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Abstract: In this experiment, a quaternary fluorine-free refining slag system of CaO-5iO;-Al;O3-
MgO was selected, with basicity ratios of 2, 4, and 6 and calcium-aluminum ratios of 1.5, 2.1, and 3.
High-temperature “slag-steel equilibrium” experiments were conducted to investigate the influence
of different basicity ratios and calcium—aluminum ratios on the morphologies, compositions, sizes,
and quantities of the inclusions in H13 steel, aiming to improve the cleanliness of H13 steel to meet
practical industrial requirements. The experimental results showed that with the increase in the
basicity ratio and the calcium—-aluminum ratio, the morphologies of the inclusions changed from
elliptical to regular circular, with more regular edges. As the basicity ratio increased from 2 to 6,
the densities of the inclusions showed a decreasing trend, with values of 40, 35, 30, 25, 32, and
30 inclusions/mm?. When the basicity ratio remained the same, the average size of the inclusions in
the steel decreased first and then increased with the increases in the calcium-aluminum ratios, with
sizes of 1.59 um, 1.23 um, and 1.38 um, respectively. Among these, when the basicity ratio was 6 and
the calcium—aluminum ratio was 2.1, the control effect on the densities and sizes of the inclusions
was the best, yielding an inclusion density of 25 inclusions/ mm? and a size of 1.15 pum. Additionally,
reducing the Al,O3 content in the slag could reduce the Al,O3 contents in the inclusions, which also
promoted improvements in the elastic deformation capacities of the inclusions. With increases in
the calcium-aluminum ratios in the slag system, the masses of the inclusions decreased due to the
reduced Al contents in the steel. The Al contents in the steel also had an impact on the compositions
of the inclusions.

Keywords: H13 steel; fluorine-free refining slag; alkali ratio; calcium—-aluminum ratio; inclusions

1. Introduction

Hot work tool steels are mainly used to manufacture molds for metal or liquid metal
pressing above recrystallization temperatures, such as hammer forging molds, die forging
molds, hot extrusion molds, and die casting molds [1]. According to the amounts of alloying
elements, hot work tool steels can be classified into low-alloy hot work tool steels, medium-
alloy hot work tool steels, and high-alloy hot work tool steels. H13 steel is currently
the most widely used medium-alloy hot work tool steel. Since its development, it has
been widely studied and applied due to its excellent mechanical properties (high strength,
red hardness, high toughness, and good plasticity), as well as its high hardenability and
medium-temperature stability, and it is commonly used as a mold for hot extrusion, high-
speed precision forging, and aluminum alloy die casting, among others [2]. When using
H13 steel, it must withstand the impact and compressive stress of high-temperature molten
metal, as well as the tensile stress generated when the cast metal solidifies around it,
resulting in complex stress conditions. It often fails due to thermal cracking, overall brittle
fractures, corrosion, or erosion. Studies have shown that tool steels are very sensitive to
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fatigue and inclusions, especially brittle inclusions, which cause stress concentrations in
the steel matrix and are usually important factors affecting the life of a tool steel [34].
Therefore, one of the key technologies for producing high-quality tool steels is to improve
the cleanliness of H13 steel [5-7] by controlling the compositions, quantities, and size
distributions of the inclusions in the steel to improve its performance [8]. At present, the
main refining slag systems commonly used in smelting H13 high-strength steel are CaO-
5i0,-Al,03-MgO-CaF, quaternary slag systems and CaO-5iO,-Al,03-MgO quaternary
slag systems. Although the addition of CaF, can reduce the viscosity of refining slag
and improve the effect of refining slag on the removal of inclusions in steel, CaF, easily
decomposes in high temperature smelting environments, and the toxic vapor it releases
causes serious harm to human health, pollutes the environment, and causes air pollution,
which is not conducive to environmental protection. Therefore, it is necessary to develop
fluorine-free refining slag for smelting iron and steel.

