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Abstract: To investigate the evolution law of inclusions in 42CrMo-S steel, this paper samples and
analyzes the steel during its refining process as well as the head and tail billets. An oxygen and
nitrogen analyzer, a scanning electron microscope (SEM) equipped with energy-dispersive X-ray
spectrometry (EDS), and an ASPEX automatic inclusion scanning electron microscope are employed
to analyze the cleanliness level of the molten steel in the refining stage and the head and tail billets.
The results demonstrate that the total oxygen content at the end of LF slagging is 10.2 ppm, indicating
that the refining slag has an excellent deoxygenation effect. During the RH refining process, the total
oxygen content of the molten steel diminishes to less than 10 ppm and reaches 6.3 ppm at end-RH.
The nitrogen content in the molten steel gradually increases during the smelting process and attains
65 ppm at end-RH. Upon arrival at LF, pure Al2O3 plays the role of the primary inclusions in the
molten steel. Afterwards, the pure Al2O3 inclusions transform into Mg-Al spinel-type inclusions,
Al2O3-MgO-CaO inclusions, and Al2O3-CaO inclusions. The number of CaS-type inclusions in the
steel reaches the maximum after feeding the S wire. In the RH refining stage, the percentage of
inclusions with a size less than 5 µm is maintained above 90%. Finally, the cleanliness level of the
head and tail billets (the start and end of a casting sequence) is analyzed, and it is recommended that
the cut scrap length for the head billet is 0.3 m and the reasonable cutting scrap length for the tail
billet is 1 m.

Keywords: 42CrMo-S; evolution of inclusions; content of oxygen and nitrogen; head billets; tail
billets; cut scrap length

1. Introduction

42CrMo-S steel is extensively utilized because of its superior hardenability, higher
strength and toughness, excellent impact resistance and fatigue properties after tempering,
and outstanding impulse toughness at low temperatures [1–4]. Currently, Cr-Mo series
gear steels are mainly used in construction machinery, aviation generators [5–7], and some
structural components (crankshafts, bearings, and bolts) [8–11]. The cleanliness of steel is a
crucial indication of the overall quality level of steel and affects its performance [12–14].
The cleanliness level of the steel can be evaluated via the morphology, quantity, size, and
distribution of non-metallic inclusions in the steel [15–20]. Hence, studying the evolution
of inclusions for the whole process in the steel is a necessary way to control the cleanliness
of steel.

The type of inclusions in Al-killed steel are mainly Al2O3, Al2O3-MgO, Al2O3-SiO2,
etc. Al2O3-type inclusions have high melting points and tend to cause clogging of SENs,
which in turn affects the property of the steel [21]. For this reason, researchers have tried to
reduce the detriment by changing the phase equilibrium of non-metallic inclusions [22]
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and controlling the basicity of the refining slag [23]. In addition, calcium treatment is
also frequently applied in the control of inclusions in Al-killed steel since calcium treat-
ment can modify clustered Al2O3 inclusions into low-melting point calcium aluminate
inclusions [24–26], which facilitates the upward removal of inclusions and improves the
steel quality. However, Ca wires fed into sulfur-containing steel will react with the sulfur
to form CaS, which causes clogging of SENs [27]. Therefore, it is imperative to elucidate
the whole process evolution of inclusions in Al-killed sulfur-containing steel.

Although there has been a long history of research on inclusions, there are still fewer
investigations on the cut scrap length of head and tail billets. A reasonable cut scrap length
can reduce unnecessary scrap and guarantee product quality [28,29]. Excessively, the long-
cut waste length will raise production costs and impose economic losses. Too-short-cut
scrap lengths will not only affect the quality of the cast billets and deteriorate the property
of the steel, but also lead to the inability of the crane clamps to hold the waste billets.
Therefore, it is desirable to discuss the cleanliness of the head and tail billets and propose a
reasonable cut scrap length.

