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Abstract: In this paper, the influence of bismuth content and heating rate on the morphology of MnS
inclusions in bismuth-containing free-cutting steel during heating was investigated through in situ
observation experiments and 3D electrolytic corrosion experiments. By observing the microscopic
morphology of inclusions in the original sample, it was found that MnS inclusions in the sample
were rod-shaped, spherical, irregular, small in size, and mostly clustered at the grain boundary in the
form of chains and divergences. With the addition of bismuth, MnS inclusions of a larger size appear
in the steel, and the inclusions distributed at grain boundaries are also reduced. When bismuth
(0.010~0.020%) is added to the steel, MnS is mainly spherical and uniformly dispersed in the steel
matrix. If the bismuth content is too high, the inclusions aggregate. Through in situ observations of
the inclusions in the sample, it was found that the addition of bismuth in the heating process delays
the appearance of ferrite grain boundaries and contributes to the spheroidization of MnS inclusions.
Mn and S elements can fully diffuse slowly in the matrix with a heating rate below 1 °C/s and a long
holding time (300 s), which provides the possibility for the spheroidization of MnS inclusions.

Keywords: free-cutting steel; bismuth; inclusion; 3D electrolytic corrosion; in situ observation

1. Introduction

Free-cutting steel refers to steel that adds free-cutting elements, such as S, Pb, Bi, Te, etc.,
to conventional steel alone or mixed to improve its chip performance and thus obtain high
processing accuracy, low processing costs, and good cutting performance [1-3]. Compared
with ordinary steel, this kind of steel has the characteristics of easy chip breaking, a lower
cutting resistance, lower energy consumption, and a longer tool life during processing [4].

Under the current trend of environmental protection, countries all over the world are
advocating “green steel”, and new steel grades that meet the requirements of environmental
protection have been developed to ban the seriously polluting lead-series free-cutting
steel [5-8]. In order to achieve this goal, researchers continue to explore new types of steel,
among which bismuth and tellurium have become research hotspots to replace lead-based
easy-cutting steel because of their similar properties to lead [9]. It has been found that
the added bismuth content only needs half or less of the lead content to achieve a cutting
performance comparable to that of lead-based easy-cutting steel [10]. By adding the right
amount of bismuth, it is expected to achieve the balance between environmental protection
and the machinability of free-cutting steel [11].

The cutting performance of free-cutting steel is determined by the size, morphology,
and distribution of MnS inclusions [12]. Generally speaking, MnS inclusions with a small
size and uniform distribution in the form of balls and spindles are the most favorable
for the cutting performance of steel [13]. Therefore, effective control of the shape of MnS
inclusions is the key to obtain high-quality free-cutting steel [5,14,15].
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At present, high-temperature confocal laser microscopy has been widely used in the
field of iron and steel materials; in order to further study the excellent cutting properties
of free-cutting steel, high-temperature confocal microscopy has also been invested in the
study of free-cutting steel. For example, Shen Chang et al. observed the precipitation of
MnS inclusions in low-sulfur steel by using high-temperature confocal microscopy [16,17].
Shen et al. [18] observed the formation and growth behavior of Al,O3 inclusions in steel
through high-temperature confocal microscopy and made a theoretical analysis of the
observation results, providing a theoretical basis for further controlling the size distribution
of inclusions in steel. Shao Xiaojing et al. used high-temperature confocal microscopy to
observe in situ the dynamic evolution process of large-sized and long-strip MnS inclusions
in high-sulfur free-cutting steel and non-tempered free-cutting steel [19,20].

The cutting performance of bismuth free-cutting steel is mainly closely related to
the MnS inclusions in steel [21] and is significantly affected by the size, morphology,
quantity, and distribution of inclusions [22-26]. At present, most of the research is mainly
on sulfur-series free-cutting steel, and the analysis of inclusions in environmentally friendly
free-cutting steel (such as bismuth-series free-cutting steel) is less prevalent. In this paper,
the morphologies of MnS inclusions in bismuth-containing free-cutting steel during heating
were dynamically observed in situ by using a high-temperature confocal laser microscope,
and the effects of chemical composition, heating rate, and holding time on the morphology,
distribution, and quantity of MnS in the steel were studied. The study of this subject can not
only reveal the feasibility of substituting bismuth for lead, but also prove that the addition
of bismuth is conducive to improving the morphology distribution and size number of
inclusions [27,28] and the cutting performance.

