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Abstract: The aim of the experiment in this work is to modify the Al2O3 inclusions in high-carbon
hard wire steel by magnesium treatment. The general evolution process of inclusions in steel is: Al2O3

→MgO·Al2O3(MA)→MgO. The unreacted core model was used to study the modification process
of inclusions. The results show that the complete modification time (tf) of inclusions is significantly
shortened by the increase of magnesium content in molten steel. For Al2O3 inclusions with radius of
1 µm and Mg content in the range of 0.0005–0.0055%, the modification time of Al2O3 inclusions to
MA decreased from 755 s to 25 s, which was reduced by 730 s. For Al2O3 inclusions with a radius of
1.5 µm and Mg content in the range of 0.001–0.0035%, the Al2O3 inclusions were completely modified
to MgO inclusions from 592 s to 55 s. The Mg content in the molten steel increased 3.4-fold, and the
time for complete modification of inclusions was shortened by about 10-fold. With the increase of Al
and O content in molten steel, the complete modification time increased slightly, but the change was
small. At the same time, the larger the radius of the unmodified inclusion is, the longer the complete
modification time is. The tf of Al2O3 inclusions with a radius of 1 µm when modified to MA is 191 s,
and the tf of Al2O3 inclusions with a radius of 2 µm when modified to MA is 765 s. According to the
boundary conditions and the parameters of the unreacted core model, the MgO content in inclusions
with different radius is calculated. The experimental results are essentially consistent with the kinetic
calculation results.

Keywords: high-carbon hard wire steel; inclusions; magnesium treatment; unreacted core model

1. Introduction

Hard wire, also known as hard wire rod, is usually known as high-carbon hard wire
for high-quality carbon structural steel with a carbon content of not less than 0.6%. The
alumina nonmetallic inclusions in hard wire steel have an important influence on the
fatigue resistance of wire breaking or hard wire products during cold drawing, resulting in
early fracture of steel in practical application [1–3]. The number, size, type and distribution
of alumina inclusions are very important for the properties of hard wire steels [4–8]. The
solubility of magnesium in molten steel is relatively high. Magnesium has a strong affinity
with oxygen and sulfur, which can effectively reduce the content of O and S in steel, and
improve the quantity and morphology of inclusions in steel; moreover, it has an obvious
modification effect on oxide inclusions and plays a role in purifying molten steel [9–14].

A great deal of research has been conducted on the kinetics and thermodynamics
of calcium and magnesium treatment [13,15–18]. Yang et al. [19] added magnesium to
35CrNi3MoV steel to treat inclusions and found that magnesium treatment can effectively
reduce the number of inclusions, and the MgO inclusions are spherical. The spherical
MgO inclusions are small in size, dispersed in the molten steel, not easy to aggregate,
and have little effect on the properties of the steel. Ma et al. [20] studied Al2O3 inclusions
in magnesium-treated bearing steel. The irregularly shaped Al2O3 inclusions in molten
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steel were modified into MgAl2O4 or spherical MgO inclusions. However, excessive
magnesium content is not conducive to controlling the total oxygen content in the molten
steel, and further control of the magnesium content is required. Yu et al. [21] studied the
composition and changes of inclusions in magnesium-treated medium-manganese steels
with different aluminum contents. When the aluminum content in the steel is greater
than 0.0076%, MnO·Al2O3 inclusions are transformed into Al2O3 inclusions. With the
increase of aluminum content in molten steel, the molar ratio of MgO/Al2O3 in inclusions
decreases. When the aluminum content in the molten steel is less than 0.2%, unstable MgO
inclusions are formed in the molten steel. Takata et al. [22] conducted experiments by
passing Mg steam into aluminum deoxidized steel and found that the oxygen content in
molten steel decreased rapidly. One reason for this is the strong deoxidization reaction of
Mg, however in contrast, the bubbles generated promote the floating and discharging of
inclusions. Through the SEM-EDS analysis of inclusions in as-cast steel at different times, it
is found that Mg has effectively modified the alumina inclusions. The inclusions in as-cast
steel are mainly MgO and magnesia-alumina spinels (MgO·Al2O3) inclusions, and the size
of inclusions decreases with time.