Based on this, actual 42CrMo-S steel produced in a mill is employed as the investiga-
tion target in this study. Samples are taken from the molten steel in its refining stage to
analyze the law of oxygen and nitrogen variation and the rule of inclusion type, quantity,
size, distribution, and morphology. In addition, the cleanliness level of the head and tail
billets is analyzed to explore the discrepancy against the normal billets. So, a reasonable
length for cutting scrap is proposed to guide further advancement in product quality and
reduce production costs.

2. Experimental Materials and Methods
2.1. Experimental Material

The experimental material studied in this paper is derived from 42CrMo-S steel pro-
duced by a steel mill, whose smelting process is “150 t top-bottom blowing converter→LF
refining→RH refining→48 t large-capacity T-type tundish→bloom continuous casting”.
The specific technological process is shown in Figure 1. Beginning with the addition of alloy
to the ladle when the tapping of the converter reaches 1/4, lime and pre-molten slag are
added into the LF feeding station to make white slag and aluminum chips is added in small
amounts within the multiple batches. After the LF refining stage is finished, the Ca wires
are fed about 150 m. The S wire is fed before leaving the station, and the interval between S
wire and Ca wire feeding is not less than 5 min. In the RH refining process, the argon is
bottom-blown throughout the entire process for more than 45 min, and the vacuum time is
kept above 12 min. The sulfur and aluminum contents are adjusted according to the actual
situation after breaking the vacuum of RH to maintain the soft blowing time as more than
15 min before leaving the station of RH. The composition control requirement of 42CrMo-S
is shown in Table 1.
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Table 1. 42CrMo-S composition control requirement (wt.%).

C Si Mn P S Cr Mo

Internal control 0.40–0.42 0.26–0.33 0.75–0.80 ≤0.015 0.017–0.030 1.11–1.16 0.17–0.20
Target 0.41 0.27 0.77 ≤0.010 0.020 1.13 0.18

2.2. Experimental Methods

Performed separately in the LF arrival station, high basicity slag formation, Ca wire
feeding, S wire feeding, RH arrival station, and the breaking vacuum of RH and end-RH
occur in order to extract the bucket sample. The cake sample in the tundish is taken and a
full section bloom sample in continuous casting bloom is collected. The specific sampling
plan and sample numbers are shown in Table 2.

Table 2. Sample plan of 42CrMo-S.

Sampling Time Sample Number

Arrival to LF L1
LF high basicity slag formation L2
3 min after feeding the Ca wire L3
3 min after feeding the S wire L4

Arrival to RH R1
Break vacuum of RH R2

End-RH R3
20 min of tundish C1

The sampling method for the head billet is shown in Figure 2a. The casting temper-
ature is 1520 ◦C and the casting speed is 0.55 m/min. The electric stirring parameter is
200 A 2.5 Hz, and the mold water volume is 3800 L/min. The water ratio is 0.2 L/kg. The
sampling length is 500 mm, and a low-frequency sample is cut every 100 mm. The first cut
sample is defined as T1, and the last cut sample is described as T5. Similarly, the sampling
method for the tail billet is shown in Figure 2b. The sampling length is 3000 mm, and the
first cut sample is defined as W1 (1000 mm from the tail). Then, a low-fold sample is cut
every 500 mm, and the last cut sample is described as W5.
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The metallographic specimen is taken out at the center of the wide surface of the head
and tail billets from 1/2 of the inner arc for an automatic scanning of inclusions to analyze
the variation law of inclusions type, quantity, and size. At the same time, the oxygen and
nitrogen rods are extracted around the metallographic specimen to analyze the variation of
the oxygen and nitrogen content in the head and tail billets.

The size of the oxygen and nitrogen rods is Φ 5 × 7 mm. In this paper, the oxy-
gen and nitrogen content of the samples is determined using a high-frequency infrared
oxygen–nitrogen analyzer. The oxygen and nitrogen rods are cleaned with alcohol, dried,
and then put into the graphite crucible. After weighing the weight, the graphite crucible,
which the sample is added into, is placed in the machine. Then, the analyzer is run to
obtain the content of the oxygen and nitrogen.