2. Materials and Methods
2.1. Experimental Materials

The experimental material selected in this paper is bismuth-containing free-cutting
steel, and the main chemical elements of the steel used are shown in Table 1.

Table 1. Chemical components of bismuth-containing free-cutting steel (mass fraction, %).

Sample C Si Mn P S Bi Mn/S
1# 0.073 0.030 1.07 0.076 0.28 —_— 3.82
2# 0.064 0.035 0.90 0.081 0.28 0.010 3.21
3# 0.065 0.012 0.89 0.079 0.22 0.013 4.05
4# 0.068 0.031 1.06 0.081 0.31 0.022 3.42
S5# 0.067 0.016 1.14 0.058 0.29 0.026 3.93
o6t 0.072 0.032 1.08 0.078 0.31 0.031 3.48

2.2. Metallographic Experiment

In order to observe the microstructure and inclusion distribution of the test steel, the
steel was first polished and corroded, and then observed and analyzed with a Keyens
VHX-5000 metallographic microscope (KEYENCE Corporation, Osaka, Japan).

2.3. Three-Dimensional Electrolysis Characterization of Inclusions

Sample preparation. First, the test steel was made into a sample according to the size
(16 x 8 x 4 mm), and its maximum surface was ground and polished. After polishing, the
surface of the sample was cleaned with alcohol, and then, the remaining surface that was
not ground and polished was wrapped with paraffin wax to prevent corrosion.

Electrolysis experiment. The treated sample was used as the positive electrode of
the anode connected to the power supply, and the negative electrode was connected to
the stainless steel sheet. In the electrolyte, the polishing surface and the stainless steel
were validated, then the current and voltage were adjusted, and the test was started. The
electrolytic time was about 2 h.
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Sample cleaning and scanning electron microscope observations. After electrolytic
corrosion, the material precipitated on the surface of the steel. After electrolytic corrosion,
the 3 experimental steels needed to be cleaned with anhydrous ethanol. After cleaning, the
surface of the samples was uneven, and the morphology of the inclusions in the samples
was observed by scanning electron microscopy (XIGMA, Zeiss, Germany).

2.4. High-Temperature In Situ Observation Experiment

Sample preparation. First, the experimental steel was machined into a sample size of
@7 x 2.5 mm and then polished.

Confocal experiment. The prepared sample was put into the alumina ceramic crucible
and then into the high-temperature confocal laser microscope furnace, and the real-time
dynamic observation of the experimental steel during the heating process could be carried out
through the computer system connected with the high-temperature laser confocal microscope.

In order to study the effects of chemical composition, heating rate, and holding time
on the inclusions in steel, different heating schemes have been developed, and the process
parameters are shown in Table 2.

Table 2. Process parameters of high-temperature in situ observation experiment.

Heating Rate Holding Time  Holding Temperature = Cooling Rate

Sample Cls) (s) Q) Cls)
1#-6# 5 180 1250 2
1
4% 5 180 1250 2
10

3. Experimental Results and Discussion
3.1. Metallographic Observation of Nonmetallic Inclusions in Bismuth-Containing
Free-Cutting Steel

Figure 1 shows the metallographic microstructure of six groups of experimental steels.
It can be seen that the microstructure of the test steel is composed of pearlite, ferrite, and
inclusions, in which the ferrite grain size is uneven. The 1# inclusions are mostly distributed
in chains, clusters, and divergences within grains or along grain boundaries, as shown in
Figure 1a. The inclusions of 2# and 3# are mostly dispersed in the steel matrix in the form
of chains and scattered spots, as shown in Figure 1b,c. The inclusions of 4# are pearlite and
mostly distributed in chains, clusters, and scattered spots inside the grains or at the grain
boundaries, as shown in Figure 1d. The inclusions of 5# and 6# are mostly distributed in
chains or clusters at grain boundaries, as shown in Figure le,f.

