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1. Introduction

Formation of non-metallic inclusions in steels has been 
largely considered as detrimental to steel properties such 
as ductility, strength and corrosion resistance.1–3) In 1990, 
the paradigm towards non-metallic inclusions shifted when 
Takamura and Mizoguchi introduced the concept of “Oxide 
Metallurgy”, which emphasizes on the use of suitable oxide 
inclusions as heterogeneous nucleation sites of acicular fer-
rite during solidification.4) At present, it is already generally 
accepted that steels with a high volume fraction of acicular 
ferrite provide an excellent combination of steel properties. 
Acicular ferrite nucleates heterogeneously on non-metallic 
inclusions during the transformation from austenite to fer-
rite resulting in a chaotic assembly of crystallographically 
disoriented laths. This leads to the typical fine-grained and 
interlocking structure of acicular ferrite, which makes it 
more difficult for the propagation of cleavage cracks in the 
alloy. Hence, an increase in strength and toughness can be 
expected with an increase in the amount of acicular ferrite 
in steel.5–11)

Several mechanisms to promote nucleation of acicular 
ferrite have been suggested. These include a reduction of 
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the interfacial energy for heterogeneous nucleation,12–15) 
minimization of lattice mismatch to enhance ferrite nucle-
ation,16) introduction of thermal strains associated with the 
difference in thermal expansion coefficients,17,18) and nucle-
ation arising from localized depletion of solute elements 
near the inclusion.19–23) Amongst all of these, it is univer-
sally recognized that complex inclusions, especially oxide 
inclusions precipitated with MnS, are the most efficient in 
promoting the nucleation of an acicular ferrite microstruc-
ture in steels.24) This can be explained by the simultaneous 
action of a low mismatch strain between the oxide inclusion 
and ferrite, positive thermal stress in the matrix surrounding 
the inclusion due to a high difference in thermal expansion 
coefficients and formation of an Mn-depleted zone in the 
adjacent matrix due to MnS precipitation.5)

In general, non-metallic inclusions can be classified 
according to the timing of their formation as either primary 
or secondary inclusions. Primary inclusions are generated as 
a direct result of the deoxidation reactions at the steelmaking 
temperature whereas secondary inclusions form during the 
solidification process. In principle, primary inclusions can 
be removed by flotation. However, secondary inclusions are 
almost impossible to remove and can only be engineered to 
minimize their harmful effects on steel.

A previous study by Kim et al. investigated the precipita-
tion behavior of secondary MnS inclusion on primary oxide 
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inclusions under different cooling conditions in Si–Mn and 
Si–Mn–Ti deoxidized steels.25,26) It was found that MnS pre-
cipitation was well manifested in furnace-cooled samples, in 
contrast to the water-quenched samples, due to longer solid-
ification times and slower cooling rates. In addition, MnS 
precipitation behavior was found to vary depending on the 
composition of the primary oxide seed. When the primary 
oxide phase was composed of manganese silicate, MnS 
was found to precipitate in an embedded state. On the other 
hand, when the primary oxide phase was not composed of 
manganese silicate but rather of Ti2O3, MnS precipitated as 
a sulfide shell wrapping the primary inclusion.

In this study, transient inclusion behavior during solidi-
fication of the alloy, specifically at the solid-liquid coex-
istence temperature (Ts), was explored to achieve a better 
understanding of inclusion formation during steelmaking. In 
our previous study, we found out that due to the enrichment 
of solute elements in the liquid phase, precipitation of a sec-
ondary SiO2-rich phase leads to the evolution of a complex 
type inclusion in Si-Mn deoxidized steel at the solid-liquid 
coexistence temperature.27)

To further investigate the changes in morphology and 
composition of inclusions in Si–Mn deoxidized steel con-
cerning MnS precipitation on an oxide inclusion for acicular 
ferrite formation, sulfur was added to the alloy system we 
examined earlier. Sulfur is widely known to have a very 
low solubility in the solid phase and can be largely seg-
regated during solidification resulting in a large increase 
in the solidification range.28,29) One of the prominent char-
acteristics of the Fe–S binary alloy system is that it has a 
considerably wide two-phase region composed of δ-Fe and 
L above 1 365°C and γ-Fe and L above 968°C.30) During 
cooling at this region, a segregation profile is expected to 
develop within the microstructure of the alloy as the liq-
uid phase becomes richer in sulfur. These conditions may 
consequently lead to the nucleation of new inclusions or 
transformation of existing ones.31)

Thus, with the increasing importance of controlling inclu-
sions to achieve a desirable acicular ferrite microstructure in 
steel, MnS precipitation behavior on a primary MnO–SiO2 
inclusion in Fe–Mn–Si–O–S alloy system at the solid-liquid 
coexistence temperature was examined.

