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INTRODUCTION 
The composition, size, number, and distribution of inclusions 
in linepipe steels have a huge influence on the performance 
the linepipe steels. [1, 2] The solid inclusions may cause the 
clogging of the submerged entry nozzle.[3-5] The indeformable 
inclusions in linepipe steels can lead to the hydrogen induced 
cracking.[6-8] The control of inclusions is the key task of the 
steelmakers. There have been a large number of studies on the 
control of inclusions by lab experiments and plante trials.[9] 
Traditionally, it is suggested that inclusions in linepipe steels 
should be modified to liquind calcium aluminates at steelma-
king temperature.[10, 11] Meanwhile, the modification mach-
nism of the Al2O3 inclusions in Al-killed steel was widely investi-
gated. It is found that the Al2O3 inclusions were directly reduced 
by dissolved calcium or indirectly reduced via CaO formed from 
[Ca] and [O]. Inversely, it is also reported that CaS phase in 
inclusions are transiently formed immediately after the calcium 
addition, then decreases and disappears. [12-16] However, it is 
found that the fully liquid CaO-Al2O3 are in large size and easier 
to be rolled to stringer shaped inclusions.[17] Thus, to avoid the 
formation of the liquid CaO-Al2O3 inclusions, it is proposed that 
adding the insufficient or superfluous calcium can modify inclu-
sions to partially liquid CaO-Al2O3 inclusions, which can hardly 
lead to the nozzle clogging and the formation of the hydrogen 
induced cracking. To achieve the better controlling of inclu-
sion composition after the reaction equilibium, many efforts 

has been carried out to predict the deoxidation and inclusion 
formation in liquid pure iron by thermodynamic calculation.The 
deoxidation equilibrium relationship by single deoxidizer could 
be maturely predicted by thermodynamic calculation, such as 
Al-O[18, 19], Mg-O[20], Ca-O[21, 22], etc. The thermodynamic 
data of alloy elements in the molten steel were summarized 
and suggested by JSPS.[23] To predict the formation of complex 
inclusions such as Mg-Al-O, Al-Ti-O, Al-Ca-O, Al-Si-O, Mg-Al-
Ca-O, etc., the experimets and thermodynamic calculation for 
the pure iron with the addition of multi-deoxidizers have been 
conducted.[24-29] Especially, the application of thermodyna-
mic databases was introduced to steelmaking process[30, 31], 
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which significantly improve the accuracy of the thermodynamic 
prediction. However, most of the previous studies focus on the 
inclusion formation in the liquid iron, insteady of the real steel. 
Thus, the thermodynamics for the complex deoxidation of the 
pipeline steels was established and discussed in the current 
study.
To precisely predict composition variation with time of non-me-
tallic inclusions, steel, and slag, some kinetic model has been 
developed. Harada et al[32-34] developed a kinetic model to 
calculate composition changes in the molten steel, the slag, 
and the inclusion in ladle refining. The coupled reaction mo-
del was applied to the reaction between the molten steel/slag 
phase and the molten steel/inclusion originating from the slag. 
Empirical equations were used to calculate the rate of MgO 
dissolution in the slag from the refractory. Peter et al developed 
a model to model and simulate the ladle refining at two diffe-
rent LMF’s, refining Al-killed and Si-deoxidized steels using the 
process simulation program Metsim and the thermodynamical 
program FactSage.[35] A comprehensive model for inclusion 
development in gas stirred ladles developed by the Shu
and Scheller, which is a useful tool for simulation and optimi-
zation of ladle metallurgical treatments in industry.[36] Jung 
et al applied a the effective equilibrium reaction zone model 
using the FactSage macro processing code to develop a kinetic 
LF process model.[37] Shin et al developed a refractory–slag–
metal–inclusion multiphase reaction model by integrating the 
refractory–slag, slag–metal, and metal–inclusion elementary 
reactions in order to predict the evolution of inclusions during 
the secondary refining processes.[38] Piva et al simulated steel-
slag and steel-inclusion reaction kinetics in silicon-manganese 
killed steels using FactSage macros.[39] Ying et al developed 
kinetic models using FactSage Macro Processing to simulate 

the composition evolutions of slag, steel, and inclusions during 
the calcium treatment, slag refining, and reoxidation processes.
[40-43]
In the current study, a kinetic model was developed to predict 
the composition variation with time of non-metallic inclusions, 
steel and slag during LF refining of pipeline steels with the 
consideration of reactions between alloy elements and steel 
generating inclusions, slag and steel, between slag and lining 
refractory, between steel and lining refractory