Figure 1. Microstructure of test steel: (a) 1#-0%-Bi; (b) 2#-0.010%-Bi; (c) 3#-0.013%-Bi; (d) 4#-0.022%-Bi;
(e) 5#-0.026%-Bi; (f) 6#-0.031%-Bi.
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3.2. Three-Dimensional Morphology Analysis of Nonmetallic Inclusions in Bismuth-Containing
Free-Cutting Steel

The experimental steels (1) 1#, 0%-Bi, (2) 3#, 0.013%-Bi, (3) 5#, 0.026%-Bi, and (4) 6#,
0.031%-Bi with different bismuth contents were selected for 3D morphology observation.

3.2.1. Three-Dimensional Morphology of Nonmetallic Inclusions in Bismuth-Free
Free-Cutting Steel

Figure 2 is the morphology inclusions captured by SEM + EDS after electrolysis of
1#. It can be seen from Figure 2a that the inclusions in 1# are mainly spherical and rod-
shaped. Most of the spherical inclusions are about 1.5~2.5 um in size, and the distribution
is relatively clustered, and some of the larger spherical inclusions (4~7 pm) are distributed
around the small-sized inclusions. The size of the rod and bar inclusions is mostly between
5and 7 um and distributed in a divergent way, and the largest rod and bar inclusions are
13.56 pm. The spherical and rod-like MnS inclusions are shown in Figure 2b,c, analyzed
through point scanning.

Spectrogram
Element |  Signal type Wt % Wt % Sigma
(¢ EDS 12.37 0.64
(0] EDS 0.71 0.20
S1 EDS 0.03 0.05
P EDS 0.00 0.06
S EDS 31.54 0.39
Mn EDS 51.55 0.58
IBe EDS 3.80 0.28
A Bi EDS 0.00 0.54
_ [Total amount 100.00
Wt % Wt % Sigma
8.23 0.61
0.78 0.20
0.17 0.06
0.02 0.06
31.68 0.39
52.49 0.59
6.64 0.32
0.00 0.57
100.00

Figure 2. Morphology of inclusions captured by SEM + EDS after electrolysis of 1#: (a) overall
morphology of inclusions; (b) spherical MnS inclusions analyzed by point scanning; (c) rod-like MnS
inclusions analyzed by point scanning.

3.2.2. Three-Dimensional Morphology of Nonmetallic Inclusions in Bismuth-Containing
Free-Cutting Steel

Figure 3 shows the morphology inclusions captured by SEM after electrolysis of
3#. The inclusions of 3# are mostly spherical in shape, and some are rod-like, which are
relatively evenly dispersed in the steel matrix, as shown in Figure 3a. The size of the
spherical inclusions is basically between 2.5 and 5 pm, and the aspect ratio is close to 1.
The length of the rod-like inclusions is mainly about 6.5~8.2 um, and the largest rod-like
inclusions have a size of 12.63 um. Through point scanning analysis of the spherical and
rod-like inclusions in the steel, it can be seen that the inclusions are MnS and that bismuth
elements are attached to the MnS inclusions, as shown in Figure 3b,c.

The morphology of inclusions captured by SEM + EDS after electrolysis of 5# is shown
in Figure 4. It can be found that there are spherical, rod-like, and fusiform inclusions in the
test steel, and there are some small-sized white spherical substances in the matrix. The size
of the spherical inclusions ranges from 5.15 pm to 6.67 pm, and the largest rod inclusion
size is 14.41 pm. Through energy spectrum analysis, it is found that the composition of
the inclusions is MnS, while the bright white phase in the inclusions and steel matrix is
bismuth, as shown in Figure 4b,c.
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Spectrogram
54 |Z| Element | Signal type Wt% | Wt% Sigma
. ® C EDS 15.51 1.87
Scanning position o EDS 6.27 0.39
Si EDS 0.08 0.04
P EDS 0.05 0.07
S EDS 27.51 0.65
Mn EDS 37.94 0.88
Fe EDS 12.19 0.32
Bi EDS 0.4 0.34
| |Total amount| 100.00
Spectrogram
Element Signal type Wt % Wt % Sigma
@ EDS 6.12 2.16
0 EDS 7.17 0.38
Si EDS 0.16 0.04
P EDS 0.00 0.07
S EDS 30.08 0.73
Mn EDS 43.48 1.05
Fe EDS 12.69 0.35
Scanning position Bi EDS 030 036
Total amount| 100.00

Figure 3. Morphology of inclusions captured by SEM + EDS after electrolysis of 3# (Bi-0.013%):
(a) overall morphology of inclusions; (b) spherical MnS inclusions analyzed by point scanning;

(c) rod-like MnS inclusions analyzed by point scanning.

