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Abstract

In order to minimize the impact of oxide inclusions on the quality of Si-Mn deoxidized steel, the effects of heat treatment
temperature and holding time on the inclusion composition and morphology were studied. LX82A billets were heated
isothermally at 1000, 1100, and 1200°C for 8, 10, and 12 hours, respectively. The experimental results show that as the heat
treatment temperature increases, calcium treatment and the reduction of the w(AL,O, + MgO) / w(SiO, + MnQO) ratio
enhance the deformability of the oxide inclusions. This causes a gradual transition in inclusion shape from oval to round.
At 1200°C, the oxide inclusions are predominantly regular and round. With increasing heat treatment temperature and
holding time, the oxide inclusions in Si-Mn deoxidized steel shift from the CaO-SiO,-Al,O; system to the MnO-SiO,-Al,0,
system. At a constant temperature, the highest inclusion transformation rate and the most uniform composition occur at a
10-hour holding time. At 1200°C, an alternative calcium treatment and the steel matrix-inclusion interface reaction
increase the MnO content at the interface, reducing the manganese content in the steel and forming a Mn-depleted zone.
This decreases austenite stability, enhances ferrite nucleation, and improves the steel quality and performance. Therefore,

controlling the heat treatment temperature around 1200°C is crucial.
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1. Introduction

Non-metallic inclusions can adversely affect the
plasticity, toughness, fatigue resistance and ductility
of steel, which will eventually lead to the reduction of
the steel quality and service life. The inclusions
mainly include oxides, sulfides, nitrides, etc., which
are usually formed during the steelmaking process
due to the addition of deoxidizers, the involvement of
slag and the change of element solubility [1-8]. The
Si-Mn deoxidation process can avoid the formation of
high melting point and hard inclusions (ALO, etc.), so
it is widely used in the production of spring steel and
tire cord steel [9-12].

Due to the interface reaction between steel matrix
and the inclusions, the composition and morphology
of the inclusions in Si-Mn deoxidized steel will
change after the heat treatment. In addition, near the
interface between the steel matrix and the oxide
inclusions, silicon-manganese oxide particles
gradually precipitate, resulting in the decrease of
manganese content in the alloy in this area, thus
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forming a Mn-depleted zone. The presence of a Mn-
depleted zone reduces the stability of the austenite and
increases the driving force for ferrite nucleation,
which facilitates the occurrence of intergranular
ferrite (IGF) nucleation, thereby improving the steel’s
performance by refining the grain structure and
enhancing its strength and toughness. The increase in
MnO content in non-metallic inclusions also indicates
an expansion of the Mn-depleted zone width [1, 13].
Studies have shown that it was feasible to influence
and control inclusions in steel through heat treatment
processes. Heat treatment process can lead to the
modification of original inclusions, the precipitation
of new inclusions, and changes in the microstructure
and composition of the steel matrix [14-17].
Therefore, it is important to investigate the effects of
heat treatment processes on the evolution of
inclusions.

Liu et al. [1] investigated the changes in the
chemical composition of Fe-Mn-Si alloys and CaO-
Si0,-AL,0,-MgO-MnO oxides during heat treatment
at 1000 °C and 1200 °C. The study revealed that,
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compared to the “solid-solid” reaction between the
alloy and the oxide at 1000 °C, the “solid-liquid”
reaction at 1200 °C resulted in a further increase in the
Mn content near the alloy interface and a further
decrease in the Si content. The total contents of MnO
and SiO, in the oxide decreased and increased,
respectively. Furthermore, it was determined that the
MnO content in the oxide and the Si content in the
alloy are the driving forces behind the interfacial
reactions. Kim et al. [13] investigated the reaction
between MnO-SiO,-FeO oxides and Fe-Mn-Si alloys
after a 10-hour holding at 1200 °C using a diffusion
couple method. The study showed that when the
oxides interact with silicon-manganese deoxidized
steel under heating conditions, the FeO content in the
oxides increased near the interface, which caused
fluctuations in the Mn and Si content in the alloy near
the interface. Shibata et al. [18] used the diffusion
couple method to observe the solid-state reactions
between Fe-Cr alloys and MnO-SiO, oxides after heat
treatment at 1200 °C. The study revealed that when
the Si content in the alloy was low, MnO-SiO,
inclusions could transform into MnO-Cr,O,
inclusions. These fine MnO-Cr,0O, inclusions
exhibited a strong pinning effect, which suppressed
grain boundary migration, effectively preventing
grain coarsening. As a result, the grains remained
extremely fine, contributing to enhanced strength and
toughness of the material. Choi et al. [19] investigated
the evolution behavior of inclusions in Al-Ti
deoxidized alloys under heat treatment at 1200 °C.
They found that the initial inclusions formed in alloys
with different Al and Ti contents, such as Al,O,, Al-
Ti-O, and TiOx, transformed into Al-Ti-Fe-O, Al-Fe-
O, and Fe-Ti-O inclusions, respectively. This
transformation contributed to improved processing
performance, ductility, and corrosion resistance of the
steel.

