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The Role of Slag Carryover on the Non-metallic
Inclusion Evolution and Magnetic Behavior
in Electrical Steel

ASHOK KAMARAJ, PREMKUMAR MURUGAIYAN, G.K. MANDAL, and G.G. ROY

In the present investigation, a set of high-temperature experimentations were carried out to
improve the understanding of the influence of slag carryover (SCO) on non-metallic inclusion
evolution during the production of high silicon electrical steels for functional applications. It
was observed that the liquid steel treated with synthetic slag and lime resulted in the formation
of CaO-based complex oxide, sulfide, and nitride inclusions in the matrix. Whereas the top slag
(synthetic slag and lime) contaminated with carryover slag transforms the complex oxide
inclusions to Mn free oxy-sulfide inclusions in the high Si steel. Further, the high-silicon steel
evaluated for magnetic property confirms the detrimental magnetic behavior of the steel treated
using the top slag with the excess amount of SCO (10 kg/t). The increase in coercivity is due to a
higher fraction of sub-micron inclusions in the steel matrix. The industry implications of the
present findings are highlighted in the light of the evolution of Goss texture in high silicon steel
during downstream processing. The evolution of detrimental inclusions in functional grade
(electrical) steels due to the presence of SCO call for stringent process control during the
upstream processing of liquid steel to maintain the desired magnetic properties.
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I. INTRODUCTION

THE microstructural sensitive functional properties

demand stringent process control of high silicon electri-
cal steel (~3.0 wt pct) compared to other steel grades. It
is to be noted that the presence of non-metallic
inclusions (NMIs), even in a very small amount within
the steel matrix, is sufficient to significantly influence the
downstream processing, mechanical, electrical, and
magnetic properties of the steel. Several studies[1–6]

focused on controlling oxide inclusions during the
secondary steelmaking process to improve the magnetic

property of the electrical steels. Zinngrebe et al.[1]

studied the evolution of the inclusion population and
reported the dependency of complex assemblages of
oxides, sulfides, and nitrides in silicon steel during
secondary steelmaking. Kurosaki et al.[2] studied the
effect of morphology of oxide inclusions on the core loss
of semi-finished electrical steel. They reported that
elongated oxides reduce the core loss more than
spherical oxide inclusions. Petrovic et al.[3] stated that
Mg vapor released due to alumino-thermic reduction of
MgO in refractory assists in generating complex
spinel/sulfide/oxy-sulfide inclusions in silicon steel. Luo
et al.[4] studied MnO concentration in NMIs and its
influence on the number density of inclusions in electri-
cal steel. They reported a drastic reduction in the
number density of inclusions containing more than 10
wt pct MnO in electrical steels.[4] It is also reported that
the inclusion population and density in electrical steel
depend more on the concentration of MnO in NMIs
than other factors such as cooling rate, superheat, and
refractory composition. Shinkagi et al.[5] stated that core
loss could be reduced by controlling the number density
of 1-3 lm size Ca and/or Mg-based oxide inclusions. To
improve the magnetic property in electrical steel, Lin
et al.[6] investigated the effect of deoxidation practice
during the RH process to eliminate the complex
discretized type inclusions in electrical steel.
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The influence of soft killing practice on the desulfu-
rization of ultra-low carbon electrical steel was studied
by He et al.[7] It is reported that optimizing slag
composition by adding synthetic slag during the RH
process to control the oxygen potential results in
efficient desulfurization of liquid steel. A few published
reports suggested that the precipitation and distribution
of sulfide inclusions within the steel matrix can be
controlled by engineering the oxide inclusions.[6,8] The
theoretical investigation of Liu et al.[8] highlighted the
formation of sulfide precipitates on oxide inclusions in
Fe-3 wt pct Si alloys. They concluded that solubility and
precipitation of MnS from oxide inclusions could be
controlled by the sulfide capacity and extent of MnO
concentration in the oxide inclusions. It is also reported
that trace elements like sulfur, nitrogen, and carbon
should be carefully controlled in electrical steel to avoid
deleterious precipitation in a size range of 10-400 nm
with smaller inter-particle distance. Kaliz et al.[9] and
Podorska et al.[10] investigated the effect of non-uniform
distribution of NMIs in electrical steel and mentioned
that deoxidation practice plays a vital role in controlling
the interfacial energy of inclusions and liquid steel
during solidification. It is also noted that the addition of
cerium as a deoxidizer controls the sulfide inclusions and
improves the magnetic property in electrical steel.[11,12]

Many studies systematically identified the inclusion
formation sources and their development during the
steelmaking process, starting from primary steelmaking
to casting[13–16] in structural steels. Investigation about
the generation and evolution of inclusions in liquid steel
narrows down to the focused analysis of secondary
steelmaking practices[4] in recent days. In industrial
steelmaking operations, liquid steel invariably contains
some carryover slag; its composition and quantity vary
from heat to heat. It is well reported that the carryover
of oxidizing slag into the transfer ladle alters the top slag
composition during the steel refining process and hence
limits the extent of desulfurization.[7] However, limited
attention has been given to understanding SCO’s
influence (a sub phenomenon) on inclusion control.
Though few reports are available related to the control
of oxide, sulfide, and oxy-sulfide inclusions in electrical
steel,[3,4] the influence of inclusion evolution in the
presence of SCO during the production of high silicon
steel is scarcer.

