7th European Continuous Casting Conference, Duesseldorf,
Germany, 27 June 2011.

13. Kimura, H. Advances in High-Purity IF Steel Manufacturing Technology. Nippon. Steel Tech. Rep. 1994, 61, 65–69.
14. Basu, S.; Chouahary, S.K.; Girase, N.U. Nozzle clogging behaviour of Ti-bearing Al-killed ultra low carbon steel. ISIJ Int. 2004, 44,

1653–1660. [CrossRef]
15. Lyons, C.; Kaushik, P. Inclusion characterization of titanium stabilized ultra low carbon steels: Impact of oxygen activity before

deoxidation. Steel Res. Int. 2011, 82, 1394–1403. [CrossRef]
16. Gao, S.; Wang, M.; Guo, J.L.; Wang, H.; Zhi, J.G.; Bao, Y.P. Characterization transformation of inclusions using rare earth Ce

treatment on Al-killed titanium alloyed interstitial free steel. Steel Res. Int. 2019, 10, 1900194. [CrossRef]
17. Gao, S.; Wang, M.; Guo, J.L.; Wang, H.; Zhi, J.G.; Bao, Y.P. Extraction, distribution, and precipitation mechanism of TiN–MnS

complex inclusions in Al-killed titanium alloyed interstitial free steel. Met. Mater. Int. 2021, 27, 1306–1314. [CrossRef]
18. Yuan, B.H.; Liu, J.H.; Zhou, H.L.; Huang, J.H.; Zhang, S.; Shen, Z.P. Refining effect of IF steel produced by RH forced and natural

decarburization process. Chin. J. Eng. 2021, 43, 1107–1115.
19. Dorrer, P.; Michelic, S.K.; Bernhard, C.; Penz, A.; Rössler, R. Study on the influence of FeTi-addition on the inclusion population in

Ti-stabilized ULC steels and its consequences for SEN-clogging. Steel Res. Int. 2019, 90, 1800635. [CrossRef]
20. Park, D.C.; Jung, I.H.; Rhee, P.C.H.; Lee, H.G. Reoxidation of Al–Ti containing steels by CaO–Al2O3–MgO–SiO2 slag. ISIJ Int.

2004, 44, 1669–1678. [CrossRef]
21. Jiang, M.F.; Zhang, Z.X.; Wang, D.Y.; Liu, J. Inclusions in characteristics of Ti/Al deoxidation steel and the analysis of nozzle

clogging problem. Ind. Heat. 2011, 40, 60–63.
22. Deng, X.X.; Ji, C.X.; Cui, Y.; Tian, Z.H.; Yin, X.; Shao, X.J.; Yang, Y.D.; Mclean, A. Formation and evolution of macro inclusions in

IF steels during continuous casting. Ironmak. Steelmak. 2017, 44, 739–749. [CrossRef]
23. Yang, W.; Li, S.S.; Li, Y.B.; Wang, X.H.; Zhang, L.F.; Liu, X.F.; Shan, Q.L. Evolution of inclusions in Ti-bearing ultra-low carbon

steels during RH refining process. Mater. Pro. Fund. 2013, 3–16. [CrossRef]
24. Wang, C.; Nuhfer, N.T.; Sridhar, S. Transient behavior of inclusion chemistry, shape, and structure in Fe-Al-Ti-O melts: Effect of

gradual increase in Ti. Metall. Mater. Trans. B 2010, 41, 1084–1094. [CrossRef]
25. Bai, X.F.; Sun, Y.H.; Zhang, Y.M. Transient evolution of inclusions during Al and Ti additions in Fe-20 mass pct Cr alloy. Metals

2019, 9, 702. [CrossRef]
26. Yang, W.; Zhang, Y.; Zhang, L.F.; Duan, H.J.; Wang, L. Population evolution od oxide inclusions in Ti-stabilized ultra-low carbon

steels after deoxidation. J. Iron Steel Res. 2015, 22, 1069–1077. [CrossRef]
27. Wang, M.; Bao, Y.P.; Cui, H.; Wu, H.J.; Wu, W.S. The composition and morphology evolution of oxide inclusions in Ti-bearing

ultra low-carbon steel melt refined in the RH process. ISIJ Int. 2010, 50, 1606–1611. [CrossRef]
28. Doo, W.C.; Kim, D.Y.; Kang, S.C.; Yi, K.W. The morphology of Al-Ti-O complex oxide inclusions formed in an ultra low-carbon

steel melt during the RH process. Met. Mater. Int. 2007, 13, 249–255. [CrossRef]
29. Qin, Y.M.; Wang, X.H.; Huang, F.X.; Ji, C.X. Behavior of non-metallic inclusions of IF steel during production process. J. Northeast

Univ. (Nat. Sci.) 2015, 36, 1614–1618.
30. Sun, M.K.; Jung, I.-H.; Lee, H.-G. Morphology and Chemistry of Oxide inclusions after Al and Ti complex deoxidation. Met.

Mater. Int. 2008, 14, 791–798. [CrossRef]
31. Marie-Aline, V.E.; Guo, M.X.; Zinngrebe, E.; Dekkers, R.; Proost, J.; Blanpain, B.; Wollants, P. Morphology and growth of alumina

inclusions in Fe–Al alloys at low oxygen partial pressure. Ironmak. Steelmak. 2009, 36, 201–208. [CrossRef]
32. Jin, Y.; Liu, Z.Z.; Takata, R. Nucleation and growth of alumina inclusion in early stages of deoxidation: Numerical modeling. ISIJ

Int. 2010, 50, 371–379. [CrossRef]
33. Van Ende, M.-A.; Guo, M.X.; Proost, J.; Blanpain, B.; Wollants, P. Formation and Morphology of Al2O3 inclusions at the onset of

liquid Fe deoxidation by Al addition. ISIJ Int. 2011, 51, 27–34. [CrossRef]

73



Metals 2022, 12, 434

34. Yang, G.W.; Wang, X.H.; Huang, F.X.; Wang, W.J.; Yin, Y.Q. Transient inclusion evolution during RH degassing. Steel Res. Int.
2014, 85, 26–34. [CrossRef]

35. Wakoh, M.; Sano, N. Behavior of alumina inclusions just after deoxidation. ISIJ Int. 2007, 47, 627–632. [CrossRef]

74



Citation: Zhuo, C.; Liu, R.; Zhao, Z.;

Zhang, Y.; Hao, X.; Wu, H.; Sun, Y.

Effect of Rare Earth Cerium Content

on Manganese Sulfide in U75V

Heavy Rail Steel. Metals 2022, 12,

1012. https://doi.org/10.3390/

met12061012

Academic Editor: Roumen Petrov

Received: 16 May 2022

Accepted: 11 June 2022

Published: 14 June 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Effect of Rare Earth Cerium Content on Manganese Sulfide in
U75V Heavy Rail Steel

Chao Zhuo, Rui Liu, Zirong Zhao, Yulei Zhang, Xiaoshuai Hao, Huajie Wu * and Yanhui Sun

Collaborative Innovation Center of Steel Technology, University of Science and Technology Beijing,
Beijing 100083, China; beikezhuochao@163.com (C.Z.); a_liurui@163.com (R.L.); zirong1216@163.com (Z.Z.);
zhangyulei02111996@163.com (Y.Z.); 18401619871@163.com (X.H.); sun_yanhui@163.com (Y.S.)
* Correspondence: wuhuajie@ustb.edu.cn; Tel.: +86-138-1080-6121

Abstract: To study the effect of Ce on the morphology of manganese sulfide, we added different
contents of Ce into U75V heavy rail steel. The composition and morphology of sulfide in steel
were analyzed. The inclusions’ number, size, and aspect ratio were analyzed by automatic scanning
electron microscope ASPEX. The results show that the inclusions in heavy rail steel without Ce are
elongated MnS and irregular Al-Si-Ca-O inclusions. With the increase of Ce from 52 ppm to 340 ppm,
the composition of main inclusions changes along the route of Ce2O2S-MnS → Ce2O2S-MnS-Ce2S3 →
Ce2O2S-Ce3S4-Ce2S3 → Ce2O2S-Ce3S4-CeS. Ce has a noticeable spheroidization effect on MnS, which
can make inclusions finely dispersed. When Ce content is 139 ppm, the average size of inclusions is
the smallest. The mechanism of Ce-modified MnS was discussed by combining experimental results
with thermodynamic calculations. Finally, the effect of Ce treatment on inhibiting MnS deformation
was verified by simulated rolling.

Keywords: U75V heavy rail steel; MnS; Cerium treatment; gleeble

1. Introduction

U75V high-speed heavy rail steel is fine pearlite steel with high strength, toughness,
and wear resistance. It exhibits high sensitivity to white spot, however, it is difficult to
completely remove hydrogen from this type of steel. According to previous studies [1,2], an
increase in the S content of steel or the presence of MnS can reduce the diffusion coefficient
of hydrogen in steel, thereby mitigating the damage caused by hydrogen. However, due
to the excellent deformation ability of MnS, the elongation of MnS along the rolling direc-
tion during the rolling process has become one of the essential factors causing excessive
inclusions and inconsistencies in ultrasonic flaw detection. The large-size and long-striped
structure of MnS induce anisotropy in steel and significantly reduce the transverse proper-
ties of the material. MnS inclusions initiate crack formation, which occurs at the interface
between sulfide and the matrix under stress. With an increase in the load, the crack expands
gradually along with the striped MnS inclusions [3,4]. Therefore, to improve the mechanical
properties of heavy rail steel, it is particularly vital to control the morphology, size, number
density, and distribution of MnS [5].

At present, there are generally two methods to control the morphology of MnS during
the steelmaking process. The first method involves the formation of a mass of oxide
inclusions in the molten steel by adding titanium, magnesium, zirconium, and other
elements to promote the heterogeneous nucleation of MnS precipitates. This method allows
the formations of small and dispersed MnS inclusions. Oikawa et al. [6] found that the size
of MnS inclusions decreased significantly after adding Ti to Fe-0.1C-1Mn-0.02S steel. They
proposed that the liquid nucleus of (Ti, Mn) O formed at the solid-liquid interface of steel
serves as the heterogeneous nucleation site of MnS droplets. Xie et al. [7] reported that
when the Mg content of 16MnCrS5 steel was 35–42 ppm, numerous fine spindle-shaped
or spherical composite inclusions with MgO-Al2O3 as the core and MnS as the shell were
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formed in molten steel. The deformation degree of the inclusions after simulated rolling
and forging was also small. Lu et al. [8] studied the distribution and morphology of MnS
inclusions in Zr-containing non-quenched and tempered steel ingots and forging rods.
Their results showed that when Zr content is 66 ppm, MnS is spherical or angular under
two-dimensional and three-dimensional observation, and the distribution is uniform. The
second method is the addition of calcium or rare-earth elements to S-containing steel to
form smaller and lesser deformed sulfides in order to control the aspect ratio (the ratio of
length to width of an inclusion) of inclusions. Another study [9] showed that the addition
of a calcium alloy to steel can promote the transformation of sulfide from the striped to
spindle structure, and that the ratio of calcium to sulfur content in steel (w(Ca)/w(S)) has a
significant influence on the shape and length of the inclusions. When w(Ca)/w(S) > 0.2,
sulfide transforms to form a spindle structure, the average size of the inclusions decreases
with the increase in w(Ca)/w(S). Although MnS morphology control has been widely
investigated [10–12], strategies to MnS formation are still limited. For example, Ti and
Zr are not suitable for steel with a high oxygen content. Toward steel with low basicity
refining slag, added Ca replaces Al2O3 in the refining slag and increases the Al content of
steel to generate Al2O3 inclusions, which may lead to nozzle clogging [13]. The atomic size
of rare earth elements is large and they easily lose their outer electrons, resulting in high
activity. Thus, rare earth elements serve as good purifying agents and inclusion modifiers.

Cerium (Ce, a rare earth element), exhibits high activity and readily reacts with oxygen
and sulfur in molten steel to form oxides and sulfides with a high melting point. Moreover,
Ce can refine the grain size and improve the mechanical properties of the steel, and has
a certain effect on harmful impurity elements such as phosphorus and arsenic [14–18].
Ren et al. [19] performed a thermodynamic calculation and found that the evolution order
of inclusions was Al2O3 → CeAlO3 → Ce2O2S → Ce2O2S + CeS when the Ce content of
ultra-low carbon Al deoxidized steel increased from 0% to 0.028%, which was verified by
laboratory experiments. Liu et al. [20] found that the primary inclusions changed from
MgO·Al2O3-MnS to CeAlO3-MgO-MnS, Ce2O2S-MgO-MnS, and Ce2O2S-MnS after the
addition of 0.014%, 0.024% and 0.037% Ce to EH36 steel, respectively. The addition of
0.024% Ce can inhibit the precipitation of pure MnS because Ce has a strong desulfurization
ability. Liu et al. [21] found that 0.015% of added Ce could transform irregular MnS and
Al2O3 inclusions in medium-carbon low-alloy steel to spherical Ce2O2S and decrease the
inclusion size. Liu et al. [22] applied spring steel as fasteners of high-speed rails; they
found that the total oxygen content (T.O.) was at the lowest level when the Ce content was
0.045–0.065 wt%. Oversized and irregular sulfides and oxide inclusions transformed into
rare earth oxides, sulfides, or oxygen sulfides that were spherical and had a size of3 μm.
At present, the effect of Ce content on the inclusions in non-aluminum deoxidized U75V
heavy rail steel has not been reported, and the mechanism underlying the modification
effect of Ce on MnS in heavy rail steel remains to be studied.

2. Materials and Methods

The experiment was completed in a tubular Si-Mo resistance furnace. A 300 g U75V
steel sample, taken from the casting billet and cut into small pieces, was put into a MgO
crucible with an inner diameter of 40 mm and an outer diameter of 48 mm. A graphite
crucible was coated on the MgO crucible to protect the furnace. The schematic diagram of
the resistance furnace and the composition of molten steel are shown in Figure 1 and Table 1.

Table 1. Chemical composition of U75V steel (%).

Composition C Si Mn P S V Als

Content 0.77 0.64 0.89 0.02 0.007 0.04 0.0015
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Figure 1. Schematic diagram of silicon molybdenum tube furnace.

The schematic diagram of the experimental process is shown in Figure 2a. After the
crucible was placed, the upper lower ends of the furnace were closed; the temperature
of the resistance furnace was set as shown in Figure 2a. When the temperature reached
1600 ◦C, it was held for 30 min to ensure that the steel blocks were melted and completely
homogenized. Then, Ce was wrapped with pure iron foil and added to the molten steel
without stirring. Five levels of Ce content, 52 ppm, 139 ppm, 171 ppm, 256 ppm, and
340 ppm, were used to study the effect of Ce content on inclusions in heavy rail steel.
After holding for 15 min, the temperature began to decrease. When the temperature
dropped to 700 ◦C, the power was cut off, and then the resistance furnace was cooled to
room temperature by furnace cooling. In total, 2.5 L/min argon was injected throughout
the experiment.

Figure 2. Temperature setting, (a): resistance furnace; (b): gleeble−3500 simulated rolling mill.

The ingot was cut into a cylindrical sample of ∅8 × 15 mm, which was used for the
rolling simulated experiment. The temperature system refers to the production process of
a plant, as shown in Figure 2b. The deformed samples were cut, polished, and observed
with ASPEX. The simulation rolling experiment was completed on gleeble-3500 thermal
simulation testing machine (Dynamic Systems Inc., Poestenkill, NY, USA).

The Ce content was measured by the ICP method. The composition, quantity, size,
and aspect ratio of inclusions were analyzed by an ASPEX automatic scanning electron
microscope (FEI, Hillsboro, OR, USA) after the ingot was ground and polished. The
sampling position, analysis surface, and random observation position are shown in Figure 3,
which reduces the influence of S element segregation inside the ingot. The scanning
area of each sample was about 10 mm2, and the minimum size of inclusions scanned
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was 1 μm. The inclusion morphology was observed by a ZEISS electron microscope
equipped with an EDS (Energy Dispersive Spectrometer) model of Gemini SEM 500 (Zeiss,
Niedersachsen, Germany). The extraction of inclusions was conducted by electrolysis
with anhydrous organic solution, and the electrolyte was 10% AA solution (a mixed
solution of 1% tetramethylammonium chloride-10% acetylacetone-89% methanol). Figure 4
is the schematic diagram of the electrolytic cell. The current density was 0.04 A/cm2

and the temperature was 0~5 ◦C. The electrolysis time was 4 h. After electrolysis, the
filtered membrane was filtered with Polytetrafluoroethylene (PTFE) filter membrane. After
spraying gold on the filtered membrane, the three-dimensional characteristics of inclusions
were observed by field emission scanning electron microscopy. Table 2 shows the Ce
content in each sample, where C0 is the control group without Ce addition.

 
Figure 3. Sampling place, analyzing face, and random observation position.

 

Figure 4. Schematic diagram of inclusion extraction (1—anode; 2—cathode; 3—thermometer; 4—
electrolytes; 5—beaker).

Table 2. Ce content of each sample (mass%).

No. C0 C1 C2 C3 C4 C5

Ce 0 0.0052 0.0139 0.0171 0.0256 0.0340

3. Results and Discussion

3.1. Composition and Morphology of Inclusions

Figure 5 shows the morphology and elemental mapping profiles of typical inclusions
with different Ce contents. Figure 5a,b shows the control group C0 without Ce treatment.
The inclusions are mainly large-scale irregular striped MnS and spherical Al2O3-SiO2-CaO
inclusions. After Ce treatment, the inclusions in steel convert to oxygen sulfides or Ce
sulfides, which is in agreement with the result reported by Adabavazeh et al. [15] and
Gao et al. [23]. Because of the low wettability and large contact angle between Ce-containing
inclusions and molten steel [15], the inclusions in molten steel are ellipsoidal, and their size
is markedly reduced. When the Ce content was 52 ppm, the primary inclusion type was
Ce2O2S that formed the core, with a small amount of MnS composite inclusions precipitated
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on the surface, as shown in Figure 5c. In addition to the Ce2O2S-MnS composite inclusions,
CexS inclusions were observed when Ce content was 139 ppm and 171 ppm, as shown in
Figure 5d. However, when the Ce content was approximately 256 and 340 ppm, the typical
inclusions were single Ce2O2S inclusions and composite Ce2O2S and CexS inclusions, as
shown in Figure 5e,f. MnS was rarely precipitated on the surface of Ce2O2S, because with
the increase in the Ce content, a large amount of S is consumed by the Ce2O2S and CexS
inclusions, causing the actual concentration of [S][Mn] in molten steel to not reach the
equilibrium concentration.

 

Figure 5. Morphology and elemental mapping of typical composite inclusions: (a,b) 0 ppm,
(c) 52 ppm, (d) 139 ppm, 171 ppm, (e,f) 256 ppm, 340 ppm.

The three-dimensional morphology of typical inclusions with different Ce contents
is shown in Figure 6. Figure 6a shows the morphology of MnS in the steel without Ce
addition; it can be seen that MnS is irregular and large. When the Ce was 52 ppm, the
typical inclusion was an ellipsoidal composite, with Ce2O2S as the core, and a small amount
of MnS precipitates on the surface. No single irregular MnS precipitates were observed, as
shown in Figure 6b. Figure 6c,d shows that the Ce2O2S-MnS-CexS composite inclusions
and the Ce2O2S-MnS inclusions appear when the Ce content of molten steel was 139 and
171 ppm, in addition to near-spherical CexS inclusions. When the Ce content was 256, and
340 ppm, the inclusions in the steel were mainly single Ce2O2S and Ce2O2S-CexS, as shown
in Figure 6e,f. It is worth mentioning that in Figure 6c, the inclusion comprised Ce2O2S
as the core, with the surface precipitation of MnS and CexS composite inclusions. Theses
type of inclusions are not observed in the two-dimensional morphology, indicating that
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three-dimensional morphology can more accurately reveal the type of inclusions. It can be
found that the variation trend of inclusions is similar to that illustrated in Figure 5.

Figure 6. Three-dimensional morphology of typical inclusions in steel samples: (a) 0 ppm, (b) 52 ppm,
(c,d) 139 ppm, 171 ppm, 256 ppm, (e,f) 340 ppm.

The typical inclusion types of each sample obtained after electron microscopy were
classified and counted; the results are summarized in Table 3. When the Ce content was
52 ppm, the striped MnS disappeared. Nonetheless, the Ce content must be optimized on
the basis of the size, number density, and aspect ratio of inclusions.

Table 3. Types of inclusions in different heats.

Typical Inclusions Si-Al-Ca-O MnS Ce2O2S-MnS CexS Ce2O2S Ce2O2S-CexS Ce2O2S-CexS-MnS

C0
√√ √√

– – – – –
C1 – –

√√
– – – –

C2 – –
√√ √

– –
√

C3 – –
√√ √ √ √ √

C4 – –
√ √ √ √√

–
C5 – –

√ √ √ √√
–

√√
: the main type of inclusions,

√
: a small number of inclusions.