The studies mentioned above have demonstrated
that the heat treatment temperature can alter the
composition of the inclusions, thereby enhancing the
performance and quality of the steel. Shibata et al.l'¥]
further observed that the average composition of the
oxide inclusions also changes with variations in heat
treatment time. Therefore, the combined effects of
temperature and time during heat treatment are crucial
in determining the composition and morphology of
inclusions, which in turn influences the overall
performance of the steel. However, previous research
has not thoroughly explored the compositional
variations of non-metallic inclusions under different

Table 1. The chemical composition of the tested steel (wt%,)

heat treatment temperatures and holding times. The
main products of silicomanganese deoxidation are
MnO and SiO,. Most of the literature on non-metallic
inclusions in silicomanganese deoxidized steels
focuses on ternary systems and indirectly reflects
compositional changes of non-metallic inclusions
through the diffusion couple method. In practical
silicomanganese deoxidized steels, however, non-
metallic inclusions are relatively small in size and
often exist in the form of a quinary system (CaO-
Si0,-Al,0,-MgO-MnO). Therefore, it is essential to
study the effects of different heating temperatures and
holding times on the composition of CaO-SiO,-ALO,-
MgO-MnO inclusions in silicomanganese deoxidized
steels. In the current work, the Si-Mn deoxidized steel
LX82A billets are isothermal heating at 1000 ~1200
°C for 8~12h each to investigate the effects of heat
treatment temperature and isothermal heating time on
the composition and morphology of the inclusions.
The morphology and composition of inclusions in the
LX82A billets are detected by SEM-EDS. The aim of
this study is to explore optimal heat treatment
conditions and provide theoretical insights for better
controlling the composition and morphology of non-
metallic inclusions in silicon-manganese deoxidized
steel. By appropriately managing heat treatment
conditions, the quality of the steel can be improved.
The research findings contribute to optimizing the
inclusion plasticization control process in Si-Mn
deoxidized steel, thereby minimizing the impact of
inclusions on the quality and performance of steel
products.

2. Experimental methods
2.1. Materials

In this experiment, LX82A Si-Mn deoxidized
billets were used to sample molten steel from the
tundish. The chemical composition was analyzed
through spectroscopy, as presented in Table 1. The
oxygen content of the steel is 11 ppm. The main
production process for LX82A wire cord steel begins
with raw material preparation, where scrap steel, iron
ore, and alloy materials are melted into molten steel in
a converter. Subsequently, the molten steel undergoes
refining before entering the continuous casting
process, where it is cast into slabs of a specific
thickness and width through continuous casting. After
initial cooling, the cast billets undergo surface
treatment or finishing through the hot rolling process
to improve their surface quality and dimensional

C Si Mn P S

Cr Cu Al

0.813 0.18 0.511 0.014 0.011

0.035 0.011 0.0017 0.024 0.0012
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accuracy, ultimately becoming suitable raw materials
for subsequent cold drawing or heat treatment
processes. Table 1 shows the chemical composition of
the tested steel.

2.2. Heat treatment experiment

The Si-Mn deoxidized steel LX82A slab was cut
into steel samples with dimensions of 10 mm x 10
mm % 10 mm. These samples were then heated in a
high-temperature furnace at a rate of 7°C/min to
temperatures of 1000°C, 1100°C, and 1200°C, with
holding times of 8 hours, 10 hours, and 12 hours,
respectively. After the heat treatment, to minimize any
internal reactions that might occur during the cooling
process, the steel samples were quickly removed from
the furnace and quenched in water to room
temperature. The steel sample and the steel sample
after heat treatment were inlaid, and the surface was
polished on the sandpaper of 400, 800, 1200, 1500
and 2000 mesh in turn, and finally polished to the
mirror surface under the metallographic polishing
machine. After cleaning, blow dry and dry, put it in a
vacuum dish for use.

The number, morphology, and composition of the
inclusions in the steel samples were analyzed using
scanning electron microscopy (SEM) combined with
energy dispersive spectroscopy (EDS). Each inclusion
detected by the SEM was manually reviewed and
analyzed to eliminate errors, such as holes or dust.
The inclusions on a single polished surface of each
sample were detected, and non-oxide inclusions, as
well as oxide inclusions smaller than 1 pum, were
excluded to ensure the accuracy of the measurement
results. Each sample was statistically analyzed for
30~40 oxide inclusions that met the specified
conditions. The elemental contents of the oxide
inclusions, as measured by SEM-EDS, were then
converted into compound components using the
following methods: (1) Mn preferentially combined
with S, and the MnS content was calculated based on
the measured S content; (2) The remaining Mn, along
with other elements such as Ca, Si, Al, and Mg in the
oxide, were directly converted into MnO, CaO, SiO,,
Al,O,, and MgO according to their respective
contents.