In this paper, based on the dynamic model of Al2O3 inclusion modification by calcium
treatment studied by the research group [23], the multi-layer unreacted core model of
Al2O3 inclusion in magnesium-treated steel was carried out, and the step-by-step reaction
dynamic model of Al2O3 inclusion modification in high-carbon hard wire steel under the
condition of magnesium treatment was established. The relationship between the change
of solute element content, inclusion conversion rate, inclusion radius, and MgO content in
inclusion and inclusion modification time was discussed in detail, which can better reveal
the process and mechanism of Al2O3 inclusion modification in magnesium treatment.

2. Experimental Method
2.1. Experiment Procedure

The composition design of the raw materials in this experiment is based on the
chemical element composition in SWRH62A steel, and the batching smelting is carried out
on this basis. The experiment was carried out in a tubular resistance furnace. The corundum
crucible containing industrial pure iron, ferrosilicon alloy and electrolytic manganese was
placed in the constant temperature zone and heated to 1600 ◦C by electric heating. After
molten steel was melted, aluminum alloy was added for deoxidation. After 300 s, Mg-Ni
alloy was added. Subsequently, a quartz tube was used to draw three samples after adding
magnesium (60 s, 300 s, 600 s). The sample taken out is put into the sodium chloride
solution for cooling, and argon gas is introduced into the furnace during the smelting
process, and the flow rate is maintained at 5 min/L. The order of alloy addition and
sampling in the current experiment is shown in Figure 1. The amount of Mg-Ni alloy
added in the two experiments is different. Table 1 lists the composition of the raw materials
used in this study.
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Table 1. Raw material composition (mass/%).

Raw Material Fe Si Mn S C Mg Ni Al Others

Industrial pure iron 99.7 0.02 0.03 0.0002 0.0018 - - 0.001 0.2445
electrolytic manganese - - 99.999 - - - - - 0.001

Si-Fe alloy 21 78 0.4 0.02 0.1 - - - 0.48
Al alloy 0.7 0.8 0.15 - - - - 96.94 1.41

Mg-Ni alloy 0.01 0.01 20.44 0.01 - 21.41 58.12 - -
QT400 95.8 0.17 0.5 0.01 3.45 - - - 0.07

2.2. Detection and Analysis Method

Inductively coupled plasma emission spectrometer (ICP-MS) was used to determine
the content of Mg and Al in the experimental steel, the content of C, Si, Mn and S in the
experimental steel was measured by a direct-reading spectrometer, and the content of O
was measured by an inorganic oxygen and hydrogen tester. After the experiment, the
sample was ground on the grinder and polished on the polishing machine. A German
Zeiss ΣIGMA+X-Max20 (Baden-Wurttemberg, Germany) scanning electron microscope
(SEM) and energy dispersive spectrometer (EDS) were used to analyze the two-dimensional
morphology and internal composition of inclusions in the sample section.

3. Experimental Results and Analysis
3.1. Chemical Composition of Steel

Table 2 lists the measured composition of each element in the two furnaces of experi-
mental steel. Due to the different addition amounts of Mg-Ni alloy, there is a significant
difference in the mass fraction of Mg in the two experiments. The analysis results show
that the Mg content in M1 steel is 0.001%, while the Mg content in M2 steel is 0.0018%.

Table 2. Chemical composition of different experimental steels (mass/%).