Many scholars have conducted research on the control and removal of inclusions in
terms of their compositions and sizes [9], such as the use of calcium treatment to modify
inclusions [10-13]. However, the insufficient or excessive addition of calcium can result in
high-melting-point inclusions, such as partially modified Al,O3 or spinel inclusions, as well
as CaS, which worsens the treatment effect [14-18]. Many scholars [19-21] used aluminum
deoxidation slag and refining slag with a high desulfurization capacity to remove sulfur
from steel. Zhao et al. [22] demonstrated that refining slag can effectively control the
plasticity and contents of the O, Al, and S in the inclusions. Wu [23] studied the influence
of MgO content in slag on the compositions, sizes, and quantities of inclusions in H13 steel.
Through a review of the literature on commonly used slag systems in domestic steel mills,
we concluded that it is reasonable to control the basicity ratios of refining slag to within the
range of 2-5.5 [24-27].

Yang et al. [28,29] studied the influence of refining slag with basicity ratios of 2.5-4.5
on inclusions in steel and found that the inclusions in the steel were mainly spherical CaO-
5i0,-Al,03-MgO composite inclusions. With increases in the basicity ratios, the quantities
and sizes of the inclusions decreased. Wang et al. [30] showed that under the action of high-
basicity refining slag, the sizes of Al,O3 inclusions, calcium-aluminum silicate inclusions,
and sulfide inclusions all decreased significantly. Yu et al. [31] found in their experiments
that with increases in the basicity ratios (CaO/SiO,) of the refining slag from 2 to 4.5, the
total quantity, total area, and average radius of the inclusions decreased. Regarding the
influence of calcium—aluminum ratios in refining slag on inclusions, Ji et al. [32,33] stud-
ied the effects of calcium-aluminum ratios (w(CaO)/w(Al,O3)) in high-basicity refining
slag on the cleanliness of steel and inclusions, and they found that with increases in the
calcium-aluminum ratios in the slag, the cleanliness of the steel improved.

In summary, we researched CaO-5i0,-Al,03-MgO quaternary fluorine-free refining
slag systems. This experiment studied the influence of a medium-to-high basicity refining
slag system with different calcium—-aluminum ratios on the compositions, quantities, and
sizes of the inclusions in the steel. Ultimately, a refining slag system with good control
effects on the compositions, quantities, and sizes of the inclusions in steel was obtained.
This study contributes to improving the cleanliness of ingots, controlling the morphologies
and sizes of inclusions and carbides in steel, and is of great significance for improving the
cleanliness of mold steel ingots, controlling the fine dispersion of inclusions in mold steels,
and regulating the morphologies and sizes of carbides in steel to enhance the performance
of mold steels.

2. Materials and Methods
2.1. Slag-Steel Equilibrium Experiment

High-temperature “slag-steel equilibrium” experiments were conducted to investigate
the influence of refining slag composition on the cleanliness of mold steels. H13 mold steel
was selected as the steel grade, and its composition is shown in Table 1. Among them,
the main element content in the steel was the O content, which was 0.0022%, and the Al
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content was 0.004%. A quaternary slag system of CaO-Al,O3-5i0,-MgO was used as the
refining slag, and the initial composition of the refining slag used in the high-temperature
“slag-steel equilibrium” experiments with different basicity ratios (2.0~6.0) and CaO/Al,O3
ratios (1.5~3.0) (CaO/Al,O3 is hereinafter denoted by C/A) is presented in Table 2. The
experiments were conducted in a tubular resistance furnace. Steel samples weighing
approximately 200 g were measured using a balance, and 80 g of slag material was weighed
and placed in an alumina crucible. The slag was stirred with a glass rod and held at 1600 °C
for 1 h. After the insulation time, the crucible was immediately removed and water-cooled,
followed by the extraction of 20 g of the slag material for analysis. The remainder of the slag
sample was used as the experimental pre-melting slag. The mold steel sample was placed
in an MgO crucible, heated with an electric current, and protected with argon gas (the
argon flow rate was maintained at 0.3 min/L in each furnace). The temperature was raised
to 1873 K and held for 10 min until the steel sample was in a fully molten state. The molten
steel sample was extracted using a quartz tube and rapidly water-cooled. Subsequently,
the experimental pre-melting slag was added to the crucible, and after 60 min of insulation,
the crucible was removed and rapidly water-cooled to complete the experiment.

Table 1. Chemical composition of the test steel.