THERMODYNAMICS FOR INCLUSIONS IN PIPELINE 
STEELS
The formed typical inclusions in linepipe steels are shown in 
Fig.1. During the production prcess of linepipe steels, the Al2O3 

inclusions formed after the Al deoxidation. As the reduction of 
MgO in slag and refractory, the Mg transfers to the moten steel 
and react with the inclusions. The formed typical MgO·Al2O3 
inclusion is shown in Fig.1(a). After the modification of the slag 
refining and the calcium treatment, the inclusions are modi-
fied to liquid calcium aluminate at steelmaking temperature, 
as shown in Fig.1(b). Fig.2 shows the equilibrium relation of 
oxygen and aluminum contents in steel at 1873 K. In Fig.2(a) 
shows the Al-O curve in pure iron at 1873 K. With an increase 
of Al in the liquid iron, the Al content decreases first and then 
goes up. The minimum concentration of O in the liquid iron can 
be lowered to 3 ppm. Fig.2(b) shows the Al-O curve in the line-
pipe steel at 1873 K. The oxygen content can be decreased to 
several ppm with the addition of Al. The formed inclusions are 
solid 2CaO·SiO2 with less than 0.01% Al, while the inclusions 
are liquid at steelmakine temperature with more than 0.01% 
Al. There is an obvious difference in liquind iron and the linepi-
pe steels, as shown in Figs.2(a) and (b).

Fig. 1 – The formed MgO·Al2O3 and CaO·Al2O3 inclusions in linepipe steels.

(a)  MgO·Al2O3 (b)  CaO·Al2O3
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(a) Al-O curve in pure iron. [9] (b) Al-O curve in linepipe steels. [15]

Fig. 2 – The equilibrium relation of oxygen and aluminum contents in pure iron and linepipe steels at 1873 K.

Fig.3 (a) shows the equilibrium relation of oxygen and calcium 
contents in pure iron under various S concentrations at 1873 K. 
With the increase of Ca in liquid iron, the oxygen content de-
crease first, then goes up. The oxygen content can be lowered 
to 2 ppm. The addition of S lowers the deoxidation ability of 
the Ca in liquid iron. Fig.3 (b) is the equilibrium of Ca-O curve 
in linepipe steels at 1873 K using Factsage with the FactPS and 
FToxid and FTmisc databases. The evolution route of oxide pha-

se is CaO·6Al2O3 → CaO·2Al2O3 → liquid inclusion → CaO. 
The oxygen can be decreased to roughly 5 ppm. With S increa-
sing from 0 ppm to 200 ppm, there is a slight decrease of the 
oxygen content due to the transformation of the formed oxides.
Since the interaction between O and S is much smaller than 
that between Ca and O , the relationship of the equilibrated 
oxygen content and the calcium content could hardly be in-
fluenced by S content.[44]

(a) Ca-O curve in pure iron. [9] (b) Ca-O curve in linepipe steels. [15]

Fig. 3 – The equilibrium relation of oxygen and calcium contents in pure iron and linepipe steels at 1873 K.

The effect of oxygen content on the equilibrium of sulphur and 
calcium contents in steel at 1873 K is shown in Fig.4. Fig.4 (a) 
shows the Ca-S curve in pure iron with various O. It can be seen 
that the S content decreases with the increasing Ca in liquind 
iron. Meanwhile, the S content obviously increases with the
increasing O content in the liquid iron. Meanwhile, the Ca-S 
curve in pure iron is shown in Fig.4 (a). In linepipe steels, the 

addition of Ca can significantly decrease the S content. As the 
dissolved oxygen increases, the desulphurization ability of cal-
cium is weakened obviously. The inflection points mainly caused 
by the oxide phase transformation. It can be inferred that the 
O content has a huge influence on the equilibrium relationship
between sulphur and calcium contents in the molten steel.
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(a) Ca-S curve in pure iron. [9] (b) Ca-S curve in linepipe steels. [15]

Fig. 4 – The equilibrium relation of oxygen and calcium contents in pure iron and linepipe steels at 1873 K.

The calculated stability diagram of Al-Ca-O system in the pure 
iron at 1873K is shown in Fig.5(a).[28] The formation of Al2O3, 
CaO·6Al2O3, CaO·2Al2O3, CaO·Al2O3, liquid calcium alumina-
tes, and CaO nclusion phases are considered in the current 
calculation. The Al2O3 and CaO are severally formed in the pure 
iron with additions of superfluous O and Ca. The calcium alu-
minates are formed between Al2O3 and CaO inclusions region. 
Fig.4 (b) shows the calculated Al-Ca-O inclusion diagram in 
linepipe steels at 1873K.[15] With the addition of Ca in line-

pipe steels, the inclusions evolve from Al2O3 to CaO·6Al2O3 to 
CaO·2Al2O3, liquid calcium aluminates. The CaS and 2CaO·SiO2 
are formed with the superfluous Ca. A remarkable difference 
in the deoxidation curve bretween real pipeline steel and pure 
iron was found since for real steels complex inclusions, such as 
calcium-aluminate, alumina and sulfide, were generated during 
the deoxidation rather than pure alumina with the increasing 
of the dissolved aluminum in steel.

