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Removal of MnS inclusions in molten steel using electropulsing
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Abstract

A method using electropulsing to separate inclusions from molten steel is developed, based on
the differences in electrical properties between the inclusions and liquid metal. The inclusions
have different electrical resistivity from that of the liquid steel and hence being expelled to the
surface of the metal by electropulsing. In comparison with the as-solidified untreated steel, the
size of the inclusion is significantly larger at the surface of the molten steel due to the enhanced

agglomeration. Moreover, the technique is efficient in eliminating particles smaller than 20 um.
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The non-metallic inclusions usually have significantly different thermal and mechanical
properties from those for the metal matrix. This leads to stresses, cracks, creep, microstructure
instability and many other detrimental effects during thermomechanical processing and the
service loading of steels [1-3]. The removal of inclusions to improve the cleanliness of the
steels has been a continuous effort in both academia and industry. There are a number of clean
steel fabrication techniques applied in large scale productions, e.g. electromagnetic stirring,
bubbling and filtration [4-7]. However, these conventional methods are not efficient in
eliminating particles whose sizes are smaller than 20 um, and accompanied with significant

energy consumption [4-7].

Electropulsing has been applied in many aspects of metal processing such as electroplasticity
[8], microstructural refinement [9] and structural relaxation [10, 11]. Experiments have
demonstrated significant effect of electropulsing on the microstructural evolution in metals,
e.g., segregation of lead inclusions in Cu-Zn alloy [12] and the fragmentation of the cementite
plates in strained pearlitic steel [13]. The diffusive transformation can be accelerated due to the
enhancement of the diffusivity by electropulsing [14]. There is to date no report on the
application of electropulsing to affect the configuration of inclusions in molten steels. On the
other hand, electropulsing processing consumes negligible amount of energy in comparison
with other clean steel processing techniques such as electromagnetic stirring. This might help
to reduce the energy consumption and energy-related green house gas emission once the

principle of the electropulsing treatment is established.

MnS as a common inclusion adversely influences the mechanical properties, physical

properties and corrosion resistance of the steels [15,16]. Thus, a steel that contained MnS



particles was selected for the present study. The objective of this study was to evaluate the
feasibility of the electropulse-driven inclusion removal from molten steel. This includes the
quantitative characterization of the total amount of inclusions and the average size of
inclusions in molten steel. In addition, this new method using electropulsing is based on the
differences in electrical properties between inclusions and steels, not on the disparities in the
density or size as employed by the conventional methods. This implies that, in principle,
electropulse-based processing should work for inclusions of various sizes rather than those

inclusions whose sizes are larger than 20 um only.

In this letter, a steel with the chemical composition (wt.%) 0.74 C, 0.27 Si, 0.99 Mn, 0.019 S,
0.016 Cr and 0.015 Ni was used. The specimens were prepared in an induction furnace. The
frequency of the heating current is 195.8 kHz. Prior to the heating, two electrodes made by
magnesia carbon refractory containing 15 wt.% carbon was positioned uprightly in the
cylindrical graphite crucible. The steel was heated above its melting temperature, held at that
temperature for 1 hour, then furnace cooled to room temperature. The samples were divided
into two groups with each group containing two test pieces. Group 1 was processed without
electropulsing. Group 2 was with exactly the same heat treatment as Group 1 but with the
addition of electropulsing at the molten stage for 20 minutes. The total holding time for both
groups of samples at the liquid state was the same. The frequency of electropulse is 1 Hz. The
duration of each electropulse is 20 ps. The density of the pulsed electric current is 1.2x10°
A/m?. The size of the ingot is 19 mm (longitudinal length) x 12 mm (width) x 15 mm

(thickness). The longitudinal section was observed to detect the inclusions distribution.



The cooled specimens were longitudinal sectioned, polished and etched by 4% Nital reagent
for metallographic examination. The composition of the inclusions in the steels was analysed
with scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy
(EDS).
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Figure 1 a) The dark phases marked by arrows are uniformly distributed at the as-solidified

untreated steel. b) EDS analysis shows the dark phase is MnS inclusion.



Figure 1a demonstrates the microstructure of the as-solidified untreated steel by SEM image. It
can be seen that the dark phases marked by arrows was uniformly distributed in the steel matrix.
The morphology was in the form of regular round or square. The diameter of the phases varied
from 5 um to 15 um. An EDS analysis for the sample shown in Figure 1a, as illustrated in
Figure 1b, revealed that the dark phase was MnS inclusion. However, the distribution of the
MnS inclusions was completely different in the electropulsed steel, as shown in Figure 2 and 3.
Fig. 2(a) and 2(b) are obtained from the same sample but with different magnifications. It is
obvious that the MnS inclusions disappeared from the inner part of the steel matrix, and instead
they were dispersed as relatively large-sized MnS aggregates with irregular shape at the surface
of the steel. Figure 3 shows the morphologies of the MnS inclusions after the electropulsing
treatment. Fig. 3(a) and 3(b) are obtained from the same sample but with different
magnifications. It does not present a regular round or square, but the form of long rods or short
rods. The change in the rod length was ranging from 13 um to 35 um. This means that the
passing electric current enables to drive the MnS particles motion to the surface of the steel and

achieve much larger size as a result of the aggregation.