Element C Cr Mo Si Al N o
Content (%) 0.489 5.367 1.521 0.952 0.004 0.0076 0.0022
Element P Mn Mg A\ S
Content (%) 0.001 0.364 0.001 0.96 0.0023

Measurement error: £ 0.0001%.

Table 2. Initial chemical composition of the refining slag (%).

El’;lfr’zli‘;“t Ca0 $i0, ALO; MgO Basicity C/A
R1 476 23.8 226 6 2.0 2.1
R2 544 13.6 26.0 6 40 2.1
R3 57.2 9.5 27.3 6 6.0 2.1
R4 49.0 123 327 6 40 15
R5 59.3 148 19.9 6 40 3.0

Measurement error: + 0.1%.

2.2. Experimental Analysis Methods

The polished steel samples after smelting were subjected to scanning electron mi-
croscopy (SEM) analysis. Twenty inclusions were selected from each group of steel samples
for energy-dispersive X-ray spectroscopy (EDS) scanning to analyze the compositions of
the inclusions. Fifty SEM images were captured at 2000 x magnification for each group of
steel samples, with imaging areas of 0.4 mm?, to statistically analyze the area densities and
uniformities of the inclusions in the steel. The oxygen and sulfur contents in the steel were
determined using a carbon-sulfur analyzer while the magnesium and aluminum contents in
the steel were determined using inductively coupled plasma optical emission spectroscopy
(ICP-OES) (the measurement error of the experimental instrument was £0.0001%). The
compositions of the slag samples before and after the experiments were analyzed using
X-ray fluorescence (XRF) (the measurement error of the experimental instrument was
£0.1%).

3. Results and Discussion
3.1. Morphologies and Compositions of the Inclusions

The morphologies and compositions of typical inclusions in steel samples are shown
in Figure 1. The morphology of an inclusion in H13 steel is ellipsoidal or quasi-spherical,
and such inclusions are mainly composed of complex oxides composed of CaO, SiO,,
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A1,03, and MgO. Figure la— represents the typical inclusions in the initial samples, which
exhibited irregular shapes with uneven edges. Figure 1d—f shows the typical inclusions
in group R1, which had relatively regular elliptical shapes. Figure 1g—i depicts the typical
inclusions in group R2, which exhibited elliptical shapes. Figure 1j-1 displays the typical
inclusions in group R3, which had regular circular shapes. Figure Im—o presents the typical
inclusions in group R4, which were primarily characterized by irregular circular shapes
with uneven edges. Figure 1p-r illustrates the typical inclusions in group R5, which had
relatively regular circular shapes with well-defined edges. The surface scan results of the
typical inclusions in the H13 steel are shown in Figure 2. It can be seen that the inclusions
were mainly composed of Ca, Al, Si, Mg, and O elements, and the elements in the inclusions
were uniformly distributed, without delamination.
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Figure 1. Morphologies and composition distributions of the typical inclusions in the steel samples:
(a—c) initial sample; (d-f) R1; (g-i) R2; (j-1) R3; (m-0) R4; and (p-r) R5.
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Figure 2. Surface scan of the typical inclusions in the H13 steel. (a) R1, (b) R2, (c) R3, (d) R4.

3.2. Numbers and Sizes of Inclusions

Figure 3 shows the quantitative densities of the inclusions in the steel before and
after the reaction of the steel slag. As can be seen from the figure, the number density of
the inclusions in the initial steel sample was 40. After reacting with the refining slag, the
number densities of the inclusions in the steel samples decreased. With increases in the
basicity of the refining slag, the number densities of the inclusions in the steel samples
decreased when the C/A was the same, and they were 35, 30, and 25, respectively. When
the basicity of the refining slag was the same, the number densities of the inclusions in the
steel samples decreased at first and then remained unchanged with the increases in the
C/A, which were 32, 30, and 30, respectively. Among these, when the basicity was 6.0 and
the C/A was 2.1, the number density of the inclusions in the steel sample was the lowest
(i.e., 25).
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Figure 3. Number densities of the inclusions in the steel samples.