3.2. Number Density, Size, and Aspect Ratio of Inclusions

To quantitatively characterize the inclusions in the steel sample, the number density,
average size, and aspect ratio of the inclusions were calculated, the results are shown in
Figures 7 and 8.

 

Figure 7. Number density and the average size of inclusion.
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Figure 8. Aspect ratio of inclusions.

Figure 7 shows the changes in the number density and size of inclusions in different
samples. Ce addition was found to significantly increase the number density of the in-
clusions in molten steel. When Ce was not added, the number density of the inclusions
was 17.74/mm2. With an increase in the Ce content, the number density of the inclusions
increased, reaching a maximum of 51.76/mm2 at 340 ppm Ce. In addition, Ce addition can
significantly reduce the size of the inclusions. The average size of the inclusions before Ce
addition was 6.74 μm, whereas after Ce addition it was 3.22–4.16 μm. Unlike the number
density, the average size of the inclusions first decreased and then increased with an in-
crease in the Ce content, which agrees with the result of Luo [24] and Wang [25]. Because of
the change of free energy, the free energy of O and S binding in Ce and steel is considerably
lower than that of S and Mn binding; thus, rare earth oxygen sulfides are easily gener-
ated [26]. Moreover, the melting point of rare earth sulfides is higher than that of MnS, and
they precipitate before MnS during the solidification process. The continuous consumption
of S reduces the activity of S in steel, which significantly affects the combination of Mn and
S, thereby decreasing the core of heterogeneous nucleation, and reducing the probability of
the transformation of single-particle MnS inclusions to large MnS inclusions under high
supersaturation conditions. When the Ce content was high or excessive, the addition of
excessive Ce enhances the binding ability of rare earth elements to the formation elements
of the inclusions, resulting in the formation of a large number of rare earth inclusions. The
inclusion collision and aggregation probabilities increase sharply; therefore, the inclusion
size increases gradually.

The effect of the Ce content on the aspect ratio of the inclusions is shown in Figure 8.
The average aspect ratio of the inclusions decreased significantly after Ce addition. The
aspect ratio of the inclusions without Ce was 1.9, whereas for the inclusions with Ce it
was between 1.55 and 1.86. The average aspect ratio of the inclusions increases with the
Ce content. The proportion of the inclusions with an aspect ratio between one and two
increased significantly after Ce treatment. The proportion of inclusions with an aspect
ratio between two and three and >three decreased, indicating that Ce addition induces
an apparent spheroidization effect on the inclusions. However, when the Ce content is
excessive, i.e., more than 256 ppm, the proportion of the inclusions with an aspect ratio
between one and two decreased gradually, whereas the proportion of the inclusions with
an aspect ratio between two and three increases gradually. This trend is observed because
inclusion collision and aggregation lead to an irregular shape and size enlargement. It
indicates that excessive Ce content is not conducive to the dispersion and fine control of
the inclusions. According to the number density, size, and aspect ratio of the inclusions,
many fine and dispersed ellipsoidal inclusions can be generated at 139 ppm Ce.
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3.3. Thermodynamic Analysis of Inclusion Formation in Steel

The precipitation of each sample during the cooling process was calculated by Fact-
Sage8.1, a thermodynamic calculation software; the result is shown in Figure 9. The
inclusions without Ce were primarily the Al2O3-SiO2-MgO and MnS. When the Ce con-
tent was 52 ppm, a large amount of dispersed Ce2O2S was formed at 1600 ◦C. Ce2O2S
acts as a heterogeneous nucleation core during the cooling process of molten steel, which
facilitates MnS precipitation on its surface and avoids the formation of long-striped MnS.
As can be seen in Figure 9c, when the Ce content was 139 ppm, CeS began to form at
high temperatures. During the cooling process, CeS was first converted to Ce3S4 and
finally to Ce2S3 near the liquidus temperature. With a further increase in the Ce content by
171 ppm, the Ce2O2S content slightly changed, the Ce2S3 content increased gradually, and
the amount of MnS precipitates decreased gradually, as shown in Figure 9d. As shown in
Figure 9e,f, when the Ce content was 256 and 340 ppm, MnS precipitation did not occur at
all, and the stable sulfide phase of solidified Ce was changed from single Ce2S3 to Ce2S3,
Ce3S4, and CeS and Ce3S4, respectively, which is consistent with the analysis results of
the abovementioned inclusion morphology. Through the above analysis, we confirm that
Ce plays a role in mitigating the formation of long-striped MnS through two ways: (1) Ce
induces the precipitation of MnS on the surface of sulfur oxides, and (2) the total amount of
MnS precipitates is reduced upon S consumption.

 

Figure 9. Evolution of inclusions during solidification with different Ce contents: (a) 0 ppm,
(b) 52 ppm, (c) 139 ppm, (d) 171 ppm, (e) 256 ppm, (f) 340 ppm.
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3.4. Evolution Mechanism of Inclusions in Heavy Rail Steel after Adding Ce

Based on the thermodynamic calculation and the experimental results, the evolution
mechanism of the inclusions in U75V heavy rail steel after Ce addition was investigated,
as illustrated in Figure 10. According to the composition and morphology analysis of the
inclusions, mass Ce2O2S phases exist in the inclusions upon Ce addition, which mainly
have two sources. (1) The entry of Ce into molten steel and its combination with O and S in
the molten steel, which can be expressed as Equation (1) [27], and (2) the modification of
the SiO2-Al2O3-CaO inclusion upon Ce addition. When Ce is not added to molten steel,
the inclusions at high temperature mainly comprise the SiO2-Al2O3-CaO system. These
inclusions are generally large and irregular in shape, while MnS is precipitated during
solidification [28]. Therefore, Ce added to the molten steel first diffuses to the interface
between the oxide inclusions and molten steel in the form of atoms, followed by their
conversion to the ionic form and attachment to the surface of the oxide inclusions. Second,
Ce ions react with the active sites on the oxide surface, and reaction products CeAlO3
and Ce2O3 adhere to the surface of the original inclusion in the form of a liquid film and
grow. As the reaction proceeds, Ce and O in the molten steel continue to diffuse into the
interface; the reaction proceeds smoothly, with an increase in the thickness of the liquid film.
Once the liquid film reaches a specific thickness, it solidifies and aggregates into spheres
according to the principle of minimum surface energy [26]. Thus, a composite inclusion
with Si-Al-Ca-O as the core and Ce-Si-Al-Ca oxide as the surface is formed. Al and Si in
the inner layer also diffuses to the outer layer with further reaction. Ce ions continue to
diffuse to the inner layer, and the required diffusion driving force increases accordingly. At
this stage, the ion exchange process of Ce and Al, Si and Ca slows down. Till the end of the
diffusion process of internal and external ions, Ce completes the modification of Al-Si-Ca
oxide in steel, which can be expressed as Equation (2) [29]. At this stage, the content of
Ce in molten steel is sufficient to allow the reaction between Ce oxide S in molten steel,
generating oxygen sulfide, which can be expressed as Equation (3) [30].

 

Figure 10. The evolution mechanism of main inclusions in the present study.
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The subsequent inclusion evolution can be roughly divided into three paths according
to the different Ce contents. When the content of Ce in molten steel is low (52 ppm), the
Ce2O2S inclusions are formed at steelmaking temperature. As the temperature decreases to
the liquidus, MnS precipitates on the surface of the Ce2O2S inclusions until the temperature
drops to room temperature and the inclusions are composed of the Ce2O2S-MnS composite.
When the Ce content of molten steel increases to the moderate levels of 139 and 171 ppm,
Ce reacts with S in molten steel to form CeS at the steelmaking temperature. Then, with
the decrease in temperature, CeS will undergo phase transformation, from CeS to Ce3S4
and then to Ce2S3. Some of these compounds embed on the surface of Ce2O2S. When the
temperature further decreases to the liquidus temperature, MnS begins to precipitate on
Ce2O2S. Finally, upon cooling to room temperature, the inclusion comprises Ce2O2S-MnS-
Ce2S3. Ce2O2S and CeS are also formed at high temperatures when the content of Ce in
molten steel reaches 256 and 340 ppm, but no MnS was precipitated during the cooling
process. The difference was that CeS completely transformed into Ce2S3 and Ce3S4 when
Ce was 256 ppm, while CeS partially transforms into Ce3S4 when Ce was 340 ppm. The
formation of sulfides in Ce can be described by Equations (4)–(6) [31].

[Ce] + [O]+
1
2
[S] =

1
2
(Ce 2O2 S), � Gθ = −675700 + 165.5T (1)

6x+2y+4z
3 [Ce] + xAl2O3 · yCaO · zSiO2 =

3x+y+2z
3 Ce2O3

+2x[Al] + z[Si] + y[Ca]
(2)

(Ce 2O3) + [S] = (Ce 2O2 S) + [O], � Gθ= 77360 − 28.48T (3)

[Ce] + [S] = (CeS), � Gθ = −422100 + 120.38T (4)

[Ce]+
3
2
[S] =

1
2
(Ce 2S3), � Gθ = −536420 + 163.86T (5)

[Ce]+
4
3
[S] =

1
3
(Ce 3S4), � Gθ = −497670 + 146.3T (6)

3.5. Effect of Ce on Sulfide after Simulated Rolling

Figure 11 shows the distribution of the aspect ratio of inclusions after hot compression.
The average aspect ratio of the inclusions in C0 was 2.77, while the aspect ratio of the
inclusions after hot compression upon Ce addition was 1.54–1.83, which was significantly
smaller than that of the former, indicating that the inclusions of Ce-added steel are still near-
spherical after hot compression. Regarding the proportion of the inclusions with different
aspect ratios, the proportions of the inclusions with varying aspect ratios in sample C0
were ~30%. Compared with those before rolling, as shown in Figure 8, the proportion of
the inclusions with aspect ratios between one and two was significantly reduced, and the
proportions of the inclusions with aspect ratios between two and three and larger than three
were significantly increased, which indicates that MnS underwent deformation during
hot compression. According to the change in the aspect ratios before and after simulated
rolling, the change in the aspect ratio of the inclusion in C0 was 45.79%. In contrast, the
aspect ratios of C1 to C5 upon Ce addition changed negligibly, indicating that MnS is not
elongated. This confirms that Ce can well inhibit the deformation of MnS during rolling.
Based on the calculation results for the number density and size of inclusions, the inclusions
in C2 have a high number density and a small size. Therefore, to obtain numerous small
and dispersed deformation-resistant inclusions in U75V heavy rail steel, the Ce content
must be controlled at 139 ppm.
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Figure 11. Aspect ratio of inclusions after simulated rolling.

4. Conclusions

This study analyzed the composition, two-dimensional and three-dimensional mor-
phologies, number density, and size of the inclusions in heavy rail steel with different Ce
contents. The evolution of the inclusions after Ce addition was discussed, and the effect of
added Ce on modified MnS was investigated in terms of the aspect ratio of the inclusions
before and after thermal deformation. The conclusions are as follows:

(1) Without Ce addition to steel, the inclusions in heavy rail steel were elongated MnS
and irregular Al-Si-Ca-O inclusions. With the increase in the Ce content from 52 to
340 ppm, the composition of the main inclusions changed in order of Ce2O2S-MnS →
Ce2O2S-MnS-Ce2S3 → Ce2O2S-Ce3S4-Ce2S3 → Ce2O2S-Ce3S4-CeS.

(2) The addition of Ce to molten steel causes a significant increase in the number density
and a considerable reduction in the size and aspect ratio of the inclusions. The average
size of the inclusions without Ce was 6.74 μm. The average size of inclusions upon Ce
addition was 2.01–4.04 μm, the size of inclusions was the smallest at 139 ppm Ce.

(3) The change in the aspect ratio of the inclusions before and after thermal deformation
was minimal, indicating that Ce can significantly inhibit the deformation of inclusions
during the hot compression process. Therefore, when the Ce content of molten
steel was 139 ppm, substantial amounts of dispersed, fine, and deformation-resistant
inclusions can be obtained.
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Abstract: The origin, evolution, and formation mechanism of MgO-based inclusions in Si-Mn-killed
steel were studied in industrial trials with systematical samplings of the refining ladle, casting tundish,
and as-cast bloom. In the present study, there were large numbers of MgO-based non-metallic
inclusions, which started to form in the LF final process, and the MgO content in the lime-silicate slag
increases from LF to VD process. The reason for the formation of MgO-based inclusions in refining
process was analyzed using FactSage8.1 software. It was found that MgO-based inclusions were
caused by the violent reaction between the slag and steel and the serious erosion of MgO-C refractory.
The MgO solubility decreased in the lime-silicate slag and precipitated the periclase phase with
basicity increasing. The solubility of MgO increased with an increase in the temperature. Measures
were taken to optimize the refining process based on the above result. By increasing the slag basicity
and increasing the content of MgO in the slag, erosion of the MgO-C refractory was reduced and the
number of MgO-based non-metallic inclusions decreased from 0.2 to 0.04 per square millimeter.

Keywords: MgO saturation; industrial trial; non-metallic inclusions; thermodynamic calculation

1. Introduction

Inclusions which are higher in hardness and melting point are harmful to high-strength
steel rods because inclusions often act as breakage initiation sites when subjected to cyclic
stress. It would be much more desirable for the remained inclusions to be small in size
and to demonstrate improved deformability, which is affected by the melting points of
the inclusions themselves [1,2]. Therefore, inclusions, such as alumina or magnesia which
are higher in melting point and hardness, should be avoided. For these reasons, Si-Mn
complex deoxidation combined with low-basicity silicate slag refining is generally usedfor
such steels [3–5].

The common type of non-metallic inclusions in these steels is CaO-SiO2-Al2O3, usually
together with some MgO [4]. Many researchers studied the effect of the Al2O3 and SiO2
content on inclusions in Si-Mn-killed steel with lime-silicate slag, through either experi-
ments or thermodynamic predictions [5–15]. Li Y et al. [5] studied the influence of a MgO
refractory on inclusions and found thatinclusions containing MgO originated from the
reduction of MgO in refractory or slag. Liu et al. [6] found that C in the MgO-C refractory
also reduced MgO in the refractory and supplied Mg to the steel melt. Harada et al. [7]
observed that the Al in the steel melt reduced the MgO in the refractory and Mg was
dissolved into the steel melt. According to this mechanism, MgO in the MgO-C refractory
supplies Mg to the steel melt owing to the reduction in Al in the steel. Chen L et al. [8] found
that the refractory/steel interaction under vacuum conditions has a far more significant
contribution to the increase of the [Al]S (acid-soluble Al) content in steel compared with
the slag/steel interaction, which further leads to the generation of Al2O3-rich inclusions.
Wang K et al. [9] studied the formation mechanism of CaO-containing inclusions in tire
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cord steel. Park J et al. [10], Chen S et al. [11] and Liu N et al. [12] also studied the effect of
refining slag basicity on non-metallic inclusions in steel. Additionally, Zhang L et al. [13–15]
thought that kinetic factors were also of great importance in the formation of non-metallic
inclusions. Moreover, many researchers [16–18] have studied the solubility of MgO in
the CaO-SiO2-FetO-MgO system. The solubility of MgO in low-basicity lime-silicate slag
decreases with increasing the slag basicity (CaO/SiO2). However, research and control on
the silicate inclusions surrounding bulk MgO are still limited.

In the current study, industrial experiments were performed to investigate the com-
position and morphology of inclusions in the whole process including the steelmaking
process. Based on the experiment results and thermodynamic calculation, the formation
mechanism of MgO-based non-metallic inclusions is put forward.

2. Experiments

2.1. Experiment and Samplings

An industrial trial was carried out in a steel plant for Si-Mn-killed steel with the
chemical composition listed in Table 1. The steelmaking process featured BOF (basic oxy-
gen furnace steelmaking),-LF (ladle refining),-VD (vacuum degassing),-TD (soft blowing-
tundish),-CC (continuous casting, 150 mm × 150 mm section). During tapping of the BOF,
FeSi and Mn were used as deoxidizers and alloying elements. Besides, Cr–Fe alloy and
refining slag material were also added. In the LF process, Si–Fe and Mn were employed
for composition modification. Soft blowing was couducted for about 25 min to remove
inclusions after VD degassing. Finally, the molten steel was sent to continuous casting.

Table 1. Chemical composition of the experimental steel, wt%.

C Si Mn Cr P S Als

0.50–0.55 0.30–0.35 0.40–0.50 0.20–0.30 <0.014 <0.012 <0.0035

To investigate the source and transformation of MgO-based inclusions, steel samples
and slag samples were taken with samplers (diameter of 30 mm, thickness of 10 mm): three
from LF refining (start, after alloying, end), two from VD refining (start, end), one from soft
blowing, one from the tundish, and one from billet casting, as shown in Figure 1.

Figure 1. Process of industrial trials and sampling locations.

2.2. Analysis of Samples

These samples were polished for characterization of the inclusions using scanning
electron microscopy (SEM). The composition of inclusions was analyzed by an energy
dispersive X-ray spectrometer (EDS) attached to the SEM. The slag composition shown
in Table 2 was determined using an X-ray fluorescence spectrometer (XRF) with a 5 pct
relative standard deviation.
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Table 2. Chemical composition of the refining slag, wt%.

Sampling
Location

CaO SiO2 Al2O3 MgO T.Fe+MnO

SLF 39–44 37–43 5–10 3–7 ≤4

SVD 38–42 37–45 4–8 8–13 ≤5

3. Results and Discussion

3.1. Evolution of Non-Metallic Inclusions in Steelmaking Process

Inclusions were analyzed using an SEM equipped with an EDS in each metallographic
sample taken from different stages, as shown in Figure 2. The types of non-metallic
inclusions wre CaO-Al2O3-SiO2 and Al2O3-SiO2-MnO at the early stage of the LF process,
but CaO-Al2O3-SiO2-MgO was found in the VD process. During the later stage of the LF
process, there were more MgO inclusions, which were irregular and wrapped by CaO-
Al2O3-SiO2 inclusions. Those inclusions were not completely removed in the process of
soft stirring and tundish pouring, and they eventually remained in the billet. The variation
in the average mass fraction of MgO and Al2O3 in inclusions during the refining process is
shown in Figure 3. The average Al2O3 content of oxide inclusions gradually decrease from
43% to 15% in the refining process. The average MgO content of oxide inclusions increase
from 7% to 15%. The average MgO content in inclusions increased rapidly from the late
refining stage to the VD stage.

Figure 2. Morphology and composition of typical inclusions in steel.
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Figure 3. Average mass fraction of Al2O3 and MgO in CaO-Al2O3-MgO-SiO2 inclusions.

3.2. Analysis of the MgO-C Refractory after Continuous Casting

By taking samples of refractory materials at the slag line of the ladle furnace after
smelting, the longitudinal section of the refractory contacting the molten steel was analyzed
with a scanning electron microscope, as shown in Figure 4. From inside to outside, it can be
divided into three layers, including the complete reaction layer, transition layer and matrix.
Almost all C in the reaction layer and transition layer of the refractory was oxidized, and the
reaction layer infiltrated obvious Ca-Si-Al-O inclusions and Fe droplets. Further analysis
of the micro area in the reaction layer is shown in Figure 5. There was a large amount of
massive MgO in the refractory, which was wrapped by infiltrated Ca-Si-Al-O inclusions.

 
Figure 4. Longitudinal sectional microstructure and element mapping of the ladle furnace slag line
MgO-C bricks.
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Figure 5. Microstructure and element mapping of the reaction layer in the slag line MgO-C bricks.

3.3. Source of MgO-Based Non-Metallic Inclusions

Inclusions were analyzed using an SEM equipped with an EDS in the billet as shown
in Figure 6. It was found that the inclusions in steel were CaO-Al2O3-SiO2 and Al2O3-
SiO2-MnO, and that there were a large number of composite inclusions with massive MgO
wrapped by silicate inclusions. The number of MgO-based inclusions in the billet is shown
in Table 3. The size distribution of all inclusions and MgO-based inclusions in billet is
shown in Figure 7, and the morphology and composition of typical inclusions are shown
in Figure 8. It can be seen that the light gray part of the inclusion corresponds to the
CaO-SiO2-Al2O3 phase, and the black area depicts the MgO phase. The shape of the MgO
phase is irregular and has edges and corners.

Figure 6. Sampling plan.
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Table 3. Non-metallic inclusions in billet before improvement.