It is well known that the core loss of high-silicon
electrical steel could be minimized by maximizing the
growth of Goss grain through engineering the sulfide
(and/or nitride) inclusions.[17] Several investigators[18–25]

studied the role of inclusions/non-magnetic particles on
the coercivity of the magnetic materials in detail.
Dijkstra et al.[18] confirmed the dependency of coercive
force on the overall volume fraction of inclusions and
their state of dispersion within the steel matrix. It is also
reported that the coercive force, in general, is not
dependent on particles of size much smaller and much
larger than the thickness of the domain wall for any steel
composition. Later, English[21] experimented with Neel’s
theory on the coercive force in ferromagnetic material
and reported that extremely small (< 0.1 lm) particles
will be ineffective to pin the domain walls to increase the

coercive force. Further, it is also reported that micro-
n-size particles significantly increase the coercivity but
do not follow Neel’s mechanism of domain wall pinning.
Turner et al.[23] studied the role of Mn(Cu)S precipitate
on the magnetic properties of grain-oriented steel based
on local Barkhausen noise measurements. It is con-
firmed from the BN measurements that residual fine
sulfide inclusions (5-10 nm) do not affect the bulk
magnetic properties. However, coarse precipitates
(100-125 nm) deteriorate the functional properties.
Recently, Liu et al.[25] studied the interaction between
the grain boundary on precipitate on minor BH loop
measurements and reported (i) the complex behavior of
magnetic parameters due to the interaction of grain
boundaries and sulfide inclusions on domain wall
pinning and (ii) the significance of critical size and
number density of inclusions on the particular
phenomenon.
It should be noted that the know-how to produce

high-grade electrical steel is kept secret and available
only to a few steel producers. Emerging interest in
producing electrical steel in India also necessitates an
in-depth understanding of the evolution of NMIs during
liquid steel refining and its influence on magnetic
behavior. Moreover, a systematic study pertaining to
the influence of SCO on the evolution of NMIs in
high-Si electrical steel is necessary, keeping in view the
requirement for high-grade electrical steel. This investi-
gation focuses on the evolution of NMIs in Al-Si killed
3.0 wt pct silicon steel during top slag treatment using
synthetic slag and lime contaminated with/without
primary steelmaking carryover slag (0-10 kg/t). Further,
a detailed characterization of the NMIs and magnetic
properties of steel is carried out to enhance the
understanding of the product engineering of high-qual-
ity electrical steel.

II. EXPERIMENTAL PROCEDURE

A. Experiment Procedure

A set ofmelting and refining experimentswas conducted
in a 20 kg induction melting furnace (Make: CONSARC).
The furnace crucible with dimensions of about 100 mm
inner diameter and 250 mm height was used to study the
influence of SCO on NMIs in 3.0 wt pct Si steel. A
monolithic basic (MgO-based) lining (~5 mm thickness),
akin to industrial practice, was used in the induction
furnace crucible. The extra-deep drawable (EDD) grade
steel scraps were used as starting material for the melting
experiments. Laboratory-grade pure silicon and alu-
minium with 99.99 wt pct purity were used as deoxidizer/
alloying elements. After melting the EDD grade steel
scraps (15 kg) in an air induction furnace, a predefined
amount of pure Si and Al were added in different stages to
prepare the liquid steel bath with 3.0 wt pct silicon. After
the first-time addition of deoxidizer, 200 g of synthetic slag
(43CaO-43Al2O3-6.0SiO2-8.0MgO (all in wt pct)) and 100
g of laboratory-grade lime powder were added to protect
the melt from atmospheric reoxidation. The chemical and
thermalhomogenizationof the liquidmetalwas ensuredby
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keeping the liquid bath at the desired temperature for 5
minutes after every addition. The liquid steel sample was
collected using a specially designed lollypop sampler (refer
Figure 1) to ensure the chemical composition during the
alloying period (till it reaches 3.0 wt pct Si, i.e., S-1 to S-4).
After achieving 3.0wt pct silicon in the liquid steel, the slag
metal reactions continued for 30 minutes in the induction
furnace. The lollypop sample was also collected intermit-
tently every 10 minutes (i.e., S-5 to S-7). For the experi-
ments conducted with a predefined amount of SCO (Heat
1: 0, Heat 2: 5, and Heat 3:10 kg/t of liquid steel), the
carryover slag (50CaO-4.5MgO-14.0SiO2-22.0FeO-1.0
MnO-3.5Al2O3-2.0P2O5 (all in wt pct)) was added into
the bath after the deoxidizer addition (S-1). The range of
SCO was decided based on the industry experience and
reported information.[26–28] After the complete melting of
the carryover slag, the synthetic slag and lime powder were
added. The slag thickness above the liquid steel was
carefully measured by dipping the tied double wires into
the liquid bath, consisting of copper and galvanized (GI)
steel. The slag thickness was measured by observing the
selective melting of the copper wire andGIwire till the top
of the slag layer and slag-metal interface due to the
difference in the melting point, respectively. The final slag
samples were obtained by dipping a steel rod into the
molten slag and subsequently quenching it in water. The
slag attached to the rod was collected separately and
preserved for chemical analysis. The schematic represen-
tation of various stages of the experiment, along with the
sampling scheme, is shown in Figure 2. The alloying and
refining stages of the experiments are referred to as S-1 to
S-4 and S-5 to S-7 in the plots/graphs presented in the next
section, respectively.

