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Abstract: Data from a thermodynamic database and the calculation software FactSage were used to investigate the phase diagrams of the 
MnO−CaO−SiO2−Al2O3 system in cutting-wire steel and the effects of oxide components on the low-melting-point (LMP) zone in the cor-
responding phase diagrams. Furthermore, the activities of oxide components in the quaternary system at an Al2O3 content of 25wt% were 
calculated. The contents of dissolved [Al] and [O] in liquid steel in equilibrium with LMP inclusions in the MnO−CaO−SiO2−Al2O3 system 
were optimized. The results show that the MnO−CaO−SiO2−Al2O3 system possesses the largest LMP zone (below 1400°C) at an Al2O3 con-
tent of 25wt% and that the CaO content should be simultaneously controlled in the range of 40wt% to 45wt%. The activities of the oxide 
components CaO, MnO, and SiO2 should be restricted in the ranges of 0 to 0.05, 0.01 to 0.6, and 0.001 to 0.8, respectively. To obtain LMP 
inclusions, the [Al] and [O] contents in cutting-wire steel must be controlled within the ranges of 0.5 × 10−6 to 1.0 × 10−5 and 3.0 × 10−6 to  
5.0 × 10−5, respectively. 
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1. Introduction 

Currently, the compositional control of inclusions has 
become an important way to produce clean steel in the pro-
cess of steelmaking, especially in the cases of cutting-wire 
steel, tire-cord steel, and valve-spring steel [1−2]. Therefore, 
to reduce the harmful effects caused by brittle inclusions 
such as aluminum oxide and calcium aluminate, these inclu-
sions should be eliminated or replaced by low-melting-point 
plastic inclusions that are deformable during hot-rolling. 
According to Refs. [3−9], the deformability of inclusions is 
known to be directly related to their melting point and a 
lower melting point is known to result in a better deform-
ability. Moreover, the authors of several previous studies 
[10−13] have concentrated on the ternary systems MnO− 
SiO2−Al2O3 and CaO−SiO2−Al2O3 as well as on the quater-
nary system CaO−SiO2−Al2O3−MgO in tire-cord steel and 
have calculated the low-melting-point zones and optimal 
liquid steel compositions. However, compositional control 
of inclusions in cutting-wire steel has not been reported. 

Because Mn/Si deoxidization is an essential way to produce 
cutting-wire steel, the oxide inclusions formed during the 
steelmaking process tend to be MnO−CaO−SiO2−Al2O3. In 
this work, the thermodynamic database and FactSage soft-
ware are employed to calculate the phase diagrams of the 
MnO−CaO−SiO2−Al2O3 quaternary system and the activi-
ties of the oxide components. More importantly, by com-
bining our calculated results with the experimental results 
obtained for cutting-wire steel from one steel plant, we op-
timize the composition of liquid steel in equilibrium with the 
low-melting-point (LMP) inclusions. All of the thermody-
namic calculations performed using the software FactSage 
are based on the minimization of the total Gibbs energy at 
constant pressure and temperature [14].  

2. Experimental 

The composition of the experimental steel obtained from 
a single steel plant is listed in Table 1. Metallographic 
specimens were polished to allow the observation of inclu-
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sions in the cutting-wire steel. The compositions and mor-
phologies of one hundred inclusions were analyzed using 
scanning electron microscopy (SEM) in conjunction with an 
energy dispersive spectrometer (EDS). The types and propor-
tions of inclusions in the studied steel are shown in Table 2. 
The micrographs of complex inclusions are shown in Fig. 1.  

Table 1.  Chemical composition of the experimental steel    
sample                             wt% 

C Si Mn P S Als Cr T.O Fe 
0.83 0.18 0.50 0.0089 0.0080 0.0008 0.011 0.0022 Balance

Note: Als and T.O in Table 1 stand for the content of dissolved 
aluminum and the total content of oxygen, respectively. 

 
Fig. 1.  Typical SEM morphologies and EDS spectra of inclusions: (a) Al2O3−SiO2−MnO inclusion; (b) MnO−CaO−SiO2−Al2O3 in-
clusion; (c) Al2O3−MnO−MgO−CaO−SiO2 inclusion; (d) MnS inclusion. 
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Table 2.  Proportion of all kinds of inclusions 

Type of inclusions Proportion of inclusions / % 

MnS 83 

Al2O3−SiO2−MnO  4 

MnO−CaO−SiO2−Al2O3  9 

Al2O3−MnO−MgO−CaO−SiO2  4 

 
As shown in Table 2, three kinds of complex oxide inclu-

sions are present and the quaternary system MnO−CaO− 
SiO2−Al2O3 accounts for a large proportion of the inclusions; 
this result is directly related to the drawing property of cut-
ting-wire steel. Because the deformability of MnS inclusions 
is similar to that of the metal in the temperature range used 
in the steelmaking process, these inclusions are not taken 
into consideration. 

