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Abstract: To reveal the effect of adding order of magnesium and sulfur on the evolution of inclusions
in Al-killed free-cutting steel, both deoxidized experiments and thermodynamic calculations were
carried out in this paper. The samples, which were extracted from the liquid steel at different time
after magnesium and sulfur addition, were analyzed by scanning electron microscopy and energy
dispersive spectroscopy. The results showed that the adding order had a significant influence on
the formation and evolution of inclusions. In the case of magnesium added before sulfur, MgO
formed immediately after magnesium addition and then transformed to spinel accompanied by
MeS (Mg 9Mny 1S) after sulfur addition. In the case of sulfur added prior to magnesium, MgO and
MeS precipitated simultaneously after magnesium addition. During the equilibrium solidification,
the transformation of MgO to spinel was calculated to take place before MnS precipitated from the
saturated liquid steel.

Keywords: magnesium treatment; resulfurization; adding order; inclusions; thermodynamics;
free-cutting steel

1. Introduction

Non-metallic inclusions have a great influence on the mechanical properties and machinability
of steel. For example, manganese sulfide is usually used to improve machinability in free-cutting
steel as the stress concentration source [1-4]. However, the deformation of manganese sulfide along
with the rolling direction deteriorates the mechanical properties of the steel [5,6]. The control of the
sulfide inclusions morphology is vital for balancing the mechanical properties and machinability of
free cutting steel.

In order to control sulfide inclusions, some strong sulfide-forming elements were added into
liquid steel to form more stable sulfide inclusions with high melting point. Experimental results of
Luyckx et al. [7] verified that the rare earth additives could be used to achieve the control of sulfide
morphology in aluminum killed steels. Jiang et al. [8] quantitatively studied the modification of sulfide
inclusions by calcium in a resulfurized alloy steel, and the results showed that the proportion of MnS
is reduced while that of (Ca, Mn)S raised as the ratio of Ca/S in steel increased. The tendency for
zirconium to form zirconium sulfide inclusions or zirconium manganese sulfides in steel was early
reported by Field et al. [9] and Koch et al. [10]. A discussion of the degree of sulfide shape control
by zirconium addition was published by Pollare et al. [5]. The degree of sulfide shape control was
improved by increasing the zirconium content or reducing the manganese content of the steel.

In the consideration of sulfide stability, magnesium is also a strong sulfide forming element
and magnesium treatment is expected to achieve the control of sulfide shape in free-cutting steel.
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However, the reports about sulfide modification by magnesium are very limited. Numerous studies
were carried out to study the effect of magnesium on the desulfurization and the control of oxide
inclusions. Yang et al. [11] studied the desulfurization of molten iron with magnesium vapor and
found that when the magnesium concentration reached the maximum, the sulfur concentration became
very low. Hosohara et al. [12] investigated the desulfurization mechanism with magnesium and the
results implied that desulfurization rate is controlled by the diffusion of Mg and S. In the work of Chen
et al. [13], magnesium was used to further decrease the oxygen content and improve the cleanness
of traditional aluminum-killed steel. Experimental results showed that the dissolved oxygen in steel
could be lower than 0.0001 pct. with the magnesium content higher than 0.0010 pct. In order to
reveal the effects of magnesium on the evolution of inclusions, the deoxidized experiments were
carried out by Zhang et al. [14] and the results found that magnesium could well control the size of
oxide inclusions in Mn-Si-Al deoxidized melts. Furthermore, Park et al. [15] reviewed the control
of MgO-Al,Oj3 in stainless steels and Zhang et al. [16] calculated the stability diagram of Mg-Al-O
system to predict the formation of inclusions during magnesium treatment. In the production of
resulfurized free-cutting steel, sulfur is usually added up to a maximum of 0.4 mass pct., which
is significantly different with other steels. However, the effect of magnesium treatment on sulfide
inclusions is still unclear, especially the influence of treatment time on the evolution of inclusions in
high sulfur-containing steel.