NO.
Number of All

Types of Inclusions

MgO-Based Non-Metallic Inclusions

Number Density, /mm2

1 177 28 0.32

2 204 26 0.29

3 272 5 0.06

4 148 14 0.16

5 134 9 0.10

6 333 15 0.17

7 298 22 0.25

8 332 23 0.26

9 207 15 0.17

Average 0.20

The MgO inclusions probably came from the refining slag or corrosion of the MgO-C
refractory. Refining slag with a low basicity has strong corrosiveness. The MgO content
in the refining slag increased from the LF to the VD process, as shown in Table 2. The
thermodynamic FactSage8.1 software with FToxid databases, SafeNet Inc., Belcamp, MD,
USA (for oxides) was used to simulate the precipitation of inclusions during solidification.
Combined with the statistical data of the inclusions mentioned above, the average com-
position of inclusions in the steel was 40CaO-30SiO2-15Al2O3-15MgO in the billet. At the
molten steel temperature, there are precipitations of MgO from liquid inclusions in the
40CaO-30SiO2-15Al2O3-15MgO system, as shown in Figure 9.
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Figure 7. Size distribution of inclusions in the billet. (a) all types of inclusions; (b) MgO-based inclusions.

 

Figure 8. Morphology and composition of typical inclusions in billet.
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Figure 9. Precipitation of inclusions during solidification.

3.4. Thermodynamic Considerations of MgO Saturation in Slag

MgO-unsaturated secondary metallurgical slag can cause MgO to dissolve from a
refractory brick into slag. The MgO solubility in slag is controlled by saturation phases that
include periclase (MgO), spinel (MgO·Al2O3) or forsterite (2MgO·SiO2) in the quaternary
CaO-SiO2-Al2O3-MgO system. The thermodynamic FactSage8.1 software was used to
obtain the MgO saturation concentration under different conditions by the isothermal
stability diagrams (ISDs) [19].

Figure 10 shows the effect of the Al2O3 content on MgO solubility with 25~40% SiO2
contents at 1873 K. The MgO solubility was about 2~34% with 0~10% Al2O3 content in the
quaternary CaO-SiO2-Al2O3-MgO system. With an increase in the Al2O3 content, the MgO
solubility in the MgO-saturated phases periclase (MgO), forsterite (Mg2SiO4) and dual
saturated (MgO and Ca2SiO4) increased, and thereafter, decreased in the MgO-saturated
phase spinel (MgO·Al2O3). Additionally, the SiO2 content had a significant effect on the
MgO solubility in the lime-silicate slag. The MgO solubility increased with an increase to
less than 40% SiO2 content.

Figure 10. Effect of the Al2O3 content on MgO solubility in lime-silicate slag at 1873 K.

Figure 11 displays the effect of the Al2O3 content at different basicities (CaO/SiO2) on
MgO solubility at 1873 K. It is notable that slags with higher basicity were saturated with
less MgO. Typical lime-silicate slag had less than 10% Al2O3 content and 0.8~2.0 basicity,
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therefore, the solubility of MgO was 1~29%. This conclusion was consistent with previous
researches [7–9] considering the solubility of MgO in the CaO-SiO2-FetO-MgO system.

Figure 11. Effect of basicity (CaO/SiO2) on MgO solubility with a low basicity of the slag at 1873 K.

Figure 12 shows the effect of the Al2O3 content at different temperature on the MgO
solubility with 40% SiO2 content. More MgO was saturated in the quaternary CaO-SiO2-
Al2O3-MgO system at a higher temperature.

Figure 12. Effect of the Al2O3 content on MgO solubility in slag with 40% SiO2 at different temperatures.

3.5. Evolution Mechanism of MgO-Based Non-Metallic Inclusions

The main components of refractory materials are MgO and C. Because the MgO
content in the slag is not saturated, the basicity of the refining slag is low, and the oxidation
property is high, the C in the refractory is oxidized, and MgO gradually enters into the slag,
resulting in the gradual increase of the MgO content in the slag and the gradual erosion
of the refractory [20]. At the later stage of smelting, the impurities in the steel are mainly
CaO-SiO2-Al2O3 low melting point liquid inclusions, the C in the refractory is oxidized,
and the CaO-SiO2-Al2O3 inclusions in the steel enter the surface cracks of the refractory. As
Liu [6] found, C in the MgO-C refractory also reduced MgO in the refractory in Al-killed
steel. The main difference was that a MgO-based inclusion was not formed by Mg from the
refractory in the steel. With the scouring of the refractory by the bottom blowing of the ladle
and the flow of the steel, the massive MgO flakes into the steel, or the CaO-SiO2-Al2O3
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wraps the massive MgO inclusions and washes into the steel. The detailed mechanism
process is illustrated in Figure 13. The evolution mechanism of MgO-based inclusions is
shown in Figure 14.

Figure 13. Illustration diagram of steel-slag-refractory interaction mechanism.

 

Figure 14. Schematic diagram of MgO-based inclusion evolution mechanism.

3.6. Improvements in Industrial Trial

From the analysis above, the corrosion of the refractory can be reduced by increasing
the basicity and MgO content in the refining slag. Hence improvements were made in
the industrial trial. We redesigned the refining slag, specifically by: (1) appropriately
increasing the amount of lime in the LF refining process, increasing the amount of lime by
50–100kg, controlling the basicity of slag to 1.5–2.0 and reducing the saturation solubility of
MgO in refining slag; (2) increasing the content of MgO in the refining slag, making the
content of MgO in the refining slag reach saturation state and reducing the corrosion of
the refractory. The main components of the refining slag before and after improvement are
shown in Table 4.

Table 4. Components of the refining slag in LF before and after improvement, wt%.

Different Process CaO SiO2 Al2O3 MgO T.Fe+MnO

before improvement 39–44 37–43 5–10 3–7 ≤5.0

after improvement 45–52 27–33 3–8 8–14 ≤1.5

Inclusions were analyzed using an SEM equipped with an EDS in the billet, as shown
in Figure 15. After improvement, the samples of the continuous casting billet were ana-
lyzed. The number and density of inclusions are shown in Table 5. The morphology and
composition of typical inclusions in billet are shown in Figure 16. The inclusions in the
steel were CaO-Al2O3-SiO2 and Al2O3-SiO2-MnO, some of which also contained a minor
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amount of MgO, but the composition of MgO was relatively uniform in distribution, and
the number of composite inclusions wrapped with MgO decreased greatly.

 
Figure 15. Sampling plan.

Table 5. Non-metallic inclusions in the billet after improvement.

NO. Number of all Types of Inclusions
MgO-Based Non-Metallic Inclusions

Number Density, /mm2

1 168 2 0.03

2 243 5 0.06

3 261 5 0.06

4 177 2 0.02

5 244 4 0.05

Average 0.04

 

Figure 16. Morphology and composition of typical inclusions in billet.

Before improvement the average density of oxide inclusions containing MgO was
0.59/mm2, while that of massive MgO inclusions was 0.2/mm2. After improvement, the
average density of oxide inclusions containing MgO was 0.45/mm2, and the density of
MgO-based oxide inclusions was reduced to 0.04/mm2 in Figure 17. The proportion of
MgO-based oxide inclusions decreased from 6.8% to 1.7%. The objective of controlling
MgO-based oxide inclusions was achieved by optimizing the refining process.
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Figure 17. The number of MgO-based oxide inclusions in the billet.

4. Conclusions

In the present study, industrial trials and thermodynamic calculations were performed
to investigate the solubility of MgO in the quaternary CaO-SiO2-Al2O3-MgO system in
secondary metallurgical slag. The following conclusions were obtained:

1. By using an SEM equipped with an EDS, it was found that there were a large number
of MgO-based non-metallic inclusions, which started to form in the LF final process.
The content of MgO in the lime-silicate slag increased from the LF process to VD
process, which may have been caused by the erosion of MgO-C refractory.

2. The solubility of MgO in low basicity lime-silicate slag decreased with an increase in
the slag basicity (CaO/SiO2). In the lime-silicate slag, the solubility of MgO increases
with an increase in the temperature. The solubility of MgO was 1~29% in typical
lime-silicate slag with 0~10% Al2O3 and 0.8~2.0 slag basicity (CaO/SiO2) at 1873 K.

3. With the oxidation of C in the refractory and the scouring of the refractory by the
bottom blowing of the ladle and the flow of moten steel, the massive MgO flakes into
the steel, or the CaO-SiO2-Al2O3 wraps the massive MgO inclusions and washes into
the steel.

4. By increasing the slag basicity and increasing the content of MgO, erosion of MgO-
C refractory was reduced and number of MgO-based non-metallic inclusions was
decreased from 0.2 to 0.04 per square millimeter. The objective of controlling MgO-
based oxide inclusions was achieved by optimizing the refining process.
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Abstract: Nonmetallic inclusions are harmful to the quality of 42CrMo4 steel. Therefore, the formation
and removal mechanism of inclusions in 42CrMo4 steel during the steelmaking process is investigated
by industrial trials. The characteristics of inclusions in specimens were analyzed by scanning electron
microscopy and energy dispersive spectroscopy. The main type of inclusions in molten steel in the
early stage of ladle furnace (LF) refining is MgO-Al2O3 inclusions of irregular shape. CaO begins
to appear in MgO-Al2O3 inclusions in the middle and late stages of LF. In the vacuum degassing
(VD) refining stage, the inclusions in molten steel completely change into low-melting-point CaO-
MgO-Al2O3 inclusions. The existence of [Mg] in molten steel is the fundamental reason for the
formation of a large number of MgO-Al2O3 inclusions. Thermodynamic calculation shows that the
refractory mainly transfers [Mg] to the liquid steel in the LF refining stage, whereas the slag mainly
transfers [Mg] to the liquid steel in the VD refining stage. Kinetic calculation indicates that MgO-
Al2O3 inclusions could be removed from molten steel faster than low-melting-point CaO-MgO-Al2O3

inclusions. The fundamental reason for the different removal behavior of the two types of inclusions
is that the interfacial tension between the low-melting-point CaO-MgO-Al2O3 inclusions and the
liquid steel is 50% lower than that of the MgO-Al2O3 inclusions.

Keywords: nonmetallic inclusions; MgO-Al2O3; CaO-MgO-Al2O3; thermodynamic; kinetic

1. Introduction

The 42CrMo4 type of steel is a medium carbon alloy structural steel that has high
strength, hardenability, toughness, creep strength, and endurance strength at high tempera-
tures [1–5]. It is commonly used to prepare pitch and yaw bearings in wind power steel.
Because of the harsh working environment, complex load-bearing conditions, and the high
cost of lifting and replacing bearings, wind power equipment needs longer service life and
higher stability. Inclusions in steel are the key factor affecting fatigue life [6–8]. Therefore,
it is important to study the formation and removal mechanism of inclusions in 42CrMo4
steel during smelting to reasonably control inclusions in molten steel and improve the final
product quality of 42CrMo4 steel.

Aluminum deoxidizes 42CrMo4 steel, and the deoxidized product is Al2O3 [9,10].
However, the main inclusions found in the smelting process are MgO-Al2O3 inclusions,
which will change into CaO- MgO-Al2O3 inclusions along with the smelting process.
The presence of [Mg] in liquid steel leads to the transformation of Al2O3 inclusions into
MgO-Al2O3, but there is still controversy about the source of [Mg] in molten steel. Some
authors [11–14] have pointed out that slag containing MgO and magnesia refractory reacted
with liquid steel and transferred [Mg] to liquid steel together. Increasing [Mg] content
in liquid steel promotes inclusion change from simple Al2O3 inclusions to MgO-Al2O3
inclusions. However, some authors [15,16] have noted that the transfer of [Mg] from slag
to molten steel was dominant, and refractory materials had little effect on it. There are
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also authors [17–19] who have pointed out that the displacement reaction between [Al]
in molten steel and MgO in refractories was the main reason for the increase in [Mg] in
molten steel, which further determined the formation of MgO-Al2O3 inclusions. As for
the transformation mechanism of MgO-Al2O3 inclusions to CaO-MgO-Al2O3 inclusions,
a large number of authors [20–24] have reported that [Ca] reduced MgO in MgO-Al2O3
inclusions to CaO and eventually formed low-melting-point CaO-MgO-Al2O3 inclusions.
However, compared with solid inclusions, low-melting-point liquid inclusions are more
difficult to remove from molten steel [25–31]. As a result, the main type of inclusions
observed in molten steel at the later stage of smelting is low-melting-point liquid inclusions,
which will be unfavorable to the final product quality. For 42CrMo4 steel, which uses the
Al deoxidation process and the smelting route is Electric furnace (EAF) → Ladle refining
furnace (LF) → Vacuum refining furnace (VD) → Continuous casting (CC), the source
of [Mg] in molten steel during smelting, the transformation process of inclusions from
MgO-Al2O3 to liquid CaO-MgO-Al2O3, and the removal mechanism of inclusions have
never been specifically studied.

In the present work, the samples were taken at ladle furnace (LF) and vacuum de-
gassing (VD) in a plant trial to reveal the source of [Mg] in liquid steel and the formation
mechanism of CaO-MgO-Al2O3 inclusions. The removal mechanism of low-melting-point
CaO-MgO-Al2O3 inclusions was studied by kinetic calculation. The morphology, com-
position, and numbers of inclusions in samples were determined by scanning electron
microscopy and energy dispersive spectroscopy.

2. Methodology

2.1. Experimental Procedures

The industrial trials of 42CrMo4 steel were carried out in a steel plant. The steelmaking
route is Electric furnace (EAF) → Ladle refining furnace (LF) → Vacuum refining furnace
(VD) → Continuous casting (CC), as shown in Figure 1. Al blocks are used as deoxidizers for
strong deoxidation after steel tapping in the electric furnace, Si-Mn alloy and ferrochrome
alloy are used for alloying, and then lime is added for slagging. The slag used in the LF
stage has high basicity and strong reducing properties, and its binary basicity can reach
around 7. In vacuum treatment in the VD stage at vacuum degrees below 66.7 pa, argon gas
is passed through for stirring to promote rapid removal of hydrogen from the steel under
vacuum conditions. At the end of the vacuum, to make the steel composition qualified,
Al wire is added to increase the Al content in the molten steel to about 0.021%. The argon
blowing pressure and flow rate are adjusted for a soft blowing operation, which lasts a
total of 20 min. Finally, the liquid steel is transported to the continuous casting platform for
casting. The entire sampling process was carried out for a certain furnace: LF refining in
the early stage, LF refining in the middle stage, LF refining at the end, VD vacuum at the
end (sampling immediately after VD vacuum), soft blowing for 10 min, and soft blowing
at the end (for 20 min), respectively marked as samples 1~6. The slag was sampled at the
beginning of LF refining, the middle of LF refining, the end of LF refining and the end of
VD vacuum, respectively marked as samples 1~4. Since the composition of the slag after
VD vacuum was basically unchanged, the slag at the soft blowing stage was not sampled.

Figure 1. Schematic illustration of smelting process and sampling locations.
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2.2. Composition Analysis and Inclusion Observation

The steel sample is processed into a round bar (Φ 5 × 50 mm), and the total oxygen
content (T.O) in the sample is detected by the inert gas fusion-infrared absorptiometry
method. The contents of Ca and Mg in steel were determined by the inductively coupled
plasma optical emission spectrometry method (ICP-OES, Thermo Fisher, Waltham, MA,
USA) and other alloy elements using the direct reading spectrometer ARL8860 (Thermo
Fisher, Waltham, MA, USA) for testing; the main components of the sample were as shown
in Table 1. The chemical composition of the slag was detected by X-ray fluorescence
analysis (XRF, PANalytical B.V., Almelo, The Netherlands); the results were as shown in
Table 2, which shows the slag basicity was around 7. In order to facilitate observation
and statistics, the obtained steel samples were cut to obtain metallographic samples of
10 mm × 10 mm × 10 mm. After grinding and polishing, scanning electron microscopy
(FEI, Hillsboro, OR, USA) and energy dispersive spectrometry (FEI, Hillsboro, OR, USA)
were used for scanning statistics under fixed magnification, and the types and chemical
components of inclusions obtained were analyzed.

Table 1. Chemical compositions of 42CrMo4 steel (mass percent).

Sample No. C Si Mn S Cr Mo Al Ca Mg T.O

1 0.280 0.158 0.618 0.0040 0.879 0.132 0.036 0.0015 0.0006 0.0024
2 0.403 0.204 0.678 0.0022 0.985 0.156 0.024 0.0009 0.0006 0.0029
3 0.408 0.213 0.677 0.0019 0.982 0.155 0.019 0.0014 0.0007 0.0036
4 0.418 0.208 0.670 0.0018 0.986 0.154 0.008 0.0017 0.0006 0.0027
5 0.415 0.209 0.675 0.0017 0.986 0.156 0.021 0.0019 0.0005 0.0023
6 0.404 0.208 0.672 0.0017 0.978 0.155 0.021 0.0010 0.0005 0.0014

Table 2. Chemical compositions of slag (mass percent).

Sample No. CaO SiO2 Al2O3 MgO

1 58.6 8.57 24.2 5.33
2 56.4 7.92 26.5 5.87
3 55.4 8.26 27.2 5.93
4 54.2 8.7 28.2 6.31

3. Results

3.1. Characterization of Inclusions

By scanning the surface of each sample, it was found that the main inclusions in the
steel were MgO-Al2O3 inclusions with irregular shapes in the early stage of LF smelting, as
shown in Figure 2a. The mass fraction of each component of the inclusions is marked in the
figure, and the mass fraction of MgO was lower than that of Al2O3. The elemental mapping
of typical MgO-Al2O3 inclusions is shown in Figure 3a. Mg, Al, and O elements were
evenly distributed in the inclusions. In the middle stage of LF smelting, the main types
of inclusions remained unchanged and were still MgO-Al2O3 inclusions, but CaO began
to appear in some inclusions, as shown in Figure 2(b2). The elemental mapping of typical
inclusions is shown in Figure 3b. The distribution of Mg and Al was relatively uniform,
whereas Ca was unevenly distributed in the outer layer of inclusion. In this smelting stage,
a small number of spherical inclusions with high CaO content also began to appear in the
molten steel, as shown in Figure 2(b3). At the end of LF smelting, CaO generally appeared
in inclusions, and the shape of CaO-MgO-Al2O3 inclusions containing a small amount of
CaO was irregular, as shown in Figure 2(c1). With the further increase in CaO content in
inclusions, the morphology of inclusions began to change from irregular shape to spherical
inclusions with smooth external contour, as shown in Figure 2(c2). The elemental mapping
of typical inclusions is shown in Figure 3c. In the outer layer of the inclusions, the Ca
element further accumulated, whereas the Mg element disappeared, and the distribution
of the Al element decreased slightly. In the center of inclusion, the distribution of Mg and
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Al was more concentrated, but the Ca element was not present. At the end of VD vacuum
refining, the main type of inclusions in molten steel was CaO-MgO-Al2O3 inclusions with
a spherical shape, and the content of MgO in the inclusions decreased obviously, as shown
in Figure 2d. The elemental mapping of typical CaO-MgO-Al2O3 inclusions is shown
in Figure 3d. It can be seen that the distribution of Ca and Al elements in the inclusion
is uniform. After 10 and 20 min of VD soft blowing, the main types of inclusions were
the same as those at the end of the VD vacuum. The main inclusions were CaO-MgO-
Al2O3 inclusions containing a small amount of MgO, as shown in Figure 2. The elemental
mapping of typical CaO-MgO-Al2O3 inclusions is shown in Figure 3e,f. It can be seen that
the distribution of Ca and Al elements in the inclusions was uniform, but the distribution
of Mg elements was uniform or a with small amount of aggregation.

Figure 2. Morphology and composition of typical inclusions encountered in samples: (a1) a MgO-Al2O3

inclusion in sample 1; (a2) a MgO-Al2O3 inclusion in sample 1; (a3) a MgO-Al2O3 inclusion in sample
1; (b1) a MgO-Al2O3 inclusion in sample 2; (b2) a CaO-MgO-Al2O3 inclusion in sample 2; (b3) a CaO-
MgO-Al2O3 inclusion in sample 2; (c1) a CaO-MgO-Al2O3 inclusion in sample 3; (c2) a CaO-MgO-Al2O3

inclusion in sample 3; (c3) a CaO-MgO-Al2O3 inclusion in sample 3; (d1) a CaO-MgO-Al2O3 inclusion in
sample 4; (d2) a CaO-MgO-Al2O3 inclusion in sample 4; (d3) a CaO-MgO-Al2O3 inclusion in sample 4;
(e1) a CaO-MgO-Al2O3 inclusion in sample 5; (e2) a CaO-MgO-Al2O3 inclusion in sample 5; (e3) a CaO-
MgO-Al2O3 inclusion in sample 5; (f1) a CaO-MgO-Al2O3 inclusion in sample 6; (f2) a CaO-MgO-Al2O3

inclusion in sample 6; (f3) a CaO-MgO-Al2O3 inclusion in sample 6.
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Figure 3. Elemental mapping of typical inclusions in samples: (a) a typical MgO-Al2O3 inclusion in
sample 1; (b) a typical MgO-Al2O3 inclusion in sample 2; (c) a typical CaO-MgO-Al2O3 inclusion
in sample 3; (d) a typical CaO-MgO-Al2O3 inclusion in sample 4; (e) a typical CaO-MgO-Al2O3

inclusion in sample 5; (f) a typical CaO-MgO-Al2O3 inclusion in sample 6.