3. Results
3.1. The initial oxide inclusions in the billet

There are mainly two types of inclusions in the Si-
Mn deoxidized steel LX82A billet before heat
treatment. The main inclusions in the billet are
composite oxide inclusions of the CaO-SiO,-Al,O,-
MgO-MnO system. The others are MnS inclusions

with various shapes. Prior to heat treatment, the CaO-
Si0,-Al,0,-MgO-MnO oxide inclusions in the
LX82A silicon-manganese  deoxidized steel
predominantly exhibit an elliptical and regular shape,
with sizes generally ranging from 2 to 3 pm, as shown
in Figure 1. In addition, a small quantity of oxide
inclusions approximately 10 pm in size was observed
in the steel sample prior to heat treatment. These
inclusions have a shape similar to those of the 2—-3 pm
inclusions, being elliptical and regular, with a distinct
dark SiO, component present, as shown in Figure 2.
According to the relevant literature [20, 21] , the
oxide inclusions in Si-Mn deoxidized steel can be
classified into two categories: the CaO-SiO,-Al 0,
system and the MnO-SiO,-ALO, system. When the
mole fraction of CaO is greater than MnO, the
inclusions are divided into CaO-SiO,-AlO,
inclusions. On the contrary, when the mole fraction of
MnO is greater than CaO, the inclusions are divided
into MnO-Si0,-Al,0, inclusions. Based on this, we
used the thermodynamic software FactSage 8.0 Phase
Diagram module to calculate and plot the ternary
phase diagrams of CaO-SiO,-Al,O, and MnO-SiO,-
AlL,O,. The composition of the inclusions, as
determined by statistical analysis, was then plotted on
the respective phase diagrams of CaO-SiO,-Al,O, and
MnO-SiO,-ALO,. The effects of heating temperature
and holding time on the oxide inclusion were
observed. The composition distribution of the oxide
inclusions before heat treatment is shown in Figure 3.
As shown in Figures 3(a) and 3(b), the majority of
the oxide inclusions, accounting for 87.5%, fall within
the CaO-SiO,-AlO, ternary phase diagram without
heat treatment or heat preservation. In contrast, only a
small fraction of the oxide inclusions, 12.5%, fall
within the MnO-SiO,-ALO, ternary phase diagram.
This indicates that the oxide inclusions in Si-Mn
deoxidized steel LX82A billet are mainly CaO-SiO--

ALO,: 15.21%

Si0,: 57.50%

CaO: 19.33%

MgO: 7.96%

MnO: 0% Sum

Figure 1. Morphology characteristics of 2-3um oxide
inclusions in LX824 Si-Mn deoxidized steel

before heat treatment
@l BY SA
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Figure 2. Morphology and composition surface scanning characteristics of oxide inclusions about 10 um in LX82A Si-
Mn deoxidized steel before heat treatment
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Figure 3. Composition distribution of oxide inclusions in (a) CaO-Si0,-Al,0, and (b) MnO-SiO,-Al,0O, ternary phase
diagrams before heat treatment

AlO; system inclusions before the heat treatment
process. The SiO: content in the composite oxide
inclusions is high.

3.2. Morphology characteristics
inclusions after heat treatment

of oxide

As shown in Figure 4, with an increase in heat
treatment temperature, the shape of the oxide
inclusions in the steel gradually transitions from
elliptical to more spherical. At a heating temperature
of 1200°C, the oxide inclusions in the steel
predominantly take the form of regular spheres. The
holding time, however, has little effect on the
morphological change of the oxide inclusions.
Furthermore, as the temperature rises, the proportion
of MnO in the oxide inclusions gradually increases,
with the most significant change occurring at 1200°C,
where the mass fraction of MnO reaches
approximately 20%. A comparison of the oxide
inclusion morphology in Figures 2 and 5 reveals that
oxide inclusions of approximately 10 pum in size
undergo a similar transformation from an elliptical to

a regular spherical shapes after heat treatment at
1200°C, which is consistent with the observations in
Figure 4.

3.3. Composition evolution of oxide inclusions
after heat treatment

A comparison of the inclusion compositions in the
Ca0-Si0,-Al,0, ternary phase diagram for Figures
6(a), (b), and (c) reveals that, under heat treatment at
1000°C, the distribution of oxide inclusions in the
ternary phase diagram shifts upward to varying
extents after a holding time of 8, 10, and 12 hours.
This indicates a gradual increase in the SiO, content,
with the most pronounced change observed after a
holding time of 10 hours at 1000°C. Comparing the
oxide inclusions in the MnO-SiO,-AlLO, ternary
phase diagram, it is observed that at a heat treatment
temperature of 1000°C, as the holding time is
extended from 8 hours to 10 hours and 12 hours, the
number of inclusions within the MnO-SiO,-AlO,
ternary phase diagram increases. Consequently, the
percentage of these inclusions relative to the total
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Figure 4. Morphology of oxide inclusions in LX82A steel under different heat treatment conditions

Spm

Figure 5. The morphology of about 10 um oxide inclusions
in LX824 Si-Mn deoxidized steel after heat
treatment at 1200 °C

increases from 16.67% to 28.21% and 27.78%,

respectively. This indicates that with the increase in

holding time after heat treatment at 1000°C, a portion

of the inclusion components transform, leading to a

higher molar fraction of MnO compared to CaO, i.e.,
an increase in the mass fraction of MnQO. Furthermore,
a comparison of the oxide inclusions in the MnO-
Si0,-ALO, ternary phase diagram (Figures 6(d), (e),
(f)) reveals that as the holding time increases, the
inclusions become more concentrated in the phase
diagram. This suggests that under 1000°C heat
treatment, the composition of the oxide inclusions
becomes more homogeneous with prolonged holding
time.