2. Experimental Method

To investigate the morphology and composition of oxide 
and sulfide inclusions in Si–Mn deoxidized steel during 
solidification, samples with varying sulfur addition at con-
stant silicon and manganese contents were prepared in a 
vertical resistance furnace by holding at the solid-liquid 
coexistence temperature using a direct method of forming 
inclusions.

2.1. Preparation of the Alloy
About 25 g of electrolytic Fe with reagent grade metallic 

manganese flakes, silicon lumps, Fe2O3 and FeS powders 
were weighed and then placed inside an alumina crucible at 
the following initial compositions [Fe-1.1Mn-0.10Si-0.05O-
S (mass%); 0.005%, 0.007%, 0.009%, 0.011%, 0.022%, 
0.025%, 0.028% and 0.031% S]. The amount of manganese 
and silicon addition was chosen from our previous results 

based on having one of the highest complex inclusion for-
mation ratios at the solid-liquid coexistence temperature. 
The prepared samples were then placed in an outer MgO 
crucible holder and then positioned in the constant tempera-
ture region of the vertical resistance furnace. Subsequently, 
the samples were heated using a pre-determined heating pat-
tern under Ar gas atmosphere, flowing at 300 cm3/min after 
passing through a gas drying unit. The actual temperature 
of the sample was monitored using a Pt-Rh thermocouple 
positioned just below the stage inside the furnace. After 
heating, the resulting alloys were quickly taken out of the 
furnace and quenched using Ar gas.

2.2. Heating Pattern
The heating pattern, as illustrated in Fig. 1, begins by 

heating the sample to 1 550°C for 2 hours to achieve equi-
librium and allow for the formation of primary inclusions. 
Next, the temperature was gradually lowered to the solid-
liquid coexistence temperature where it was held for 1 hour 
to allow for the formation of secondary inclusions to occur. 
After, the samples were then quickly taken out of the fur-
nace and quenched.

Solid-liquid coexistence temperature (TS) at different 
sulfur additions, wherein about 50% of the solidified alloy 
and 50% of the liquid alloy coexist, was estimated using the 
single point equilibrium module of Thermo-Calc Software. 
For example, stable phases and inclusions that form in Fe-
1.1Mn-0.10Si-0.05O-0.007S (mass%) alloy system and their 
relative weights under equilibrium conditions are shown in 
Fig. 2. It was found that for this alloy system, solidification 
from a completely liquid state starts at about 1 531°C and 
ends at about 1 526°C. For the heating experiments, the 
solid-liquid coexistence temperature was determined to be 
about 1 526.97°C.

This value was also verified by calculating the liquidus 
and solidus temperatures of the alloy using the following 
equations derived by Miettinen et al.32) and Gryc et al.,33) 
respectively:

T Si Mn Sliq �� � � � � �� � �� � �C 1538 11 66 5 62 32 81. % . % . %

T Si Mn Ssol �� � � � � �� � �� � �C 1536 12 3 6 8 183 9. % . % . %

Calculated liquidus, solidus, and solid-liquid coexistence 
temperature values for all sulfur additions are shown in Fig. 
3. It can be seen that the calculated solid-liquid coexistence 
temperature values lie well within the liquidus and solidus 
boundaries. In addition, the gap between the liquidus and 
solidus temperatures increases with increasing sulfur addi-
tion as described earlier.

Fig. 1. Heating pattern used in this study.
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2.3. Characterization
The resulting metal phase composition was determined 

using ICP-AES (Inductively Coupled Plasma – Atomic 
Emission Spectroscopy) technique by dissolving about 1.0 g 
of the prepared alloy in 10 ml of aqua regia solution heated 
to 50–60°C for 3 hours. After complete dissolution of the 
alloy was confirmed through visual inspection, the resulting 
solutions were filtered and then analyzed for silicon and 
manganese contents.

Oxygen and sulfur contents of the alloys were determined 
using an inert gas fusion technique (LECO-ONH836) and 
a combustion infrared detection technique (LECO-CS844), 
respectively. For oxygen determination, 0.5 to 1.0-gram 
alloy samples were cut and polished using SiC paper up 
to #600 grit with ultrasonic bath cleaning in an anhydrous 
ethanol solution between every polishing step to remove 
surface contamination. For sulfur determination, 0.5 to 1.0-
gram alloy samples were used.