1. Sample preparation and chemical analysis
Chemical analysis of steel samples was carried out

using an optical emission spectrometer (OES BRUKER
Q8 MAGELLAN). The head portion of the lollypop
sample was used for chemical analysis (refer Figure 1).

Standard techniques were followed to prepare the steel
specimens for chemical analysis. The tail portion of the
specially designed lollypop sample was used for total
oxygen and nitrogen analysis. The composition of the
slag samples was obtained using an X-ray fluorescence
(XRF) spectrometer and conventional wet analysis.

2. Characterization of Non-metallic Inclusions
The detailed metallographic characterization of NMIs

was performed to determine the composition, size, and
distribution of inclusions in the steel specimens. Metal-
lography samples were prepared by sectioning the tail
portion of the lollypop samples for inclusion analysis. A
standard metallography sample preparation technique
was followed to prepare the samples. The polished
unetched samples, cleaned thoroughly using an ultra-
sonic cleaner, were used for the NMI characterization
using an electron probe microanalyzer (EPMA, Model:
JEOLJXA-8230) and automated SEM-EDS (Model:
Zeiss SEM EVO18, EDS-OXFORD Instruments).
Detailed compositional analysis and elemental mapping
were carried out using energy/wavelength dispersive
spectroscopy (EDS/WDS, Model: GENESIS) attached
with the EPMA. A few selected samples were considered
for detailed quantitative characterization of NMIs in the
steel matrix using automated SEM-EDS coupled with
AZtecsteel software (Make: OXFORD Instruments).

3. Characterization of magnetic properties
The steel samples obtained from the steel ingots of

Heat 1, 2 and 3 were subjected to magnetometry and
fluxmetery techniques to understand the magnetic prop-
erties of the sample conditions. The samples obtained
from final ingots were hot-rolled at 1100 �C and
annealed to remove the microstructural inhomogeneities
present in the cast structure. The room temperature
saturation magnetization (M–H) curves were obtained
from Vibrating Sample Magnetometer (VSM, Model:
Versalab, Quantum Design) with a maximum external
magnetic field of 1.2 T. A 10 mg of samples were
sectioned from the tail portion of the lollypop sample
for the VSM study. An in-house developed non-inva-
sive, surface-based magnetic hysteresis loop sensor
system, ‘‘MagStar,’’ was also employed to understand
further the inclusion behavior on the bulk magnetic
properties.[29] The bulk magnetic measurements were
carried out on four surfaces of parallelepiped samples of
40 mm 9 22 mm 9 4 mm. Subsequently, macro
hardness (Model: 251VRSA Make: AFFRI) and grain
size data were obtained from the sample area of interest.

III. RESULTS

A. Slag Thickness

Figure 3 represents the slag thickness measured after
flux and SCO addition (S-1) and before the occurrence
of slag-metal reaction (S-4). The figure clearly shows the
increase in slag thickness with SCO. The decrease in slag
thickness in stage 4 (S-4) in comparison to stage 1 (S-1)
in all the studied Heat is due to the intermediate slag

Fig. 1—Schematic of the lollypop sampler used in experiments.
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removal during the liquid steel sampling process. The
final slag composition obtained from all three heats is
given in Table I. It should be noted that the basicity of
final slags varies in a narrow range (0.64-0.71); however,
dissolution of MgO from refractory increases with an
increase in SCO content in the slag.

1. Phosphorous reversion and desulfurization
The detailed chemical analysis of the liquid steel

obtained from the specimens of Heat 1, 2, and 3 at
different stages of deoxidation, alloying, and refining are
given in Table II. The phosphorus content in the liquid
steel marginally increases to 86 ppm for the experiment
conducted without carryover slag. However, the final
phosphorus content of liquid steel increased to 170 ppm
and 210 ppm for the Heat with 5 and 10 kg/t SCO,
respectively. Similarly, the experiments conducted with
various amounts of SCO resulted in poor
desulfurization.