When the steel sample is heated to 1100°C, it can
be observed that at holding times of 8 hours and 12
hours, oxide inclusions from the CaO-SiO,-AlLO,
system are dominant. However, at a holding time of
10 hours, inclusions from the MnO-SiO,-AlO,
system become the predominant type. Comparing
Figures 7(d), (e), and (f), it can be observed that at a
heat treatment temperature of 1100°C, the transition
from the Ca0O-Si0,-Al,O, system to the MnO-SiO,-
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Figure 6. The composition distribution of oxide inclusions in Ca0-SiO,-Al,0, and MnO-SiO,-Al,0, ternary phase
diagrams after heat treatment at 1000 °C

Si0, Si0, Si0,

Y Average comp. (b)

(a) Y Average comp. Y Average comp.

L5
40 40 %/
V|
Y §
g ;
EaALSi,0, CaALSi,0,
0 0
CaALO) CaALOY
Ca0 20 40 60 80 ALOy a0 20 20 60 80 ALOy a0 20 20 60 80 ALo;

Si0,
% Average comp.

MnO 20 40 60 80 ALO;  MnO 20 40 60 80 ALO;  MnO 20 40 60 80 ALO;

Figure 7. The composition distribution of oxide inclusions in CaO-Si0,-A1,0, and MnO-SiO,-AL,0, ternary phase
diagrams after heat treatment at 1100 °C

Al O, system shows the most significant change when number decreases to 22.58%, with minimal change
the holding time is extended from 8 hours to 10 hours. compared to the 8-hour holding time. Comparing
During this period, the percentage of inclusions Figs. 6(b) and (e) with Figs. 7(b) and (e), it can be
increased from 25% to 60.61%. However, when the observed that when the holding time is kept constant
holding time is extended to 12 hours, the percentage at 10 hours and the heat treatment temperature is
of MnO-SiO,-ALO, inclusions relative to the total increased from 1000°C to 1100°C, a significant
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Figure 8. The composition distribution of oxide inclusions in Ca0-Si0,-Al,0, and MnO-SiO,-Al,O; ternary phase
diagrams after heat treatment at 1200 ¢

portion of the inclusions transition from the CaO-
Si0,-ALO, system to the MnO-Si0,-Al,O, system.
As a result, the proportion of MnO-SiO,-AlO,
inclusions increases from 28.21% to 60.61%. This
suggests that temperature plays an important role in
the transformation of oxide inclusions in silicon-
manganese deoxidized steel.

Comparing Fig. 3 with Fig. 8, it is evident that
when the steel sample is heated to 1200°C, regardless
of whether the holding time is 8 hours, 10 hours, or 12
hours, most of the oxide inclusions have transitioned
from the CaO-Si0,-Al,O, system to the MnO-SiO,-
AlO, system, compared to the sample before heat
treatment. The proportion of MnO-SiO,-Al0O,
inclusions in the total has exceeded 80%. The highest
transformation occurs with a holding time of 10
hours, where MnO-Si0,-Al,O, inclusions account for
91.89% of the total. In comparison to the MnO-SiO,-
Al O, inclusions formed at 1000°C and 1100°C, the
oxide inclusions after heat treatment at 1200°C are
more concentrated within the ternary phase diagram
of the MnO-SiO,-ALO, system. This indicates that
the composition of oxide inclusions after heat
treatment at 1200°C is more uniform. Figs. 6-8
demonstrate that, when the heat treatment temperature
is held constant, the inclusion transformation rate is
the highest and the inclusion composition is more
uniform when the holding time is 10 hours.

By comparing the aforementioned ternary phase

diagrams, it can be observed that under different heat
treatment conditions, the MnO and SiO: contents in
the inclusions exhibit significant changes. However,
the inclusions still contain certain amounts of MgO.
The ternary systems in Figures 6 to 8 are normalized
based on the exclusion of MgO. Previous studies have
rarely investigated the variation of the five
components of oxide inclusions in Si-Mn deoxidized
steel under different heat treatment conditions [22,
23]. Therefore, to further explore the effects of
different heat treatment temperatures and holding
times on the composition of the five-component oxide
inclusions, the following discussion will focus on how
these components change in the LX82A Si-Mn
deoxidized steel under the three selected heating
temperatures and holding times in this experiment,
and the influence of heating temperature and holding
time will be explored.