3.2. Composition Distribution of Inclusions

The inclusion compositions observed at each stage were marked in the CaO-MgO-
Al2O3 ternary phase diagram, as shown in Figure 4. The ternary phase diagram of CaO-
MgO-Al2O3 at 1600 ◦C was calculated by FactSage8.0 thermodynamics software (version
8.0, CRCT, Montreal, Canada), and the red line area denotes the pure liquid oxide area.
Aluminum blocks were used for deoxidation in the smelting process, and Al2O3 inclusions
would be rapidly formed in the molten steel. However, at the initial stage of LF refining,
the main type of inclusions in liquid the steel was MgO-Al2O3 inclusions. With the de-
velopment of LF refining, a new component, CaO, began to appear in the MgO-Al2O3
inclusions. Many studies have found that the impure alloys [32] and the reaction between
slag and steel [33,34] transfer [Ca] to the steel, resulting in the appearance of CaO elements
in the inclusions of the non-calcium-treated LF stage. As can be seen from Figure 4, the
composition of the inclusions approached the liquid oxide region as the smelting proceeded,
and the morphology of the inclusions also changed from irregular to a spherical shape.
After the end of the VD vacuum treatment, MgO-Al2O3 inclusions in liquid steel were
mostly transformed into spherical liquid low-melting-point CaO-MgO-Al2O3 inclusions,
which were principally in the pure liquid oxide region. After soft blowing, the main type
of inclusions remained unchanged.
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Figure 4. Composition distributions (mass fraction) of inclusions in CaO-MgO-Al2O3 phase diagrams.
(L: Liquid Oxide; CA2: CaO-2Al2O3; CM2A8: CaO-2MgO-8Al2O3; CM2A14: CaO-2MgO-14Al2O3;
CA6: CaO-6Al2O3; Spinel:MgO-Al2O3).

3.3. Quantity Distribution of Inclusions

It can be seen from Figure 4 that the inclusions are mainly divided into three types:
MgO-Al2O3 inclusions without CaO, CaO-MgO-Al2O3 inclusions in the solid–liquid two-
phase region, and CaO-MgO-Al2O3 inclusions in the pure liquid phase region. The content
of CaO in the CaO-MgO-Al2O3 inclusions in the solid–liquid two-phase region ranged
from 0 to 30%. The number of inclusions of different types in the samples was further
analyzed, as shown in Figure 5. In this paper, all inclusions larger than 3 μm on the
surface of each sample were counted, so the total number of inclusions in each sample
was different. In samples 1~3, the main type of inclusions was MgO-Al2O3 inclusions,
but four CaO-containing inclusions were found in sample 1, and the CaO content was
less than 30%. The number of inclusions in sample 2 increased to 10 and included two
liquid CaO-MgO-Al2O3 inclusions. In sample 3, the number of liquid CaO-MgO-Al2O3
inclusions increased to 7, whereas the number of MgO-Al2O3 inclusions decreased slightly.
In samples 4–6, the main inclusions changed into liquid CaO-MgO-Al2O3 inclusions. In
sample 4, the number of MgO-Al2O3 inclusions decreased to 1. The number of CaO-MgO-
Al2O3 inclusions containing less than 30% CaO also decreased significantly. The number
of liquid CaO-MgO-Al2O3 inclusions increased significantly to 17. As for samples 5 and
6, the number of liquid CaO-MgO-Al2O3 inclusions was basically unchanged, at 17 and
15, respectively, whereas the number of other types of inclusions was very small, and no
MgO-Al2O3 inclusions were found in sample 6.
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Figure 5. Number of inclusions of different types in all samples.

4. Discussion

4.1. Thermodynamic Analysis of [Mg] Sources in Molten Steel

After the reaction of [Al] with refractory and slag in steel, the refractory and slag will
transfer [Mg] to the steel, which is the fundamental cause of the formation of MgO-Al2O3
inclusions in this experiment. During the smelting process, the reactions between liquid
steel and refractory, liquid steel, and slag are as follows [10]:

3MgO(s)in refractory + 2[Al] = (Al2O3)in slag + 3[Mg] (1)

3(MgO)in slag + 2[Al] = (Al2O3)in slag + 3[Mg] (2)

The reaction between steel and slag and refractory erosion in 42CrMo4 steel was theo-
retically calculated by using FactSage8.0 thermodynamic software. The actual composition
of liquid steel detected in Table 1 was adopted. In order to simplify the calculation, the
following model assumptions were used: (1) the reaction between molten steel and slag
reached equilibrium; (2) the reaction between liquid steel and refractory was balanced;
(3) the temperature was constant at 1600 ◦C; (4) the erosion of refractory by slag was not
considered. The mass fraction ratio of molten steel to slag and molten steel to refractory
was 100:1 during calculation. The calculation results are shown in Figure 6. To increase
the number of samples and thus improve the accuracy of the model, we conducted five
experiments under the same conditions, and full-process sampling was performed for each
experiment. A~E are the five experiments conducted, and 1~4 are the sampling numbers
for LF refining in the early stage, LF refining in the middle stage, LF refining at the end,
and VD vacuum at the end for each experiment. It can be seen that both slag and refrac-
tory transferred [Mg] to liquid steel. In the LF refining process, the transfer of [Mg] from
refractory to molten steel was more than slag, which played a major role. With the progress
of smelting, the content of [Mg] transferred by refractory gradually decreased, which was
related to the decrease in [Al] content in molten steel. The decrease in [Al] content reduced
the corrosion ability of liquid steel to refractory. The transfer of [Mg] content from slag to
molten steel gradually increased to a stable level. In the VD refining process, molten steel
and slag were fully stirred. Slag-transferred [Mg] content to molten steel was higher than
that transferred by refractory, which played a major role.
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Figure 6. The content of magnesium provided by slag and refractory to molten steel at 1600 ◦C.

In order to verify the accuracy of the thermodynamic calculation, error analysis was
conducted on the calculation results of the five furnace experiments, as shown in Figure 7.
Mg is a trace element, and Kang [35] pointed out that there is 0.0001–0.0002% error in the
determination of Mg content by the ICP method. The result of thermodynamic calculation
is compared with the result of experimental detection, and the fluctuation of the value is
not more than 0.00015%. Therefore, the thermodynamic calculation results can reflect the
content of [Mg] in molten steel well.

Figure 7. Error analysis of calculation results of five furnaces.

4.2. Formation Mechanism of CaO-MgO-Al2O3 Inclusions

After slag and refractories transferred [Mg] into liquid steel, MgO-Al2O3 inclusions
were rapidly generated in liquid steel, so a large number of such inclusions were observed
in the early stage of LF refining. The Mg-Al-O equilibrium phase diagram of 42CrMo4
steel at 1600 ◦C was calculated by FactSage8.0 software, as shown in Figure 8. The dotted
line shows the dissolved oxygen contents in molten steel. Figure 9a contains four areas:
the upper part is the MgO inclusion generation area, the middle part is the MgO-Al2O3
inclusion generation area, the lower part is the Al2O3 inclusion generation area, and the
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lower-left corner is the liquid steel area. It can be seen that the formation area of MgO-
Al2O3 inclusions is the largest. A small amount of [Mg] contents in liquid steel could form
MgO-Al2O3 inclusions. Figure 8b,c shows the effect of adding 1 ppm and 3 ppm [Ca] to
liquid steel on inclusions, respectively. There are four areas: the upper part is the MgO
inclusion generation area, the middle part is the MgO-Al2O3 inclusion generation area, the
lower part is the CaO-MgO-Al2O3 liquid oxide generation area, and the lower-left corner is
the liquid steel area.

The composition of liquid steel in LF and VD is marked in Figure 8. Without [Ca], as
shown in Figure 8a, the composition points are all located in the formation area of MgO-
Al2O3 inclusions, indicating that a large number of MgO-Al2O3 inclusions were formed
in the molten steel under this smelting condition. When 1 ppm [Ca] existed in the liquid
steel, as shown in Figure 8b, the composition points were still all located in the area of
MgO-Al2O3 inclusions. However, the Al2O3 inclusion formation region disappeared. The
CaO-MgO-Al2O3 liquid oxide formation region appeared. The MgO-Al2O3 inclusion region
became smaller. It can be found that 1 ppm [Ca] was not enough to convert inclusions in
42CrMo4 steel to CaO-MgO-Al2O3 liquid oxide. When 3 ppm [Ca] existed in the liquid
steel, as shown in Figure 8c, the MgO-Al2O3 inclusion formation area in the phase diagram
almost disappeared and only occurred when the dissolved oxygen in the liquid steel was
high. The formation area of CaO-MgO-Al2O3 liquid oxide in the phase diagram was further
expanded. The composition points of liquid steel are all located in this region, indicating that
CaO-MgO-Al2O3 liquid oxide was stably generated in 42CrMo4 steel when there was 3 ppm
[Ca] in liquid steel. It can be found that increasing different calcium content in molten steel
had no effect on the MgO inclusion formation region, but increasing only 1 ppm calcium
significantly affected the MgO-Al2O3 inclusion and Al2O3 inclusion formation area. Thus,
a slight increase in calcium could change the type of inclusions in molten steel.

Figure 8. Effect of different calcium content on MgO-Al2O3 inclusions: (a) no calcium; (b) 1 ppm
[Ca]; (c) 3 ppm [Ca] (C: 0.4%-Cr: 0.98%-Mo: 0.16%).
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Figure 9. Effect of calcium content on inclusions in smelting process at 1600 ◦C: (a) Al: 0.036%; (b) Al:
0.024%; (c) Al: 0.02%; (d) Al: 0.008%; C: 0.4%; Cr: 0.98%; Mo: 0.16%; Mg: 0.0006%; O: 0.003%; Spinel:
MgO-Al2O3; CM2A8: CaO-2MgO-8Al2O3; CA2: CaO-2Al2O3; C2S: CaO-2SiO2.

According to the observed inclusions distribution, MgO-Al2O3 inclusions gradually
changed to CaO-MgO-Al2O3 inclusions from LF to VD. The CaO content in the inclusions
increased gradually until the end of VD soft blowing, and most of the inclusions were in
the liquid oxide region. The calcium and aluminum in the liquid steel fluctuated greatly
according to the composition of the liquid steel detected. Therefore, in order to explore the
effect of calcium content on inclusion transformation in liquid steel, FactSage8.0 software
was used to calculate the effect of calcium content on inclusions in liquid steel under differ-
ent aluminum content conditions, as shown in Figure 9. The calculation range of calcium
content was 0~0.004%; Mg content was 0.0006%; the total oxygen content was 0.003%. It can
be seen from Figure 9a that with the increase in calcium content, the content of MgO-Al2O3
inclusions in molten steel gradually decreased, and CaO-2MgO-8Al2O3 and CaO-2Al2O3
inclusions began to appear. The content of CaO-2MgO-8Al2O3 inclusions began to decrease
when the calcium content increased to 2 ppm, whereas the content of CaO-2Al2O3 inclu-
sions continued to increase. When the calcium content increased to 5 ppm, the content
of CaO-2Al2O3 inclusions began to decrease and liquid oxides began to appear. When
the calcium content reached 16ppm, the MgO-Al2O3 inclusions disappeared completely
and only liquid low-melting-point oxides remained in the molten steel. The transition
route of inclusions was: MgO-Al2O3 → CaO-2MgO-8Al2O3 → CaO-2MgO-8Al2O3 + CaO-
2Al2O3 → Liquid CaO-MgO-Al2O3. The content of CaO in inclusions increased gradually.
The inclusions in Figure 9b–d had the same transition route as Figure 9a, except that the
quality of inclusions generated under different aluminum contents was different.

4.3. Removal Mechanism of Inclusions

According to the observation and analysis of inclusions in 42CrMo4 steel, it was shown
that low-melting-point CaO-MgO-Al2O3 inclusions became the main inclusions in liquid
steel after LF, VD, and soft blowing. Soft blowing treatment could not effectively promote
the removal of such inclusions. The solid MgO-Al2O3 inclusions disappeared after refining,
indicating that the removal effects of different types of inclusions in molten steel were
different. The removal process of inclusions was divided into three steps: polymerization
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growth, floating, and separation at the interface between steel and slag. The third step
determines whether the inclusion could be removed from the liquid steel [26]. This section
discusses the displacement, velocity, and force variation of different inclusions at the
interface between steel and slag.

Based on the Strandh model [28,29], the force analysis diagram of inclusions at the
interface between steel and slag is shown in Figure 10. Inclusion in the interface between
steel and slag sported by the four forces worked together: the buoyancy force Fb, the
drag force Fd, the added mass force Ff, and the rebound force Fr. Inclusions of movement
followed Newton’s second law:

Fa = ma = Fb + Fr + Fd + Ff =
4
3

πRI
3ρI

d2Z
dt2 (3)

Figure 10. The force analysis diagram of inclusions.

The size of the buoyancy force, the drag force, the added mass force, and the rebound
force could be calculated according to Equations (4)–(7):

Fr = 2πRσMS

(
Z
RI

− 1 − σIM − σIS

σMS

)
(4)

Fd = 4πRI
2μS A ·

((
μM

μS
− 1

)
Z2

RI2 − 2
(

μM

μS
− 1

)
Z
RI

+
μM

μS

)
dZ
dt

(5)

Ff =
2
3

πR3
I ρS

(
1
4

(
ρM

ρS
− 1

)
Z3

RI3 − 3
4

(
ρM

ρS
− 1

)
Z2

RI2 +
ρM

ρS

)
d2Z
dt2 (6)

Fb =
4
3

πR3
I g
((

1
4

(
ρM

ρS
− 1

)
Z3

RI3 − 3
4

(
ρM

ρS
− 1

)
Z2

RI2 +
ρM

ρS

)
ρS − ρI

)
(7)

where R is the radius of inclusion, σMS is the interfacial tension between molten steel and
slag, σIM is the interfacial tension between inclusions and liquid steel, σIS is the interfacial
tension between inclusions and slag, μM is the viscosity of liquid steel, μS is the viscosity of
slag, ρM is the density of liquid steel, ρS is the slag density, ρI is the density of inclusions, Z
is the displacement of inclusions at the interface between steel and slag, and t is time. In
this model, it was assumed that the initial position of the inclusions was below the interface.
When the displacement value reached twice the radius of the inclusions, it was considered
that the inclusions broke away from the interface and completely entered the slag.

According to Newton’s second law, a second-order differential equation could be
obtained by simultaneous operation of Equations (3)–(6), as shown in Equation (8). The
change in inclusion displacement with time could be obtained by solving the equation.
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The low-melting-point CaO-MgO-Al2O3 inclusions detected in the smelting process
were substituted into Equation (7) for solution, as shown in Figure 11. It can be seen
that the displacement of the low-melting-point CaO-MgO-Al2O3 inclusions generated in
the smelting process at the interface between steel and slag was less than 2R. This kind
of inclusion could not be removed from the molten steel, but oscillated at the interface
between steel and slag, and finally stayed there. In actual production, the inclusions were
likely to return to the molten steel due to the fluctuation of the interface.

Figure 11. Displacement variation of low-melting-point CaO-MgO-Al2O3 inclusions at the interface
between steel and slag.

Since a large number of MgO-Al2O3 inclusions were observed in the LF refining process,
the removal process of such inclusions at the interface was calculated, as shown in Figure 12.
The displacement changes of MgO-Al2O3 inclusion and low-melting-point CaO-MgO-Al2O3
inclusion at the interface were compared under the same radius (15 μm), molten steel and
slag conditions. The values of interfacial tension, density, and viscosity data required for the
calculations were calculated according to the study by Xuan et al. [27], as shown in Table 3.
The displacement of the MgO-Al2O3 inclusion reached 2R at 5.04 × 10−6 s, whereupon it
could completely separate from the molten steel and entered the slag. The displacement
of the low-melting-point CaO-MgO-Al2O3 inclusion was obviously smaller than that of
the MgO-Al2O3 inclusion at the same time, and reached the maximum displacement at
1.2 × 10−5 s. However, at this time, the inclusion could not completely break away from
the molten steel. Then, the displacement decreased, and the inclusion oscillated at the
interface until it stayed at the interface. Finally, the displacement of the inclusion was 1.57 R.
The MgO-Al2O3 inclusion separated from the liquid steel and entered the slag phase faster
than the low-melting-point CaO-MgO-Al2O3 inclusions. Therefore, the low-melting-point
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CaO-MgO-Al2O3 inclusion was not easily removed from liquid steel, which was also the
reason why a large number of such inclusions were still seen after VD.

Figure 12. The displacement of different inclusions at the interface between steel and slag.

Table 3. Calculated values of inclusion radius, interfacial tension, density, and viscosity.

Inclusion Type
RI

(μm)
σMS

(N/m)
σIM

(N/m)
σIS

(N/m)
μM

(Pa•s)
μS

(Pa•s)
ρM

(kg/m3)
ρS

(kg/m3)
ρI

(kg/m3)

Liquid
CaO-MgO-Al2O3

15 1.36 1.34 0.57 0.0049 0.089 7001.65 2809.42 3055.52

Solid MgO-Al2O3 15 1.36 3.13 0.82 0.0049 0.089 7001.65 2809.42 3550 [36]

The velocity and resultant force changes of the low-melting-point CaO-MgO-Al2O3
inclusion in Figure 12 were further calculated and analyzed, as shown in Figure 13. It can
be seen that the inclusion velocity decreased to 0 at 1.2 × 10−5 s, when the inclusion had
the maximum displacement. As the resultant force on the inclusion was the resistance to
inclusion removal, the value is −4 × 10−5 N. Under the action of the resultant force, the
inclusion began to change from moving out of liquid steel to moving into liquid steel. Then,
it oscillated until the velocity and resultant force changed to zero and stayed at the interface.

Under the same conditions of steel and slag, the low-melting-point CaO-MgO-Al2O3
inclusions and MgO-Al2O3 inclusions exhibited completely different movement behaviors
at the interface of steel and slag, which was related to their interfacial tension [26]. Therefore,
the interfacial tension of the two inclusions was calculated, as shown in Figure 14. The low-
melting-point CaO-MgO-Al2O3 inclusions in the liquid oxide region had similar physical
properties, so the mean value was used to represent them. It can be seen that the interfacial
tension between low-melting-point CaO-MgO-Al2O3 inclusions and slag was slightly
smaller than that between MgO-Al2O3 inclusions and slag under the same conditions.
However, the interfacial tension between low-melting-point CaO-MgO-Al2O3 inclusions
and molten steel was much less than that between MgO-Al2O3 inclusions and molten steel,
which was less than 50% of the former. The large difference in the interfacial tension of the
two inclusions resulted in different movement behaviors at the interface between steel and
slag, which was the reason why the low-melting-point inclusions could not be removed
from molten steel and became the main type of inclusions in molten steel.
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Figure 13. The velocity and resultant force changes of the low-melting-point CaO-MgO-Al2O3 inclusions.

Figure 14. Comparison of interfacial tension between low-melting-point CaO-MgO-Al2O3 inclusions
and MgO-Al2O3 inclusions.

According to the above calculation and analysis, the inclusion generation and removal
mechanism in 42CrMo4 steel could be summarized as the following process, as shown in
Figure 15. In the EAF, aluminum blocks were used for deoxidation, and Al2O3 inclusions
were formed in the molten steel. In the LF, [Mg] was transferred to the molten steel by [Al]
reducing refractory and slag, and MgO-Al2O3 inclusions began to appear in the molten
steel. With the transfer of [Ca] from slag to molten steel, the MgO-Al2O3 inclusions were
transformed into CaO-MgO-Al2O3 inclusions. In the VD, the content of [Ca] in molten steel
continued to increase, and then the content of CaO in CaO-MgO-Al2O3 inclusions increased,
which was transformed into low-melting-point CaO-MgO-Al2O3 inclusions. A fraction
of the MgO-Al2O3 inclusions was removed from the molten steel during smelting. The
unremoved inclusions were converted into CaO-MgO-Al2O3 inclusions. Because of the
low interfacial tension between the low-melting-point CaO-MgO-Al2O3 inclusions and
the liquid steel, such inclusions were not removed but remained at the interface. The
interface between steel and slag fluctuated constantly during smelting. Therefore, the
low-melting-point CaO-MgO-Al2O3 inclusions had the risk of being involved in liquid
steel, which would pollute the liquid steel.
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Figure 15. Schematic of inclusion formation and removal mechanism.