Figure 4. Morphology inclusions captured by SEM after electrolysis of 5# (Bi-0.026%): (a) overall
morphology of inclusions; (b) Bi element in steel matrix; (c) Bi element in inclusions.

The morphology of inclusions captured by SEM + EDS after electrolysis of 6# is shown
in Figure 5. It can be seen that the shape of the inclusions is mainly spherical and rod-
shaped, and most of these inclusions are distributed unevenly at the grain boundaries in a
chain shape or a divergent shape. The size of most of the rod-shaped inclusions is between
3.5 and 5.5 um, the largest rod-shaped inclusion is 16.04 um, and the aspect ratio reaches
5.4. Through line scanning analysis of the inclusions, it can be seen that the components
of the inclusions are MnS, and the white material on the side of MnS inclusions is Bi, as
shown in Figure 5b,c.

3.2.3. The Discussion of Bismuth Content on the Morphology and Distribution of
MnS Inclusions

According to the above experimental phenomena, the addition of bismuth can affect
the morphology, quantity, and distribution of MnS inclusions in free-cutting steel. The
segregation of bismuth elements at the grain boundaries reduces the cohesion strength
of the grain boundaries, resulting in a decrease in the combination of Mn and S particles
at the grain boundaries. Therefore, the addition of bismuth reduces the number of MnS
inclusions distributed at the grain boundaries. Meanwhile, the addition of bismuth can
also lead to grain thinning and decrease grain boundary energy, so that the MnS inclusions
will be spherical or elliptical.

The inclusions with different bismuth contents are different in shape, size, quantity,
and distribution. The inclusions of 1# are large, and the size is small. The shapes of
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the inclusions are spherical and rod-like, and most of them are clustered together along
the grain boundaries. The inclusions of 3# are mainly spherical, which are most evenly
distributed in the steel matrix, and the morphology and distribution of such kinds of
inclusions are very favorable for the machinability of steel. According to the energy
spectrum analysis of the free-cutting steel containing Bi, bismuth exists in two main forms;
one is independently distributed in the steel matrix in the form of a single substance, and
the other is dependent on MnS.

3000

2700~

‘ N F,tlﬂ:', : #l" il

Figure 5. SEM + EDS diagram of inclusions after electrolysis of 6# (Bi-0.031%): (a) overall morphology
of inclusions; (b) line scan of inclusions; (c) line scan of material on side of inclusions.

The addition of bismuth will affect the distribution and size of manganese sulfide
inclusions in steel. When a certain amount of Bi is added from 0.010% to 0.020%, the
inclusions distributed along the grain boundaries will decrease, while the large-sized
inclusions will increase. If the added bismuth is excessive, the inclusions will gather at the
grain boundaries. Therefore, it can be concluded that adding the appropriate content of
bismuth can improve the morphology and distribution of inclusions and thus improve the
cutting performance.

3.3. In Situ CSLM Observation of MnS Inclusions in Bismuth-Containing Free-Cutting Steel
during Heating
3.3.1. Experimental Scheme

The sample steel with four different chemical compositions (1#, 2#, 3#, 4#, 6#) was
heated at 5 °C/s to 1250 °C, and after holding for 180 s, it was cooled to room temperature
at 2 °C/s, and the changes in the microstructure and inclusions of the sample steel were
observed during the heating process.

The 4# steel sample was heated to 1250 °C at a rate of 1 °C/s, 5 °C/s, and 10 °C/s,
and then cooled to room temperature at a cooling rate of 2 °C/s after 180 s of insulation.
The changes in the microstructure and inclusions of the sample steel were observed during
the heating process.