4. Discussion

4.1. Changes of the composition of Ca0O-SiO -
AlL,0-MgO-MnO composite oxide inclusions
under different heat treatment conditions

As shown in Figures 9(a) and (d), the MnO
content in the oxide inclusions prior to heat treatment
is generally below 5 wt%, with an average content of
approximately 1.6 wt%. Under the condition of an 8-
hour holding time, as the heating temperature
increases, the mass fraction of MnO in the oxide
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Figure 9. Variation of the five components and their average compositions of oxide inclusions in LX82A steel with
heating temperature, at holding times of (a, d) 8 hours, (b, e) 10 hours, and (c, f) 12 hours

inclusions continuously rises. When the temperature
reaches 1200°C, the average content increases to 18.6
wt%. In contrast, the CaO content decreases with
increasing heating temperature, with the average
content dropping from an initial value of 13.2 wt% to
12.4 wt%, 10.3 wt%, and 8.5 wt%, respectively. The
SiO, content exhibits a trend of first increasing and
then decreasing with the rise in heating temperature.
When the control sample undergoes isothermal
heating at 1000°C for 8 hours, the average SiO,
content in the steel increases from 66.4 wt% to 67.8
wt%, while the average MgO content decreases from
5.9 wt% to 3.9 wt%. As the heating temperature
increases to 1100°C and 1200°C, the average SiO,
content decreases to 65.8 wt% and 60.4 wt%,
respectively, with no significant change observed in
the average MgO content. After isothermal heating at
1000°C and 1100°C for 8 hours, the AlLO, content
shows no significant change. However, when the
heating temperature increases to 1200°C, the average
ALO, content decreases from 12.2 wt% to 8.3 wt%.
As shown in Figures 9(b) and (e), under a constant
holding time of 10 hours, the MnO content increases
significantly with rising temperature, with the average
content increasing from 1.6 wt% to 4.9 wt%, 9.7 wt%,
and 19.7 wt%, respectively. In contrast, the ALO,
content decreases continuously, with the average
content decreasing from 12.8 wt% to 11.2 wt%, 10.3
wt%, and 8.0 wt%, respectively. The variation in CaO
and MgO contents is similar: after isothermal heat
treatment of the control sample at 1000°C for 10
hours, both CaO and MgO contents decrease, with the
average CaO content decreasing from 13.3 wt% to 7.8

wt%, and the average MgO content decreasing from
59 wt% to 3.3 wt%. However, when the heat
treatment temperature is further increased to 1100°C
and 1200°C, no significant change is observed in the
contents of CaO and MgO. After subjecting the
control sample to heat treatment at 1000°C for 10
hours, the SiO, content initially increases, with the
average content rising from 66.4 wt% to 72.7 wt%.
However, as the temperature is further increased to
1100°C and 1200°C, the SiO, content decreases, with
the average content decreasing to 70.1 wt% and 60.5
wt%, respectively.

When the holding time is set to 12 hours, the MnO
content increases with increasing heat treatment
temperature, with the average content rising from 1.6
wt% to 5.3 wt%, 8.3 wt%, and 19.3 wt%, respectively.
The changes in CaO and MgO contents follow a
similar trend: after heat treatment at 1000°C for 12
hours, both CaO and MgO contents decrease, with the
average CaO content decreasing from 13.2 wt% to0 9.8
wt%, and the average MgO content decreasing from
5.9 wt% to 3.3 wt%. However, when the heat
treatment temperature is adjusted to 1100°C and
1200°C, with the holding time fixed at 12 hours, both
the CaO and MgO contents initially increase and then
decrease. The average CaO content first increases to
12.2 wt% before decreasing to 7.9 wt%, while the
average MgO content first increases to 5.7 wt% and
then decreases to 3.8 wt%. The Al:Os content in the
steel sample remains nearly constant after heat
treatment at 1000°C and 1100°C for 12 hours, while
at 1200°C, the Al:Os content decreases, with the
average content dropping from 12.2 wt% to 7.9 wt%.

.00,
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After heat treatment at 1000°C for 12 hours, the SiO-
content initially increases from 66.4 wt% to 68.6
wt%. However, as the temperature is raised to 1100°C
and 1200°C, the average SiO: content first decreases
to 61.5 wt% and then remains relatively stable.
During the heat treatment process, the
composition of the multiphase composite oxide
inclusions undergoes changes, indicating that optimal
heat treatment conditions can be used to adjust the
inclusion composition in Si-Mn deoxidized steel.
Previous studies have shown that the changes in the
composition of the oxide inclusions in Si-Mn
deoxidized steel are primarily attributed to the high-
temperature solid-state reactions and the mutual
diffusion between the steel matrix and the oxides
during heat treatment [24, 25]. Under the scanning
electron microscope (SEM), the non-metallic
inclusions in Si-Mn deoxidized steel are primarily
five-phase composite oxide inclusions consisting of
Ca0-Si02-Al-05-MgO-MnO. However, FeO is also
present in the actual silicon-manganese deoxidation
products [13]. According to the experimental results,
the MnO content in the inclusions of the LX82A cast
billet increases after heat treatment. This observation
is consistent with previous studies, which suggest that
when FeO is present in the inclusions, reactions
between the inclusions and the steel matrix lead to an
increase in the MnO content [25]. This, in turn,
widens the Mn-depleted zone at the inclusion-matrix
interface, reduces austenite stability, and increases the
driving force for ferrite nucleation, ultimately
achieving grain refinement and improving the steel
quality. Under the heat treatment conditions set in this
study, with the holding time constant, the MnO
content reaches its highest level at a heating
temperature of 1200°C. Therefore, the heat treatment
temperature should be controlled around 1200°C.