5. Conclusions

In order to investigate the formation and removal mechanism of oxide inclusion in
42CrMo4 steel, molten steel specimens were taken at different stages in industrial trials.
According to the analysis of inclusions in samples, combined with thermodynamic and
kinetic calculation, the following conclusions were obtained:

1. The MgO-Al2O3 inclusions were the main inclusions generated in aluminum-deoxidized
liquid steel in the LF. With the progress of smelting, CaO components began to appear
in MgO-Al2O3 inclusions. After VD, the main type of inclusions was CaO- MgO-
Al2O3 inclusions, and the proportion of CaO components in inclusions increased
significantly. Combined with the phase diagram, it was found that all the inclusions
were located in the liquid phase area and belonged to low-melting-point CaO-MgO-
Al2O3 inclusions.

2. The existence of [Mg] in molten steel was the fundamental reason for the formation of
MgO-Al2O3 inclusions. The thermodynamic calculation of the [Mg] transfer capacity
of slag and refractory to liquid steel indicated that [Mg] in liquid steel at LF was mainly
provided by refractory, whereas [Mg] in liquid steel at VD was mainly provided
by slag.

3. Thermodynamic calculation indicated that the mass fraction of [Ca] in molten steel
increased to 3 × 10−4%, and the dominant area of liquid oxide in the Mg-Al-O phase
diagram would be significantly expanded, which made a large number of CaO-MgO-
Al2O3 inclusions form in liquid steel. During this period, the theoretical transition
route of MgO-Al2O3 inclusions was as follows: MgO-Al2O3 → CaO-2MgO-8Al2O3
→ CaO-2MgO-8Al2O3 + CaO-2Al2O3 → Liquid CaO-MgO-Al2O3, and the content of
CaO in the inclusions increased gradually.

4. Kinetic calculation indicates that MgO-Al2O3 inclusions with a radius of 15 μm can
be removed at 5.04 × 10−6 s under the same steel and slag conditions, whereas the
low-melting-point CaO-MgO-Al2O3 inclusions with a radius of 15 μm oscillate at the
interface of steel and slag, and finally stay at the interface, which is in accordance
with the characteristics of inclusions in industrial trials. The low interfacial tension
between the low-melting-point CaO-MgO-Al2O3 inclusions and the liquid steel is
only 1.34 N·m−1, but the interfacial tension of MgO-Al2O3 inclusions is 3.13 N·m−1,
which causes the low-melting-point CaO-MgO-Al2O3 inclusions not to be removed.
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Nomenclature
Fa The combined force on the inclusions (N)
Fb The buoyancy force (N)
Fd The drag force (N)
Ff The added mass force (N)
Fr The rebound force (N)
RI The radius of inclusions (μm)
σMS The interfacial tension between molten steel and slag (N/m)
σIM The interfacial tension between inclusions and liquid steel (N/m)
σIS The interfacial tension between inclusions and slag (N/m)
μM The viscosity of liquid steel (Pa•s)
μS The viscosity of slag (Pa•s)
ρM The density of liquid steel (kg/m3)
ρS The slag density (kg/m3)
ρI The density of inclusions (kg/m3)
Z The displacement of inclusions at the interface between steel and slag (μm)
t The time (s)
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Abstract: Based on the solidification heat transfer model and the CAFE model, the solidification
behavior and structure of 2311 die steel, with a cross-section dimension of 415 × 2270 mm at different
casting speeds, specific water flow and superheat, is numerically simulated. Nail-shooting and
acid-etching experiments are carried out on the slab to verify the model’s macroscopic size. With the
increase in casting speed, the slab’s central equiaxed grain ratio (ECR) decreases and the average grain
size increases. The increase in superheat promotes the growth of columnar grains and inhibits the
growth of central equiaxed grains. When the superheat increases from 23 to 38 K, the ECR decreases
from 43.2 to 29.64%, and the average radius of grains increases from 0.89 to 1.01 mm. With the
increase in specific water flow, the ECR decreases, and the average grain radius is the smallest when
the specific water content is 0.32 L kg−1. Finally, the slab quality is improved by process optimization,
and the central segregation index of carbon decreases from mean value of 1.15 to 1.05.

Keywords: CAFE; equiaxed crystal ratio; macrosegregation; numerical simulation; continuous
casting; process optimization

1. Introduction

As a widely used plastic die steel in the world, 2311 die steel has good anti-rust ability.
With improvement of the internal quality control ability of the continuous casting slab, the
continuous casting process has become the main method to prepare 2311 die steel, but the
center segregation of 2311 in 420 mm extra-thick is very serious [1]. This is mainly because
the extra-thick slab has large thickness, low casting speed and long solidification time,
which makes it easy to produce central segregation in the production process [2,3]. Soft
reduction and electromagnetic stirring are main means to control the macrosegregation of
the casting slab [4,5], which can compensate for shrinkage at the end of solidification and
increase the ECR [6]. Soft reduction technology can obviously improve the center quality
of the slab and effectively improve the quality of the subsequent rolled products [7–9].

The soft reduction technique was developed in the 1990s and is considered the best
way to minimize centerline segregation by reducing the shrinkage cavity to compensate for
negative pressure [10]. Rogberg et al. studied the effect of reduction amount on centerline
segregation in high carbon and stainless steel [11]. Zhu et al. studied the influence of
reduction position and reduction on center segregation by numerical simulation [10]. VAI
believes that when the f s < 30 %, the central porosity and segregation almost does not occur.
At this time, the shrinkage roll gap makes it easy to increase the incidence of internal cracks,
so it is recommended that the best solid phase rate (f s) is 0.30–0.95 [12]. Chen et al. believed
that the central segregation was significantly improved by the soft reduction when the f s is
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between 0.55 and 0.75 [13]. Moreover, with the increase in slab thickness, it is difficult to find
the best optimization parameters. Slabs with a thickness of 210,240 and 300 mm are the most
studied. However, the influence of reduction parameters on macrosegregation were rarely
studied for 420 mm thickness. Only a few people have studied the optimum parameters
for 400 mm thickness [14]. In actual production, the continuous casting process parameters
will affect the solidification end position, thus affecting the reduction position. Therefore,
it is particularly important to determine the soft reduction parameters by studying the
influence of the process parameters on the solidification structure and the position of the
solidification end point of the 420 mm extra-thick slab. To determine the solidification end
point, it is necessary to measure the solidified shell thickness of the continuous casting slab.
Because a nail-shooting test is convenient and accurate [15], the nail-shooting method is
commonly used to determine the solidified shell thickness of continuous casting slabs.

In addition, macrosegregation is also closely related to the solidification characteristic
structure [16,17]. This is mainly because macrosegregation is closely related to the liquid
phase flow between dendrites [18–20], and grain size and the ECR will affect the liquid
phase flow between dendrites [21–23]. Therefore, it is valuable to study the grain size and
ECR of the continuous casting slab. Although research has provided some useful informa-
tion for practical production, there are few studies on the simulation of the solidification
structure of ultra-thick slabs.

In this paper, the solidification heat transfer model of a 2311 die steel slab with an area
of 2270 × 415 mm2 is established by ProCAST software, and the accuracy of the model is
verified by a nail-shooting experiment and surface temperature measurement. Then, the
solidification structure of the slab is simulated and verified by an acid etching test. The
ECR and the average grain size under the different casting speeds, superheats and specific
water are calculated and analyzed. On this basis, the soft reduction position and reduction
amount are optimized. Finally, an industrial test is carried out to verify the optimized
process parameters, which effectively improves the central segregation of the slab.

2. Model Descriptions

2.1. Solidification Heat Transfer Model

To simplify the calculation process of the numerical simulation, the following assump-
tions are made [24]:

1. Heat transfer along the casting direction is ignored.
2. The heat exchange of the slab in the secondary cooling zone is described by the heat

transfer coefficient.
3. The influence of mold vibration and protective slag film on heat transfer is ignored.
4. The effect of fluid flow on heat transfer is described by adjusting the thermal conductivity.

Equations (1) and (2) are the two-dimensional heat transfer-governing equations for
slab continuous casting:

∂

∂x

(
λ

∂T
∂x

)
+

∂

∂y

(
λ

∂T
∂y

)
= ρ

∂H
∂T

(1)

H =
∫ T

0
CPdT + L ( 1 − f s ) (2)

where T is the temperature, t is the time, ρ is the liquid density, CP is the heat capacity, λ is
the effective thermal conductivity, L is the latent heat of fusion and fs is the solid fraction.
The main chemical compositions of 2311 die steel are listed in Table 1. The composition
of steel was inputted into the material database to calculate the density, enthalpy, solid
fraction and other thermal physical parameters.

Table 1. Chemical composition (mass%) of 2311 die steel.

Fe C Si Mn P S Cr Al Ni

95.4 0.398 0.2881 1.43 0.0178 0.0018 1.89 0.02 0.0155
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2.2. Nucleation Model

In 1989, Rappaz [25] proposed a continuous nucleation model based on Gaussian
distribution, as shown in Equations (3) and (4):

n(Δ T) =
∫ ΔT

0

dn
d(Δ T)

d(Δ T) (3)

dn
d(ΔT)

=
nmax√
2πΔTσ

exp[− (ΔT − ΔTn)
2

ΔTσ
2 ] (4)

where ΔT is the undercooling, K; nmax is the maximum nucleation density, m−3 for volume
and m−2 for surface; ΔTσ is the standard deviation undercooling, K; and ΔTn is the mean
undercooling, K. The effect of melt movement on the grain morphology cannot be consid-
ered in ProCAST software. The effect of melt movement on the grain morphology can only
be expressed by adjusting nucleation parameters. The effect of fluid flow on the equiaxed
grain rate is described by increasing the number of nuclei, but the effect of melt movement
on the grain morphology cannot be described directly. The nucleation parameters and
growth parameters used in this paper are shown in Table 2.

Table 2. Nucleation parameters of CAFE model.

Parameters ΔTS,max, K ΔTS,σ , K nS ΔTV,max, K ΔTV,σ , K nV

Values 1 0.1 2.5 × 106 2.5 1 3.0 × 109

Note: nV = 0.8 nS
3/2.

2.3. Dendrite Tip Growth Kinetics Model

In casting, the growth kinetics of equiaxed crystals and columnar crystals can be
calculated by the KGT model [26,27]. Based on the marginal stability criterion, Equation (5)
is obtained:

V2 π2Γ
P2D2 +V

mC0(1 − k0)

D [1 − (1 − k0)Iv(P)]
+G = 0 (5)

where V is the dendritic tip growth rate, m·s−1; Γ is the Gibbs-Thomson coefficient, P is
the solutal Peclet number, D is the solute diffusion coefficient, m is the liquidus slope,
C0 is the nominal concentration, k0 is the partition coefficient, G is the temperature gra-
dient, and set as 0, without considering the thermal effect, Iv(P) is the Ivantsov function
Iv(P) = Pexp(P)E1(P) and E1 is the exponential integral.

In the actual calculation process, to accelerate the calculation process, the KGT model
is fitted to obtain the following equation (Equations (6)–(8)) [28]:

V(Δ T) = α2ΔT2+α3ΔT2 (6)

α2= [
−ρ

2mC0(1 − k)2Γk
+

1
mC0(1 − k)D

]
D2

π2Γ
(7)

α3 =
D

πΓ
· 1

(mC 0)
2(1 − k)

(8)

where α2 and α3 are the fitting polynomial coefficients of dendrite tip growth kinetics
parameters, the units are m·s−1·K−2 and m·s−1·K−3 and ρ is the density of steel.

In this paper, the 2311 die steel is divided into seven binary systems of Fe-C, Fe-Si,
Fe-Mn, Fe-P, Fe-S, Fe-Al and Fe-Cr. The composition c, distribution coefficient k, liquidus
slope m, solute diffusion coefficient D [29] and Gibbs-Thompson coefficient Γ [30] of Fe-X
alloys are shown in Table 3.
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Table 3. Liquidus slope, solute partition coefficient, diffusion coefficient and Gibbs-Thompson
coefficient of binary Fe-X steels.

Element K m/K·(wt.%)−1 D/m2·s−1 Γ/m·K
C 0.16 −87.14 1.1 × 10−8

3 × 10−7

Si 0.61 −44.93 3.5 × 10−9

Mn 0.71 −5.32 2.4 × 10−9

P 0.25 −32.39 1.9 × 10−9

S 0.06 −44.93 3.9 × 10−9

Cr 0.9 −1.73 3.5 × 10−9

Al 1.22 −4.9 3.0 × 10−9

3. Solution Conditions and Model Validation

3.1. Geometric Model

The solidification process of the slab is simulated by the thin−slicing method. The
ProCAST software is used for grid division. The geometric model and mesh are shown
in Figure 1.

 

Figure 1. Information about geometric model.

3.2. Initial and Boundary Conditions
3.2.1. Initial Condition

The initial condition is given by Equation (9):

T0= TC (9)

where T0 is the initial temperature, K; TC is the casting temperature, K.

3.2.2. Boundary Condition

In the mold, the heat flux is calculated by Equations (10) and (11) [31]:

qm= (2.688 − β
√

t) × 106 (10)
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β =
1.5×(2.688×106 − qc

)
√

lm/v
(11)

where qm is the heat flux of the mold, W·m−2; β is a coefficient depending on the mold
cooling condition, W·m−2·s−1/2; qc is the average heat flux in the mold, W·m−2; lm is the
effective length of the mold, m; t is the time in the mold, s and v is the casting speed, m·s−1.

In the foot roller section and the secondary cooling zone, the heat transfer coefficient
is calculated by Equations (12) and (13):

h1 = α·[581W0.541(1 − 0.0075TW) (12)

h2 = γ·(130 + 350W) (13)

where h1 and h2 are the heat transfer coefficient of the foot roller section and the secondary
cooling zone, W/(m2·K); W is the water flow rate, L/(m2·s); Tw is the temperature of the
environment, K and α and γ are the correction factors.

In the air-cooling zone, the heat flux is calculated by Equations (14) and (15) [32]:

qa = εσ(T4 − Ta
4) (14)

ε = 0.85/(1 + exp(42.68 − 0.02682Ts)0.0115 (15)

where ε is the radiation coefficient and σ is Stefan-Boltzmann constant, 5.67 × 10−8 W/(m2·K4).
The cooling parameters are shown in Table 4.

Table 4. Parameters at different sections of secondary cooling zone.

Secondary Cooling
Zone

Length, m
Distance from the

Meniscus, m
Water Flow Rate,

L·min−1

Foot roller section (W) 0.29 0.8–1.09 93.4
Foot roller section (N) 0.89 / 161.9

L2 1.68 1.09–2.77 188.2
L3 1.77 2.77–4.54 84.1
L4 1.87 4.54–6.41 75.0
L5 2.13 6.41–8.54 73.8
L6 2.13 8.54–10.64 35.6
L7 4.49 10.67–15.16 71.4
L8 4.71 15.16–19.87 68.9
L9 2.36 19.87–22.23 37.6

L10 5.16 22.23–27.39 63.6
L11 4.75 27.39–32.14 60.2
L12 5.00 32.14–37.61 53.2
L13 7.00 37.61–44.91 64.2

3.3. Model Validation
3.3.1. Validation of Heat Transfer

The surface temperature measured at half of the narrow surface of the slab is com-
pared with the simulation results, as shown in Figure 2. The error between the simulated
temperature and the measured temperature is within 5%. The absolute error is not more
than 40 °C, which indicates that the processing of model boundary conditions is close to
the actual production process. In this paper, the accuracy of the solidification heat transfer
model is further verified by the nail-shooting experiment. The liquid zone thickness at the
end of segment 7 is 84 mm and the actual shell thickness is 331 mm, as shown in Figure 3a.
The liquid zone thickness at the end of segment 8 is 56 mm and the actual shell thickness is
359 mm, as shown in Figure 3b, and the simulated shell thickness is 351.2 mm, with an error
of 2.2%. The liquid core thickness at the end of segment 9 is 17 mm and the actual shell
thickness is 394 mm, as shown in Figure 3c. The solidification end position is 27.54 m from
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the meniscus. The error does not exceed 2.2%, which accurately reflects the solidification
characteristics of the slab continuous casting process.

 

Figure 2. Comparison of the calculated temperature of the slab narrow side center.

Figure 3. Photographs of sulfur printing samples for nail-shooting experiments: (a) the end of
segment 7; (b) the end of segment 8; (c) the end of segment 9. The white arrows represent the range
of liquid core.
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3.3.2. Validation of Solidification Structure

The calculated ECR is 29.64%, as shown in Figure 4a. The macrograph of the solidifi-
cation structure after pickling is shown in Figure 4b, and the ECR in the inner arc is about
30.36%. Different colors in Figure 4 represent grain orientation. The experimental and
simulated ECR are almost identical, which indicates the model accuracy is high enough to
predicate the solidification structure of the slab.

 

Figure 4. Comparison of numerical and experimental structure of 2311 die steel: (a) simulated
solidification structure (b) experimental solidification structure.

4. Results and Discussion

4.1. Effect of Superheat on Solidification Structure

Under the casting speed of 0.5 m·min−1 and the specific water flow of 0.32 L·kg−1,
the solidification structures with various superheats of 23, 28, 33 and 38 K are simulated.

When the superheat is 23 K, the ECR is 43.2%, as shown in Figure 5a. The ECR is
37.84% when the superheat is 28 K, as shown in Figure 5b. As can be seen from Figure 5c,
the ECR is 32.43%. Figure 5d shows the solidification structure when the superheat is 38 K
and the ECR is 29.64%. With the increase in superheat, the ECR decreases and the columnar
crystals zone expands. At the same time, the width of the columnar crystals increases
significantly. This is because with the increase in superheat, the number of free grains
decreases, which leads to the decrease in the number of nucleation sites at the solid–liquid
interface and the decrease in undercooling degree. This promotes the growth of dendrites
and inhibits the development of equiaxed crystals. In addition, the excessive growth
of dendrites leads to the widening of the columnar crystal zone. This may lead to the
formation of a bridge, making shrinkage more serious. Too low superheat can cause nozzle
clogging. Therefore, it is suggested that the appropriate superheat should be adopted to
obtain fine grains and high ECR.

Table 5 lists the statistical results of grain parameters and distribution under differ-
ent superheats. When the superheat is 23 K, the total number of grains is 20,509, and
when the superheat rises to 38 K, the total number of grains is 17,025. When the su-
perheat increases from 23 to 38 K, the average surface area of the grains increases from
0.8260 × 10−6 to 0.9950 × 10−6 m2, and the average radius of the grains increases from
0.89051 to 1.01031 mm. With the increase in superheat, the number of grains per meter and
per square meter decreases.
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Figure 5. Simulated solidification structures under different superheats: (a) 23 K; (b) 28 K; (c) 33 K;
(d) 38 K. (Different colors in figure represent grain orientation).

Table 5. Statistical results of grain parameters and distribution in simulated area under
different superheats.

ΔT No. Grains Mean Surf/m2 Nl/m Na/m2 Mean Radius/m

23 20,509 0.8260 × 10−6 1.6934921 × 103 1.2106648 × 106 0.89051 × 10−3

28 19,239 0.8802 × 10−6 1.6720469 × 103 1.1356956 × 106 0.93727 × 10−3

33 18,061 0.9379 × 10−6 1.6245649 × 103 1.0664572 × 106 0.97005 × 10−3

38 17,025 0.9950 × 10−6 1.5949357 × 103 1.0050000 × 106 1.01031 × 10−3

4.2. Effect of Casting Speed on Solidification Structure

With a superheat of 38 K and a specific water flow of 0.32 L·kg−1, the solidification
structures with casting speeds of 0.45, 0.50, 0.55 and 0.60 m·min−1 are simulated. When
the casting speed is 0.45, 0.50, 0.55 and 0.60 m min−1, the ECR is 31.08 (Figure 6a), 29.64
(Figure 6b), 28.67 (Figure 6c) and 27.71% (Figure 6d), respectively.

Under the same specific water flow, the ECR decreases with the increase in casting
speed. In the range of 0−15 mm from the slab surface, the cooling rate decreases with the
increase in casting speed, as shown in Figure 7a. The main reason is that with the increase
in casting speed, the residence time of molten steel in the mold decreases, which makes the
export of superheat delayed. This promotes the growth of columnar crystals and reduces
the ECR. In the range of 15−50 mm from the slab surface, the cooling rate increases with
the increase in casting speed, as shown in Figure 7b. This is mainly due to being under the
same specific water; the greater the total water, the higher the cooling intensity, resulting in
a bigger temperature gradient at the solid–liquid interface, thereby promoting the growth
of columnar crystals. The cooling rate is basically the same in the range of 50−220 mm
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from the slab surface, as shown in Figure 7c,d. The cooling water volume is small, so
that there is no significant difference in cooling intensity. As the casting speed increases,
the average grain radius increases, as shown in Figure 8. The reason for this is the short
residence time of the slab in the mold and the secondary cooling zone, which is unfavorable
for eliminating the superheat of molten steel.