3.3.2. Influence of Bismuth Content on MnS Inclusions in Bismuth-Series Free-Cutting Steel

In order to investigate the effect of bismuth content on the microstructure and inclu-
sions of bismuth-containing free-cutting steel, experimental steels 1# (without bismuth), 2#
(Bi-0.010%), and 6# (Bi-0.031%) with different bismuth contents were selected for in situ
observation at high temperatures, and their evolution process was analyzed.
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Figure 6 shows the morphological evolution of the inclusions during the continuous
heating process of 1#. It can be seen that the inclusions present a linear or divergent
distribution at a normal temperature, with a small and dense size, and the inclusions are
not obvious on the whole, as shown in Figure 6a. When the temperature rises to 547.2 °C,
the grain boundaries of the ferrite structure can be clearly observed, and the inclusions
gradually appear clearly, as shown in Figure 6b. As the temperature rises to 1003.7 °C, some
small-sized inclusions have gradually disappeared, and the inclusions have a tendency to
gradually join together, as shown in Figure 6¢. When the temperature is up to 1250 °C, it
can be seen that the inclusions are distributed along the austenite grain boundaries, some
inclusions have been connected together, and the spheroidization phenomenon of larger
inclusions is not obvious, as shown in Figure 6d.

50 um 1250 °CS
S x10 L () B

Figure 6. Morphological evolution of microstructure and inclusions of 1# (without bismuth) during
heating: (a) normal temperature; (b) 547.2 °C; (c) 1003.7 °C; (d) 1250 °C.

Figure 7 shows the evolution of the microstructure and inclusions of 2# during the
heating process. At a normal temperature, the inclusions of 2# are more evenly distributed
in the steel matrix in the shape of lines, chains, or dots, as shown in Figure 7a. At 790 °C,
ferritic grain boundaries can be clearly observed, and the volume of inclusions increases,
as shown in Figure 7b. As the temperature increases to 1009 °C, some rod-like inclusions
show a tendency to split, as shown in Figure 7c. At 1250 °C, the volume of inclusions
increases, and spheroidization and fusification occur in some larger inclusions, as shown in
Figure 7d.

1250 °C

1009°C BB T
X100 kM (©) 50 pm

Figure 7. Morphological evolution of microstructure and inclusions of 2# (Bi-0.010%) during heating:
(a) normal temperature; (b) 790 °C; (c) 1009 °C; (d) 1250 °C.

Figure 8 shows the evolution of the microstructure and inclusions of 6# steel during
the heating process. At room temperature, the inclusions in 6# are mostly distributed along
the grain boundaries in chains or clusters, and a few inclusions are dispersed with unclear
profiles, as shown in Figure 8a. At 795.1 °C, the outer profile of the inclusions is very
clear, and the grain boundaries are obvious at a low temperature, as shown in Figure 8b.
During the subsequent heating process, the microstructure of the steel undergoes austenitic
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50 um 795.1°C
[l

(b)

transformation, and it is obvious that the inclusions are mainly clustered and distributed at
the grain boundaries, while some inclusions also show spheroidization and passivation, as
shown in Figure 8c,d.

1250 °C

Figure 8. Morphological evolution of microstructure and inclusions of 6# (Bi-0.031%) during heating:
(a) normal temperature; (b) 795.1 °C; (c) 1044.9 °C; (d) 1250 °C.

Through the analysis of the evolution of MnS inclusions during the heating process, it
is found that the morphology of the inclusions in the non-bismuth free-cutting steel is not
obvious, while the spheroidization and passivation of MnS inclusions are more and more
obvious with the increase in the content of bismuth in the steel; therefore, the addition of Bi
can promote the spheroidization of inclusions.

3.3.3. Influence of Heating Rate on MnS Inclusions in Bismuth-Series Free-Cutting Steel

Figure 9 shows the evolution process of MnS inclusions at different heating rates.
It can be seen that when the heating rate is 1 °C/s, the size of MnS inclusions changes
with the increase in temperature, as shown in Figure 9a. Spheroidization of short rod-like
MnS inclusions occurs, and the longer rod-like sulfide even has a tendency to split. When
the heating rate is increased to 5 °C/s and 10 °C/s, with the increase in temperature,
the appearance of MnS inclusions does not change significantly and the number of MnS
inclusions almost does not change, as shown in Figure 9b,c.