2. Size and distribution of inclusions
The size and distribution of inclusions within the steel

matrix after refining treatment were investigated using
the metallographic specimens prepared from the tail
portion of the lollypop samples. The quantitative
analysis of NMIs present in steel samples was per-
formed, and the results are presented in Figure 4.
Figure 4 shows the variation of average size and area
fraction NMIs present in the steel samples treated
without and with the addition of 5 and 10 kg/t of SCO.
The average size of NMIs present in the samples
collected at the end of slag-metal refining (S-7) is
comparable in all three Heats (with and without the
addition of SCO), as depicted in the figure. Figure 4 also
reveals the significant increase in the area fraction of
NMIs in the Heat 3 sample, obtained after treating with
an excess amount of SCO (10 kg/t).

3. Composition of inclusions
The morphology and composition of NMIs for the

samples collected at the end of the refining period (S-7)
for Heat 1, 2, and 3 are examined using SEM/
EPMA-EDS. The SEM micrographs represented in
Figures 5, 6, and 7 reveal the presence of different types
of inclusions in the high silicon electrical steel after top
slag refining for Heat 1, 2, and 3, respectively. The
generation of deoxidation product (pure SiO2) and
precipitation of MnS in the steel matrix is observed in
the Heat 1 steel sample, as shown in Figures 5(a) and
(b), respectively. The complex oxide inclusions with
globular morphology observed in the Heat 1 sample, as
shown in Figures 5(c) and (d), suggest that they are
liquid inclusions at steelmaking temperatures. The
NMIs observed in the Heat 2 sample are pure MnS

Fig. 2—Schematic representation of various stages of the experiment along with sampling scheme.

Fig. 3—Measured slag thickness at S-1 and S-4 stages for
experiments conducted with different amounts of SCO (Heat 1: 0 kg/
t, Heat 2: 5 kg/t, and Heat 3: 10 kg/t).
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and complex oxide inclusions (with trace MnS in the
periphery), as shown in Figures 6(a) and (b), respec-
tively. The NMIs observed in the sample of Heat 3 are
co-precipitated nitride-sulfide inclusions and oxy-sulfide
inclusions, as shown in Figures 7(a) through (d).

The detailed characterization of the globular complex
oxide inclusions was based on elemental mapping using
EDS attached with EPMA. Figure 8(a) shows the
elemental mapping of the complex oxide inclusions
observed in the Heat 1 specimen. The intensity of the
MnS ring around the complex oxide inclusion observed
in the Heat 2 sample (refer Figure 8(b)) confirms the
nature of composite inclusion. Figure 8(c) reveals the
sulfur enriched complex oxide inclusion present in Heat
3. Therefore, the transformation of complex oxide
inclusion to complex oxide with MnS ring and then to
oxy-sulfide inclusion with an increase in the contamina-
tion level of carryover slag in the top slag during the
preparation of the high silicon steel is confirmed.

A detailed analysis of the complex oxide NMIs in the
steel samples was performed using Wavelength Disper-
sive X-ray Spectroscopy (WDS) attached with the
EPMA. The line scan performed across the individual

complex oxide NMI, present in the samples of Heat 1, 2,
and 3, is represented in Figure 9. It is apparent from
Figure 9(a) that the complex oxide inclusions are free
from sulfur and manganese in the steel sample treated
with only synthetic slag and lime. The analysis also
reveals the high concentration of MgO in the middle
portion of the oxide inclusion. The complex oxide
inclusion observed in the steel sample treated with
synthetic slag, lime, and 5 kg/t of SCO is also free from
sulfur and manganese, as represented in Figure 9(b).
However, the manganese and sulfur peaks appear at the
periphery of the oxide inclusion. It may be attributed to
the precipitation of the MnS ring around the existing
oxide inclusion during the solidification of the high
silicon steel. The inclusions present in the Heat con-
ducted with 10 kg/t of SCO are completely different
from the other studied Heat and confirmed to be
oxy-sulfide inclusions, as confirmed in Figure 9(c). It is

Table I. Chemical Analysis of Final Slag Obtained From
Heat 1, 2 and 3

Heat No CaO SiO2 Al2O3 MgO P2O5 MnO

1 20.08 28.13 30.77 19.19 0.0021 1.81
2 22.10 34.64 20.55 21.34 0.0069 1.35
3 18.05 26.15 15.53 39.33 0.0572 0.90

Table II. Chemical Analysis of Liquid Steel in Heat 1, Heat 2, and Heat 3

Sampling Stage Heat No.