Number C Si Mn S O Al Mg

M1 0.652 0.183 0.312 0.0021 0.0057 0.0048 0.001
M2 0.652 0.183 0.300 0.0017 0.0045 0.0051 0.0018

3.2. Composition and Morphology of Inclusions

After aluminum deoxidation, high-carbon hard wire steel is added with Mg-Ni alloy
for Mg treatment. Figure 2 shows the composition distribution diagram of the inclusions in
the sample. Through the analysis of the EDS dot composition, it can be determined that the
inclusions are mainly Al2O3 (whiter in color), and MgO·Al2O3 (blacker in color) around the
inclusions. The morphology of the inclusions is more consistent with the unreacted core
model. From (a) to (c) in Figure 2, it can be seen that the area of the black area gradually
increases, and the area of the white area gradually decreases, indicating that with the
diffusion of Mg element in the molten steel, Al2O3 inclusions are completely transformed
into MgO·Al2O3.
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Figure 3 is a morphology diagram of typical inclusions in sample M1, and Figure 4
is a morphology diagram of typical inclusions in sample M2. After Mg treatment, the
cross-sectional morphology of the inclusions in the steel tends to be round, which has a
modification effect on the irregular morphology of the inclusions.
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25 inclusions were detected in each sample for composition statistics. Figure 5 shows
the proportion of MgO in steel detected 60 s, 300 s, and 600 s after Mg was added to M1
and M2. In the M1 sample, when the Mg-Ni alloy is added for 60 s, the mass fraction of
MgO in the calcium aluminate inclusions is in the range of 18.39–32.71%, and the average
content of MgO in the inclusions is 25.47%. When added for 300 s, the mass fraction of
MgO in the inclusions is 24.89–46%, and the average content of MgO in the inclusions
increased to 32.38%. When added for 600 s, the mass fraction of MgO in the inclusions is in
the range of 31.94–54.94%, and the average content of MgO in the inclusions increases to
43.47%. In the M2 sample, when the Mg-Ni alloy is added for 60 s, the mass fraction of
MgO in the calcium aluminate inclusions is in the range of 22.84–47.72%, and the average
content of MgO in the inclusions is 38.68%. When added for 300 s, the mass fraction of
MgO in the inclusions is in the range of 40.52–61.73%, and the average content of MgO
in the inclusions increases to 49.95%. When added for 600 s, the mass fraction of MgO
in the inclusions is in the range of 51.39–72.97%, and the average content of MgO in the
inclusions increases to 63.6%.
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4. Dynamic Model Establishment

In order to describe the mass transfer of the Al2O3 inclusion modification process in
the magnesium-treated high-carbon hard wire steel, based on the unreacted core model,
the morphology and composition of the inclusions in Figures 2–4 were explored. In order
to facilitate the calculation, it is assumed that all the inclusions are spherical in shape.

(1) Before magnesium treatment, the shape of Al2O3 inclusion in the high-carbon hard
wire molten steel is spherical.

(2) The temperature of molten steel is very high, assuming that the interface reaction can
quickly balance.

(3) In order to simplify the discussion of the model, it is assumed that the concentrations
of magnesium, aluminum, and oxygen in the molten steel are constant.

(4) It is assumed that the diffusion of all substances in the magnesium aluminate layer
is steady-state diffusion, which conforms to Fick’s first law, and the actual diffusion
mechanism in molten steel is more complicated.

As shown in Figure 6, during the magnesium treatment process, Mg in the high-
carbon hard wire molten steel first diffuses to the surface of Al2O3 inclusions, forming an
MgO·Al2O3 layer on the surface of the Al2O3 inclusions. With the diffusion of Mg elements
in the molten steel, the Al2O3 inclusions are completely converted to MgO·Al2O3. The Mg
element continues to diffuse in the MgO·Al2O3 inclusions, and the MgO·Al2O3 inclusions
form an MgO layer on the surface, and finally the MgO·Al2O3 inclusions are completely
transformed into MgO inclusions.
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Taking the transformation of Al2O3 inclusions into MA as an example, the descrip-
tion is divided into the following three steps (Figure 7 is a schematic diagram of the
transformation).