Figure 4 shows the changes in the average sizes of the inclusions in the steel samples
before and after the reactions between the H13 steel and the refining slag. It can be seen
from the figure that before the reaction between the H13 steel and the refining slag, the
average size of inclusions in the initial steel sample was 2.83 pm. After reacting with the
refining slag, when the refining slag C/A was the same, the average sizes of inclusions in
the steel samples decreased gradually with the increases in the basicity of the refining slag,
with values of 2.23 um, 1.23 um, and 1.15 pm, respectively. When the basicity of the refining
slag was the same, the average sizes of the inclusions in the steel samples decreased at
first and then increased with the increases in the refining slag C/A, with values of 1.59 um,
1.23 pm, and 1.38 pum, respectively. Among these, when the basicity was 6.0 and the C/A
was 2.1, the average size of the inclusions in the steel sample was 1.15 pm.

C/A
1.5 2.0 2.5 3.0
g35 T T 7 v 35
E. e (C/A=2.1
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N
: 1.59
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v
> 1.15
< 1.0 T 1.23 T T 1.0
4
Basicity

Figure 4. Average sizes of the inclusions in the steel samples.

3.3. Compositions and Plasticities of the Steel Inclusions

By comparing the average content of each component in the inclusions in the steel
samples, the relationship between the average content of each component in the inclusions
and the basicity and C/ A ratio of the refining slag before and after the slag reaction could
be explored. Therefore, the variations in the average contents of each component in the
inclusions in the steel samples after the slag reactions are plotted in Figure 5. When the
refining slag C/A was the same and the basicity was increased, the contents of CaO and
AlOj3 in the inclusions increased, with the CaO contents increasing from 12% to 15%
and the Al,O3 contents increasing from 46% to 54%. On the other hand, the contents of



Metals 2023, 13, 1592

7 of 12

5i0; and MgO decreased, with the SiO, contents decreasing from 9% to 5% and the MgO
contents decreasing from 33% to 26%. When the basicity of the refining slag was the same
and the C/A ratios were increased, the contents of CaO, SiO;, and MgO in the inclusions
increased, with the CaO contents increasing from 7% to 13%, the SiO, contents increasing
from 6% to 8%, and the MgO contents increasing from 30% to 38%. However, the contents
of Al,O3 decreased from 57% to 42%. The variation trends of the CaO, Al,O3, SiO,, and
MgO contents in the inclusions were consistent with the variation trends of the CaO, Al,O3,
5i0,, and MgO contents in the refining slag.

(=3
(=}

12% 9% 6% 5% 6% 8% I:] Si0,
0, ~

— T | | 13% | | 15% 7% T | = C20

304 [ 10% [ 1ALO,

[ ImMgo
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(=}
1

57% 42%
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£
(=)
1

3]
(=}
1
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3% 133% | 131% | | o0 | | 30% g

(=}

T T T T T T
Initial sample B:2,C/A:2.1 B:4,C/A:2.1 B:6,C/A:2.1 B:4,C/A:1.5 B:4,C/A:3.0

Average content of each component in inclusions%

Figure 5. Average contents of each component in the inclusions before and after the steel slag reaction.

The Young’s modulus (E) refers to the ratio of stress to strain within the elastic deforma-
tion range of a material. When the external stress applied to an inclusion exceeds its elastic
limit, plastic deformation occurs. The deformation of an oxide is related to its Young’s
modulus and hardness value. Therefore, the Young’s moduli of non-metallic inclusions
can be used to measure their plastic deformation abilities. The larger the Young’s modulus
of an inclusion, the poorer its plastic deformation ability. The formulas for calculating the
Young’s modulus E are shown in Equations (1) and (2) [24]:

E = 39811V 2% and 1)

V = M/(on). )

In Equations (1) and (2), E represents the Young’s modulus in GPa, V represents
the average atomic volume in 10~® m®/mol, M represents the molar mass in kg/mol, p
represents the density in kg/m3, and 1 represents the number of atoms in the oxide.