 

Figure 6. Simulated solidification structures under different casting speeds: (a) 0.45 m·min−1;
(b) 0.45 m·min−1; (c) 0.50 m·min−1; (d) 0.50 m·min−1. (Different colors in figure represent
grain orientation).

4.3. Effect of Specific Water Flow on Solidification Structure

Four kinds of specific water flow of 0.28, 0.32, 0.36 and 0.40 L·kg−1 were selected
to study the effect of specific water flow on the surface temperature of slab. With the
increase in specific water flow, the liquid core length of the slab decreases. For every
0.04 L·kg−1 increase in specific water flow, the position which superheat is eliminated is
decreased by about 0.25 m, as shown in Figure 9a. Before the slab completely solidified, the
specific water flow has a great influence on the slab surface temperature, especially in the
secondary cooling zone, as shown in Figure 9b. For every 0.04 L·kg−1 increase in specific
water flow, the surface temperature of the slab decreases by about 20 ◦C. As the specific
water flow increases from 0.28 to 0.40 L·kg−1, the superheat−eliminating position and the
solidification position slightly reduces.

With a superheat of 38 K and the casting speed of 0.5 m·min−1, the solidification
structures with the specific water flow of 0.28, 0.32, 0.36, and 0.40 L·kg−1 are simulated.
When the specific water flow is 0.28 L·kg−1, the ECR is 31.08%, as shown in Figure 10a.
The ECR is 29.64% when the specific water flow is 0.32 L·kg−1, as shown in Figure 10b. It
can be seen from the Figure 10c, the ECR is 28.67%. Figure 10d shows the solidification
structure when the specific water flow is 0.40 L·kg−1, the ECR is 27.71%. It indicates that
as the specific water flow increases, the ECR decreases. The main reason is that with the
increase in specific water, the heat transfer coefficient in the secondary cooling zone also
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increases, which makes the cooling intensity increase. The increase in temperature gradient
promotes the growth of columnar crystals and enlarges the columnar zone.

Figure 7. Cooling rate at different positions from surface of slab under different casting speeds:
(a) 0−15 mm; (b) 15−50 mm; (c) 50−120 mm; (d) 120−220 mm.

Figure 8. The average grain size of the slab with different casting speeds.
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Figure 9. Surface and center temperature curves of casting slab under different specific water flow:
(a) center temperature; (b) surface temperature.

 

Figure 10. Simulated solidification structures under different specific water flow: (a) 0.28 L·kg−1;
(b) 0.32 L·kg−1; (c) 0.36 L·kg−1; (d) 0.40 L·kg−1. (Different colors in figure represent grain orientation).

As the specific water flow increases from 0.28 to 0.40 L·kg−1, the average grain radius
decreases first and then increases, as shown in Figure 11. When the specific water flow is
0.32 L·kg−1, the average grain radius reaches the minimum. With the increase in specific
water flow, the cooling intensity increases, which makes the grain refined. In addition, the
slab surface temperature is low (Figure 9b) and the temperature gradient in the thickness
direction is large, which promotes the growth of columnar crystals. When the specific water
is greater than 0.32 L·kg−1, the cooling intensity is further enhanced. This promotes the
growth of columnar crystals; the columnar crystals become wider, and the refined equiaxed
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crystals are not enough to offset the increase in grain size caused by the expansion of the
columnar crystal region. Therefore, the grain size increases.

Figure 11. The average grain size of the slab with different specific water flow.

4.4. Optimization of CC Process Parameter

When the specific water flow is 0.32 L/kg, the average grain size reaches the minimum
value. Therefore, the specific water flow does not need to be adjusted. According to the
simulation results, the increase in casting speed will reduce the ECR and increase the
average grain size. Therefore, the adjustment of the process parameters has little effect on
the improvement of central segregation.

The center porosity and centerline segregation of the 2311 die slabs are difficult to
control. The current control methods mainly include secondary cooling system control,
soft/heavy reduction, electromagnetic stirring, etc. The soft reduction is an important
method to reduce the center porosity and centerline segregation of the slab. Therefore, the
soft reduction process of the slab is optimized. Taking the BT/50 and S355 slab of Xinyu
Steel as the research object, the slab center quality was improved by soft reduction when
the f s is between 0.65 and 0.75 [33]. In this paper, when the solid fraction is between 0.7
and 0.8, soft reduction is used to improve the central segregation.

Through the previous calculation and analysis, the slab has completely solidified when
it is 27.54 m away from the meniscus. The central solid fraction at the end of segment 7
is less than 0.3. For every 0.04 L·kg−1 increase in specific water flow, the position which
superheat is eliminated is decreased by about 0.25 m, as shown in Figure 12a. It can be seen
from the Figure 12b that the central solid fraction at the end of segment 8 is greater than 0.3.
Figure 12c shows the central solid fraction at the end of segment 9. From the position of
soft reduction, the solidification end point calculated by the dynamic soft reduction system
is relatively forward, and there is no effective soft reduction at the end of solidification,
which has little effect on the improvement of central segregation and porosity of the slab.
Therefore, it is necessary to move the position of soft reduction backwards (relative to
the casting direction) accordingly. The optimized soft reduction parameters are shown
in Table 6. The slab before optimization is shown in Figure 13a, showing that center
segregation is very serious. Figure 13b shows the slab after optimization.
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Figure 12. The solid fraction of slab center: (a) the end of segment 7; (b) the end of segment 8; (c) the
end of segment 9.

Table 6. The soft reduction parameters after optimization.

Reduction Position Reduction Amount/mm

Segment 8 4
Segment 9 4
Segment 10 2

To quantitatively describe the macrosegregation, the carbon segregation index of
the slabs is quantitatively measured by a chemical analysis of the drillings, as shown in
Figure 14. A carbon−sulfur analyzer is used to obtain the carbon content at different
locations in the slab. The carbon segregation index before and after optimization is shown
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in Figure 15. The carbon segregation at the center of the slab is reduced from 1.045 to 0.98.
It proves that the centerline segregation is weakened.

 

Figure 13. The slab before and after optimization: (a) before optimization; (b) after optimization.

Figure 14. Carbon segregation sampling schematic.
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Figure 15. Comparison of carbon segregation index before and after optimization.

5. Conclusions

1. The simulation results are verified by a nail-shooting experiment, acid etching and
a surface temperature measurement. The error of the shell thickness and surface
temperature is controlled within 5 %.

2. The ECR decreases with the increase in the casting speed and the specific water flow.
Superheat has a great influence on the ECR, which is mainly because the nucleation
amount in the molten steel decreases with the increase in superheat.

3. The average grain radius increases with the increase in the casting speed and su-
perheat. As the specific water flow increases from 0.28 L·kg−1 to 0.40 L·kg−1, the
average grain radius decreases first and then increases. When the specific water flow
is 0.32 L·kg−1, the average grain radius reaches the minimum.

4. With the optimized the position of soft reduction, the central carbon segregation
is weakened.
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Abstract: In this paper, the effect of rare earth Ce content on the morphology, composition, type
and size distribution of inclusions in W350 non-oriented silicon steel was investigated by means of
ICP-MS (inductively coupled plasma mass spectrometry), SEM/EDS (scanning electron microscope-
energy Dispersive Spectrometer), and ASPEX (automated SEM/EDS inclusion analysis). The results
showed that with the increase of Ce content in the steel, the modification sequence of inclusions
was CeAlO3→Ce2O2S→CexSy. The type and size distribution of inclusions in the steel obviously
changed with the difference in added Ce content. When the added Ce content in the steel was 10 ppm,
14 ppm, 20 ppm and 30 ppm respectively, the rare earth inclusions were mainly CeAlO3-Ce2O2S.
Furthermore, when the added Ce content increased to 60 ppm, the rare earth inclusions were mainly
Ce2O2S with a small amount of CeAlO3 contained in part inclusions. When the added Ce content
increased continually to 95 ppm, the rare earth inclusions were mainly CexSy-Ce2O2S. The critical
Ce content for the conversion between CeAlO3 and Ce2O2S was 41 ppm. To ensure that inclusions
transform from CeAlO3 to Ce2O2S, the Ce content in the steel should be greater than 41 ppm. Under
the current experimental conditions, it was found that when the Ce content was 20 ppm, the number
density and proportion of inclusions in the steel were lower, and their average size was larger. When
the added Ce content increased to 95 ppm, the number density of inclusions in the steel significantly
increased, which deteriorated the steel cleanliness.

Keywords: rare earth Ce; inclusions; modification; non-oriented silicon steel; rare earth oxysulfides

1. Introduction

High-grade, non-oriented silicon steel, as the functional material for high-end power
equipment [1], is widely applied to the core of large generators and high-efficiency, energy-
saving motors and high-efficiency, energy-saving appliances and electric vehicle man-
ufacturing because of its magnetic characteristics of low iron loss and high magnetic
induction [2–4]. With the implementation and promotion of frequency conversion tech-
nology in the home appliance industry, the rise of the new-energy automobile industry
and the development of energy-saving, high-efficiency motors, there is an increasing de-
mand for the magnetic properties of high-grade, non-oriented silicon steel with low iron
loss and high magnetic induction [5]. The factors affecting the magnetic properties of
high-grade, non-oriented silicon steel are mainly manifested in two aspects: one is the
precise control of the composition and cleanliness of the molten steel that is also the basis
for determining the magnetic properties of high-grade, non-oriented silicon steel [6]; and
the other is a suitable plastic processing and heat treatment process, as there are many
micro-sized inclusions in steel which can have adverse effect on the magnetic domain
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movement, favorable texture formation and recrystallization process in silicon steel [7].
Rare earth elements have attracted the attention of metallurgical workers much more,
because of their unique metallurgical properties. By adding a small amount of rare earth
elements into molten steel, the active oxygen and sulfur in the molten steel can be reduced
to a lower level, and the microstructure of the finished product can be improved by refining
the solidification structure. Meanwhile, rare earth elements can also change the inherent
type and morphology of inclusions, reduce the harm of inclusions in experimental molten
steel, and improve the related properties of steel products [8–14]. Takashima et al. [15,16]
proposed the addition of composite rare earth and Al to non-oriented silicon steel. The
results showed that after adding rare earth alloy and Al, the inclusion size became larger,
the grain growth rate was significantly improved, the residual stress after annealing was
reduced, and the product performance was significantly improved. Wu [17], Liu [18], and
Yuan [19] have investigated the application of rare earth elements in non-oriented silicon
steel. The research content was mainly based on the addition of pure rare earth elements or
rare earth alloy-modified inclusions. Due to their strong deoxidation and desulfurization
ability, it was easy to generate rare earth oxides, rare earth sulfides and rare earth oxysulfide
compounds by adding appropriate amount of rare earth elements after pre-deoxidation
of molten steel. By adding rare earth elements or trace amounts of alloying elements, this
could increase the size of inclusions, weaken the pinning effect of original fine inclusions
on grain boundaries and magnetic domain walls, make the magnetization process easier,
reduce hysteresis loss, and achieve the combination of high magnetic induction and low
iron loss. The dispersion precipitation of rare earth elements in molten steel can refine the
solidification structure and increase the beneficial texture composition, further improving
the magnetic properties of the product. However, it is still unclear whether the mechanism
of high melting point phases, such as rare earth oxides (sulfides) as nucleation particles to
modify inclusions, can change the type, size and distribution of inclusions in non-oriented
silicon steel. Therefore, in this work, efforts have been made to investigate the modification
of rare earth Ce on inclusions in W350 non-oriented silicon steel in the laboratory with ther-
modynamic calculation and experimental analysis, aiming to lay a theoretical foundation
for rare earth Ce to modify inclusions in non-oriented silicon steel and provide guidance
for production.

2. Materials and Methods

The experimental slab of W350 non-oriented silicon steel was produced by a domestic
steel company. The slag was removed cleanly before the hot metal entered the desulfuriza-
tion station, and the slag was removed twice after the deep desulfurization treatment to
[S] ≤ 0.0010%, aiming to minimize the high-sulfur slag entering the converter. The scrap
steel required self-produced, high-quality scrap steel, of which about 50% was silicon steel
scrap. When the converter was tapping, the slide plate and slag stopper were used to stop
the slag, and the thickness of the top slag of the ladle was required to be less than 60 mm.
Lime was added to the top slag treatment during the tapping process, and the argon flow
rate was controlled during the tapping process to prevent the top slag of the ladle from
agglomeration. In the RH refining process, it was forbidden to heat up the molten steel
by adding aluminum, after the molten steel had arrived at the RH refining station. After
the decarburization, the oxygen content of the molten steel was less than 300 ppm before
alloying. Following this, the molten steel was cast into a slab. The raw materials used in
the experiment were from the continuous casting slab. The chemical composition of raw
materials is listed in Table 1.

Table 1. Chemical composition of experimental raw materials (wt.%).

Element C Si Mn P S Als N

Content 0.0020 2.70 0.32 0.015 0.002 0.50 0.0015
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The 150 kg vacuum induction furnace was used for smelting, and the furnace lining
was rebuilt before the experiment. The first furnace used pure iron as the raw material to
wash the furnace. During the experiment, it was necessary to control the vacuum degree
in the furnace, keep the vacuum degree stable; the composition was then adjusted before
tapping and rare earth cerium (purity 99.99%) was added, as shown in Table 2. These rare
earth cerium alloys were purchased from Beijing Dream Material Technology Co., Ltd.
(Beijing, China).

Table 2. Chemical composition of rare earth Ce alloy (wt.%).

Element Fe Mg Ni Si Ca C W Ce/RE

Content <0.050 <0.050 <0.050 0.012 0.023 <0.010 0.035 99.9

The steel composition was detected using inductively coupled plasma mass spectrom-
etry (ICP-MS). Table 3 shows the chemical composition of the experimental steel. The
rare earth Ce content in 1#~6# experimental steels was 10 ppm, 14 ppm, 20 ppm, 30 ppm,
60 ppm, and 95 ppm, respectively. Samples (20 mm × 15 mm × 15 mm) were taken from
the edge of the slab after removing the oxide scale of the slab surface, as shown in Figure 1.
After grinding and polishing, the morphology, size and composition of inclusions in the
steel were detected and analyzed using automated SEM/EDS inclusion analysis (ASPEX),
scanning electron microscope (SEM) and energy dispersive spectrum (EDS) apparatus. The
content of total oxygen (T.O.) and nitrogen in the steel were detected by inert gas fusion
pulse-infrared absorption spectroscopy.

Table 3. Chemical composition of experimental steel (wt.%).

Specimen C Si Mn P S Als N O Ce

1# 0.006 2.65 0.17 0.013 0.002 0.22 0.0017 0.0005 0.0010
2# 0.008 2.30 0.22 0.003 0.002 0.58 0.0018 0.0007 0.0014
3# 0.005 2.67 0.19 0.013 0.002 0.44 0.0020 0.0006 0.0020
4# 0.012 2.30 0.22 0.003 0.002 0.58 0.0020 0.0008 0.0030
5# 0.008 2.71 0.18 0.013 0.002 0.41 0.0025 0.0004 0.0060
6# 0.002 2.31 0.23 0.004 0.002 0.49 0.0025 0.0004 0.0095

 
Figure 1. Sampling diagram of the experimental steel.

3. Results

Figure 2 shows the typical morphology and energy spectrum of inclusions in the steel
with 10 ppm Ce content. It can be seen that the type of inclusions in the steel was mainly
CeAlO3-Ce2O2S-(AlN), where CeAlO3-Ce2O2S are light gray, and AlN in some inclusions
was coated with CeAlO3-Ce2O2S. The main morphology of CeAlO3-Ce2O2S-(AlN) inclu-
sions was spherical or ellipsoidal. The elemental mapping of a typical inclusion is shown
in Figure 3.
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(a) 

 
(b) 

Figure 2. Typical morphology and energy spectrum of inclusions in the steel with 10 ppm Ce content.
(a) CeAlO3-Ce2O2S, (b) CeAlO3-Ce2O2S.

 
Figure 3. Elemental mapping of a typical inclusion in the steel with 10 ppm Ce content.

Figure 4 presents the typical morphology and energy spectrum results of inclusions
in the steel with 14 ppm Ce content. The inclusions were composite phases, mainly with
CeAlO3-Ce2O2S as the core, and the outer layer was wrapped with AlN. The core of some
inclusions was CexSy-CeAlO3 and its morphology was spherical. The outer layer was
wrapped with sharp-angled Al2O3-SiO2. The elemental mapping of a typical inclusion is
shown in Figure 5.
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(a) 

 
(b) 

Figure 4. Typical morphology and energy spectrum of inclusions in the steel with 14 ppm Ce content.
(a) Inner layer: CeAlO3-Ce2O2S, Outer layer: AlN, (b) Inner layer: CeAlO3-Ce2O2S, Outer layer: AlN.

 

Figure 5. Elemental mapping of a typical inclusion in the steel with 14 ppm Ce content.

Figure 6 shows the typical morphology and energy spectrum results of inclusions
in the steel with 20 ppm Ce content. The inclusions in the steel were mainly composite
phases, with CeAlO3-Ce2O2S as the core. The morphology of inclusions was spherical or
ellipsoidal, and the outer layer was wrapped with AlN. The elemental mapping of a typical
inclusion is shown in Figure 7.
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(a) 

 
(b) 

Figure 6. Typical morphology and energy spectrum of inclusions in the steel with 20 ppm Ce content.
(a) CeAlO3-Ce2O2S, (b) Inner layer: CeAlO3-Ce2O2S, Outer layer: AlN.

 
Figure 7. Elemental mapping of a typical inclusion in the steel with 20 ppm Ce content.

Figure 8 shows the typical morphology and energy spectrum results of inclusions in
the steel with 30 ppm Ce content. It can be seen that the main types of inclusions in the
steel were CeAlO3-Ce2O2S-AlN. The inner layer was wrapped with CeAlO3-Ce2O2S and
its morphology was spherical. The outer layer was wrapped with irregularly shaped AlN.
The elemental mapping of a typical inclusion is shown in Figure 9.
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(a) 

 
(b) 

Figure 8. Typical morphology and energy spectrum of inclusions in the steel with 30 ppm Ce content.
(a) Inner layer: CeAlO3-Ce2O2S, Outer layer: AlN, (b) Inner layer: CeAlO3-Ce2O2S, Outer layer: AlN.

 

Figure 9. Elemental mapping of a typical inclusion in the steel with 30 ppm Ce content.

Figure 10 shows the typical morphology and energy spectrum results of inclusions
in the steel with 60 ppm Ce content. It was found that when the Ce content increased to
60 ppm, the types of inclusions in the steel were mainly CeAlO3-Ce2O2S-AlN and Ce2O2S-
AlN. The morphology of Ce2O2S inclusions was approximately spherical. As shown in
Figure 11, the core of the inclusion was CexSy-Ce2O2S and the outer layer was wrapped
with MgO·Al2O3 phase.
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(a) 

 
(b) 

Figure 10. Typical morphology and energy spectrum of inclusions in the steel with 60 ppm Ce content.
(a) CeAlO3-Ce2O2S-AlN, (b) Ce2O2S-AlN.

 

Figure 11. Elemental mapping of a typical inclusion in the steel with 60 ppm Ce content.

Figure 12 presents the typical morphology and composition of inclusions in the steel
with 95 ppm Ce content. When the Ce content increased to 95 ppm, the core of inclusions
in the steel was CexSy-Ce2O2S and its morphology was spherical or ellipsoidal. The outer
layer of some inclusions was wrapped with AlN or MgO·Al2O3 phase. The elemental
mapping of a typical inclusion is shown in Figure 13.
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(a) (b) (c) 

Figure 12. Typical morphology and energy spectrum of inclusions in the steel with 95 ppm Ce content.
(a) CexSy-Ce2O2S-MgO·Al2O3, (b) CexSy-Ce2O2S-AlN, (c) CexSy-Ce2O2S.

 

Figure 13. Elemental mapping of a typical inclusion in the steel with 95 ppm Ce content.