Table 1 demonstrates the statistical results for the amount and average size of inclusions in the
samples with and without the electropulsing treatments. For the sample without electropulsing
treatment, there are 15 inclusions with an average size of 9 um distributed randomly in an area
of 0.291mm?. After electropulsing, however, no inclusions are found at the inner part of the
matrix but 47 inclusions with average size of 18 um are found in an analysed area of

0.291mm>.
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Figure 2 The MnS inclusions disappear from the inner part of the steel ingot after the
electropulsing treatment, where (a) and (b) are from the same sample but with different

magnifications.
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Figure 3 The MnS inclusions with large size are dispersed at the surface of the studied steel
after the electropulsing treatment, where (a) and (b) are from the same sample but with

different magnifications.



Table 1 Quantitative characterization of the amount of inclusions and the average size of

inclusions in molten steel before and after the electropulsing treatment.

Treated steel Treated steel
Untreated steel
(surface) (inner matrix)
Number of fields 3 3 3
Field area (mm?) 0.097 0.097 0.097
Analysed area (mm?) 0.291 0.291 0.291
Number of inclusions 15 47 0
Range of 5to 15 13to0 35 0
length/diameter (um)
Average
length/diameter (um) 9 18 0

Before discussing the inclusions removal by electropulsing, electromagnetic stirring induced
by the induction furnace must be clarified. Induction heating is the process of heating an
electrically conducting metal by electromagnetic induction, where eddy currents are generated
within the metal and resistance leads to Joule heating of the metal. Usually, the electromagnetic
force exerted on the molten metal is inversely proportional to the square root of the frequency
of the induced current, that is, lower frequencies (below 30 kHz) can generate stirring in the
molten metal [4]. In this study, the frequency of the heating current at 195.8 kHz is
approximately 6.5 times larger than that of normal lower frequency at 30 kHz. Although the
stirring is still presented in the high frequency magnetic field, its effect on the inclusion
configuration is negligible. This can be demonstrated by the observed uniformly distributed

inclusions in the as-solidified untreated steel (Figure 1).
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When an electric current passes through a conductor, the free energy G, associated with

electric current, according to the previous studies [12,13], is given by the following expression.

RSO ((p
G, = 87zf r drdr 1)

where 1 is the magnetic permeability, r and r’ are two different positions in space, respectively.
j(r) is the current density at position r. The distribution of electric current density in steel is

affected by the configuration of electrical conductivity in the materials. Inclusions have
different electrical properties from that of the liquid steel. The different configuration of the
inclusions results in different current density distribution. When an inclusion moves from the

inside towards the surface of the liquid steel, the current density distribution will be changed

from J,(r) to J,(r). The associated free energy change AG, can be expressed as [12, 13]

_ i kDRI = L0 L0 s
AGe—Sﬂﬂ i d3rd®r. )

Quantitative calculation of AG, had shown that the free energy difference plays an important

role in nucleation [17], crystal growth [18], inclusion segregation [12], crack healing [11],
phase transformation [19], and solidification [20]. The move of the inclusion from the inner
liquid steel to the surface results in the reduction of the free energy associated with the electric

current.

Figure 4 demonstrated schematically the interaction between the current and the non-metallic
inclusion. The distribution of current with an inclusion inside the matrix is present in Figure 4a,
while that with an inclusion close to the surface of the metal is displayed in Figure 4b. The
current distribution in Figure 4b is different from that in Figure 4a due to different location of

the inclusion particle. Generally, the different configurations of MnS inclusions in liquid steel
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will affect the electrical current distribution in the whole system due to the significantly higher
electrical resistivity of MnS compared with that for the molten steel. The different current
distributions correspond to various system free energy. The electrical conductivity of the
molten steel is equal to 10° Q*m™ [21] and that of MnS above 1273 K is approximately 10? Q°
L.m™ [22]. The value of the MnS inclusion is 10° smaller than that of the molten steel. The
current density inside the inclusion is lower than that of the outside. In order to minimize the
system free energy, an inclusion will be expelled to the surface of the molten steel by

electropulsing.
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Figure 4 Current line distributions during an electric current passing through liquid steel
containing inclusions at different locations, a) an inclusion is inside the matrix, and b) an

inclusion is close to the surface of the metal.

Such a phenomenon has not been noticed before because the existing calculations on the free
energy associated with the passing of electric current is usually with assumption of an
infinitely large matrix. In that case the different locations of an inclusion in the matrix do not
make any differences to the total free energy. The size of the liquid steel in the present study

cannot be treated as infinite when compared with the size of the inclusions, especially when the
10



inclusion is close to the surface of the liquid steel. The effect is therefore become significant. In

the ideal state, e.g., the reference state for Equation 1 is at the infinite far away location.

We investigated the feasibility of the electropulse-driven inclusion removal from the molten
steel. The experimental analysis shows that the electropulsing treatment is a promising method
to remove the inclusions from the molten metal. Processing of clean steel by using the
differences in electrical properties between inclusions and metals is different from any
conventional methods based on the disparities in the density or size. Furthermore,
electropulsing accelerates phase separation with less thermal energy compared with argon-
bubbling and electromagnetic-stirring-based clean steel processing methods. It should be noted
that removal of MnS inclusions smaller than 20 um is usually very difficult by means of other

conventional clean steel processing methods.

In conclusion, electropulsing enables the separation of the MnS inclusions from molten steel so
as to lower the system free energy. The morphologies change from regular round or square to
rod before and after electropulsing treatment, respectively. The MnS becomes large in size as a
result of the enhanced aggregation driven by the passing electric current. Therefore,
electropulsing treatment provides a special and effective approach to remove inclusions from

molten steel to improve their mechanical, physical and corrosion resistance properties.
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