The size of the cut metallographic sample is 10 × 10 × 10 mm (Figure 2). These
metallographic samples are embedded with a thermal automatic setting machine, and
the setting powder is made of acrylic resin. The sample is ground and polished using an
automatic polishing machine and an automatic ground machine after embedding. After
completing the above work, the prepared sample can be used for the next detection.

An automatic scanning of inclusions requires a higher surface quality of samples. The
surface of the embedded metallographic sample is cleaned and affixed with conductive
adhesive and aluminum foil. The samples are then placed in the ASPEX automatic inclusion
scanning electron microscope and the number of inclusions of different types and sizes can
be obtained.

3. Study of the Cleanliness Level in the Whole Process
3.1. Variation of Oxygen and Nitrogen in the Whole Process

The variation in the oxygen and nitrogen content in the whole refining process of
42CrMo-S is shown in Figure 3. The total oxygen content at arrival to LF is 60.2 ppm.
In the LF station, high basicity slag is formed, and the total oxygen content decreases to
10.2 ppm. The huge degree of reduction in the oxygen content shows that LF refining has
a brilliant deoxidation effect. The total oxygen content increases by 4 ppm after feeding
the Ca and S wires and increases by 3 ppm at the arrival to RH, which indicates that a
secondary oxidation phenomenon occurs during this period. RH refining reduces the total
oxygen content to less than 10 ppm, and the total oxygen content is 6.3 ppm at end-RH.
However, the oxygen content of the molten steel increases in the tundish, indicating that
the phenomenon of secondary oxidation exists at this period. So, the casting should be
reasonably protected. The total oxygen content in the rolled steel is 7.2 ppm, which is lower
than the internal control requirement of 15 ppm.
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Overall, the whole refining process has been effective in controlling the total oxygen
content in the steel. However, the nitrogen content in the molten steel shows a gradual
improvement trend during the refining process. The nitrogen content has the largest
number of 62.5 ppm in the tundish. A violent reaction of the molten steel when the Ca wire
is fed and inhalation of air from the exposed steel surface is experienced is why the nitrogen
content increases in the LF refining stage. The nitrogen content does not show a reduction
trend during the RH refining process, suggesting that the RH vacuum treatment in this
heat is not effective at denitrifying the molten steel. The content of nitrogen at end-RH and
rolling stock is greater than 60 ppm, which is higher than 55 ppm of the internal control
requirement. Therefore, it is necessary to focus on the control of the nitrogen content in the
steel in other heats.