Deoxidizers Added (g)
Chemical Composition of Liquid Steel

(wt pct)

SCO (kg/t)FeSi Al Pct C Pct Si Pct Al P (ppm) S (ppm)

1 1 70 5.2 0.046 0.216 0.0070 71 48 0
2 147 6.5 0.052 1.227 0.0147 81 61
3 110 1.8 0.054 2.032 0.0089 81 70
4 165 1.6 0.051 3.186 0.0061 86 68
5 — — 0.038 3.170 0.0026 86 63
6 — — 0.046 3.170 0.0040 85 67
7 — — 0.044 3.121 0.0023 86 65
1 2 70 5.5 0.042 0.225 0.0082 78 85 5
2 154 7.0 0.049 0.944 0.0147 140 100
3 115 2.0 0.050 1.541 0.0062 150 120
4 241 2.0 0.064 3.170 0.0112 165 170
5 — — 0.041 2.993 0.0032 160 140
6 — — 0.056 3.005 0.0026 160 130
7 — — 0.038 3.030 0.0014 170 150
1 3 82 6.5 0.043 0.292 0.0029 72 87 10
2 183 8.0 0.046 1.231 0.0131 190 110
3 136 2.5 0.050 2.008 0.0070 200 100
4 206 2.5 0.043 3.206 0.0118 205 110
5 — — 0.046 3.192 0.0047 225 120
6 — — 0.045 3.135 0.0041 215 110
7 — — 0.055 3.066 0.0055 210 140

Fig. 4—Quantitative analysis of NMIs in S-7 of all Heats.
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interesting to note that the inclusion is rich in sulfur
concentration; however, it is deficient in manganese
content. Therefore, it can be summarized that the

complex oxide inclusion evolved to Mn free oxy-sulfide
inclusion in the high Si electrical steel when the top slag
is contaminated with an excess amount of SCO.

Fig. 5—SEM micrographs of NMIs in the steel treated with synthetic slag without the addition of SCO; (a) SiO2 deoxidation product; (b) MnS
inclusion; (c) complex oxide inclusion; (d) complex oxide with MnS ring.

Fig. 6—SEM micrographs of NMIs in the steel treated with synthetic slag and 5 kg/t of SCO; (a) MnS inclusion; (b) complex oxide with MnS
ring.
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4. Magnetic properties
The strong microstructure-magnetic correlations in

Fe-Si soft magnetic alloys allowed us to study the
magnetic properties concerning different inclusion char-
acteristics of the steel samples. Figures 10(a) and (b)
represent the saturation magnetization curve for all the
Heat obtained from the magnetometry and electromag-
netic surface probe technique, respectively. It is
observed from the figure that all the samples exhibit
ferromagnetic behavior identified by a small area under
the loop of the saturation magnetization curve. Fig-
ure 10(a) inset shows a comparable saturation magne-
tization (Ms) for all the Heat representing compositional
homogeneity among the three samples. In addition, the
M–H curves obtained from the electromagnetic sensor
probe technique, while scanning the large sample
volume, depict poor magnetic characteristics of the
Heat 3 samples concerning the magnetic flux density and
coercivity, as shown in Figure 11 (also refer to Fig-
ure 10(b)). Also, the Heat 3 sample shows relatively
poor permeability compared to the other samples, as
seen in Figures 10(a) and (b), confirming the poor
soft-magnetic characteristics of the sample. Based on the
magnetic properties obtained from both techniques, it

can be confirmed that the high silicon steel treated with
synthetic slag, lime, and 10 kg/t of SCO exhibits poor
magnetic behavior compared to the other studied
samples.

IV. DISCUSSION

A. Thermodynamic Analysis of Inclusion Evolution

The present investigation deals with the top slag
treatment of high Si electrical steel using lime-rich high
basicity synthetic slag. The experiments conducted in
this investigation are evaluated for the slag path in the
relevant pseudo ternary diagram constructed at 1600 �C
using FactSage 6.4, a commercial thermodynamic sim-
ulation software package. Figure 12 demonstrates that
the composition of slag changes from a lime-rich high
basicity region to a low basicity region in the CaO-
SiO2-Al2O3 pseudo ternary diagram due to the assim-
ilation of silica-rich deoxidation products in the top slag
during alloying and refining of high silicon steel. The
slag path followed for experiments conducted without
SCO is shorter (AB) than the experiments conducted

Fig. 7—SEM micrographs of NMIs in the steel treated with synthetic slag and 10 kg/t of SCO; (a) and (b) co-precipitated nitride and MnS
inclusion, (c) oxy-sulfide inclusion, and (d) complex sulfide with iron nitride inclusion.
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Fig. 8—EDS elemental mapping of calcium-based (a) complex oxide inclusion in Heat 1, (b) oxide core and MnS ring-type inclusion in Heat 2,
and (c) oxy-sulfide inclusion in Heat 3.
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Fig. 9—EPMA-WDS line scan analysis of complex oxide inclusions in the steel refined with contaminated top slag (a) Heat 1: 0 kg/t, (b) Heat 2:
5 kg/t, and (c) Heat 3: 10 kg/t of SCO.