In the current article, laboratory experiments were performed to reveal the influences of
magnesium and sulfur adding order on the compositions of inclusions in Al-killed resulfurized
free-cutting steel. Samples collected at different time were analyzed by field emission scanning electron
microscopy and energy dispersive spectroscopy. Meanwhile, the thermodynamic calculations for
Fe-Mg-Al-Mn-O-S system were conducted, and the calculation results were performed to discuss the
formation and evolution process of inclusions.

2. Experimental Methods

2.1. Experimental Procedure

Two sets of experiments (Exp. A and Exp. B) were carried out in a tube furnace, heated by
MoSi; rods, as shown in Figure 1. MgO crucible was used to contain the molten steel. For each
experiment, about 450 g industrial pure iron and Mn-Fe alloy were heated to 1600 °C under high
pure argon atmosphere (99.99 pct.). Subsequently, pure aluminum was added into the molten steel
for deoxidization. Thereafter, Ni-Mg alloy (Alloy 1) was added into the liquid steel followed by FeS
(Alloy 2) in Exp. A, while FeS (Alloy 1) was added before Ni-Mg alloy (Alloy 2) in Exp. B. 5 min later
after Alloy 1 added, the first sample (S1) were sucked out by a quartz tube (¢5 mm) and then quenched
by inserting into an ice-water bath. Another three samples (52, 53, S4) were taken respectively at 1 min,
5 min and 10 min after Alloy 2 added. The addition of alloys and sampling procedures in the current
experiments are shown in Figure 2. The addition amount of Ni-Mg alloy and FeS remained the same
in both experiments. Table 1 lists the compositions of raw materials used in the study.

Table 1. Compositions of raw materials (mass pct.).

Raw Material Fe Ni Al Mn C Si Mg S Balance
Industrial pureiron ~ 99.90 0.01 0.018 0.03  0.0021 0.01 - 0.003 0.035
Mn-Fe alloy 12.57 84.20 1.50 1.50 - 0.03
Pure aluminum 99.90 0.10
Ni-Mg alloy 0.93 80.12 17.98 0.97

FeS 63.32 36.18 0.50
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Figure 1. Schematic of tube furnace in the present experiments.
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Figure 2. Addition of alloys and sampling procedure in the current experiments.
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2.2. Analysis Methods for Steels and Inclusions

The residual steels in MgO crucibles were used to analyze the contents of sulfur, aluminum,
manganese and magnesium by the inductively coupled plasma optical emission spectrometer
(ICP-OES).

After all the experiments, the quenched samples were cut into cylinders (¢$5 mm x 20 mm).
Then the cross-section of each sample was polished by 320#, 600#, 1000#, 1500#, 2000# sandpapers
in turn, and finally polished with the aid of abrasive paste until the surface was clean and free of
scratches. Afterwards, the two-dimensional morphologies and compositions of inclusions in a cross
section of each sample were analyzed by Phenom Prox (Eindhoven, The Netherlands). The system
is the integrated platform of the field emission scanning election microscope (FE-SEM) and energy
dispersive spectrometer (EDS).

3. Results and Discussions

3.1. Chemical Compositions of Steels

Table 2 lists the measured compositions of manganese, aluminum, magnesium and sulfur of steels.
The results show that the mass fraction of manganese, aluminum and sulfur in the two experiments
were at the same level. However, there was a significant difference in the mass fraction of magnesium
between the two experiments. Exp. A contained 0.0007 pct. magnesium while Exp. B contained 0.0021
pct. magnesium.

Table 2. Chemical compositions of steels in different experiments (mass pct.).

Exp. Mn Al Mg S
A 1.41 0.035 0.0007 0.17
B 1.25 0.031 0.0021 0.15

3.2. Inclusions in Steels

The inclusions observed in steels were oxide, sulfide and oxysulfide inclusions. Compositions of
different types of inclusions are listed in Table 3. Note that all the types of inclusions were found in
both sets of the experiments.
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Table 3. Composition ranges of different types of inclusions (mass pct.).