Based on relevant thermodynamic data, the oxide
composition prior to heat treatment was selected, with
the FeO content chosen as 3% by mass at the high-
temperature equilibrium state of the alloy and oxide at
1600°C [13]. Using FactSage 8.0 software and the
FToxide and FTmisc databases, the oxygen activity
(a,) and FeO activity (a.,,) in the equilibrium system
of silicomanganese deoxidized steel and oxide
inclusions were calculated at a given temperature and
oxygen partial pressure. The oxygen activity (a,) in
the Si-Mn deoxidized steel at 1600°C was calculated
to be 1.73 x 10°¢, and the FeO activity (a;) in the
oxide was 2.15 x 1072 Due to the lack of
thermodynamic data at lower temperatures in the
system, the thermodynamic data at 1600°C were
applied to calculate the oxygen and FeO activities at
lower temperatures. The variation of a, and a, , with
temperature was thus determined for this system. As
shown in Figure 10, with decreasing temperature, the
oxygen activity in the steel matrix decreases sharply.
When the temperature drops from 1600°C to 1200°C,
1100°C, and 1000°C, the oxygen activity (a,)
decreases from 1.73 x 10°to 1.14 x 1078, 8.93 x 107°,
and 1.65 x 107, respectively. When the temperature
decreases from 1600°C to 1200°C, the FeO activity
(ap,,) decreases from 2.15 x 1072 to 8.49 x 107,
Notably, among the heat treatment temperatures set in
this study, the FeO activity reaches its lowest value at
1200°C.

Based on the relevant literature [24, 25] and the
thermodynamic calculations described above, the
variation in the SiO. and MnO content in this
experiment can be attributed to the following factors:
When the heat treatment temperature is below 1600
°C, the equilibrium at the interface between the steel
matrix and the oxide is disrupted, leading to a
decrease in the oxygen activity in the steel matrix and
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Figure 10. The variation of oxygen activity in steel and FeO activity in inclusions with temperature during equilibrium
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a reduction in the FeO activity in the oxide. When the
oxygen activity decreases, the excess oxygen within
the Si-Mn deoxidized steel matrix reacts with the
manganese and silicon elements to form MnO and
Si0: oxides, leading to an increase in the content of
SiO: and MnO at the interface. As the activity of FeO
in the oxide decreases, FeO decomposes into Fe and
[O], as illustrated by the reaction in Equation (1).

FeO = Fe+|0] 1)

The generated oxygen diffuses to the steel matrix
interface, where it reacts with silicon and manganese
to form silicon-manganese oxide particles. In this
process, part of the SiO: participates in the formation
of new oxides, leading to the consumption of SiO- and
a subsequent decrease in its content. The reduction in
SiO: content is most pronounced at a heat treatment
temperature of 1200 °C, which coincides with the
lowest FeO activity observed at this temperature. The
reaction is shown in Equation (2) and (3).

(@)
3

Si+2[0] = SiO,
Mn+ [O] =MnO
The entire reaction can be expressed as:

3FeO+ Mn+ Si = MnO-SiO, +3Fe 4)

Based on the analysis of the solid-phase reaction
mechanisms  between the silicon-manganese
deoxidized steel and the oxide inclusions during the
heat treatment process, a schematic of the solid-phase
reaction mechanism at the steel matrix—inclusion
interface is shown in Figure 11.

Previous studies [26] have confirmed that during
the secondary refining process in steelmaking, the
high content of CaO in the molten slag decomposes
into elemental Ca and O at the steel/slag interface.
Excess Ca and O diffuse from the slag into the molten
steel and react with inclusions, which is considered