Fig. 10—Saturation magnetization curves (M–H) obtained from (a) magnetometry and (b) electromagnetic surface probe for the steel samples.
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with SCO (ACB), as shown in the pseudo ternary
diagram. It is mainly attributed to the reaction between
reducible oxides in slag and deoxidizers.[27,28] Conse-
quently, the change in slag path due to contaminated
top slag also results in poor desulfurization of the liquid
steel (refer Table II).

Further, the evolution of sulfide and oxide inclusions
in the high silicon steel has been studied using the
equilibrium module of FactSage and represented in
Figure 13. Figures 13(a) and (b–d) depict the precipita-
tion of MnS and oxide inclusions during the equilibrium
solidification of high silicon steel, respectively. As shown
in Figure 13(a), the property diagram demonstrates the
early precipitation of MnS in the Heats treated with
SCO compared to Heat 1 during solidification. This is
primarily due to the higher content of sulfur in steel
treated with SCO as a result of poor desulfurization
during top slag refining, as explained earlier. The
precipitation characteristics of oxide inclusions in all
the Heat are similar (refer Figure 13(b) through (d)).
The globular oxide inclusions observed in the steel

samples are mostly the liquid inclusions present at high
temperatures, as confirmed by the property diagrams
shown in Figure 13. The transformation of liquid
inclusions to other complex oxide inclusions during
solidification seems difficult due to supercooling and
sluggish diffusion within the complex oxides. Rarely
pure deoxidation product (SiO2) was observed in the
samples. Figure 14 illustrates the elemental sulfur
(EPMA-EDS elemental analysis) present in the spherical
liquid inclusions increases in the steel samples with the
addition of SCO. It confirms the influence of SCO on
the chemical characteristics of the liquid (complex)
oxide inclusions (also refer Figures 8 and 9). This
observation could be connected to the change in
physicochemical properties of final slag in the Heat
conducted with SCO. The basicity of final slags varied in
the narrow range for all the Heat, and dissolution of
MgO from refractory lining was high for the experi-
ments conducted with 10 kg/t SCO (refer Table I). This
observation is in agreement with other recent find-
ings.[30] A high amount of MgO in the slag raises the
viscosity and the liquidus temperature by increasing the
solid fraction in the slag at steelmaking temperatures.[31]

This further decreases the desulfurization ability of the
slag. Moreover, the positive interaction parameter
between dissolved silicon and sulfur in liquid steel and
a strongly reducing atmosphere during the top slag
treatment favors desulphurization. However, the condi-
tion of the top slag is not kinetically favorable to absorb
sulfur from liquid steel. Therefore, the inclusions present
in the melt establish a local equilibrium with the liquid
steel. Eventually, the complex oxide inclusions absorb
the elemental sulfur and transform into oxy-sulfide
inclusions in high Si steel. To summarize, a higher
amount of SCO transforms the complex oxide inclusions
into sulfur-rich complex oxide (oxy-sulfide) inclusions in

Fig. 11—Comparison of magnetic properties in all the Heats.

Fig. 12—Schematic representation of slag path in pseudo-ternary diagrams of CaO-SiO2-Al2O3-8 pct MgO and CaO-Al2O3-FeO-5 pct
MgO-15 pct SiO2-1.5 pct MnO constructed at 1600 �C.
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the high Si steel. The subsequent section will discuss the
ill effects of oxy-sulfide inclusions in light of high-grade
electrical steel production.

1. Inclusion-domain wall interaction
In general, the soft magnetic properties of the

material are influenced by intrinsic (chemical composi-
tion) and extrinsic (such as size and fraction of phases
and precipitates/inclusions, grain size and boundaries,
strain fields, bulk texture, etc.) properties. Being an

intrinsic property of a magnetic material, magnetic flux
density (Bs) of soft magnetic material depends on
chemical composition and the net volume fraction of
the magnetic phase in the specimen. The sharp decline of
Bs for Heat 3 compared to other Heat suggests a
significant reduction in the magnetic ferrite phase
fraction or ferromagnetic dilution by the presence of
non-magnetic particles (refer Figure 11). Further, mag-
netic coercivity (Hc) is a microstructure sensitive prop-
erty, wherein any presence of non-magnetic matrix
phase, grain size, precipitates, strain fields, etc., impacts
the soft-magnetic behavior. At a microscopic level, the
domain wall movement during the magnetization pro-
cess is inhibited due to discontinuities like grain bound-
ary, precipitates, and NMIs and increases Hc.