Types of Inclusions Phase in Inclusions Al,O3 MgO MnS MgS
AlL,O3 Oxide 73-100 - - -
MgO Oxide - 94-100 - -
Al,O3-MgO Oxide 28-76 24-72 - -
MnS Sulfide - - 100 0

(Mg, Mn)S Sulfide - - 40-90 10-60
Oxide 100 - - -
Al2O5+MnS sulfide - - 100 -
Oxide 21-81 19-79 - -
ALO; MgO+MnS Sulfide - - 100 -
Oxide - 100 - -

MgO+(Mg, Mn)S Sulfide - - 42-56 4458

Figure 3 shows the typical oxide inclusions detected in steels. The types of oxide inclusions
were Al,O3, MgO-Al,O3 and MgO. As shown in Figure 3a, the morphology of Al,O3 inclusions
was irregular and its size was about 1~2 um. After magnesium addition, MgO inclusions formed
immediately, as shown in Figure 3b. It can be seen that the morphology of MgO inclusions was roughly
spherical and the size was about 1~2 um. Figure 3c shows the typical MgO-Al,Oj3 inclusions with
irregular morphology. The elemental mappings showed that Mg and Al distributed uniformly in the
inclusions. The mass fraction of MgO in the inclusions was in the range of 24-72 pct.
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Figure 3. Typical oxide inclusions in steels: (a) Al,O3, (b) MgO; (c) MgO-Al, O3,

Figure 4 shows the typical sulfide inclusions in steels. Two types of sulfide inclusions, MnS and
(Mg, Mn)S were observed. After sulfur addition, most of the observed MnS inclusions were elongated
and distributed in chains or clusters, as shown in Figure 4a. Except for these MnS inclusions in clusters,
some big spherical MnS inclusions distributed randomly in steels. The detected (Mg, Mn)S in steels
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were rectangular, as shown in Figure 4b. The elemental mappings indicated that (Mg, Mn)S was the
solid solution composed of MgS and MnS. The mass fraction of MgS in (Mg, Mn)S was in the range
of 10-60 pct. According to Sims and Dahle [17], sulfide inclusions could be broadly classified into
three types: i.e., (1) randomly dispersed globular sulfides (Type I), (2) rod-like fine sulfides (Type II),
and (3) angular sulfides (Type III). The sulfide inclusions observed in Fe-Mn-S system by Ito et al. [18]
were consistent with this classification. Oikawa et al. [19] investigated the evolution mechanism
of sulfide inclusions with different morphologies. Their experimental results showed that globular
MnS precipitated via a monotectic reaction and rod-like MnS formed through a eutectic reaction
during solidification.
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Figure 4. Typical sulfide inclusions in steels: (a) MnS; (b) (Mg, Mn)S.

Figure 5 are the typical oxysulfide inclusions in steels. The oxysulfide inclusions were mainly
detected in samples after sulfur addition, which could be classified into three types: i.e., Al,O3+MnS,
MgO-Al,O3+MnS and MgO+(Mg, Mn)S. The elemental mappings of the inclusions indicated that the
oxysulfide were multiphase inclusions and composed of oxide and sulfide. The outer phase was MnS
or (Mg, Mn)S and the inner phase was Al,O3, MgO or MgO-Al,Os. Similar results were obtained
in the study of Ohta et al. [20]. They pointed out that MnS crystallized and/or precipitated on the
deoxidization particles during solidification.

The detected inclusion types in different samples were concluded in Table 4. In Exp. A, only
MgO inclusions were found in the sample A-1. After sulfur addition, MgO inclusions were modified
to MgO-Al, O3 inclusions. The main inclusions in the samples A-2 to A-4 were MgO-Al,O3+MnS
coexisted with a large amount of MnS. In Exp. B, sulfur was added into the molten steel before
magnesium. MnS, Al,O3 and Al,O3+MnS were detected in the sample B-1 after sulfur addition.
After magnesium addition, the main inclusions in the samples B-2 to B-4 were MgO, (Mg, Mn)S, and
MgO+(Mg, Mn)S accompanied by a large amount of MnS.
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Figure 5. Typical oxysulfide inclusions in steels: (a) Al,O3+MnS; (b) MgO-Al,O3+MnS; (c) MgO+(Mg,

Mn)S.
Table 4. Types of inclusions in different samples.