In theory, when a slag reaction reaches equilibrium, the composition of an inclusion
in the steel is similar to that of the refining slag. Therefore, a Young’s modulus map of
inclusions could be plotted based on Equations (1) and (2). Figure 6 shows that a higher
Al,O3 content in an inclusion led to a larger Young’s modulus, indicating poorer plastic
deformation ability. Thus, it is advisable to minimize the Al,O3 contents in slag to enhance
the elastic deformation abilities of the inclusions in the steel. From the figure, it can be
observed that the Young’s moduli of the inclusions in the steel increased with increasing
the basicity of the refining slag.
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Figure 6. Diagram of the Young’s moduli of the inclusions in the CaO-5iO;-Al,03-6%MgO quaternary
slag system.

3.4. Steel-Slag-Inclusion Reaction

The activity lines of the Al,O3 in the CaO-5i0,-Al,03-6%MgO quaternary slag system
at 1600 °C were plotted using FactSage 7.2, as shown in Figure 7. It can be seen from the
diagram that when the basicity of the refining slag was the same, the activity of the Al,O3
in the refining slag decreased with the increases in the refining slag C/A contents. Similarly,
when the C/A in the refining slag was the same, the activity of the Al;Oj3 in the refining
slag also decreased with the increases in the basicity of the refining slag, but the basicity of
the refining slag had relatively little effect on the Al,Oj3 activity in the refining slag. Because
AlyOs inclusion has a great influence on the properties of H13 steel, the activity of Al;O3 in
refining slag can be reduced by increasing the C/A of the refining slag, and the content of
Al in the molten steel can be reduced and, thus, the content of Al,O3 in the inclusion can
be reduced and the properties of H13 steel can be improved. Therefore, the proportion of
AlyOj3 in refining slag should not be too high.

Si0, - Ca0 - Al,O, - MgO

sio,

ALO, 09 08 07 06 05 04 03 02 01 (40

mass fraction

Figure 7. Al;Oj3 isoactivity lines of the CaO-5i0,-Al;03-6% MgO slag system.

Equilibrium experiments on steel-slag reactions were conducted using the designed
five sets of refining slag systems, and the Al contents in the steel were measured using an
ICP-OES instrument. It can be seen from the Table 3 that the initial Al content in the steel
sample was 40 ppm. The contents of Al in the steel samples increased after the reaction
between the H13 steel and the refining slag. When the basicity of the refining slag was the
same, the contents of Al in the steel samples decreased with the increases in the refining
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slag C/A, with values of 197 ppm, 116 ppm, and 92 ppm, respectively. When the refining
slag C/A was the same, the content of Al in the steel samples increased with the basicity of
the refining slag, with values of 104 ppm, 116 ppm, and 136 ppm, respectively.

Table 3. Al contents in the molten steel samples for the equilibrium of steel slag reactions (ppm).

Experiment Number R1 R2 R3 R4 R5
Al content 104 116 136 197 92

By investigating the variations in the Al,O3 contents in the five sets of refining slag
samples and the Al contents in the steel melt samples, the relationship between the Al
contents in the steel melt and the Al,O3 contents in the refining slag was plotted. As shown
in Figure 8, the Al contents in the steel melt increased with increasing the Al;O3 contents in
the slag and vice versa. Among these, the highest Al,O3 content was found in R4, reaching
29.6% and corresponding to the highest Al content of 197 ppm. The increase in the Al
content in the steel melt could be explained by Equations (3) and (4), where the Si in the
steel melt reduced the Al,Os in the slag to Al. With a sufficient amount of Si in the steel
melt, the Al content in the steel melt increased with the increasing Al,O3 contents in the
slag. In the experiment where we pre-melted the slag with an Al,Oj3 crucible, the content
of Al,Os3 in the slag increased because the Al,O3 crucible was eroded by the slag, thus
increasing the content of Al,Os in the slag. However, this paper does not further explore
the principle of erosion.

3[Si] + 2(Al,03) = 4[Al] + 3(SiO;) and 3)
AG = —641620.73 + 95T. )
AN B
o 304 °© Alcontentin steel(ppm) I
é e Al,O; content in slag(wt%) 200 g
Z 284 .-
§D 180 §
— 26+ v
z F160 &
o D/ = =
N o
= - 140
3 22+ =
8 L 120 £
S 204 =
e 9
SN 18- L 100 =
< 16 T T T T T 80

R1 R2 R3 R4 R5
Experiment number

Figure 8. Relationship between the Al,O3 content in refining slag and the Al content in molten steel.