4. Discussion

4.1. Effects of Rare Earth Ce Content on Inclusion Type

The type of inclusions in W350 non-oriented silicon steel was mainly Al2O3 without
rare earth Ce. With the addition of Ce, reactions with O and S in molten steel would occur
to form a variety of oxides, sulfides and oxysulfides. The possible reactions involved are as
follows [20–24]:

2[Al] + 3[O] = (Al 2O3 ) ΔGθ = −1202000 + 386.3T J/mol (1)

[Ce] + 2[O] = (CeO 2 ) ΔGθ = −852720 + 249.96T J/mol (2)

[Ce]+
3
2
[O] =

1
2
(Ce 2O3 ) ΔGθ = −714380 + 179.74T J/mol (3)

[Ce] + [S] = (CeS) ΔGθ = −422100 + 120.38T J/mol (4)

[Ce] +
3
2
[S] =

1
2
(Ce 2S3 ) ΔGθ = −536420 + 163.86T J/mol (5)

[Ce] +
4
3
[S] =

1
3
(Ce 3S4 ) ΔGθ = −497670 + 146.30T J/mol (6)

[Ce] + [O] +
1
2
[S] =

1
2
(Ce 2O2S ) ΔGθ = −675700 + 165.5T J/mol (7)
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[Ce] + [Al]+3[O] = (CeAlO3) ΔGθ = −1366460 + 364.3T J/mol (8)

[Ce] + (Al2O3) = (CeAlO3) + [Al] ΔGθ = −162837 − 22.4T J/mol (9)

[Ce] + [S] + (CeAlO3) = (Ce2O2S) + [Al] + [O] ΔGθ = 12870 − 32.3T J/mol (10)

2[Al]+3[O] + (Ce2O3)= 2(CeAlO3) ΔGθ = −1301800 + 368.6T J/mol (11)

(Ce2O3) + [S] = (Ce2O2S) + [O] ΔGθ = 77530 − 28T J/mol (12)

When the rare earth Ce is fed into molten steel, it not only reacts easily with Al2O3
to form CeAlO3, but also converts the generated Ce-containing inclusions. The possible
reactions involved are as follows:

2(CeAlO3)+2[Al]+3[S]= 2(Al2O3) + (Ce2S3) ΔGθ = −743920 + 371.72T J/mol (13)

3(Ce2O2S)+2[Al]+3[S]= 2(CeAlO3)+2(Ce2S3) ΔGθ = −824400 + 391.04T J/mol (14)

3(Ce2O2S)+4[Al]+6[S]= 2(Al2O3)+3(Ce2S3) ΔGθ = −1568320 + 762.76T J/mol (15)

2(CeS) + [S] = (Ce2S3) ΔGθ = −228640 + 86.96T J/mol (16)

The general expression of Gibbs free energy is:

ΔG = ΔGθ + RT ln J (17)

where J is the ratio of the activity product of the resultant and the activity product
of the reactant.

Assuming that the molten steel is an ideal dilute solution, and the solute follows
Henry’s law, one can satisfy the following formula for calculating activity and
activity coefficient [25]:

ai = fi · w[i] (18)

where ai is the activity of component i, fi is the activity coefficient of component i, and w[i]
is the mass percentage of the element i. Thus:

lg fi =
n

∑
j=1

ej
i · w[j] (19)

where ej
i is the interaction coefficient between j element and component i in molten steel. The

first-order interaction coefficient of each element in molten steel is listed in Table 4 [26–28].

Table 4. The first-order interaction coefficient of each element in molten steel.

ej
i

C Si Mn P S Al O Ce N

S 0.11 0.063 −0.026 0.029 −0.028 0.035 −0.27 −0.856 0.01
Al 0.091 0.0056 0.012 0.05 0.03 0.045 −6.6 −0.43 −0.058
O −0.45 −0.131 −0.021 0.07 −0.133 −3.9 −0.2 −0.57 0.057
Ce −0.077 - 0.13 1.77 −39.8 −2.25 −5.03 −0.003 -

Figure 14 shows the stability diagram of Al2O3-CeAlO3-Ce2O2S-CexSy in non-oriented
electrical steel. Obviously, with the increase in Ce content in the steel, the evolution
sequence of inclusions was CeAlO3→Ce2O2S→CexSy. Based on the experimental results,
the types of inclusions in the steel were mainly CeAlO3-Ce2O2S-(AlN) when the Ce content
was 10 ppm. When the Ce content was 14 ppm, the inclusions were composed of composite
phases. The core was mainly CeAlO3-Ce2O2S and the outer layer was wrapped with AlN.
Meanwhile, the core of some inclusions was CexSy-CeAlO3. When the Ce content was
20 ppm, the composition of inclusions was also composite phases with CeAlO3-Ce2O2S as
the core. When the Ce content was increased to 30 ppm, the main types of inclusions in the
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steel were CeAlO3-Ce2O2S-AlN. The above results showed that the rare earth inclusions in
the steel were mainly CeAlO3 + Ce2O2S when the added Ce content was 10~30 ppm.

 
Figure 14. Stability diagram of Al2O3-CeAlO3-Ce2O2S-CexSy in non-oriented electrical steel.

Furthermore, when the Ce content was increased to 60 ppm, the composition of
inclusions in the steel was mainly Ce2O2S and some inclusions contained a small amount of
CeAlO3. The inclusions were changed to CexSy-Ce2O2S when the Ce content was 95 ppm.
As shown in Figure 14, when the added Ce content is 95 ppm, the composition of the
inclusions is located near the boundary between CexSy and Ce2O2S, which was consistent
with the experimental results.

Figure 14 also shows that the critical Ce content for the conversion between CeAlO3
and Ce2O2S was 41 ppm. To ensure the inclusions transformed from CeAlO3 to Ce2O2S, the
Ce content in the steel had to be greater than 41 ppm. Due to the addition of rare earth Ce
elements, the formation of rare earth aluminates, rare earth oxygen sulfides and rare earth
sulfides with high melting point can occur in molten steel. These large-sized composite
inclusions can be used as heterogeneous nucleation particles and it is beneficial to control
the modification and precipitation of Al2O3, MnS, TiN, and AlN, thereby improving the
magnetic properties of the product.

4.2. Effects of Rare Earth Ce on Size and Distribution of Inclusions

Figure 15 shows the size distribution and the average size of inclusions in steel of
different heats. It shows that when the added Ce content in the steel was 10 ppm, the size of
inclusions in the steel was concentrated in the range of 2.0~4.5 μm and the corresponding
proportion was 10.3~21.4%. When the added Ce content was 20 ppm and 60 ppm, the
number density of inclusions in the steel was relatively low (11.11 #/mm2 and 15.14 #/mm2,
respectively). Addition of Ce decreased the amount of harmful inclusions (such as Al2O3,
MnS) in the steel, which is beneficial for improving the steel cleanliness and the magnetic
properties of the product. Moreover, the number density of >5.0 μm inclusions significantly
increased (6.9 #/mm2 and 6.5 #/mm2 with Ce content of 20 ppm and 60 ppm, respectively),
indicating that rare earth treatment can promote the generation of large-sized inclusions in
the steel. When the Ce content was 20 ppm, the average size of inclusions in the steel was
at its largest, at 6.9 μm. When the Ce content in the steel increased to 95 ppm, the number
density of inclusions of all size ranges obviously increased and the total number density
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was 130.1 #/mm2. It was larger than that of other Ce content levels, especially for inclusions
with size range of 1.0~1.5 μm and >5.0 μm. Their number densities were 33.17 #/mm2 and
33.54 #/mm2, respectively, and the corresponding proportion was about 25%, which would
deteriorate the steel cleanliness and the magnetic properties of the product.

 

 
Figure 15. Cont.
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Figure 15. Size distribution and average size of inclusions in the steel of different heats. (a) Inclusion
size distribution, (b) ratio of different size inclusions, (c) average size of inclusions.

5. Conclusions

(1) With the increase in the Ce content in the steel, the modification sequence of inclusions
was CeAlO3→Ce2O2S→CexSy. When the added Ce content in the steel was 10 ppm,
14 ppm, 20 ppm and 30 ppm respectively, the rare earth inclusions were mainly
CeAlO3-Ce2O2S. When the added Ce content increased to 60 ppm, the rare earth
inclusions were mainly Ce2O2S and a small amount of CeAlO3 contained in part
inclusions. When the added Ce content increased continually to 95 ppm, the rare
earth inclusions were mainly CexSy + Ce2O2S.

(2) When the added Ce content was 95 ppm, the composition was located near the
boundary between rare earth sulfide and rare earth oxysulfide. The critical Ce content
for the conversion between CeAlO3 and Ce2O2S was 41 ppm.

(3) The difference in the Ce content significantly affected the number density and size
distribution of inclusions in the steel. When the added Ce content was 20 ppm, the
number density and proportion of inclusions in the steel were lower, and its average
size was larger. When the added Ce content increased to 95 ppm, the number density
of inclusions in the steel significantly increased.
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Abstract: Industrial tests and thermodynamic calculations were utilized to investigate the source
and formation of magnetic particle inspection defects identified on the near-surface of the Cr5
back-up roll forged ingot, which was used in large cold rolling mills. The results showed that the
linear aggregating SiO2-MnO-Al2O3 liquid inclusions up to 3 mm led to the flaw detection failure.
SiO2-MnO-Al2O3 liquid inclusions were firstly formed in the inductive furnace. Due to its low
contact angle, a huge amount of SiO2-MnO-Al2O3 liquid inclusions were inherited into the forged
ingot. The formation of SiO2-MnO-Al2O3 liquid inclusions was attributed to the over-oxidation and
relatively low aluminum content in the molten steel, as calculated by Factsage 8.1. Controlling the
amount of aluminum in molten steel during the smelting process could modify the formation of
SiO2-MnO-Al2O3 and CaO-SiO2-Al2O3 liquid oxide into solid Al2O3 type inclusions that were easily
removed. Besides, the CaO-SiO2-Al2O3 liquid oxide could be transformed from CaO-Al2O3 type
oxide by the significant loss of aluminum content during the VD process or slag entrapment. Certain
content of aluminum in the molten steel could improve the flaw detection caused by the aggregating
SiO2-MnO-Al2O3 inclusions effectively.

Keywords: Cr5; back-up roller; forged ingot; large-size inclusions; SiO2-MnO-Al2O3; contact angle;
aluminum deoxidation; magnetic particle inspection; defects

1. Introduction

In recent years, rolling mills have been making progress to meet the ever-increasing
needs for high-quality steel products, particularly in China. Accordingly, the work roller
and back-up roller are required to exhibit superior performance such as exceptional fatigue
strength under high load and speed service conditions [1–7].

It is widely recognized that increasing Chromium content could reduce wear loss
linearly [8–11]. Therefore, the chromium content of backup rollers has increased from
1.2% up to 3% and 5% in the 1970s [9,12,13]. The appearance of vacuum refining and
electro-slag remelting (ESR) technology guaranteed the goal of high carbon with high alloy
elements content and achieved the low hydrogen content [13,14]. Adding alloy elements
like Mo, V, and W into backup rollers could also promote mechanical properties further
as required. Nowadays, backup rollers were classified into Cr3 series and Cr5 series by
their chromium content [8,9,15]. Non-destructive testing (NDT) technology, e.g., ultrasonic
testing (UT), magnetic particle inspection (MPI), radiographic testing (RT), etc., have been
widely used in the industry [16]. MPI was utilized frequently among these methods owing
to the demanding requirements of surface and near-surface quality in rollers More and
more defects were considered as metallurgical defects, which were caused by inclusions
created in deoxidation, reactions between molten steel, slag and refractory, or even slag
entrapment [17–24]. Jamil et al. [24] found that alumina and oxide types non-metallic
inclusions caused the failure of ultrasonic testing in the sugar mill shaft. Lu et al. [25]
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found that large-sized, long-striped MnS inclusions were the major cause of the magnetic
particle testing failure in the heavy truck crankshaft. Wang et al. [26] also found that the
aggregation of single Al2O3 particles and Al2O3 clusters existed on the surface of 80 t
20Cr-8Ni stainless ingot, which failed the penetrating testing.

However, the studies aimed at promoting the properties of rollers were mainly around
the after-casting manufacturing procedure, e.g., obtaining ideal characteristics of carbides,
microstructure by heat treatment, etc. [27–30]. Meanwhile, few studies concerning the
evolution and influence of inclusions in the large forged ingots were found [24]. Conse-
quently, combined the appearance of ultrasonic defects on the post-forging rollers with
the corresponding specimens during the plant steelmaking process, the origin, evolution,
and improvement of defects have been analyzed and clarified. Besides, under the different
deoxidation processes, the corresponding evolution and formation mechanism of oxide
inclusions aided by thermodynamics calculation and plant trials were discussed as follows.

2. Materials and Methods

2.1. Experimental Procedure

The steelmaking process of 50ton Cr5 type backup roller could be briefly described as
“induction furnace (IF) → ladle furnace (LF1) → ladle furnace (LF2) → vacuum degasser
(VD) → ladle furnace (LF3) → vacuum casting (VC)”, as shown in Figure 1 The return
scrap and alloy raw materials were melted in the IF. Then the deoxidation, desulfurization,
and composition adjustment took place in LF1, which served as a pre-refining procedure.
After the LF2 refining process, the vacuum degasser mainly undertook to degas especially
dehydrogenation. Afterward, LF3 was considered to fulfill the final composition adjustment
and superheat degree requirements before vacuum casting. To trace the origin of the defects,
we implemented the tracking and analysis during the whole metallurgical process. And the
original deoxidizer was silicon-aluminum (Si-Al) complex deoxidizer (Si: 65% in mass%,
Al: 25% in mass%).

Lollipop steel specimens quenched by water and slag were sampled at different
smelting stages i.e., the end of IF smelting, the beginning and end of each LF refining
process, the vacuum-breaking of VD, and the beginning of VC, which were named by
their chronological order, respectively. The defective parts sampled after forging and fine
machining were rechecked and illustrated by a magnetic particle flaw detector, which
was processed into 15 mm × 15 mm × 15 mm cubes to achieve the defective location
and characteristics by optical microscope, as shown in Figure 2. All the specimens in
the smelting process were machined to 10 mm × 10 mm × 10 mm cubes for testing and
analysis. Schematic illustrations of the metallurgical process and sampling were shown in
Figure 1.

Figure 1. Schematic illustration of original metallurgical process and sampling.
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Figure 2. Sampling and defective part characteristics on the roller.

2.2. Analysis Method of Composition and Micro-Inspection

The [Si], [Mn], [Al], [Ca] contents in molten steel were determined by inductively
coupled plasma optical emission spectrometer method (ICP-OES). (ThermoFisher, Waltham,
MA, USA) The total oxygen contents were analyzed by the inert gas fusion-infrared ab-
sorptiometry method with an accuracy of ±0.0001%. The compositions of slag specimens
that corresponded with steel specimens, respectively, were determined by X-ray fluores-
cence spectrometer (XRF). (PANalytical B.V., Almelo, The Netherlands) Additionally, the
steel specimens were all well-ground and polished for the following micro-inspection.
Scanning electron microscopy (SEM) (FEI, Hillsboro, OR, USA) and energy-dispersive
X-ray spectroscopy (EDS) (Bruker, Billerica, MA, USA) for the micro-inspection. The maxi-
mum diameter of inclusions was considered as the size of the inclusions. Afterward, the
composition of steel and slag specimens is shown in Tables 1 and 2, respectively.

Table 1. Main chemical composition of steel specimens in mass %.

Specimen No. Stage C/% Si/% Mn/% P/% S/% Cr/% Al/% Ca/% O/%

A1 IF-end 0.407 0.23 0.29 0.0095 0.0034 3.32 0.0018 0.0003 0.0242
A2 LF1-initial 0.422 0.22 0.29 0.0092 0.0034 3.27 0.0015 0.0008 0.0285
A3 LF1-end 0.433 0.19 0.32 0.0098 0.0025 3.30 0.0036 0.0003 0.0045
A4 LF2-initial 0.423 0.17 0.32 0.0098 0.003 3.24 0.0032 0.0003 0.0067
A5 LF2-end 0.519 0.49 0.60 0.0113 0.0005 5.20 0.0076 0.0062 0.0021
A6 VD-end 0.539 0.46 0.60 0.0112 0.0004 5.20 0.0063 0.0012 0.0022
A7 LF3-end 0.538 0.47 0.60 0.0113 0.0004 5.25 0.0067 0.0017 0.0017
A8 VC- initial 0.536 0.47 0.60 0.0117 0.0006 5.27 0.0062 0.0006 0.002
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Table 2. Main chemical composition of slag specimens in mass %.

Specimen No. Stage CaO SiO2 Al2O3 MnO Cr2O3 FeO CaF2

A1 IF-end 5.91 46.30 19.90 13.30 6.08 3.51 0.17
A2 LF1-initial 6.62 42.20 19.10 11.70 7.19 3.63 0.32
A3 LF1-end 63.17 19.40 6.48 0.16 0.14 0.48 3.86
A4 LF2-initial — — — — — — —
A5 LF2-end 61.69 19.30 4.55 0.03 0.04 0.25 8.07
A6 VD-end 58.91 20.80 6.51 0.02 0.03 0.16 7.06
A7 LF3-end 58.25 19.10 6.99 0.04 0.05 0.38 7.98
A8 VC- initial 57.83 19.10 6.50 2.30 0.05 0.35 7.59

3. Results

3.1. Analysis of Defective Part on the Ingot

The defective parts that failed the magnetic particle inspection test were investigated
through SEM and EDS analysis method, which is shown in Figure 3. A linear and aggre-
gating defect up to 3 mm was observed, which could lead to the failure of flaw detection
directly, as shown in Figure 3a. Based on the element mapping of defects, the linear and
aggregating defect is composed of single SiO2-MnO-Al2O3 inclusion, which presented
irregular in shape and uneven in size, as shown in Figure 3b. The morphology and element
mapping of single and large-size inclusions are shown in Figure 3c,d, respectively. The
large SiO2-MnO-Al2O3 inclusion that demonstrated in irregular plate strip is up to nearly
372 μm. In general, the SiO2-MnO-Al2O3 type inclusions considered as easily deformable
have a low liquidus temperature and contact angle, which could increase difficulties of
the removal by its floatation [31–33]. Besides, large-size inclusions, e.g., SiO2-MnO-Al2O3,
CaO-SiO2-Al2O3 inclusions with low contact angles were also considered to have a poor
tendency of agglomeration [34]. However, Vantilt et al. [32] found the cluster and agglom-
eration of liquid, spherical SiO2-MnO-Al2O3 inclusions driven by the capillary depression
forces. The morphological difference of SiO2-MnO-Al2O3 inclusions from spherical to
irregular was suggested as the result of forging. In summary, it could be suggested that
the formation of the large-size and aggregating SiO2-MnO-Al2O3 type inclusions led to the
failure in the previous MPI test.

3.2. Characteristics of the Inclusions during the Metallurgical Process

To clarify the origin and formation of large-size SiO2-MnO-Al2O3 type inclusions in
molten steel, the evolution of inclusions during the metallurgical process was investigated
through SEM and EDS analysis, especially for the large-size inclusions. Morphology and
composition of typical large-size inclusions at different stages were shown in Table 3.
Typical inclusions in specimen A1 (IF-end before tapping) were large-size spherical SiO2-
MnO-Al2O3 inclusions up to 30 μm, which were even-distributed in the composition
based on the micrograph. After the tapping, the main inclusion type remained as SiO2-
MnO-Al2O3. In the meanwhile, a few CaO content appeared in some SiO2-MnO-Al2O3
inclusions, and the shapes changed from sphere to non-smooth and irregular sphere. After
the addition of Si-Al complex deoxidizer during the following LF1 and LF2 refining process,
the main inclusions converted into CaO-SiO2-Al2O3 type with a low liquidus temperature
and contact angle as well [31,34]. Additionally, only a few SiO2-MnO-Al2O3 inclusions
with decreasing sizes were found at the end of the LF2 refining process. After the breaking
of VD, the CaO- SiO2- Al2O3 inclusions were observed as a minor part. The main inclusion
changed from CaO-SiO2-Al2O3 to SiO2-MnO-Al2O3 type. In the following LF3 refining and
VC casting process, the main inclusion remained still as CaO-SiO2-Al2O3. In the meanwhile,
SiO2-MnO-Al2O3 type became minor with decreasing sizes gradually.
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Figure 3. Morphology and element mapping of the defective area on the near surface of ingot.
(a) morphology of defects in overall; (b) clusters of SiO2-MnO-Al2O3 inclusions; (c,d) large-size single
SiO2-MnO-Al2O3 inclusion.
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Table 3. Morphology and composition (in mass%) of typical large-size inclusions at different stages
(Specimen A1–A8).