(1) The Mg in the high-carbon hard wire molten steel diffuses to the Al2O3 layer/steel
interface, and the reaction formula is:

Mg(s) → [Mg](l) (1)
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(2) [Mg] reacts with Al2O3 inclusions on the surface:

3[Mg]+4Al2O3(s) = 3MgO ·Al2O3(s)+2[Al] (2)

(3) [Al] generated by the reaction diffuses outward through the MA layer and enters the
molten steel.
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4.1. The Diffusion of Al in the Magnesium Aluminate Layer Is the Limiting Link in the
Modification Process of Inclusions

The diffusion rate of Al in the MA layer is expressed as:

vAl = −
dnAl

dt
= 4πr2DAl

dcAl
dr

(3)

In Formula (3): nAl represents the amount of Al material, mol; r represents the radius
of unreacted core MA, µm; DAl represents the diffusion rate of Al in molten steel, m2/s;
cAl is the concentration of Al in MA, mol/m3; t Represents the modification time of
inclusions, s.

dcAl = −
1

4πDAl

dnAl
dt

dr
r2 (4)

The integral of Formula (4) is:∫ CAl,l2

CAl,l1

dcAl = −
1

4πr2DAl

dnAl
dt

∫ r0

r

dr
r2 (5)

From Formula (5):

vAl = −
dnAl

dt
= 4πDAl

r0r
r0 − r

(
cAl,l1 − cAl,l2

)
(6)

In Formula (6): cAl,l1 represents the concentration of Al at the interface of two inclu-
sions, and cAl,l2 represents the concentration of Al at the interface between the inclusions
MA and molten steel. It can be seen from Formula (6) that the rate of Al consumption in
the modification reaction during Mg treatment is:

− dnAl
dt

= −
2dnAl2O3

dt
= −

4πr2ρAl2O3

MAl2O3

dr
dt

(7)

In Formula (7): ρAl2O3 represents the density of Al2O3, ρAl2O3 = 3.5 × 103 kg/m3,
MAl2O3 represents the molar mass of Al2O3, MAl2O3 = 102 g/mol.
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Combining Formulas (6) and (7), we can get:

∫ t

0

MAl2O3 DAl
(
cAl,l1 − cAl,l2

)
ρAl2O3

dt =
∫ r

r0

(r− r2

r0
)dr (8)

After sorting out, the relationship between the unreacted core radius of inclusions and
the modification time (t) is:

t =
ρAl2O3 r2

0

6MAl2O3 DAl
(
cAl,l1 − cAl,l2

)[1− 3(
r
r0
)

2
+ 2(

r
r0
)

3
]

(9)

In order to facilitate the calculation of the modification time of inclusions, the activity
of each solute element in the steel is used instead of its concentration. The Formula (9) can
be expressed as:

t =
ρAl2O3 r2

0

6MAl2O3 DAl
(
aAl,l1 − aAl,l2

)[1− 3(
r
r0
)

2
+ 2(

r
r0
)

3
]

(10)

When Al2O3 inclusions are completely transformed into MgO ·Al2O3, that is, r = 0,
the complete modification time (tf) of inclusions is:

t f =
ρAl2O3 r2

0

6MAl2O3 DAl
(
aAl,l1 − aAl,l2

) (11)

It is known that ρAl2O3 , MAl2O3 , and DAl are all constants, and the modification time
of Al2O3 inclusions depends on the radius and the difference in Al activity between the
two interfaces of the inclusions.

4.2. Assuming That the Diffusion of Mg in Inclusions Is the Limiting Link in the Modification
Process

The diffusion rate of Mg in the MA layer is expressed as:

vMg =
dnMg

dt
= 4πr2DMg

dcMg

dr
(12)

In Formula (7): nMg represents the amount of Mg, mol; r represents the radius of the
unreacted core Al2O3, µm; DMg represents the diffusion rate of Mg in molten steel, m2/s;
CMg is the concentration of Mg in MA, mol/m3; t represents the modification time of
inclusions, s.

dcMg =
1

4πr2DMg

dnMg

dt
dr
r2 (13)

The integral of Formula (13) is:

∫ CMg,l2

CMg,l1

dcMg =
1

4πr2DMg

dnMg

dt

∫ r0

r

dr
r2 (14)

From Formula (14):

vMg =
dnMg

dt
= 4πDMg

r0r
r0−r

(
cMg,l1

− CMg,l2

)
(15)

In Formula (15): cMg,l1 represents the concentration of Mg at the interface between
Al2O3 inclusions and MA inclusions, and cMg,l2 represents the concentration of Mg at the
interface between MA inclusions and molten steel.