Types of . Sample Number in Exp. A Sample Number in Exp. B
Inclusions Size (um) 1 2 3 4 1 2 3 4
Al O3 1~2 X X X v X X X
MgO 1~2 Navi X X X X Vv Vv Vv

Al,O3-MgO 1~2 X Vv Vv Vv X X X

MnS 1-10 x W W W W W W WY
(Mg, Mn)S 1~2 X X X X X VvV Vv X
Al,O3+MnS 1~10 X X X X VvV X X X
Al,O3-MgO+MnS 1~10 X VvV X X X X
MgO+(Mg, Mn)S 1~10 X X X X X Navi v Vv

‘\/v/’ main type of inclusions, ‘y/’ a small amount of inclusions, ‘x” trace amount of inclusions.

3.3. Thermodynamic Calculations for Fe-Mg-Al-Mn-O-S System

In the molten steel, the quasi-equilibrium was achieved due to favorable kinetic conditions. Hence,
the thermodynamic calculations can be used to predict the formation and evolution of inclusions. In the
thermodynamic calculations, FactSage™ 7.1 program (developed by Thermfact/CRCT (Montreal,
Canada) and GTT-Technologies (Achen, Germany)) was used to calculate the equilibrium products
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in Fe-Mg-Al-Mn-O-S system. The thermodynamic databases were FIoxid, FactPS and FImisc.
The modification reactions of oxide inclusions are given in Equation (1) to (4).

4AL,O5(s) + 3 [Mg] = 3MgO - Al,Os3(s) + 2[Al] 1)
log K3 = 34.37 — 46950/ T )

MgO - Al,O3(s) + 3 [Mg] = 4MgO(s) + 2[Al] (3)
log Kg = 33.09 — 50880/ T 4)

where [7] is the dissolved i (i = Mg, Al, Mn, S, O) in the molten steel, (s) is the solid reactor or product,
K is the reaction equilibrium constant, T is the Kelvin temperature. The formation reactions of sulfide
inclusions can be expressed by Equations (5) to (8).

[Mg] + [S] = MgS(s) )
log Ky = —11.27+28893/T 6)
[Mn] + [S] = MnS(s) )
log K1, = 4.63—8794/T ®)

Figure 6 shows the stability diagram of inclusions for Fe-Mg-Al-Mn-O-S system at 1600 °C.
The equilibrium products are plotted on the diagram and the phase boundaries are represented as
heavy lines. The equilibrium products contain Al,O3, spinel (MgAl,O4), MgO and MeS (Mg 9Mny 15).
The calculation results clearly predict the precipitation of magnesium sulfide MeS containing a quantity
of MnS, which is consistent with the experimental results. The stoichiometry of MeS is calculated to
be MgpoMny 1S. MeS can coexist with MgO or spinel. The green shadow region in Figure 6 with [Al]
content below 0.23 pct. and [Mg] content higher than 0.0024 pct. is the stability region of MgO+MeS.
Instead, the yellow shadow region with [Al] content above 0.23 pct. and [Mg] content exceeding 0.0016
pct. is the stability region of spinel+MeS. In addition, the stability regions of Al,Os3, spinel and MgO
without MeS also exist with relatively lower [Mg] content.
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Figure 6. Stability diagram for Fe-Mg-Al-Mn-O-S system at 1600 °C (MeS: Mg9Mng 1S, Spinel:
MgAle4)