Alloy  _[O]
Mn+Si+0 — MnO-SiO,
Oxide particle

Figure 11. Interfacial reaction mechanism between steel
matrix and oxide

another pathway for calcium treatment. A similar
decomposition reaction of CaO may occur during heat
treatment, where the diffused Ca reacts with Al.Os in
the inclusions. In this experiment, the variation in
CaO content is primarily observed as a decrease in
concentration with increasing heat treatment
temperature, reaching its lowest point at 1200°C. The
variation in ALOs content is characterized by a
reduction when the heat treatment temperature
reaches 1200°C. This decrease in Al2Os content may
be attributed to a displacement reaction between Ca
and AL:Os in the inclusions during the heat treatment
at 1200°C. The MgO content remains largely
unchanged and does not exhibit significant variation
with respect to holding time and heating temperature.
This suggests that the MgO component in the oxide
inclusions within the steel remains relatively stable
during the heat treatment process in this experiment.
As shown in Figures 12(a) and (d), under a
constant heating temperature of 1000°C, the contents
of MgO, Al>Os, and MnO exhibit little variation as the
holding time increases from 8 h to 10 h, and then to 12
h. However, when the holding time is extended from
8 h to 10 h, the average SiO: content increases from
67.8 wt% to 72.7 wt%, while the average CaO content
decreases from 12.4 wt% to 7.8 wt%. When the
holding time is further extended from 10 h to 12 h, the
average SiO: content decreases to 68.6 wt%, and the
average CaO content increases to 9.8 wt%. However,
the contents of SiO2 and CaO did not show significant
changes when the holding time was extended from 8
h to 12 h. This indicates that under the heat treatment
conditions of 1000°C and a holding time of 10 h, the
extent of compositional changes in the oxide
inclusions of the Si-Mn deoxidized steel is maximal.
When the heating temperature reaches 1100°C, as
shown in Figures 12(b) and (e), the trends in the
variations of MgO, AlOs, and CaO contents are
similar across different holding times at this
temperature. As the holding time increases from 8 h to
10 h, the contents of MgO, Al.Os, and CaO slightly
decrease. Specifically, the average MgO content
decreases from 4.6 wt% to 3.1 wt%, the average Al-O»
content decreases from 12.5 wt% to 10.3 wt%, and the
average CaO content decreases from 10.3 wt% to 6.7
wt%. When the holding time is extended from 10 h to
12 h, the average contents of MgO, Al:Os, and CaO
increase again, rising to 5.7 wt%, 12.2 wt%, and 12.1
wt%, respectively. The variation trends of MnO and
SiO: contents are similar. As the holding time
increases from 8 h to 10 h and then to 12 h, the
contents first increase and then decrease. The average
MnO content increases from 6.6 wt% to 9.7 wt%,
before decreasing to 8.3 wt%, while the average SiO-
content increases from 65.8 wt% to 70.1 wt%, and
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Figure 12. Variation in the five components and the average composition of oxide inclusions in LX82A steel with holding
time at the same heating temperatures: (a, d) 1000°C; (b, e) 1100°C;(c, f) 1200°C

then decreases to 61.5 wt%. In summary, under the
1100°C heat treatment conditions, the contents of
Al20Os and CaO reach their minimum at a holding time
of 10 h, while the MnO content increases to its highest
level. Therefore, among the holding times tested in
this study, a holding time of 10 h is optimal for heat
treatment at 1100°C.

Under the heat treatment condition of 1200°C, the
composition of the inclusions shows negligible
change with increasing holding time, as shown in
Figures 12(c) and (f).

In summary, the composition of CaO-SiO>-Al>Os-
MgO-MnO oxide inclusions in the Si-Mn deoxidized
steel undergoes varying degrees of change after heat
treatment, primarily due to the high-temperature
solid-state reactions and the diffusion between the
steel matrix and the oxides during the heat treatment
process. This study demonstrates the variation in the
composition of non-metallic inclusions under
different heat treatment temperatures and holding
times, providing valuable guidance for future research
on adjusting heat treatment conditions to control
inclusion composition and improve steel properties.
The variations in inclusion composition caused by

different heating temperatures and holding times lead
to the formation of a Mn-depleted zone, which
facilitates the nucleation of intragranular ferrite (IGF).
Further investigation into the interfacial interactions
between Si-Mn deoxidized steel and inclusions is
essential, and will be a key focus of future work.

4.2. The morphological changes of CaO-SiO:-
Al:05-MgO-MnO composite oxide inclusions
under different heat treatment conditions

According to the experimental results in section
3.2, the shape of the oxide inclusions in the steel
shows little change with the prolongation of holding
time. However, as the heat treatment temperature
increases, the inclusions gradually transition from
elliptical to spherical. Therefore, the average
composition of the oxide inclusions under the heat
treatment temperatures set in this study is shown in
Figure 13. As the heat treatment temperature
increases, CaO may undergo a decomposition
reaction. The diffused Ca elements can react with
AlLOs in the inclusions, leading to a continuous
reduction in the content of CaO and Al2O:s in the oxide

1100°C 1200°C

o | s

Figure 13. Schematic diagram of oxide inclusion deformation under different heat treatment conditions
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inclusions. This represents an alternative pathway for
calcium treatment. Calcium treatment can modify
oxide inclusions with a high Al.Os content by
lowering their melting point, addressing nozzle
clogging issues, and altering the morphology of
clustered or string-like Al.Os to form spherical
calcium aluminate. Using FactSage 8.0 software to
calculate the melting points of the oxide inclusions at
different heat treatment temperatures, as shown in
Table 2, it can be observed that under the set heat
treatment temperature conditions, the melting point of
the oxide inclusions decreases with the increase in
temperature. The lowest melting point of the oxide
inclusions, 1456°C, is reached at 1200°C. Previous
studies [26] have indicated that the deformability of
inclusions in curtain wire steel increases as the ratio of
w(ALLOs + MgO) / w(SiO2 + MnO) decreases. As
observed from the average composition of the oxide
inclusions at different heat treatment temperatures in
Figure 13, the ratio of w(Al:Os + MgO) / w(SiO: +
MnO) is lowest at 1200°C, suggesting that the oxide
inclusions at this temperature exhibit improved
deformability. As the heat treatment temperature
increases, the oxide inclusions gradually change from
an elliptical to a more circular shape, ultimately
adopting a regular circular form at 1200°C. In this
study, to enhance the deformability of the oxide
inclusions in the steel, reduce the occurrence of stress
concentration issues in the subsequent materials, and
improve the mechanical properties of the material, the
heat treatment temperature should be controlled near
1200°C.