3.2. The Evolution of Inclusions in the Whole Process

The variation in the number and type of inclusions in the 42CrMo-S is shown in
Figure 4. The number of inclusions decreases as the refining process proceeds, where
the lowest number of inclusions is recorded at the end of LF slagging (Figure 4a). After
feeding Ca wire, Al2O3-CaO-type inclusions and CaS-containing inclusions are generated,
and the number of inclusions increases. The number of inclusions gradually decreases
during the RH refining stage, indicating that RH refining has a brilliant inclusion removal
capacity. Variation in the inclusions type is shown in Figure 4b,c. The inclusions in the
molten steel upon arrival at LF are mainly pure Al2O3 inclusions and minor Al2O3-SiO2
inclusions. The number of pure Al2O3 inclusions gradually diminishes with the refining
process proceeds and is modified into Mg-Al spinel-type inclusions, Al2O3-MgO-CaO
composite inclusions, and Al2O3-CaO inclusions. Before L4 (feeding the S wire) occurs,
inclusions in the molten steel are dominated by Al2O3-type inclusions. Starting from L4
(feeding the S wire), there is a significant increase in the number of CaS-type inclusions in
the molten steel. Types of inclusions no longer fluctuate during the RH refining process.
There is almost no change in the number of Al2O3-SiO2 inclusions throughout the whole
smelting process. The proportion of different types of inclusions is shown in Figure 4d.
The S wires are fed into the molten steel, where the proportion of CaS inclusions is the
largest. The proportion of pure Al2O3 inclusions also increases, indicating the existence
of secondary oxidation at this period. The number of Al2O3-SiO2 inclusions primarily
decreases and then increases as the refining process proceeds.
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The distribution of inclusions of different sizes during the refining process is shown in
Figure 5. The inclusions are closely distributed during arrival to LF, S wire feeding, arrival
to RH, and end-RH. The inclusions are more diffusely distributed during high basicity
slag formation; Ca wire feeding; breaking of the vacuum; and arrival to RH, end-RH, and
the tundish stages. The diminutive inclusions gather obviously during arrival to RH, and
large-size inclusions decrease significantly from end-RH to the tundish. The distribution of
inclusions in LF high basicity slag formation is consistent with the results of the oxygen
and nitrogen analysis above.
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The variation in the number of inclusions in different sizes for the whole process of
42CrMo-S is shown in Figure 6. Variation in the inclusions size in the refining process is
shown in Figure 6a,b. The number of inclusions whose sizes are less than 5 µm decreases
and then increases as the refining process proceeds, as well as reduces again in RH refining.
The number of inclusions whose sizes are larger than 5 µm does not fluctuate much. The
distribution of size in inclusions is performed in Figure 6c. The inclusions between 1 and
4 µm account for the vast majority in the refining stage. It is obvious that the distribution of
inclusions is more intensive in feeding the S wire and arrival to RH, which is consistent with
the above analysis. The proportion of inclusions in different sizes is shown in Figure 6d.
The proportion of inclusions smaller than 5 µm is more than 90% in LF refining. The
proportion of inclusions larger than 5 µm is the largest at end-RH, which means that RH
refining can make inclusions gather and float to remove and enhance the cleanliness level
of the molten steel.
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In general, the size of inclusions in the refining process tends to increase. However,
the percentage of inclusions which are smaller than 5 µm in the refining process (except
end-RH) is kept above 90%. Almost no inclusions are larger than 10 µm in the whole
refining process, which means that the refining process controls the large inclusions well.
However, very few inclusions larger than 10 µm are detected in the tundish, which might
be due to the large inclusions that are formed by the aggregation of the RH refining process
and are not removed by floating.

4. Study on the Reasonable Cutting Scrap Length
4.1. Head Billet
4.1.1. Analysis of Oxygen and Nitrogen Content

The results of the oxygen and nitrogen content testing of the head billet are shown
in Figure 7. The blue arrow indicates that the blue curve (oxygen content) corresponds
to the left axis, and the yellow arrow indicates that the yellow curve (nitrogen content)
corresponds to the right axis. The nitrogen content of the head billet does not fluctuate
much with the growth in casting length. T5 has the largest nitrogen content of 68.2 ppm
among the five cut samples, which is lower than 70 ppm in the normal billet. The oxygen
content of the head billet shows a descending trend with the growth in casting length but is
still higher than 11.7 ppm of the normal billet. The oxygen content decreases from 21.1 ppm
to 15.2 ppm during T2 to T3 and then stabilizes at around 15 ppm from T3 to T5. Therefore,
based on the oxygen and nitrogen detection, the reasonable cut scrap length for the head
billet is not less than 0.3 m.
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4.1.2. The Evolution of Inclusions of the Head Billet

The variation in the total number of inclusions in various positions of the head billet is
shown in Figure 8a. The total number of inclusions in the head billet decreases from 236 to
about 100 with the growth of casting length. The normal billet is obtained when continuous
casting is in stable production and the number of inclusions in the normal billet is 150,
which is closest to the number of inclusions in T3. The variation in the type of inclusions
in the 42CrMo-S head billet is shown in Figure 8b. The number of pure Al2O3 inclusions
and Al2O3-SiO2 inclusions reduces most obviously. In addition, the number of pure Al2O3
inclusions and Al2O3-MgO inclusions in the head billet is higher than those in the normal
billet. The reason why the inclusion level in T5 is much lower than the normal billet is that
T5 has fewer Al-Si-O-type inclusions. The Al-Si-O-type inclusions are mainly introduced
by the capping agent, which indicates that the tundish is better protected at T3–T5, making
it have fewer Al-Si-O-type inclusions than the normal billet.
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In summary, the reasonable cut scrap length of the head billet is 0.3 m.