Sample No. Stage
Main Inclusions Minor Inclusions

Morphology Type wt.% Morphology Type wt.%

A1 IF-end

 

SiO2-(48.0%)
MnO-(22.3%)

Al2O3-(29.6%)

SiO2-(72.4%)
MnO-(18.6%)

Al2O3-(0.09%)

A2 LF1-intial

 

SiO2-(28.2%)
MnO-(14.2%)
Al2O3-(46.5%)
CaO-(10.5%)

SiO2-(58.1%)
MnO-(12.3%)

Al2O3-(29.6%)

A3 LF1-end
CaO-(11.2%)
SiO2-(49.3%)

Al2O3-(39.5%)

CaO-(50.7%)
SiO2-(33.6%)

Al2O3-(15.7%)

A4 LF2- initial
CaO-(24.4%)
SiO2-(24.4%)

Al2O3-(51.2%)

 

CaO-(36.2%)
SiO2-(26.9%)

Al2O3-(36.9%)

A5 LF2-end

 

CaO-(79.0%)
SiO2-(10.0%)
Al2O3-(11%)

 

SiO2-(42.0%)
MnO-(22.5%)

Al2O3-(35.0%)

A6 VD-end
SiO2-(72.5%)
MnO-(22.3%)
Al2O3-(5.1%)

CaO-(75.7%)
SiO2-(18.5%)
Al2O3-(5.9%)
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Table 3. Cont.

Sample No. Stage
Main Inclusions Minor Inclusions

Morphology Type wt.% Morphology Type wt.%

A7 LF3-end
CaO-(63.8%)
SiO2-(18.2%)

Al2O3-(18.0%)

SiO2-(25.0%)
MnO-(22.3%)

Al2O3-(54.2%)

A8 VC-initial
CaO-(52.6%)
SiO2-(12.6%)

Al2O3-(34.8%)

SiO2-(15.0%)
MnO-(12.3%)

Al2O3-(72.5%)

To illustrate the evolution of large-size inclusions at a different stage, the composition
and size of inclusions found in specimen A1–A8 were marked in the ternary diagram
of CaO-SiO2-Al2O3 and SiO2-MnO-Al2O3 system utilizing Factsage 8.1 thermodynamics
software, (version 8.1, CRCT, Montreal, Canada) as shown in Figure 4a–d, respectively. The
isothermal temperature of each diagram was set as 1873 K. The red line represented the
liquid oxide phase region. During the smelting process, a few inclusions are located in
the liquid oxide phase. Inclusions were mainly distributed around CaO and SiO2 corners
in the CaO-SiO2-Al2O3 ternary diagram shown in Figure 4a. At the end of the IF melting
process, the composition of inclusions was mainly located in the SiO2 corner with a certain
amount of Al2O3. During the LF1 refining process, the inclusions were going to own higher
Al2O3 and CaO contents gradually. Then, most inclusions found in the LF2-initial stage
were mainly liquid oxide. However, the CaO content in the inclusions compared with
the initial stage has risen rapidly till the end of LF2-end. Despite the slight decrease of
CaO content in a few inclusions, however, the main inclusions with larger sizes were still
found around the corner of SiO2. Afterward, the composition of inclusions stayed roughly
stable in the following process. Due to the limits of the ternary diagram, the composition
of inclusions was also projected into the SiO2-MnO-Al2O3 system to clarify the evolution
of SiO2-MnO-Al2O3 type inclusions, which were shown in Figure 4b,d. SiO2-MnO-Al2O3
type inclusions were mainly found at the initial stage before the LF1 refining process.
Meanwhile, the composition of SiO2-MnO-Al2O3 inclusions found after the breaking of
VD were similar to the ones at the IF-end. Moreover, the composition of SiO2-MnO-Al2O3
in the defective area marked in Figure 4b was located in the liquid oxide phase.

The size of inclusions was represented by the diameter of circles in the diagram
as shown in Figure 4c,d, respectively, which were mainly spherical both in the CaO-
SiO2-Al2O3 and SiO2-MnO-Al2O3 system. During the latter half of LF1 and the whole
LF2 refining process, the sizes of inclusions were up to 30 μm owing to the collision,
agglomeration, floatation, and absorption by high basicity slag. Super large-size inclusion
up to 100 μm was only observed at the breaking of VD. The rest of the large-size inclusions
were mainly located in dual-phase regions, which were around the corner of CaO and SiO2.
However, the sizes of inclusions found in the LF3-end and VC-initial were mostly rather
smaller compared with VD-end ones. In addition, the sizes of pure liquid inclusions were
relatively smaller. The SiO2-MnO-Al2O3 inclusions were firstly observed at the stage of
IF-end, then grew up bigger during the stage of the LF refining process. A huge amount
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of large-sized SiO2-MnO-Al2O3 inclusions that were unabsorbed and undissolved in the
refining slag were found after the breaking of VD, which could lead to the failure of flaw
detection directly.

 
Figure 4. Composition and size distribution of inclusions during the metallurgical process in CaO-
SiO2-Al2O3 and SiO2-MnO-Al2O3 ternary phase diagram at 1873 K. (a) Composition of inclusions
in CaO-SiO2-Al2O3 diagram, (b) composition of inclusions in SiO2-MnO-Al2O3 diagram, (c) size
distribution of inclusions in CaO-SiO2-Al2O3 diagram, (d) size distribution of inclusions in SiO2-
MnO-Al2O3 diagram.

The type and the average size of all type inclusions at each stage was shown in Figure 5.
The SiO2-MnO-Al2O3 inclusions were found during the whole metallurgical process. The
occurrence of Al2O3 and CaO-SiO2-Al2O3 inclusions were presented as complementary.
Owing to the incomplete deoxidation in the molten steel and stirring between slag and
molten steel during the avoiding of the top slag process, the Al2O3 inclusions were found
mostly before the LF2 refining process. Then the Al2O3 inclusions were modified into
the MgO-Al2O3 spinel inclusions due to the dissolution of MgO-based refractory. The
CaO-SiO2-Al2O3 inclusions remained as the majority till the VC-initial stage. The average
size of inclusions at the breaking of VD was much higher than the other stages owing to
the appearance of the large amount, large-sized SiO2-MnO-Al2O3 inclusions.
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Figure 5. Type and average size distribution of all inclusions at different stages.

4. Discussion

4.1. Formation Mechanism of the SiO2-MnO-Al2O3 Type Inclusions

Based on observation and analysis for the inclusions found in the metallurgical process,
it could be inferred that the SiO2-MnO-Al2O3 inclusions were formed at the end of IF, and
remained in the following stages. To clarify the formation mechanism of the SiO2-MnO-
Al2O3 inclusion, the stability phase diagrams of the Si-Mn-O system in the Fe-5Cr back-up
roller system were calculated through Factsage 8.1 software at different aluminum content
(0, 0.003%, 0.007%, 0.01%, 0.015%). The colored dotted line represented different oxygen
content in the molten steel, which was shown in Figure 6a–e, respectively. As shown in
Figure 6a, at the 0 aluminum content, it could be found that liquid oxide, SiO2, spinel (MnO-
Cr2O3), and MnO phases in the molten steel with the content of silicon and manganese
ranging from 1 ppm to 10% and 100 ppm to 10%, respectively. Besides, the regions of SiO2,
MnO, and liquid oxide phase became larger with the increasing oxygen content in the
molten steel, which also indicated that the increasing degree of over-oxidation extended
the formation scale of liquid oxide. The spinel and SiO2 phase-field were modified into
Al2O3 and mullite phase fields. The Al2O3+liquid oxide dual-phase field was formed in
the previous pure liquid oxide phase-field region when the aluminum content increased
to 30 ppm. Due to the similar aluminum content, the composition of A3 and A4, A5,
and A6 were located in the dual-phase of Al2O3+liquid oxide and marked in Figure 6b,c,
respectively. It could be indicated that the endogenous inclusions of each stage should
be Al2O3+liquid oxide type, which was verified above. Due to the strong stirring of the
VD process and the similar SiO2-MnO-Al2O3 inclusions composition between IF-end and
VD-end, as shown in Figure 5b, the SiO2-MnO-Al2O3 inclusions found in the A6(VD-end)
could be suggested as the result of slag entrapment containing unabsorbed or undissolved,
large-sized SiO2-MnO-Al2O3 inclusions. At a certain oxygen content in the molten steel,
the region related to the liquid oxide became smaller with the increasing aluminum content.
Consequently, it could be inferred that the aluminum content could promote the decrease
of liquid oxide effectively.
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Figure 6. Calculated oxide stability diagrams of Si-Mn-O system with iso-oxygen contours (in ppm)
in Fe-5Cr back-up roller at 1873 K: (a) with 0 Al (b) with 30 ppm Al (c) with 70 ppm Al (d) with
0.01% Al (e) with 0.015% Al.

4.2. Modification of the Liquid Oxide Inclusions

To obtain the quantitative relationship between the aluminum content and the for-
mation of liquid oxide, the evolution of oxide inclusions in Fe-5Cr-0.55C-0.55Si-0.6Mn-6
ppm Ca containing different aluminum contents was calculated with the aid of Factsage
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8.1 software, as shown in Figure 7. The FactIPS, FTmisc, and FToxide databases were used
for calculation. The soluble oxygen contents in the molten steel ranged from 20 ppm to
200 ppm were shown in Figure 7a,c,e,g, respectively, which corresponded to the differ-
ent stages in the smelting process. The upper and lower aluminum contents during the
smelting process were marked in a blue dotted line. As shown in Figure 7g, at the oxygen
content of 200 ppm in molten steel, the SiO2, liquid oxide, and Al2O3 phase existed when
the aluminum content was below 100 ppm corresponded to the actual value. The liquid
oxide phase disappeared completely, which was replaced by the CA6 (CaO-6Al2O3) phase
till the aluminum content reached roughly 0.024%. Besides, the SiO2, Al2O3, and MnO
contents in the liquid oxide stayed as the dominating part, and the CaO content in liquid
oxide stayed as a minor part. Then, the liquid oxide formed at 200 ppm oxygen content
was determined as SiO2-MnO-Al2O3 type inclusions which corresponded to the observed
results above. Consequently, it could be inferred that a minimum of 0.024% aluminum
content in the molten steel was required to convert the SiO2-MnO-Al2O3 type liquid oxide
into the high melting point Al2O3 inclusions, which were widely recognized as easier to
remove by their floatation and slag absorption than liquid oxides did [34–37]. Generally,
the contact angles of liquid oxide and solid oxide are below 90◦ and beyond 90◦ at 1873 K,
respectively, which could reflect the difficulties of slag absorption. The liquid film was
formed between the liquid inclusions and slag interface when the liquid inclusions were
about to go through the slag-steel interface. Then the slow discharge of liquid film would
take rather longer to get absorbed than the solid ones, in which no liquid film has been
formed during the process. Then, it could be concluded that reducing of liquid oxide
(SiO2-MnO-Al2O3 and CaO-SiO2-Al2O3 type) and modification to the Al2O3 type solid
inclusions could promote the cleanness of molten steel effectively. The aluminum content
required for the complete modification of solid Al2O3 type inclusions reduced from 0.024%
to 0.01% when the oxygen level declined from 200 ppm to 50 ppm, which corresponded
to the process of IF melting to LF refining, as shown in Figure 7c,d,e,f. However, in the
meanwhile, the CaO content in liquid oxide has risen higher than MnO at the 50 ppm
oxygen content in molten steel, which meant the newly formed liquid oxide transformed
from SiO2-MnO-Al2O3 type to CaO-SiO2-Al2O3 type corresponding to the analysis in
the LF2-refining process. In addition, the newly formed stable phases were converted to
CA2 (CaO-2Al2O3) and CA6 (CaO-6Al2O3) phases by the effect of high basicity slag. The
required aluminum content for the complete modification rose to 0.02% at the 20 ppm
oxygen content in molten steel, which represented the end of the LF refining process in
the plant trial. Due to the modification of the high basicity slag and complete oxidation in
molten steel, the solid inclusions were converted into pure CA2 inclusion. The content of
CaO in liquid oxide has risen higher than SiO2 gradually, as shown in Figure 7a,b. Above
all, it could be suggested that a minimum of 0.024% aluminum content could minimize the
formation of SiO2-MnO-Al2O3 liquid oxide before the tapping. Besides, maintaining the
aluminum content beyond 0.02% in the whole refining process could also minimize the
formation of CaO-SiO2-Al2O3 liquid oxide.

4.3. Optimization and Verification of Plant Trials

Based on the results and analysis above, the authors brought the aluminum control
over the whole smelting process into effect to solve the flaw detection issues caused by
SiO2-MnO-Al2O3 type inclusions, as shown in Figure 8. Meanwhile, the composition of
slag was redesigned to match both the high aluminum content in molten steel and the
refining function. Then, the steel specimens corresponding to the previous stages were
also sampled and analyzed as above. Specific details of sampling in the optimized plant
trial are shown in Figure 8. The composition of slag specimens in the optimized process is
shown in Table 4.
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Figure 7. Equilibrium formation of inclusions during different soluble oxygen content stages at
1873 K in Fe-5Cr-0.55C-0.55Si-0.6Mn-6 ppm Ca-Al in mass % (a,b) with 20 ppm (c,d) with 50 ppm
(e,f) with 100 ppm (g,h) with 200 ppm (a,c,e,g) present the formation of all inclusions at different
oxygen content (b,d,f,h) present the actual composition of liquid oxide inclusions corresponding to
the previous one, respectively.

162



Metals 2022, 12, 295

Figure 8. Schematic illustration of optimized metallurgical process and sampling.

Table 4. Main chemical composition of slag specimens in the optimization process in mass%.

Specimen No. Stage CaO SiO2 Al2O3 MnO Cr2O3 FeO CaF2

B1 IF-end 0.99 41.00 19.00 20.40 10.00 3.82 0.00
B2 LF1-initial 2.36 31.80 36.50 13.60 6.51 3.90 0.08
B3 LF1-end 62.79 16.70 10.60 0.20 0.15 0.57 4.19
B4 LF2-initial — — — — — — —
B5 LF2-end 54.39 12.00 23.20 0.15 0.20 1.07 2.24
B6 VD-end 53.07 11.30 24.50 0.05 0.10 0.47 2.13
B7 LF3-end 53.33 11.10 24.80 0.05 0.10 0.46 1.97
B8 VC- initial 52.88 11.00 25.20 0.07 0.12 0.80 2.01

Morphology and composition of improved typical inclusions at different stages were
shown in Table 5. Only aggregating and irregular Al2O3 particles were found before the
LF1 refining process. Then, pure Al2O3 particles were modified into small-sized and quasi-
spherical CaO-Al2O3 type inclusions in the LF refining process. However, the CaO-Al2O3
type inclusions were modified into CaO-SiO2-Al2O3 type inclusions after the breaking of
the VD process. The CaO-SiO2-Al2O3 type inclusions remained as the main inclusions till
the casting of the VC process. To illustrate the optimized evolution of large-size inclusions
at different stages, the composition and size of inclusions found in specimens B1-B8 were
marked in the ternary diagram of the CaO-SiO2-Al2O3 system, as shown in Figure 9.
During the whole smelting process, a few inclusions were located at the line of SiO2-Al2O3,
which meant few SiO2-MnO-Al2O3 type inclusions were found. Large-sized inclusions
were mostly located in the liquid oxide and liquid oxide+CaO dual-phase field, which
was relatively smaller than the SiO2-MnO-Al2O3 type ones. Besides, large-sized inclusions
were CaO-Al2O3 type at the end of LF2 refining. However, the liquid oxides were mostly
converted to CaO-SiO2-Al2O3, which were formed after the breaking of VD. It could be
suggested that the inclusions with the tendency of high Al2O3 content usually owned small
sizes. On the contrary, the inclusions with the tendency of high CaO content or a certain
SiO2 content owned larger sizes generally in this study. Fewer inclusions were found than
the original process especially the SiO2-MnO-Al2O3 type, which caused the failure of the
MPI test. It showed that the modification of aluminum in the over-oxidation environment
before the tapping was effective in a certain degree. In addition, the amount and sizes of
inclusions in the optimized process were smaller than the previous ones.

Table 5. Morphology and composition (in mass %) of typical inclusions at different stages (Speci-
men B1–B8).

Specimen No. Stage
Main Inclusions

Morphology Type wt.%

B1 IF-end

 

Al2O3
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Table 5. Cont.

Specimen No. Stage
Main Inclusions

Morphology Type wt.%

B2 LF1-initial Al2O3

B3 LF1-end

 

CaO-(11.2%)
Al2O3-(83.2%)

B4 LF2-initial

 

Al2O3

B5 LF2-end

 

CaO-(57.6%)
Al2O3-(40.2%)

B6 VD-end
CaO-(66.5%)
SiO2-(8.6%)

Al2O3-(25.9%)

B7 LF3-end
CaO-(55.8%)
SiO2-(9.2%)

Al2O3-(36.0%)
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Table 5. Cont.

Specimen No. Stage
Main Inclusions

Morphology Type wt.%

B8 VC-initial
CaO-(40.9%)
SiO2-(6.4%)

Al2O3-(52.7%)

Figure 9. Composition and size distribution of large-size inclusions during the optimized metallurgi-
cal process in CaO-SiO2-Al2O3 ternary phase diagram at 1873 K.

The type and the average size of all type inclusions at each stage was shown in
Figure 10. SiO2-MnO-Al2O3 inclusions were found after the LF2-initial stage, which could
be entrapped from the slag during the avoiding slag process. Owing to the optimized
control of aluminum content, Al2O3 inclusions dominated in inclusions before LF-2 refining,
which were modified by the calcium content in the high basicity slag. Besides, the inclusion
found at the breaking of VD owned larger sizes than other stages. The appearance of Al2O3
and CaO-SiO2-Al2O3 inclusions was also presented as complementary, which matched the
previous results. However, more CaO-SiO2-Al2O3 inclusions were found after the breaking
of the VD process than the previous ones. Therefore, the relationship between SiO2, Al2O3
content in the inclusions, and the aluminum content in the molten steel was illustrated
and shown in Figure 11. The SiO2 contents in the inclusions and the aluminum content
in the molten steel presented a negative correlation. At the end of LF2 refining, the SiO2
contents in the inclusions were almost none. However, the Al2O3 contents of the inclusions
decreased rapidly when the smaller SiO2 contents increased. The SiO2 contents decreased
gradually after adding in the aluminum wire (aluminum 99%). Consequently, it could be
inferred that the aluminum contents in the molten steel could suppress the formation of
SiO2 contents in the CaO-SiO2-Al2O3 inclusions to a certain degree. However, the precise
inner mechanism requires further investigation [38].
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Figure 10. Type and average size distribution of all inclusions at different stages in the optimized
plant trial.

Figure 11. Mass fraction of SiO2 and Al2O3 contents in the inclusions and the corresponding
aluminum content during LF2-end, VD-end, LF3-end stage.

According to the experimental results and thermodynamic calculation, the formation
and evolution mechanism of typical inclusions during the original and optimized met-
allurgical process were illustrated and shown in Figure 12. The scarps and alloys were
melted by IF under the atmosphere. Then there would be a huge amount of FeO, MnO,
and Cr2O3 oxide formed and entered into the top slag, which provided the oxygen content
into the molten steel. If there were insufficient aluminum content in the molten steel,
the huge number of SiO2-MnO-Al2O3 inclusions would be formed by the joint control of
silicon, manganese, and aluminum over the oxygen content in the molten steel, which
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was not easy to remove by its floatation and the absorption of the slag. In the refining
stage, the CaO content would emerge in both the SiO2-MnO-Al2O3 and Al2O3 inclusions
by the modification of the high basicity slag. Besides, the CaO-Al2O3 type inclusions were
converted into CaO-SiO2-Al2O3 inclusions owing to the insufficient aluminum content
caused the aluminum loss during the VD process and the slag entrapment [39–41]. The
precise and inner mechanism of these requires further investigation in the next stage.

 
Figure 12. Schematic of formation and evolution of typical inclusions during the original and
optimized metallurgical process.

5. Conclusions

In the current study, the source and formation of the defects that failed in the MPI
test in forged backup rollers were investigated and the corresponding optimized process
in the plant trials was conducted. Based on the analysis of inclusions characteristics and
thermodynamic calculations, the conclusions were obtained as follows:

(1) The linear and aggregating distribution of SiO2-MnO-Al2O3 inclusions up to 3 mm
was the cause of the failure in flaw detection. The sizes of SiO2-MnO-Al2O3 were
rather uneven. Besides, SiO2-MnO-Al2O3 inclusions with irregular plate strip shapes
were uniformly distributed in composition.

(2) SiO2-MnO-Al2O3 type inclusions were mainly formed in the over-oxidation envi-
ronment during the IF melting. Owing to its low contact angles, large-size SiO2-
MnO-Al2O3 inclusions in the defective area were inherited from the initial smelting
process. CaO-SiO2-Al2O3 inclusions formed during the LF refining process were the
dominating inclusions in the whole process.

(3) The content of aluminum in the molten steel over 0.024% in Fe-5Cr back-up roller
steel could suppress the formation of SiO2-MnO-Al2O3 liquid oxide during an over-
oxidation environment. CaO-SiO2-Al2O3 liquid oxide inclusions could be completely
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modified as solid CaO-Al2O3 type inclusions over 0.02% aluminum content during
the refining process. After the optimization, the amount and sizes of large-size liquid
inclusions (>50 μm) decreased significantly before the VD refining.
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