The rate at which Mg is generated by the modification reaction is:

dnMg

dt
=

2dnMgO

dt
=

xMgOdnMA

dt
=

20
71

4πr2ρMA

MMA

dr
dt

(16)
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In Formula (16): ρMA represents the density of MgO ·Al2O3,ρMA = 3.57 × 103 kg/m3,
MMA represents the molar mass of MgO ·Al2O3,MMA = 142 g/mol.

Combining Formulas (15) and (16), we can get:

∫ t

0

71MMADMg

(
cMg,l1 − cMg,l2

)
20ρMA

dt =
∫ r

r0

(r− r2

r0
)dr (17)

After sorting out, the relationship between the unreacted core radius of inclusions and
the modification time (t) is:

t =
40ρMAr2

0

211MMADMg

(
cMg,l1 − cMg,l2

)[1− 3(
r
r0
)

2
+ 2(

r
r0
)

3
]

(18)

In order to facilitate the calculation of the modification time of inclusions, the activity
of each element in the steel is used instead of its concentration. The Formula (18) can be
expressed as:

t =
40ρMAr2

0

211MMADMg

(
aMg,l1 − aMg,l2

)[1− 3(
r
r0
)

2
+ 2(

r
r0
)

3
]

(19)

When the Al2O3 inclusions are completely transformed into MA, that is, r = 0, the
complete modification time (tf) of the inclusions is:

t f =
40ρMAr2

0

211MMADMg

(
aMg,l1 − aMg,l2

) (20)

4.3. Determination of Kinetic Model Parameters
4.3.1. It Is Assumed That the Diffusion of Al in the Magnesium Aluminate Layer Is the
Limiting Link in the Modification Process of Inclusions

The concentration of [Al] in calcium aluminate inclusions is difficult to determine,
and can be replaced by activity. Because the activity data is complete, it can be assumed
that the solution obeys Raoult law, using ‘1wt% standard state’ for calculation.

Interface l1:
3[Mg]+4Al2O3(s)= 3MgO ·Al2O3(s)+2[Al] (21)

The Gibbs free energy of this reaction is:

∆Gθ= 618, 182–456.93T, J ·mol−1 (22)

∆Gθ= −RTlnKθ= −RTln
a2

Al,l1
aMgO·Al2O3

a3
Mga4

Al2O3

(23)

aAl,l1 =

[
a3

Mga4
Al2O3

a3
MgO·Al2O3

exp (
∆Gθ

−RT
)

] 1
2

(24)

In Formula (24): aAl,l1 represents the activity of Al in the interface layer between Al2O3
inclusions and MgO·Al2O3, and the sum of aAl2O3 and aMgO·Al2O3 is 1.

Interface l2:
aAl,l2 = fAl × [%Al] (25)

4.3.2. It Is Assumed That the Diffusion of Mg in the Magnesium Aluminate Layer Is the
Limiting Link in the Modification Process of Inclusions

Interface l1:
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aMg,l1 =

 a2
Ala

3
MgO·Al2O3

a4
Al2O3

exp( ∆Gθ

−RT )

 1
3

(26)

In Formula (26): aMg,l1 represents the activity of the interfacial layer Mg between
Al2O3 inclusions and MgO·Al2O3.

Interface l2:
aMg,l2 = fMg × [%Mg] (27)

In Formula (27): aMg,l2 represents the activity of Mg at the interface between MgO·Al2O3
inclusions and molten steel.

According to the interface reaction (12), combining the composition of the experi-
mental steel in Table 2 and the interaction coefficient between elements in the molten
steel at 1873K in Table 3, Formulas (24) and (27) are used to calculate aMg and aAl in the
experimental steel (as shown in Table 4).