Table 2. Melting points of oxide inclusions at different heat
treatment temperatures

Heat treatment | 5o |} 55000 | 1700°C | 1200°C
temperature
Melting point | 1394°C | 1508°C | 1459°C | 1456°C

5. Conclusion

In this study, the morphological and compositional
changes of oxide inclusions in Si-Mn deoxidized steel
were examined at three heat treatment temperatures
(1000°C, 1100°C, and 1200°C) with holding times of
8, 10, and 12 hours. The results were compared with
those of untreated steel samples, leading to the
following conclusions.

(1) As the heat treatment temperature increases,
the shape of the oxide inclusions in steel shifts from
elliptical to spherical. At 1200°C, the inclusions are
mainly spherical, and the holding time has little effect
on their morphology. The oxide inclusions at 1200°C

show improved deformability and a lower melting
point.

(2) In untreated steel samples, the inclusions
primarily belong to the CaO-SiO2-Al-Os system. After
heat treatment, both the temperature and the holding
time induce a transformation of the oxide inclusions
in the Si-Mn deoxidized steel from the CaO-SiO--
AlOs system to the MnO-Si0O2-Al-Os system. As the
temperature and holding time increase, the quantity of
inclusions transitioning to the MnO-SiO2-Al.Os
system also increases. At 1200°C, the oxide inclusions
are predominantly transformed into the MnO-SiO--
AlOs system, exhibiting a more concentrated pattern
in the ternary phase diagram, which indicates a more
homogeneous composition of the inclusions.

(3) When the holding time is constant, the MnO
content in the inclusions increases with the heat
treatment temperature. The SiO. content first
increases and then decreases, with 1000°C as the
inflection point. At 1200°C, the contents of CaO and
AlOs significantly decrease, while the MgO content
remains stable. A heating temperature of 1200°C
favors calcium treatment and the formation of a Mn-
depleted =zone, improving steel quality and
performance. Thus, the heat treatment temperature
should be controlled around 1200°C.

(4) At heat treatment temperatures of 1000°C and
1100°C, with a fixed holding time of 10 hours, the
oxide composition shows the greatest variation. After
10 hours, SiO: content increases, while the CaO
content decreases. At 1100°C, Al.Os and CaO reach
their lowest levels, and the MnO content peaks. Thus,
a holding time of 10 hours at 1100°C is optimal. At
1200°C, the average content of the five components in
Si-Mn deoxidized steel remains largely unchanged
with increased holding time.
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Apstrakt

Radi smanjenja uticaja oksidnih ukljucaka na kvalitet celika dezoksidisanog silicijumom i manganom (Si-Mn), ispitivani su
uticaji temperature termicke obrade i viemena odrzavanja temperature na sastav i morfologiju ukljucaka. LX82A bileti su
zagrevani izotermno na 1000, 1100 i 1200 °C tokom 8, 10 i 12 sati. Eksperimentalni rezultati pokazuju da povecanjem
temperature termicke obrade, tretman kalcijumom i smanjenje odnosa w(Al-:0s + MgO) / w(SiO: + MnO) poboljsavaju
plasticnost oksidnih ukljucaka, sto dovodi do postepenog prelaska njihovog oblika iz ovalnog u kruzni. Na 1200 °C, ukljucci
su pretezno pravilni i zaobljeni.

Povecanjem temperature i vremena odrzavanja temperature tokom termicke obrade, oksidni ukljucci u Si-Mn
dezoksidisanom Cceliku prelaze iz CaO-SiO:-Al:0;s sistema u MnO-SiO:-Al:0;s sistem. Pri konstantnoj temperaturi, najveca
stopa transformacije ukljucaka i najuniformniji sastav postizu se pri vremenu odrzavanja temperature od 10 sati. Na
1200 °C, alternativni tretman kalcijumom i reakcija na granici izmedu matrice celika i ukljucaka poveéavaju sadrzaj MnO
na toj granici, ¢ime se smanjuje sadrzaj mangana u Celiku i formira zona osiromasena manganom. To smanjuje stabilnost
austenita, pospesuje nukleaciju ferita i poboljsava kvalitet i performanse Celika. Stoga je kontrola temperature termicke
obrade oko 1200 °C od sustinskog znacaja.

Kljuéne reci: Celik dezoksidisan silicijumom i manganom (Si-Mn); Oksidni ukljucci; Termicka obrada; Temperatura;
Vreme odrzavanja temperature; Promene u sastavu
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