4.2. Tail Billet
4.2.1. Analysis of the Oxygen and Nitrogen Content

The results of the oxygen and nitrogen content testing of the tail billet are shown
in Figure 9. The blue arrow indicates that the blue curve (oxygen content) corresponds
to the left axis, and the yellow arrow indicates that the yellow curve (nitrogen content)
corresponds to the right axis. The nitrogen content performs a descending trend from W1 to
W5. The nitrogen content of W5 is 48 ppm, which is the smallest among the five cut samples
but still higher than 40.4 ppm of the normal billet. The total oxygen content of the tail billet
does not vary much with the growth of casting length and is stable at about 15 ppm, which
is higher than 10.8 ppm of the normal billet. However, the oxygen content of the tail billet
meets the internal control requirements, so W1 can be used as the normal billet.
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Figure 9. Analysis of oxygen and nitrogen content of the tail billet.

It can be obtained from Figures 7 and 9 that the oxygen and nitrogen content of the
tail billet is lower compared to the head billet. The oxygen content reflects the amount
of small-sized oxidized inclusions in the cast billet, and the nitrogen content reflects the
degree of secondary oxidation of the molten steel. Therefore, the cleanliness level of the tail
billet is higher than the head billet.

4.2.2. The Evolution of Inclusions in the Tail Billet

The variation in the total number of inclusions in various positions of the tail billet is
shown in Figure 10a. The total number of inclusions in the tail billet primarily declines and
then increases with the growth of casting length. The number of inclusions in the normal
billet is 86. W2 has the least number of inclusions, and W4 and W5 have the same number
of inclusions. Incidentally, the number of inclusions at W1 is 95, which is closest to the
normal billet.
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The variation in the number of different types of inclusions in the 42CrMo-S tail billet
is shown in Figure 10b. Compared with the normal billet, the overall number of inclusions
in the tail billet is slightly lower, but the types of inclusions are consistent with the normal
billet. The number of Al2O3-CaO inclusions and Al2O3-MgO inclusions in the tail billet is
obviously higher than the normal billet. The amount of pure Al2O3 inclusions, Al2O3-MgO
inclusions, and Al2O3-CaO inclusions at W1 is almost the same as the normal billet. The
variation in inclusion sizes is shown in Figure 10c,d. Compared with the normal billet,
the size of oxide inclusions in the tail billet is mainly 1–5 µm, and the difference against
the normal billet is not significant. The number of inclusions whose sizes are larger than
5 µm in the tail billet is slightly higher than that in the normal billet, where the number of
inclusions of different sizes in W1 is closest to that in the normal billet.

In summary, the reasonable cut scrap length of the tail billet is 1 m.

4.3. Morphology and Size Distribution of Inclusions in the Head and Tail Billets

The reasonable cut scrap length of the head and tail billets is obtained above using
an oxygen and nitrogen analysis and a cleanliness investigation. It is found that the types
of inclusions in the head billet and tail billet do not differ much from Figures 8b and 10b.
The morphology and map scan results of typical Al2O3-MgO-CaO-CaS inclusions and
Al2O3-CaO-MgO inclusions are shown in Figure 11. The morphology and energy spectrum
of Al2O3-MgO-CaO-CaS inclusions and MnS inclusions are shown in Figure 12.
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42CrMo-S steel is deoxidized by aluminum throughout the process (Figure 1), so an
Al2O3-MgO inclusion is formed in the molten steel after adding magnesium and aluminum
deoxidizers. The Al2O3-MgO-CaO inclusion is formed after calcium treatment. After the S
wire is fed, (Ca) and (S) combine to form CaS. Finally, the Al2O3-MgO-CaO-CaS inclusion
(Figure 11) is formed, which is a complex inclusion containing calcium aluminate inside
and enclosing the CaS layer outside. This kind of inclusion has high hardness and good
toughness, and the anisotropy of steel can be improved.