To obtain the widest liquid region at 1400°C, the rela-
tionship between the composition of the MnO−CaO−SiO2− 
Al2O3 inclusions and their melting point must be analyzed 
and the LMP (below 1400°C) zone in different phase dia-
grams should be compared. FactSage was used to calculate 
and draw 42 phase diagrams, including diagrams for MnO− 
CaO−SiO2−Al2O3 with w(MnO) = 0%, 5%, 10%, 15%, 20%, 
25%, 30%, 35%, and 40%, w(CaO) = 0, 5%, 10%, 15%, 
20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, and 60%, 
w(SiO2) = 0, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 
45%, and 50%, and w(Al2O3) = 0, 5%, 10%, 15%, 20%, 
25%, 30%, 35%, and 40%. 

3. Results and discussion 

3.1. Effect of MnO content on the LMP zone 

MnO, as the product of Mn/Si deoxidization, greatly af-
fects the LMP zone in the MnO−CaO−SiO2−Al2O3 system 
[15]. Control of the MnO content is therefore important to 
obtain a low liquidus temperature and low [O] content. The 
LMP zones at MnO contents of 0, 5wt%, 10wt%, 15wt%, 
20wt%, 25wt%, 30wt%, 35wt%, and 40wt% were calcu-
lated using FactSage. The phase diagram at w(MnO) = 10% 
(w(Al2O3) + w(SiO2) + w(CaO) = 100% and w(MnO)/ 
(w(Al2O3) + w(SiO2) + w(CaO)) = 10%) is shown in Fig. 2. 
The shaded regions indicate the liquidus zones at 1400°C.  

The phase diagrams of the MnO−CaO−SiO2−Al2O3 sys-
tem with a MnO content that varied from 0 to 40wt% were 
computed. For each case, the ratio between the area of the 
liquidus zone at 1400°C and the whole area of the 
CaO−Al2O3−SiO2 phase diagram is shown in Fig. 3. The 
liquidus zone (below 1400°C) extends significantly as the 
MnO content increases from 0 to 40wt%. Therefore, a rea-

sonable enhancement of the MnO content favors the forma-
tion of LMP inclusions. 

 
Fig. 2.  Predicted liquidus surface of the MnO−CaO−SiO2− 
Al2O3 system at 10wt% MnO. 

 
Fig. 3.  Ratio between the liquid area at 1400°C and the area 
of the whole phase diagram at different MnO contents. 

3.2. Effect of Al2O3 content on the LMP zone 

After Mn/Si deoxidization, the content of manganese 
silicate, which is the product of deoxidization, is reduced by 
Al that originates from the ferroalloy; the brittle inclusion 
Al2O3 is generated simultaneously. The effect of Al2O3 con-
tent on the LMP zone was analyzed to avoid the deleterious 
effect of solid Al2O3. FactSage was used to calculate phase 
diagrams of the MnO−CaO−SiO2−Al2O3 system with 
w(Al2O3) = 0, 5%, 10%, 15%, 20%, 25%, 30%, 35%, and 
40%. A sample phase diagram at w(Al2O3) = 25% (w(MnO)+ 
w(SiO2) + w(CaO) = 100% and w(Al2O3)/(w(MnO) + 
w(SiO2) + w(CaO)) = 25%) is shown in Fig. 4. The shaded 
region represents the liquidus zone at 1400°C. 

The phase diagrams of the MnO−CaO−SiO2−Al2O3 sys-
tem with an Al2O3 content that varies from 0 to 40wt% were 
calculated. The ratio between the area of the liquidus zone at 
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1400°C and the whole area of the CaO−MnO−SiO2 phase 
diagram is displayed in Fig. 5 for all of the investigated 
Al2O3 contents. The liquidus zone (below 1400°C) increases 
with as the Al2O3 content increases from 0 to 25wt% and 
then decreases remarkably at greater Al2O3 contents. The 
widest liquid zone at 1400°C is therefore obtained at an 
Al2O3 content of 25wt%.   

 
Fig. 4.  Predicted liquidus surface of the MnO−CaO−SiO2− 
Al2O3 system with 25wt% Al2O3. 

 
Fig. 5.  Ratio between the liquid area at 1400°C and the whole 
phase diagram area at different Al2O3 contents. 