Morphology and composition of inclusions were deter-
mined using SEM-EDS (Scanning Electron Microscopy 
with Energy Dispersive X-ray Spectroscopy) coupled with 
an image analysis technique to ensure reasonable mea-
surements.25) Alloy samples were longitudinally cut and 
hot-mounted in a carbon filler resin for easier grinding and 

polishing with a series of SiC paper from #120 grit up to 
#1 500 grit. Subsequently, inclusion size and morphology 
were assessed using the built-in image analysis tool in 
the SEM software. The composition of the inclusions was 
measured through EDS by analyzing a minimum of 30 
inclusions with an acceleration voltage (AV) of 20 kV, a 
working distance (WD) of 15 mm and a spot size (SS) of 
60 nm. At least 5 spots per inclusion were selected for point 
analysis. Iron and oxygen were excluded from the quantita-
tive results to eliminate the influence of a pre-dominantly 
ferrous matrix and to avoid the inaccuracies associated with 
oxygen determination in this analysis. Obtained concentra-
tion values were normalized to 100% and reported in terms 
of mass percentage.

3. Experimental Results

3.1. Attainment of Equilibrium at 1 550°C
Before the heating experiments at the solid-liquid 

coexistence temperature, it is crucial to determine the 
necessary holding time to achieve equilibrium at 1 550°C 
first. To achieve this, three alloy samples of the Fe-1.1Mn-
0.10Si-0.05O-0.007S (mass%) system were prepared under 
different reaction periods. The manganese, silicon, oxygen 
and sulfur contents of the resulting alloys were measured 
as shown in Fig. 4. No significant changes in the com-
position were observed at 2, 3 and 4 hrs of heating time. 
Silicon and manganese composition values were almost 
constant. Dissolved oxygen (91.60, 97.57 and 90.43 ppm) 
and sulfur (112.05, 111.38 and 114.90 ppm) contents were 
also found to be unchanging under different heating periods 
as indicated in Fig. 4. Hence, the necessary time to reach 
equilibrium for the Fe–Mn–Si–O–S system at 1 550°C was 
determined to be adequate at 2 hrs.

3.2. Metal Phase Composition at the Solid-liquid Coex-
istence Temperature

Fundamental alloy composition used in this study was 
selected based on the results from our previous study for 
having one of the highest complex inclusion formation 
ratios at the solid-liquid coexistence temperature. We found 
that to achieve a complex inclusion formation ratio greater 
than 60%, silicon to manganese ratio of 0.20 or higher is 

Fig. 2. Calculated 1.1Mn-0.10Si-0.05O-0.007S (mass%) single point equilibrium using Thermo-Calc (Olivine: 
Mn2SiO4, Rhodonite: MnSiO3).

Fig. 3. Calculated solidus, liquidus and solid-liquid coexistence 
temperatures at different sulfur additions.
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necessary. This guarantees that a SiO2-rich secondary inclu-
sion phase will precipitate and coalesce with the primary 
MnO–SiO2 phase, forming a complex type of inclusion.27)

From this, sulfur addition was varied to further investi-
gate the behavior of inclusion formation in Fe–Mn–Si–O–S 
alloy system during solidification. The composition of the 
resulting alloy phase after heating at the solid-liquid coexis-
tence temperature are listed in Table 1. Manganese, silicon, 
and oxygen contents were kept relatively constant for all 
samples. Meanwhile, sulfur content increased from about 
82.68 ppm to 240.60 ppm.

3.3. Inclusion Morphology and Composition
Representative morphology of inclusions that formed in 

samples with less than 0.011 mass% sulfur at the solid-
liquid coexistence temperature is shown in Fig. 5. At low 
sulfur additions, complex inclusions with a darker SiO2-rich 
inclusion phase embedded in a primary MnO–SiO2 phase 
were observed in all samples. Average inclusion diameter 
per sample ranged from about 3.89 μm to 4.38 μm. MnO 
and SiO2 concentration in the primary and secondary inclu-
sion phases, classified as such according to the timing of 
their formation, were found to remain almost constant with 
increasing sulfur addition. Furthermore, approximately 
2 mass% of sulfur was found dissolved in the inclusion. 
Precipitation of a SiO2-rich secondary inclusion phase has 

been linked with the microsegregation of solute elements in 
the liquid phase at the solid-liquid coexistence temperature. 
During solidification, solute elements such as silicon and 
oxygen are known to enrich in the liquid phase as they are 
rejected from the solidified alloy, thus creating a favorable 
environment for the nucleation of silica.34)