The above analysis shows that the transformation of rod-like and large-sized MnS
inclusions into spherical or fusiform inclusions can be effectively controlled by reducing the
heating rate, so as to obtain the ideal size and morphology of inclusions and thus improve
the machining performance of bismuth-containing free-cutting steel.

3.3.4. Discussion of Evolution Mechanism of MnS Inclusions during Heating

Compared with non-bismuth free-cutting steel, the MnS inclusions of bismuth-containing
free-cutting steel will spheroidize and passivate during heating. The reason for this phenomenon
may be the lower melting point of bismuth and its insolubility in the steel matrix. During the
heating process, bismuth will absorb part of the heat, at which time the energy of the MnS
inclusions attached to bismuth will increase. In order to ensure that the manganese sulfide
inclusions have the lowest Gibbs free energy to maintain their stable state, the manganese sulfide
inclusions will spontaneously transform into spheroids with the lowest surface energy. During
the heating process, the morphology of the MnS inclusions in bismuth-containing free-cutting
steel changes, and its evolution behavior conforms to the Ostwald growth phenomenon.

2
dri  2DyOCp ( 1 1) 1)

dt  RTn rh o

where 11 and r; are the radii of different manganese sulfide inclusions, D is a constant, -y is
the specific interface energy, (2 is the molar volume, and Cy, is the equilibrium solution
concentration of manganese sulfide. According to Equation (1) [29], when rq < 15, MnS
gradually dissolves and becomes smaller. When 1 < rp, MInS grows larger and the inclusions
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become larger in size. Therefore, with the increase in temperature and the extension of
holding time, the small-sized inclusions of MnS gradually disappear in the heating process,
while the larger-sized inclusions of MnS become larger and larger.

50 pum | 1250°C
x10 A

. R 1250°C
xlow ;

Figure 9. Morphological evolution of MnS inclusions at different heating rates: (a) 1 °C/s; (b) 5 °C/s;
(c) 10°C/s.

Nichols [30] found that the mechanism of inclusion evolution is due to the difference in
surface curvature, resulting in different chemical potentials on the surface, which leads to the
migration of Mn and S atoms, and finally causes the spheroidization or splitting of MnS.

The change in the morphology and size of the MnS inclusions in the bismuth-containing
free-cutting process depends mainly on the diffusion of Mn or S elements between the ma-
trix and the inclusions. For the growth of MnS particles in bismuth-containing free-cutting
steel, the thermal energy of the elements increases with the increase in temperature, and
the small-sized MnS particles are easier to diffuse until disappearing due to their small
size. At this time, the concentration of Mn and S elements in the matrix increases, and
the elements diffuse into the larger-sized MnS particles, thus making the larger-sized MnS
particles increase. During the experiment, the slow heating rate and long holding time
provide enough time for the diffusion of the elements and the accumulation of deformation
energy, providing the possibility for nodulation of the inclusions.
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4. Conclusions

OM and 3D electrolysis corrosion experiments were used to observe the microstructure
of the experimental steel in its original state. It was found that there were spheroidal, rod-
like, and irregularly shaped MnS inclusions in the bismuth-free free-cutting steel which
were small in size and mostly distributed at the grain boundaries. When the right amount
of bismuth is added to the free-cutting steel, the MnS inclusions are mainly spherical
and spindle-shaped, and the distribution is relatively uniform and dispersed. There are
two forms of bismuth in steel: one is the form of a single substance, distributed in the steel
matrix, and the other is dependent on MnS.

The effects of the amount of bismuth and the heating rate on the evolution behavior of
MnS inclusions in bismuth-containing free-cutting steel during heating were investigated
through in situ observation experiments with a high-temperature confocal laser microscope.
The results show that the addition of bismuth delayed the emergence of ferrite grain
boundaries and helped spheroidize the MnS inclusions. A slower heating rate (1 °C/s) can
make the Mn and S elements in the matrix fully diffuse, which provides the possibility for
the spheroidization of the MnS inclusions.

According to the influence of the amount of bismuth on MnS precipitation in steel, it
can be found that an appropriate amount of bismuth (0.022%) can promote the precipitation
of MnS in the high-temperature region, and increasing the S content in the bismuth-
containing free-cutting steel will also increase the precipitation amount of MnS.
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