Table 3. Interaction coefficient of Mg, O and Al at 1873 K (1600 ◦C) [24,25].

ej
i

C Si Mn S O Al Mg

O −0.42 −0.066 −0.021 −0.13 −0.17 −1.17 −1.98
Al 0.091 0.056 −0.004 0.0035 −1.98 0.0043 −0.13
Mg −0.31 −0.088 - - −3 −0.12 -

Table 4. Activity of Mg and Al in sample M1 and sample M2.

Number aMg aAl

M1 0.000581 0.005473
M2 0.001054 0.005846

4.4. Dynamic Model Results and Analysis
4.4.1. Determination of Restrictive Links

Since there are multiple dynamic steps involved in the model, a restrictive analysis is
carried out to study the influence of each step on the modification time of inclusions.

According to Formulas (11) and (20), the diffusion of Al and Mg in the magnesium
aluminate layer is calculated as the limiting link for the modification of alumina inclusions.
The calculation results are shown in Figure 8. When the radius of the MA inclusions is
2 µm: Al diffusion in the MA layer is the limiting link, and tf is 246 s; Mg diffusion in the
MA layer is the limiting link, and tf is 765 s. The tf when the diffusion of Mg in the MA
layer is the limiting link is greater than the tf when the diffusion of Al in the MA layer is the
limiting link, so the diffusion of Mg in the inclusion layer is considered to be the limiting
link in the inclusion modification process.
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4.4.2. The Effect of Solute Element Content in Molten Steel on Modification Time

The content of the solute element in the molten steel changes, so that the activity of
the element changes, and the time for the complete modification of the inclusions changes
accordingly. According to Formulas (11), (20) and (27), the content changes of Mg, Al,
and O in molten steel are calculated. The complete modification time required for the
transformation of Al2O3 inclusions with r = 1 µm into MgO·Al2O3 is shown in Figure 9.
As the magnesium content in molten steel increases, the time for complete modification of
inclusions is significantly shortened. When the Mg content is in the range of 0.0005–0.0055%,
the de-modification time of Al2O3 inclusions into MgO·Al2O3 is reduced from 755 s to 25 s,
which is a decrease of 730 s. With the increase of Al and O content in molten steel, the
complete modification time increases slightly, but the change is small. The Mg concentration
in molten steel has the greatest influence on the modification time of inclusions. The high
Mg environment in molten steel facilitates the transformation of Al2O3 inclusions into
MgO·Al2O3 inclusions.
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Figure 9. Effect of solute element content in high-carbon hard wire steel on the time of complete
modification of Al2O3 inclusions to MgO·Al2O3.

In fact, these concentrations cannot be changed independently; they are determined
by the balance of steel and inclusions, and any change is accompanied by other kinds of
changes to achieve balance. Indeed, these calculations are only to determine the importance
of the transportation steps. According to Formulas (20), (26) and (27), the relationship
between the Mg content in molten steel of high-carbon hard wire steel and the modification
time of inclusions is calculated, as shown in Figure 8.

With the increase of magnesium content in molten steel, the time for complete modifica-
tion of inclusions is significantly shortened. Take the inclusion with a radius of r = 1.5 µm as
an example: when the Mg content in the molten steel is 0.001%, it takes 430 s for the Al2O3
inclusions to be completely transformed into MA inclusions, as shown in Figure 10a, and
162 s for MA inclusions to be completely transformed into MgO inclusions, as shown in
Figure 10b. When the magnesium content in the molten steel is 0.0035%, it takes 40 s for
Al2O3 inclusions to be completely transformed into MA inclusions, and 15 s for MA inclu-
sions to be completely transformed into MgO inclusions. The magnesium content in molten
steel increased 3.4-fold, and the complete modification time of inclusions was shortened by
approximately 10-fold. High-carbon hard wire molten steel contains low magnesium content,
and the modification process of inclusions is relatively slow, with an increase of magnesium
content in molten steel promoting the modification of inclusions. Therefore, the amount of
magnesium added should be reasonably controlled in the actual production process.
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4.4.3. Influence of Inclusion Conversion Rate in High-Carbon Hard Wire Steel on
Modification Time