On the other hand, in alloy samples with higher than 
0.022 mass% sulfur addition, precipitation of a lighter phase 
along the boundary of the primary MnO–SiO2 inclusion and 
the steel matrix was observed as presented in Fig. 6. Aver-
age inclusion diameter per sample ranged from about 3.24 
μm to 4.43 μm. Growing with increasing sulfur addition, the 
lighter colored precipitate completely wrapped the primary 
MnO–SiO2 inclusion at about 0.031 mass% sulfur addition 
forming a shell around it. Elemental mapping and line scan 
results showed this lighter precipitate phase to be com-
prised largely of MnS. As illustrated in Fig. 7, the primary 
inclusion is composed primarily of manganese, silicon, 
and sulfur whereas, along the boundary of the inclusion, 
sulfur was found to have higher concentrations, indicating 

Fig. 4. [Mn], [Si], [O] and [S] contents at 1 550°C under different 
holding times.

Fig. 5. Typical inclusion morphology and composition in low sul-
fur samples (0.005 mass% to 0.011 mass% S) at the solid-
liquid coexistence temperature.

Table 1. Chemical composition of the prepared alloy samples.

Sample
Metal Phase Composition

[Mn] mass% [Si] mass% [O] ppm [S] ppm

0.005S 0.440 0.096 48.78  82.68

0.007S 0.434 0.104 62.78  94.51

0.009S 0.398 0.102 65.24  91.50

0.011S 0.437 0.104 57.56 108.23

0.022S 0.587 0.101 33.70 212.45

0.025S 0.613 0.108 31.46 193.08

0.028S 0.814 0.100 44.98 226.03

0.031S 0.777 0.136 36.38 240.60

Fig. 6. Typical inclusion morphology and composition in high 
sulfur samples (0.022 mass% to 0.031 mass% S) at the 
solid-liquid coexistence temperature.
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MnS formation. These results were found to diverge from 
previous findings by Kim et al. citing that secondary MnS 
precipitate forms in an embedded state, not as a shell, on 
a manganese silicate-based primary inclusion. This differ-
ence is largely attributed to the prolonged holding time at 
the solid-liquid coexistence temperature in contrast to the 
continuous cooling conditions employed by Kim et al.25) 
Similarly, MnO and SiO2 concentration in the primary and 
secondary inclusion phases were found to remain almost 
constant even with increasing sulfur addition. Compared to 
low sulfur alloy samples, a higher sulfur content of approxi-
mately 6 to 9 mass% was found dissolved in the inclusion 
as shown in Fig. 6.

In addition to the above-mentioned changes in inclusion 
morphology and composition at the solid-liquid coexistence 
temperature, it was also observed that the secondary SiO2-
rich precipitate began to disappear from the primary inclu-
sion phase in the majority of the inclusions with increasing 
sulfur addition. At 0.022 mass% sulfur addition, almost all 
inclusions still showed the coexistence of the secondary 
SiO2-rich inclusion and the secondary MnS precipitate on a 
primary MnO–SiO2 inclusion. At 0.031 mass% sulfur addi-
tion, however, the darker SiO2-rich inclusion phase failed 
to precipitate in almost all of the inclusions observed. From 
our previous findings, primary MnO–SiO2 inclusion formed 
above the liquidus temperature while the secondary SiO2-
rich inclusion formed as a result of solute microsegregation 
and enrichment at the liquid phase at the solid-liquid coex-
istence temperature. Eventually, with the help of natural 
convection in the alloy, the existing primary MnO–SiO2 
inclusion and the secondary SiO2-rich inclusion coalesced 
to form a complex type of inclusion. In the current Fe–
Mn–Si–O–S alloy system, precipitation of MnS along the 
interface of the primary MnO–SiO2 inclusion and the molten 
alloy was assumed to physically prevent coalescence and 
agglomeration of existing inclusions. Hence, SiO2 precipi-
tates remained in the alloy in an independent state, as it was 
observed in all of the prepared alloy samples.

3.4. Timing of Inclusion Formation
In order to distinguish between the primary and secondary 

inclusions according to the timing of their formation, 0.007S 
sample was heated and quenched from different stages of the 
designed heating pattern. The first one was quenched after 
heating for two hours at 1 550°C and the second one was 
quenched from just above the liquidus temperature.