3.3. Effect of CaO content on the LMP zone 

Because CaO is a component of the MnO−CaO−SiO2− 
Al2O3 system, an analysis of the effect of the CaO content 
on the liquidus temperature is necessary. FactSage was used 
to draw MnO−CaO−SiO2−Al2O3 phase diagrams at w(CaO) = 
0, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 
55%, and 60%. Fig. 6 presents the phase diagram at w(CaO) = 
10% (w(MnO) + w(SiO2) + w(Al2O3) = 100 wt%, and 
w(CaO)/(w(MnO) + w(SiO2) + w(Al2O3)) = 10%) as an exam-
ple. The shaded area represents the liquidus zone at 1400°C.  

The phase diagrams of the MnO−CaO−SiO2−Al2O3 sys-

tem when the CaO content was varied from 0 to 60wt% 
were calculated. The ratio between the area of the liquidus 
zone at 1400°C and the whole area of the MnO−SiO2−Al2O3 
phase diagram is shown in Fig. 7 for each case. The liquidus 
zone (below 1400°C) increases sharply as the CaO content 
increases from 0 to 40wt% and then decreases in the CaO 
content range of 45wt% to 60wt%. Control of the CaO con-
tent within the range of 40wt% to 45wt% therefore favors 
the formation of LMP inclusions. 

 
Fig. 6.  Predicted liquidus surface of the MnO−CaO−SiO2− 
Al2O3 system at 10wt% CaO. 

 
Fig. 7.  Ratio between the liquid area at 1400°C and the whole 
phase diagram area at different CaO contents. 

3.4. Effect of SiO2 content on the LMP zone 

As the product of Mn/Si deoxidization, SiO2 significantly 
affects the LMP zone in the MnO−CaO−SiO2−Al2O3 system, 
and the SiO2 content of inclusions is largely dependent on 
the basicity of the slag. FactSage was used to construct 
MnO−CaO−SiO2−Al2O3 phase diagrams at SiO2 contents of 
0, 5wt%, 10wt%, 15wt%, 20wt%, 25wt%, 30wt%, 35wt%, 
40wt%, 45wt%, and 50wt%. Fig. 8 presents the phase dia-
gram at w(SiO2) = 30wt% as an example. The shaded region 
represents the liquidus zone at 1400°C.  
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Fig. 8.  Predicted liquidus surface of the MnO−CaO−SiO2− 
Al2O3 system with 30wt% SiO2. 

The phase diagrams of the MnO−CaO−SiO2−Al2O3 sys-
tem with a SiO2 content that varied from 0 to 50wt% were 
calculated. The ratio between the area of the liquid region at 
1400°C and the whole area of the MnO−CaO−Al2O3 phase 
diagram is shown in Fig. 9 for each case. The liquidus zone 
at 1400°C is almost unchanged as the SiO2 content increases 
from 0 to 30wt% and increases at higher SiO2 contents. 
Therefore, the SiO2 content should be controlled to exceed 
30wt%. 

 
Fig. 9.  Ratio between the liquid area at 1400°C and the whole 
phase diagram area at different SiO2 contents. 

3.5. Isometric (Iso)-activity diagrams of the MnO−CaO− 
SiO2−Al2O3 system 

In addition to calculating the phase diagrams, we also 
studied the activities of the oxide components in the MnO− 
CaO−SiO2−Al2O3 system at an Al2O3 content of 25wt% us-
ing the FactSage software. The resulting iso-activity curves 
are shown in Fig. 10. The results demonstrate the following.  

 

Fig. 10.  Iso-activity diagrams of CaO
(a), MnO (b), and SiO2 (c) in the
MnO−CaO−SiO2−Al2O3 system. 
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(1) The activity of CaO increases with increasing CaO/SiO2 
ratio and decreases with increasing MnO content or SiO2 

content. In the liquidus zone, the activity of CaO varies from 
0 to 0.05 and the controlled range is relatively small. (2) The 
activity of MnO increases with increasing CaO/SiO2 ratio 
and decreases with increasing SiO2 content. In the liquidus 
zone, the activity of MnO varies from 0.01 to 0.6 and the 
controlled range is large. (3) The activity of SiO2 decreases 
with the increasing CaO/SiO2 ratio. In the liquidus zone, the 
activity of SiO2 varies within a large range of 0.001 to 0.8. 