[18–25] To
confirm SCO’s direct and indirect role on inclusions and
magnetic behavior, respectively, macro-hardness and
grain size of the specimens were compared in this
investigation (refer Figure 15). The insignificant varia-
tion of average micro-hardness and grain size values of
the studied steel samples allow us to neglect the
contribution from grain size. Furthermore, the speci-
mens were annealed to eliminate the strain fields that
arise during the hot deformation and taken for magnetic
characterization. It ensures the negligible interference of
magneto-elastic anisotropy during the magnetization
process. The deterioration in magnetic properties in
Heat 3 (refer Figure 11) despite the uniform

Fig. 13—Evolution of (a) sulfide inclusion in all the Heats and (b) through (d) oxide inclusions during solidification of the liquid steel refined by
top slag contaminated (b) without, (c) 5 kg/t and (d) 10 kg/t of SCO.

Fig. 14—EPMA determined elemental sulfur in the liquid oxide
inclusion after top slag treatment with varying amounts of SCO
(Heat 1: 0 kg/t, Heat 2: 5 kg/t, and Heat 3: 10 kg/t).
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microstructure and strain field in all the samples point
toward the excess SCO (10 kg/t) condition and the
observed inclusion characteristics (size and number
density).

To understand the coercivity loss in Heat 3, the
distribution of non-metallic inclusions in the matrix is
investigated in detail using the AztecSteel cleanliness
assessment tool attached with SEM-EDS. It is evident
from Figure 16 that the number density of sub-micron
size inclusions increases with an increase in the amount
of SCO in the top slag. Though the number density of
inclusions is high in Heat 2 compared to Heat 1, the
magnetic behavior is similar. This might be due to the
presence of inclusions in size and number density, which
are inefficient to pin the domain walls, as confirmed by
other researchers.[23,25] Specifically, a few studies[23,25]

relate the compositional sensitivity of inclusions to their
morphology and size distribution. The present work
outlines the distribution of sub-micron to micron-sized
compositionally different complex inclusions and corre-
sponding variation in the magnetic coercivity. The
coercivity (Hc) exhibits maximum sensitivity to the
precipitates/inclusions present inside the grain rather
than grain boundaries.[32] Similarly, the different com-
positional arrangements comprising oxy-sulfide precip-
itate in Heat 3 samples might contribute to the
sub-micron precipitate size and spatial distribution
(inter-particle spacing) inside the grain. The aforemen-
tioned microstructural characteristics contribute to the
effective domain wall pinning and increase the coercivity
(Hc) of Heat 3 samples. In support of our argument, the
voltage signal (Vsensor) of the current MagStar device is
proportional to the number of pinning and un-pinning
events during the magnetization process (dM/dt).[23,33,34]

2. Industry implication of present findings
One of the important aspects of electrical steel is to

control the size, shape, and distribution of sulfide
inclusions to preserve the Goss nuclei and assist the
abnormal Goss grain growth during the later stage of
secondary recrystallization.[17] It is to be noted that
systematic research related to the influence of SCO on
the refining practice and evolution of non-metallic
inclusion in high silicon electrical steel is scanty. The
present investigation throws light on inclusion evolution
due to SCO during top slag refining of high silicon steel.

It can be well submitted that the production of
high-grade cold rolled grain oriented (CRGO) silicon
steel is a confidential technology in any steel plant. Only
a few steel makers successfully produce high-grade
silicon steel for functional applications due to the
complexity involved in the Goss texture evolution. The
general downstream operations in the silicon steel
production process are schematically represented in
Figure 17. The important aspects of NMIs in the
relevant stages are also indicated in the figure.
In general, it is essential to utilize the NMIs (mostly

sulfides and nitrides) efficiently to control the growth
process of Goss grains during the annealing stages.[35–37]

The primary function of sulfide inclusions to promote
Goss texture during the annealing process and reduce
the core loss in the steel sheet is,[38–42]

� Inhibition of the Goss oriented nuclei growth during
primary recrystallization (PRx) annealing

� Selective dissolution of MnS inclusions during sec-
ondary recrystallization (SRx) annealing to allow
abnormal grain growth of preserved Goss oriented
nuclei during secondary recrystallization (SRx)
annealing

� Eventually, the removal of sulfur from the matrix to
the slurry coated oxide layer in the steel sheet

It should be noted that decarburization of the steel
sheets also occurs during the SRx annealing process.
Removal of sulfur from the matrix after recrystallization
is essential to reduce further the core loss of the silicon
steel.[24] To achieve the above functions, the homoge-
neous distribution of fine sulfide (MnS) inclusions is
crucial before the start of the annealing process.[36] The
pre-requisite for the homogeneous distribution of fine
MnS in the steel product is the complete dissolution of
MnS inclusions during the reheating process. The
dissolution of MnS in electrical steel strongly depends
on the Mn/S ratio, temperature, and size.[43] The
modern steelmaking practice (i.e., thin slab casting
direct rolling) involves the integration of the continuous
casting and reheating process to reduce energy con-
sumption without compromising the product quality.
This innovation further calls for lowering the temper-
ature and holding time in the reheating furnace.
Therefore, engineering MnS inclusions to dissolve at