After the Ni-Mg alloy is added to the molten steel, the magnesium diffuses in the
molten steel to the surface of the Al2O3 inclusions to react with them, and the Al2O3
inclusions are modified. The conversion rate of inclusions is expressed as (taking the
conversion of Al2O3 to MA as an example):

α =
mAl2O3(beginning) −mAl2O3(end)

mAl2O3(beginning)
× 100% (28)

According to Formulas (19) and (28), the relationship between the conversion rate
and the modification time during the modification inclusions is calculated, as shown
in Figure 11. When the inclusions are initially modified, the modification rate is faster,
and as the reaction progresses, the modification rate gradually slows down. Take the
inclusion with radius r = 2 µm as an example: in Figure 11a, when 50% of Al2O3 inclusions
are transformed into MA, the required modification time is 85 s; when the remaining
50% of Al2O3 inclusions are transformed into MA, the required modification time is
680 s; in Figure 11b, when 50% of the MA inclusions are converted to MgO, the required
modification time is 32 s; when the remaining 50% of the MA inclusions are converted
to MgO, the required modification time is 256 s. When different types of inclusions are
transformed, the modification time required for the inclusion conversion rate from 50%
to complete modification is about eight times that of the conversion rate from 0 to 50%.
Therefore, in the late stage of inclusion modification, stirring rate should be improved to
promote inclusion modification and reduce modification time.
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4.4.4. The Relationship between the Radius of Inclusions and the Time of Modification

As shown in Figure 12, the complete modification time increases as the radius of the
inclusion increases. It can be seen from Formula (20) that the complete modification time
of inclusions is proportional to the square of its radius. Take the complete modification
of Al2O3 inclusions into MA inclusions as an example: Al2O3 inclusions with a radius
of r = 1 µm require a complete modification time of 191 s, and Al2O3 inclusions with a
radius of r = 2 µm require a complete modification time of 765 s. The larger the radius
of the undenatured inclusions, the longer the time required for complete modification.
Al2O3 inclusions with a radius less than 5 µm in molten steel can be transformed into
MgO·Al2O3 inclusions in 4783 s. When the radius of inclusions in molten steel is less than
5 µm, MgO·Al2O3 can all be transformed into MgO inclusions within 1800 s. When the
radius of the inclusions is the same, the modification time required for the transformation
of Al2O3 inclusions into MgO inclusions is the longest.

Metals 2021, 11, x FOR PEER REVIEW 12 of 15 
 

 

  
  

Figure 11. Modification process of inclusions with different particle sizes ((a). Al2O3 modified into MA; (b). MA is modified 
into MgO). 

4.4.4. The Relationship between the Radius of Inclusions and the Time of Modification 
As shown in Figure 12, the complete modification time increases as the radius of the 

inclusion increases. It can be seen from Formula (20) that the complete modification time 
of inclusions is proportional to the square of its radius. Take the complete modification of 
Al2O3 inclusions into MA inclusions as an example: Al2O3 inclusions with a radius of r = 1 
μm require a complete modification time of 191 s, and Al2O3 inclusions with a radius of r 
= 2 μm require a complete modification time of 765 s. The larger the radius of the undena-
tured inclusions, the longer the time required for complete modification. Al2O3 inclusions 
with a radius less than 5 μm in molten steel can be transformed into MgO·Al2O3 inclusions 
in 4783 s. When the radius of inclusions in molten steel is less than 5 μm, MgO·Al2O3 can 
all be transformed into MgO inclusions within 1800 s. When the radius of the inclusions 
is the same, the modification time required for the transformation of Al2O3 inclusions into 
MgO inclusions is the longest. 

 
Figure 12. Complete modification time of Al2O3 inclusions with different sizes. 

4.5. Model Validation 
The average radius of the inclusions in the experimental steel is within 1–3 μm. Ac-

cording to the boundary conditions and unreacted core model parameters, the MgO con-
tent in the inclusions of different radius is calculated over time. The results are shown in 
Figure 13, (a) is the theoretical value of M1, (b) is the theoretical value of M2. 