As shown in Fig. 8, the inclusions at 1 550°C and 
1 532°C, which is just right before solidification begins, are 
predominantly characterized by simple MnO–SiO2 inclu-
sions with some dissolved amount of sulfur. The MnO–SiO2 
inclusions, are hence classified as primary inclusions that 
formed as a direct outcome of the deoxidation process. 
Further, no darker-colored SiO2-rich phase was observed at 
these temperature conditions. Since it did not appear before 
solidification, the SiO2-rich phase that was observed at the 
solid-liquid coexistence temperature are therefore classified 
as secondary inclusions generated during the solidification 
process.

4. Discussion

4.1. Thermodynamic Consideration
At near-equilibrium conditions, inclusion formation at 

the solid-liquid coexistence temperature in the Fe-1.1Mn-
0.10Si-0.05O-S (mass%) alloy system can be described 
from a thermodynamic point of view using the ternary 
MnO–SiO2–MnS phase equilibrium diagram illustrated in 

Fig. 7. Elemental map and line scan of a typical inclusion in 0.031S sample by SEM-EDS. (Online version in color.)

Fig. 8. Typical inclusion morphology and composition of 0.007S 
sample at 1 550°C and just above the liquidus temperature 
at 1 532°C.
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Fig. 9. This diagram, originally taken from Hasegawa et al., 
reveals the liquidus lines for the MnO–SiO2–MnS ternary 
system at 1 450°C.35) Although the actual temperature used 
in this study was slightly higher than these values, the differ-
ence can be neglected to roughly explain the thermodynamic 
behavior of the inclusions.

In low sulfur samples, the equilibrium lies initially at 
Point 1, which is at SiO2 saturation. During the isothermal 
holding of the samples at the solid-liquid coexistence tem-
perature, a secondary SiO2-rich inclusion phase precipitated 
homogeneously in the melt due to microsegregation and 
later became embedded in the primary MnO–SiO2 inclusion. 
Homogeneous nucleation of SiO2 was confirmed by the 
presence of independent SiO2 inclusions in the alloy. Sulfur, 
on the other hand, remained in a dissolved state in the inclu-
sion. With more sulfur addition, the equilibrium shifted to 
Point 2, where the inclusion became doubly saturated with 
MnS and SiO2, as demonstrated for instance in 0.022S sam-
ple. SiO2-rich inclusion remained embedded in the primary 
oxide phase while new MnS inclusion precipitated along the 
boundary of the inclusion and the steel matrix.

Inclusions can either homogeneously nucleate in the 
melt or heterogeneously on existing impurities. In this case, 
precipitation of MnS on existing MnO–SiO2 inclusion can 
be regarded as heterogeneous nucleation due to the absence 
of independent MnS inclusions in the alloy matrix. During 
this process, the surface of an existing inclusion becomes a 
highly favorable site for the nucleation of new inclusions 
due to lower effective surface energy that weakens the free 
energy barrier and enables nucleation. The likelihood of het-
erogeneous nucleation to occur is higher than homogeneous 
nucleation due to lesser nucleation energy that is needed.31)

With much higher sulfur addition such as in 0.031S 
sample, although the absence of a SiO2-rich phase was 
observed and only the secondary MnS phase existed in the 
primary MnO–SiO2 inclusion, the equilibrium was assumed 
to remain in Point 2 since independent SiO2 inclusions were 
still present in the alloy. These observations indicate that the 
presence of an MnS shell prevents the secondary SiO2 pre-

Fig. 9. Liquidus for the MnO–SiO2–MnS ternary system at 
1 450°C.35) (Online version in color.)

cipitates to coalesce with the existing MnO–SiO2 inclusion 
at the solid-liquid coexistence temperature. Hence, almost 
all of the observed inclusions lacked the darker SiO2-rich 
phase.

4.2. Inclusion Formation Mechanism and Control
In this study, inclusions generated after isothermal hold-

ing at the solid-liquid coexistence temperature can be clas-
sified into three categories – MnO–SiO2 with an embedded 
SiO2-rich phase, MnO–SiO2 with both SiO2-rich phase and 
MnS, and MnO–SiO2 with an MnS shell. As mentioned in 
the earlier sections, SiO2 precipitated homogeneously in 
the molten alloy as a result of solute enrichment and later 
became embedded in MnO–SiO2 while MnS precipitated 
heterogeneously on the surface of the existing MnO–SiO2 
due to the lowering of the interfacial surface energy.