Fig. 15—Comparison of hardness and grain size is all the Heats. Fig. 16—Comparison of the number density of NMI is all the Heats.
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low reheating temperatures is one of the major chal-
lenges for the economical production of high silicon
electrical steel.[44]

The findings of the present investigation apply to the
electrical steel manufacturing technology that deals with
sulfide inclusions as a Goss grain growth inhibitor. In
general, high silicon steel contains less manganese;
therefore, the sulfur level in the liquid steel must be
controlled in a narrow range to bring out the maximum
benefit of using MnS as a grain growth inhibitor. Many
investigators reported[7,8] that the desulfurization effi-
ciency of the ladle furnace slag degrades due to the
carryover of furnace slag into the ladle. This observation
corroborates well with the present findings (refer
Table II). Furthermore, the limited information available
on SCO’s influence on inclusions’ chemical characteristics
in electrical steel. Other than sulfide inclusions, the
residual oxide inclusions in the steel matrix are difficult
to remove during downstream operations of high silicon
steel, unlike sulfur and carbon. It is noted that removing
oxide inclusions during liquid steel treatment is essential
to decrease the non-magnetic proportions in the ferro-
magnetic (steel) matrix and increase the magnetic satura-
tion of the electrical component. Furthermore, it is always
preferred to achieve the total oxygen content as low as
possible to produce clean steel.

Apart from the number and distribution of inclusions,
the composition of inclusions plays a vital role in
controlling the functional behavior of the high silicon
steel.[45] The complex oxide inclusions present in the

high silicon steel, treated only with the synthetic slag,
generally consist of Al2O3, SiO2, CaO, and MgO. The
sulfide inclusions are precipitated as pure MnS in the
steel matrix at a relatively low temperature (refer
Figure 13), which can be easily dissolved during
reheating process. In the case of the experiment con-
ducted with 5 kg/t of SCO, it is observed that MnS rings
surround the complex oxides. However, for the exper-
iment conducted with 10 kg/t of SCO, the inclusions are
completely converted to oxy-sulfide type, apart from the
pure MnS inclusions (refer Figures 8 and 9). It might be
attributed to the fact that the sulfide capacity of the
inclusions increases with the increase in SCO, as evident
from the present findings (refer Figure 13). It is to be
noted that the MnS free oxy-sulfide inclusions are more
stable than pure MnS inclusions in the steel matrix. MnS
free oxy-sulfide inclusions are expected to form during
the refining of high silicon steel. Therefore, the scope for
the complete dissolution of sulfide (oxy-sulfide) inclu-
sions is difficult in the normal reheating temperature
ranges as practiced in steel industries. It might lead to
poor utilization of sulfide inclusions during PRx and
SRx processes to maximize the Goss texture evolution.
Furthermore, the high stability of oxy-sulfide inclusions
is not favorable for removing sulfur from the inclusions
to the slurry-coated region during the final annealing
process. Consequently, the high fraction of sub-micron
size residual oxy-sulfide inclusions in the steel matrix
would deteriorate the magnetic behavior of grain-ori-
ented steel.

Fig. 17—Downstream processes involved in the production of high Si electrical steel.
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V. CONCLUSION

This investigation emphasizes precise control of the
liquid steel tapping process to produce electrical steel
while considering sulfide inclusions as inhibitors for the
Goss grain growth in downstream processing. The
systematic investigation clarified the role of SCO on
inclusion evolution and ensuing magnetic behavior in
high silicon steel. The salient findings are,

� Excess SCO (> 5 kg/t) in the top slag reduces its
desulphurization ability, inviting the partition of ele-
mental sulfur to the complex oxide inclusions from
the liquid steel.

� Due to excess SCO, complex oxide inclusions present
in the liquid steel transform into deleterious MnS free
oxy-sulfide inclusions.

� Due to contamination of top slag with excess SCO,
the number density and distribution of sub-micron
size NMIs in the steel matrix increases.

� Magnetic characterization of steel samples reveals
that the functional properties deteriorate due to a
higher fraction of fine-sized inclusions in the steel
matrix.

The envisaged impairments to functional properties of
high silicon electrical steel due to excess SCO into the
transfer ladle are,

� Inefficient utilization of sulfide inclusion as Goss
grain growth inhibitor (leads to decreased Goss tex-
ture fraction) during the recrystallization process in-
creases the finished product’s core loss.

� The coercively/core loss increases due to the high
fraction of fine-sized inclusions that can effectively pin
the domain walls during movement.

� The scope for removing oxy-sulfide inclusions at a
later processing stage is negligible, unlike the pure
MnS. Hence, the magnetic saturation in the finished
product decreases due to non-magnetic phases/inclu-
sions.

The understanding developed in this investigation will
assist the steelmakers in successfully producing
high-quality, high silicon electrical steel.
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