Figure 12. Complete modification time of Al2O3 inclusions with different sizes.

4.5. Model Validation

The average radius of the inclusions in the experimental steel is within 1–3 µm.
According to the boundary conditions and unreacted core model parameters, the MgO
content in the inclusions of different radius is calculated over time. The results are shown
in Figure 13, (a) is the theoretical value of M1, (b) is the theoretical value of M2.
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Figure 13. Variation of MgO content in inclusions with time. (a) sample M1, (b) sample M2.

Compare the theoretical value with the test value of the inclusions in Section 3.2
of the text. In M1, when the MgO content in the inclusions is higher than 28%, the
modification time required for the inclusions is significantly shortened. The above kinetic
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model calculates that the MgO content in the inclusions with a radius of 2 µm is 11.9%,
and requires magnesium treatment for 56 s. This may be due to the existence of large-sized
inclusions in the experimental steel, which cannot be modified into MgO·Al2O3 inclusions.
After 300 s of magnesium treatment, the average content of MgO in inclusions is 30.55%,
which is close to the average content of MgO 32.38% after 300 s of magnesium treatment
in the experiment. After 600 s of magnesium treatment, the average content of MgO in
inclusions is 30.55%, which is close to the average MgO content of 43.47% after 600 s of
magnesium treatment in the experiment. After magnesium treatment for 120 s, the average
radius of inclusions is basically less than 2 µm. The experimental results in M1 are basically
consistent with the calculated results of the kinetic model.

In M2, when the MgO content in inclusions is higher than 42%, the required modi-
fication time of inclusions is significantly shortened. After 60 s of magnesium treatment,
the average content of MgO in the inclusions was 29.25%, which was nearly 10% different
from the 38.68% of the average MgO content after 300 s of magnesium treatment in the
experiment, which may be affected by large-size inclusions. After 300 s of magnesium
treatment, the average content of MgO in inclusions was 46.26%, which was close to the
average content of 49.95% of MgO after 300 s of magnesium treatment in the experiment.
After 600 s of magnesium treatment, the average content of MgO in inclusions was 61.77%,
which was close to the average MgO content of 63.6% after 600 s of magnesium treatment
in the experiment. After 60 s of magnesium treatment, the average radius of inclusions
in the steel is essentially less than 2 µm. The experimental results in M2 are essentially
consistent with the calculated results of the kinetic model. In summary, the kinetic model
calculations after magnesium treatment in M1 and M2 are ultimately consistent with the
experimental values.

5. Conclusions

(1) Through the analysis of the restrictive link, the influence of each step on the mod-
ification time of inclusions is determined, and it is concluded that the tf, when the
diffusion of Mg in the MA layer is the limiting link, is greater than the tf when the
diffusion of Al in the MA layer is the limiting link. Thus, it is considered that the
diffusion of Mg in the inclusion layer is the limiting link in the modification process
of the inclusion.

(2) As the magnesium content in the molten steel increases, the time for complete modi-
fication of inclusions is significantly shortened. The content of Al and O in molten
steel increases, and the complete modification time increases slightly, but the change
is small. The Mg concentration in molten steel has the greatest influence on the
modification time of inclusions. The high Mg environment in molten steel facilitates
the transformation of Al2O3 inclusions into MgO·Al2O3 inclusions.

(3) When the inclusions are initially denatured, the modification rate is faster, and as
the reaction progresses, the modification rate gradually slows down. Therefore, in
the late stage of modification of inclusions, the stirring rate should be increased to
promote modification of inclusions and reduce the time of modification.

(4) The complete modification time of the inclusions increases with the increase of the ra-
dius of the inclusions. When the radius of the inclusions is the same, the modification
time required for the Al2O3 inclusions to be transformed into MgO·Al2O3 inclusions
is the longest.

(5) According to the boundary conditions and the parameters of the unreacted core
model, the MgO content in the inclusions of different radius was calculated over time,
and the experimental results were essentially consistent with the calculation results
of the kinetic model.
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