Figure 7 shows the effect of magnesium addition on the evolution of inclusions after sulfur
addition at 1600 °C. The initial composition of steel is Fe-0.03Al-1.2Mn-0.00150-0.15S in mass pct. The
result indicates that magnesium has a significant effect on the equilibrium products. Al,O3 is modified
to spinel when the mass fraction of [Mg] is below 0.0012 pct. However, when the mass fraction of [Mg]
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exceeds 0.0012 pct., MgO forms with the decomposition of spinel. It is noticed that MeS precipitates
from the molten steel when the mass fraction of [Mg] is higher than 0.0027 pct. It is thus concluded
that the formation sequence of inclusions is Al,O3 — spinel — MgO — MeS with the increase of [Mg]
content in steel.
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Figure 7. Effect of magnesium addition on the evolution of inclusions after sulfur addition (MeS:
MgpoMny 1S, Spinel: MgAl,Oy).

Figure 8 shows the effect of sulfur addition on the evolution of inclusions in Al-Mg deoxidized
steel at 1600 °C. The initial composition of steel is Fe-0.003Mg+0.03Al+1.2Mn+0.00150 in mass pct.
When the mass fraction of [S] in steel is below 0.1 pct., only MgO exists in the molten steel. If the mass
fraction of [S] is in the range 0.1-0.48 pct., MeS will precipitate from the molten steel, which results in a
decrease of [Mg] content. When the mass fraction of [S] is about 0.48-0.5 pct., MgO starts to decompose
with the formation of spinel and MeS, as shown in Equation (9). When the mass fraction of [S] is higher
than 0.5 pct., spinel and MeS coexist in the molten steel. Therefore, the effect of sulfur addition on the
evolution of inclusions can be ignored if trace amount of sulfur is added into steel, while excessive
addition of sulfur will result in the transformation of MgO to spinel accompanied by the formation
of MeS.

4MgO(s) + 2[Al] + 3[S] = MgO - AL,O3(s) + 3MgS(s) )

log K15 = —66.9+137559/T (10)

0.003Mg+0.03Al+1.2Mn+0.00150+S+98.7655F¢
0.016

—— MgO

00144 | McS ¥y
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Figure 8. Effect of sulfur addition on the evolution of inclusions after magnesium addition (MeS:
MgpoMny 1S, Spinel: MgAl,Oy).
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Owing to the rapid cooling rate, some significant transformations during solidification cannot
be detected in the experimental results. In order to investigate the evolution of secondary inclusions,
thermodynamic calculations were performed from 1600 °C to 1450 °C.

Figure 9 predicts the evolution of inclusions during solidification for Fe-Mg-Al-Mn-O-S system.
The initial steel composition is Fe-0.003Mg-0.03Al-1.2Mn-0.00150-1.5S in mass pct. The liquids
temperature (1530 °C) and solidus temperature (1500 °C) are presented as dotted lines, respectively.
The primary inclusions in molten steel are MgO and MeS before solidification. At the initial stage of
solidification (1530 °C to 1520 °C), MgO and MeS were stable. At the middle stage of solidification
(1520 °C to 1510 °C), MgO reacts with [Al] and [S] to form spinel and MeS through Equation (9). At the
last stage of solidification (1510 °C to 1500 °C), large amount of MnS precipitate from the residual
liquid steel. The equilibrium products after solidification are spinel, MeS and MnS.

0.003Mg+0.03A1+1.2Mn+0.00150+0.155+98.6155F¢
0.40

: £ t
—— .\Ir’ H H
0.38 *— MnS ;4 -4
. <+— Spincl § E
? 0.36 »— MgO é é \\“‘;\ ="
g g B _—
o= 0.34 4 s i r
- f
R4 |
S 032 [
5 /
.-J I
= d |
« 0.010 g £ £/%
= 2 8 /83
Z 0008 T ow /
= | MeS
@ g vt
= 0006 |
0.004 [ Spi
MgO fit/ ] pinel =
7 e S SRR /
e McS f
0.000 T t T N T
1600 1575 1550 1525 1500 1475 1450