(a) Pure iron[28] (b) Linepipe steels[15]

Fig. 5 – Stability diagram of inclusions in Al-Ca-killed steel.

KINETICS FOR EVOLUTION OF INCLUSIONS IN 
PIPELINE STEELS
The basic reactions between steel-slag-refractory-alloy-inclu-
sion-air during refining process was decribed in the previous 
study, as the schematic diagram shown in Fig. 6.[45] The reac-
tions of stee-slag, slag inclusions, alloy-steel, air-steel, refrac-

tory-steel, refractory-slag are considered in the current model. 
The reactions and the thermodynamic data can be found in our 
previous work. The reactions at interface were assumed to be
equilibrated at any time. Then, the mass transfer is the rate-
controlling step. Therefore, the reaction rate is mainly determi-
ned by the mass transfer coefficients.
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Fig. 6 – Schematic diagram of multiphase reactions during refining process[45]

In the current kinetic model, the empirical equations of the mass transfer coefficient calculation were corrected as following Eqs.
[1]-[4].

[1]

[2]

[3]

[4]

where km and ks are the mass transfer coefficients of mol-
ten steel and slag, respectively, m/s; km_inc and kinc are the 
mass transfer coefficients of steel and inclusion during steel-
inclusion reaction, m/s; ɛ is the effective stirring power, (W/t); T 
is the temperature of molten steel and inclusions, (K); D is the 
diffusion coefficient of elements in the molten steel, m2/s; uslip 
respects the relative velocity of steel and inclusion, m/s; dp is 
the inclusion diameter, μm; TS and TL are severally the solidus 
and liquidus of the inclusion, K.
A plant trial of ladle refining process of linepipe steels was 
simulated using the current developed model. The initial slag 
and steel are mainly CaO-Al2O3-SiO2-MgO and Al-killed linepi-

pe steels. The initial inclusions in the molten steel are 2μm solid 
Al2O3-rich inclusions. During the refining process, the lime was 
added to increase the CaO in the refining slag. To validate the 
accuracy of the current model, the calculated and the measured
T.S evolutions were compared in Fig.7. The predicted results 
shows a good agreement with the experimental ones, indica-
ting that the current model can be used to predict the reactions 
during the ladle refining process.
Fig.8 shows the predicted evolution of slag compositions du-
ring the ladle refining process. It can be seen that there is an 
obvious increase in CaO content with the addition of lime. 
Fig.9 shows the volution of T.Ca and T.Mg during the ladle re-
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fining process. It can be seen that the addtion of CaO leads to 
the increase of T.Ca.
Then, the T.Ca and T.Mg slowly goes down during the refining 
process, which may be caused by the floatation of Mg-con-
taining inclusions. Fig.10 shows the evoltion of the CaO and 

Al2O3 in inclusions in the molten steel.
The initial inclusions are mainly Al2O3. With the slag refining 
process, the Al2O3 inclusions are modified to liquid calcium alu-
minate. It can be inferred that the slag refining has an obvious 
influence on the inclusions composition.

Fig. 7 – Schematic diagram of multiphase reactions during refining process

Fig. 8 – Predicted evolution of slag composition during the ladle refining process

Fig. 9 – Predicted evolution of steel composition during the ladle refining process
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Fig. 10 – Predicted evolution of inclusion composition during the ladle refining process

To investigate the effect of inclusion size on inclusion composi-
tion evolution during the ladle refining process, the evolutions 
of 4.5μm, 15.5μm, and 95.5μm inclusions are compared in 
Fig.11. From the evolusions of Al2O3, CaO, and CaS in inclu-
sions. It can bee seen that the small inclusions are modified 
and almost unchanged after roughly 900 seconds. However, 
the 95.5μm inclusions can hardly reach the equilibrium after 

2400 seconds.
Meanwhile, the CaS can form by the slag refining without the 
calcium treatment. The MgO in inclusions slightly increases 
with the dissolution of MgO refractory. It is indicated that the 
small inclusions can be easily infuenced by the slag-steel-inclu-
sion reactions, while the large size inclusions would keep their 
main composition during the refining process.
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Fig. 11 – Predicted effect of inclusion size on inclusion composition evolution during the ladle refining process

CONCLUSIONS
(1) A remarkable difference in the deoxidation curve bretween 
real pipeline steel and pure iron was found since for real steels 
complex inclusions were generated during deoxidation rather 
than pure alumina with the increasing of the dissolved alumi-
num in steel.
(2) A kinetic model was developed to predict the composition 
variation with time of non -metallic inclusions, steel and slag 
during LF refining of pipeline steels. The reactions between al-
loy elements and steel generating inclusions, slag and steel, 
between slag and lining refractory, between steel and lining 
refractory were considered.
(3) The small inclusions can be easily infuenced by the slag-
steel-inclusion reactions, while the large size inclusions would 

keep their main composition during the refining process.
while the large size inclusions would keep their main composi-
tion during the refining process.
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