The distribution of inclusions in the head billet with the growth of casting length is
shown in Figure 13a. The size of large inclusions in the head billet performs a decreasing
trend, and the distribution of inclusions in T1 and T2 is denser while the distribution of
inclusions from T3 to T5 is more and more diffuse. The distribution of inclusions in the
normal billet is also more diffuse, indicating that T3 to T5 can be used as the normal billet,
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confirming the conclusion obtained above. The distribution of inclusions in the tail billet
with casting length growth is shown in Figure 13b. The inclusions in the tail billet primarily
become diffuse and then become dense from W1 to W5, and the distribution of inclusions
is similar to the normal billet.
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The 42CrMo-S steel is deoxidized by aluminum throughout the process, so the Al2O3-
MgO inclusion is formed in the molten steel after adding aluminum deoxidizers. The
Al2O3-MgO-CaO inclusion is formed after calcium treatment and is used as the core for
sulfide nucleation and precipitation [30]. After the S wire is fed, (Ca) and (S) combine
to form CaS and finally form the Al2O3-MgO-CaO-CaS inclusions, which is a complex
inclusion containing calcium aluminate inside and enclosing the CaS layer outside. This
kind of inclusion has high hardness and good toughness, and the anisotropy of steel can
be improved.

In this paper, the types of inclusions are studied, and its morphology can be subse-
quently analyzed in order to understand the morphology of different types of inclusions.
The 2D morphology of the head and tail billet inclusions is analyzed. The inclusions can
be analyzed in 3D by using small sample electrolysis. Three-dimensional morphology
can have a more stereoscopic understanding of inclusions morphology. In future work, it
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can also study the refining slag composition changes, basicity, and phase diagrams and
give the optimal range of refining slag composition to provide guidance for the field of
actual production.

5. Conclusions

In this paper, variation in the oxygen and nitrogen content and the number, type, size,
and distribution pattern of inclusions in the refining process and head and tail billets of
42CrMo-S steel are conducted. The following conclusions are obtained:

(1) The oxygen content in the refining process is well controlled, with 10.2 ppm at the
end of LF slagging. The oxygen content is reduced to less than 10 ppm in the RH
refining process, with 6.3 ppm at end-RH. The oxygen content in the rolled material
is 7.2 ppm, which is lower than 15 ppm of the internal control requirement. There is
a steady increase in the nitrogen content of the steel during smelting, where the N
content is 65 ppm at end-RH.

(2) The inclusions in the molten steel are mainly pure Al2O3 upon arrival at LF. As the
refining proceeds, the number of Al2O3 inclusions gradually decreases and is modified
into inclusions with Mg-Al spinel-type inclusions, Al2O3-MgO-CaO inclusions, and
some Al2O3-CaO inclusions. The feeding of the S wire promotes CaS generation and
the number of CaS-type inclusions in the steel reaches the maximum. The percentage
of inclusions that are less than 5 µm in the refining process (except end-RH) is kept
above 90%, and the control of large inclusions is satisfactory.

(3) The total oxygen content is stabilized at 15 ppm from T3 to T5, and the number of
inclusions in the normal billet is closest to the number of inclusions in T3, so it is
recommended that the reasonable cut scrap length of the head billet is 0.3 m.

(4) The total oxygen content of the tail billet does not fluctuate much with the growth
of casting length and is stable at about 15 ppm. Moreover, the number of inclusions
in different sizes of W1 is closest to the normal billet, so it is recommended that the
reasonable cut scrap length of the tail billet is 1 m.
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