Temperature (°C)
Figure 9. Equilibrium precipitation of inclusions during solidification for Mg-Al-Mn-O-S molten steel
(MeS: Mgo_ng’lOJ S, Spinel: MgAle4)
3.4. Formation and Transient Evolution Mechanism of Inclusions

According to the experimental results and thermodynamic calculations, the evolution mechanism
of inclusions with different adding order of magnesium and sulfur is described in Figure 10. In the first
case, magnesium is added before sulfur, as shown in Figure 10a. In the second case, sulfur is added
before magnesium, as shown in Figure 10b.

(a) T W e T |
" | Mg addition S addition ! | Soldification |
[Mg] l [Mg] [S] [Mg]
[0] » R
[ ¢ — ®
O a1 =P ® | BX.
[Mg] « ‘(A1) (A1} [Mn] ¢
Iime
(b) [Me] Mg] [S] [Mg]
S
[o1-, 4 . ¥
O+l 9 8
s1 -~ ) 4
I (A1) I I [Al] [Mn] ] ®
S addition Mg addition | | Solidification Solidification L 2
i 9 A0, @ M0ALO, (O Mgbubble ® (MgMn)S ® V0 MnS

Figure 10. Formation and evolution mechanism of inclusions with different adding order of magnesium
and sulfur for Fe-Mg-Al-Mn-O-S system.

The melting and boiling temperature of magnesium at atmospheric pressure are 650 °C and
1090 °C, respectively. Therefore, magnesium will vaporize rapidly at steelmaking temperature. The
generated bubbles tend to be dissolved into the molten steel during the floating process. The reaction
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can be expressed as Equation (11). Different adding order of magnesium would result in a difference in
the yielding rate of magnesium. The compositions analysis result in Table 2 shows that the magnesium
content in Exp. A is much lower than that in Exp. B.

In the case of magnesium added before sulfur, MgO forms around the magnesium bubbles after
magnesium addition, as shown in Equation (13). With the rapid diffusion of [Mg] in molten steel,
AlyO3 is modified to MgO by Equation (15). After the addition of sulfur, MgO is transferred to spinel
accompanied by MeS, as presented in Equation (9). The main reason is that the formation of MeS
decreases the [Mg] content in steel, which forces the reaction balance of Equation (3) moving toward
spinel production. In the process of solidification, MnS crystallize from the saturated liquid steel and
spinel inclusions work as the heterogeneous nucleation sites for MnS.

Mg(g) = [Mg] (11)

log Ky = —0.724 — 974/ T (12)
Mg(g) + [O] = MgO(s) (13)

log K3 = —10.88 + 32022/ T (14)
AlOs(s) + 3[Mg] = 3MgO(s) + 2[Al] (15)
log Kos = 24.46 — 31200/ T (16)

In the case of sulfur added before magnesium, the balances of [Mg]-[O] and [Mg]-[S] take place at the
same time. MgO and MeS precipitate simultaneously after magnesium addition. During solidification,
MgO is transformed into spinel and MeS before the precipitation of MnS with the enrichment of [S] in
the liquid steel.

4. Conclusions

In this work, laboratory experiments and thermodynamic calculations were performed to
investigate the effect of magnesium and sulfur adding order on the evolution of inclusions in Al-killed
free-cutting steel. The main conclusions are summarized as follows.

(1) In the case of magnesium added before sulfur, MgO is transformed into spinel immediately
after sulfur addition, while this transformation is calculated to take place during the equilibrium
solidification with the enrichment of [S] in the case of sulfur added before magnesium.

(2)  Under the experimental condition, MgS precipitates with a quantity of MnS and the stoichiometry
is calculated to be (MgpoMng 1)S.

(3) The stability diagram for Fe-Mg-Al-1.2Mn-0.00150-0.155 system is obtained and
the thermodynamic calculation results show that the equilibrium products are
Aly,O3/spinel/MgO/MeS at 1600 °C.
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