These changes in the morphology and composition of 
inclusions are highly correlated with the dissolved sulfur 
content in the steel as shown in Fig. 10. Precipitation ratio 
was calculated as follows:

Precipitation Ratio
No of inclusions with precipitate

Total no o
�

.

. ff inclusions

�100%

wherein precipitate pertains to either of SiO2 or MnS divided 
by the total number of inclusions observed. MnS precipita-
tion ratio was found to increase with increasing sulfur con-
tent. Data on MnS precipitation ratio in Si–Mn deoxidized 
steel from Kim et al. and Wakoh et al. also showed similar 
behavior, although higher precipitation ratio was obtained at 
lower sulfur contents.26,36) This can be ascribed to the dif-
ference in composition and heating and cooling conditions 
employed. For instance, [Si]/[Mn] ratios by Wakoh et al. 
ranged from about 0.007 to 0.20. Furthermore, about 0.09 
to 0.011 mass% of carbon was used in the previous studies 
cited whereas carbon is absent in the current alloy system. 
MnS precipitation is more likely to occur in the presence of 
carbon due to increased sulfur activity as a result of a strong 
thermodynamic interaction between the two.37)

In the same way, a previous investigation by Wakoh et 
al. cited that MnS precipitation ratio is influenced by the 
composition of the MnO–SiO2 seed. The MnS precipita-

Fig. 10. Changes in MnS and SiO2 precipitation ratio with sulfur 
content.
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tion ratios were found to increase in occasions when the 
MnO–SiO2 seed had a lower melting temperature, starting 
from about 53 mass% MnO and peaking at about 73 mass% 
MnO.38) In this study, MnO ratio in the primary oxide seed 
ranged only from about 50 to 55 masss%, hence the notice-
able difference in the experimental MnS precipitation ratios. 
Further, precipitation of MnS can also be rationalized from 
the viewpoint of microsegregation. Gui et al. state that sul-
fur content in steel has a great impact on the precipitation 
of MnS.39) At 0.005 mass% sulfur, MnS precipitates only 
after the alloy has completely solidified at about 1 417°C. 
Whereas at higher 0.35 mass% sulfur, MnS precipitation 
starting temperature moved up to the two-phase region (δ-Fe 
and L) at about 1 497°C. This is greatly influenced by the 
redistribution of manganese and sulfur in the liquid and 
solid phases during the solidification process, as it was also 
confirmed experimentally in this study – no MnS precipi-
tates were observed in low sulfur samples (0.005 to 0.011 
mass% S) while MnS precipitation was well manifested in 
high sulfur samples (0.022 to 0.031 mass% S).

SiO2 precipitation ratio, on the other hand, was found to 
decrease with increasing sulfur content. Generally speak-
ing, MnS and SiO2 precipitation behavior on a primary 
MnO–SiO2 seed appeared to be inversely related to each 
other. These results indicate that controlling sulfur content 
in the alloy can more or less predict the type of precipitate 
that forms in Si–Mn deoxidized steel at the solid-liquid 
coexistence temperature such as in the case of aiming for an 
acicular ferrite microstructure with the precipitation of MnS 
on an oxide inclusion.

5. Conclusion
Inclusion formation behavior in Fe–Mn–Si–O–S alloy 

system with varying sulfur addition after isothermal holding 
at the solid-liquid coexistence temperature was experimen-
tally observed and considered in this study as follows:

a) Low sulfur samples (0.005 to 0.011 mass% S): 
Homogeneous precipitation of SiO2, which was later on 
embedded on a primary MnO–SiO2 inclusion. Sulfur 
remained dissolved in the inclusion (2 to 4 mass% S) and 
no MnS precipitation was observed.

b) High sulfur samples (0.022 to 0.031 mass% S): Het-
erogeneous precipitation of an MnS shell around a primary 
MnO–SiO2 inclusion with a higher amount of dissolved 
sulfur (7 to 13 mass% S). This was coupled with the disap-
pearance of the secondary SiO2-rich phase with increasing 
sulfur addition.

MnS precipitation behavior with sulfur addition was 
explained from a thermodynamic point of view using the 
MnO–SiO2–MnS ternary system considering near-equilib-
rium conditions. In addition, changes in morphology and 
composition were elucidated as a result of manganese and 

sulfur enrichment in the liquid phase that led to heteroge-
neous MnS precipitation on MnO–SiO2 inclusion at the 
solid-liquid coexistence temperature.
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