Figure 9 shows the relationship between the Al content in the steel melt and the
inclusion mass calculated using FactSage 7.2. It can be observed that with the increases
in the Al content in the steel melt, the masses of the inclusions in the steel melt gradually
decreased. The experimental measurements of the inclusion densities and sizes also
decreased with increasing the basicity and C/A ratio. In other words, as the Al contents in
the steel melt increased, the masses of the inclusions decreased, which was consistent with
the calculated results.
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Figure 9. Relationship between Al content and inclusion quality in molten steel.

Figure 10 presents the relationship between the Al content in the steel melt and the
inclusion composition calculated using FactSage 7.2. It can be observed that with the
increases in the Al contents in the steel melt, the compositions of the inclusions in the
steel melt also changed. The Al,O3 contents in the inclusions increased from 39% to 62%
with increasing Al contents while the SiO; contents decreased from 20% to 11%. The
CaO contents initially increased from 12% to 17% and then decreased to 11% with the
increasing Al contents. The MgO contents initially decreased from 26% to 18% and then
increased to 20% with the increasing Al contents. Combined with the experimental mea-
surements of inclusion compositions, the calculated results showed the same trends as the
experimental results.

65 28
—e— ALLO, -~
—e— (a0 —e—MgO N
60 - 124 *;
-’
~~
=y 20 %
S =
- {16
% .M/' %
< 120
< 45.
18
404
4

0.004 0008 0.012 0016 0.020
Al content in steel(wt%)

Figure 10. Effect of Al content in molten steel on inclusion composition.

4. Conclusions

In this study, a high basicity (2.0~6.0) and high CaO/ Al,Os ratio (1.5~3.0) fluorine-free
Ca0-Aly03-5i0,-MgO quaternary refining slag was used. By conducting high-temperature
steel-slag experiments combined with the thermodynamic software FactSage and analyzing
the experimental results and calculations, the influence of this slag system on the morpholo-
gies, compositions, and quantities of the inclusions in the steel was investigated. The below
conclusions were drawn.

With the increase in slag basicity from 2.0 to 6.0, the shapes of the inclusions changed
from elliptical to regular and circular. When the CaO/Al,Oj ratio in the slag system was
1.5, the inclusions had irregular and circular morphologies which became regular when the
Ca0O/ Al,Oj3 ratio increased to 3.

(1)  As the slag basicity and the CaO/Al,Oj3 ratio increased, the densities of the inclusions
decreased, and the sizes of the inclusions in the steel decreased with increasing the
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slag basicity. When the slag basicity was constant, the sizes of the inclusions decreased
with increasing the CaO/Al,Oj3 ratio, and then they increased. Overall, the best
control effect on the inclusion density and size was achieved when the slag basicity
was 6 and the CaO/ Al,Oj3 ratio was 2.1. The inclusion density was 25 per mm?, and
the size could reach 1.15 um.

(2) By comparing the average contents of each component in the inclusions in the steel
samples, it was found that the variations in the CaO, Al,Oj3, SiO,, and MgO contents
in the inclusions were consistent with the variations in the CaO, Al,O3, SiO;, and MgO
contents in the refining slag. The Al,O3 contents in the slag increased with increasing
the slag basicity, and they decreased with increasing the CaO/Al, O3 ratio. According
to the calculated results, reducing the Al,O3 contents in the slag and inclusions was
beneficial for reducing the moduli of elasticity of the inclusions and improving their
abilities for elastic deformation. With the increases in slag basicity, the moduli of
elasticity of the inclusions showed an increasing trend.

(3) In combining the experimental results and calculation analysis, it was found that with
the increases in the CaO/Al, O3 ratios in the slag system, the Al contents in the steel
melt decreased, and the masses of the inclusions decreased. The Al contents in the
steel melt also affected the compositions of the inclusions. With the increases in the Al
contents in the steel melt, the Al,O3 contents in the inclusions increased from 39% to
62% while the SiO, contents decreased from 20% to 11%. The CaO contents initially
increased from 12% to 17% with increasing the Al contents, and then they decreased
to 11%. The MgO contents initially decreased from 26% to 18% and then increased to
20% with increasing the Al contents.
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