3.6. Control of composition in liquid steel 

To obtain LMP MnO−CaO−SiO2−Al2O3 inclusions,   
the composition of the steel must be well controlled.   
From the above calculation results, the MnO−CaO−SiO2− 
25wt%Al2O3 (w(MnO) + w(SiO2) + w(CaO) = 100% and 
w(Al2O3)/(w(MnO) + w(SiO2) + w(CaO)) = 25%) system 
exhibits the largest liquid zone at 1400°C. Therefore, the [Al] 
and [O] contents in the liquid steel must be controlled to 
obtain LMP inclusions in the MnO−CaO−SiO2−25%Al2O3 

system. The [O] content in liquid steel with a composition of 
[C] = 0.83wt%, [Si] = 0.18wt%, and [Mn] = 0.50wt%, 
which was in equilibrium with the inclusions of the 
MnO−CaO−SiO2−25%Al2O3 system at 1600°C, was calcu-
lated from the following equation: 
[Si] + 2[O] = (SiO2),  

1G−Δ ○ 581900 221.8 ,T= − + J/mol [16]  (1) 

where 1G−Δ ○ is the Gibbs free energy at equilibrium and T 
is the absolute temperature.    

The iso-[O]×106 curves were obtained by the iterative 
method, and the activity of SiO2 was calculated using the 
FactSage software. The Wagner equation and the interaction 
coefficients of Sigworth and Elliott [16] were used to calcu-
late the activity coefficients of silicon and aluminum. Fi-
nally, the iso-[O]×106 curves were drawn; the results are 
shown in Fig. 11. 

The [Al] content in liquid steel being equilibrated with 
the MnO−CaO−SiO2−25wt%Al2O3 system at 1600°C was 
calculated from Eq. (2) for [C] = 0.83wt%, [Si] = 0.18wt%, 
and [Mn] = 0.50wt% using the value of 2G−Δ ○.  
2
3

(Al2O3) + [Si] = (SiO2) + 4
3

[Al],  

2G−Δ ○ 219400 35.7 ,T= − J/mol.   (2)   

The Wagner equation and the interaction coefficients of 
Suito and Inoue [1] were used to calculate the activity coef-
ficient of aluminum. Finally, the iso-[Al]×106 curves were 
drawn; the results are shown in Fig. 12. 

 
Fig. 11.  Iso-[O]×106 curves in the MnO−CaO−SiO2−Al2O3 

system at 1600°C. 

 
Fig. 12.  Iso-[Al]×106 lines in the MnO−CaO−SiO2−Al2O3 sys-
tem at 1600°C. 

The curves in Figs. 11 and 12 correspond to the inclusion 
composition in equilibrium with liquid steel with a compo-
sition of [C] = 0.83wt%, [Si] = 0.18wt% and [Mn] = 
0.50wt%, which is similar to the composition of the cut-
ting-wire steel. Given the required low [O] content, control 
of the [Al] and [O] contents in the liquid steel within a range 
of 0.5 × 10−6 to 1.0 × 10−5 and 3.0 × 10−6 to 5.0 × 10−5, re-
spectively, is a reasonable method for obtaining LMP inclu-
sions.  

To verify the above theoretical calculation results, the 
MgO and MnO contents in the inclusions were converted 
into CaO content and the processed compositions were 
overlaid onto the CaO−SiO2−Al2O3 phase diagram. The dis-
tribution of the observed oxide inclusions is depicted in Fig. 
13. The results reveal that most of the oxide inclusions are 
distributed in the LMP zone and that the calculation results 
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can guide actual production to some degree. The steel com-
pany from which the samples were acquired successfully 
controlled the composition control of inclusions. 

 
Fig. 13.  Distribution of observed oxide inclusions in the 
CaO−SiO2−Al2O3 phase diagram. 

4. Conclusions 

Inclusion control of cutting-wire steel was studied using 
the thermodynamic software FactSage. Forty-two phase 
diagrams were constructed to analyze the effect of each 
component oxide in the MnO−CaO−SiO2−Al2O3 system on 
the liquidus temperature. The liquid steel composition was 
controlled to obtain LMP inclusions in the MnO−CaO− 
SiO2−25%Al2O3 system. The following conclusions were 
drawn: 

(1) The LMP zone (at 1400°C) in the MnO−CaO−SiO2− 
Al2O3 system is the largest when the Al2O3 content is 25wt%; 
the content of CaO should be controlled in the range of 
40wt% to 45wt%. 

(2) The activities of CaO, MnO, and SiO2 should be re-
stricted in the ranges of 0 to 0.05, 0.01 to 0.6, and 0.001 to 
0.8, respectively. 

(3) The [Al] and [O] contents in the liquid steel should be 
controlled in the ranges of 0.5 × 10−6 to 1.0 × 10−5 and 3.0 × 
10−6 to 5.0 × 10−5, respectively, to obtain LMP inclusions in 
the MnO−CaO−SiO2−25%Al2O3 system. 
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