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Abstract：According to the ion and molecule coexistence theory (IMCT) for molten slags and corresponding phase 

diagrams, a thermodynamic model for the evaluation of mass action concentrations (designated by N i for structure unit i) 

for Ce2O3-Al2O3, CaO-Al2O3-Ce2O3 and CaO-Al2O3-SiO2-Ce2O3 slag systems has been formulated. The results 

show that when the mole fraction of Ce2O3 is at 0.49 in the binary slag, the mass action concentration of Ce2O3Al2O3 

achieves its maximum value 0.90. In a composition area of CaO/Al2O3 (mass fraction ratio) from 0.7 to 1.5 and Ce2O3 

content (mass fraction) from 0 to 45% of the ternary slag at 1773K, the results show that trends of calculated 
32OAlN  

are in good agreement with reported measured trends of 
32OAla . The iso-curves of 

32OCeN  and CaON  are also 

drawn from the calculated results. The  thermodynamic model application to the equilibrium between 

55.83%CaO-23%Al2O3-11.17%SiO2- 10%Ce2O3 quaternary slag and molten steel containing aluminum has been 

further discussed. Results indicate that certain content of Ce would be dissolved in steel, which increases with the 

increasing of temperature and aluminum content, and when the aluminum content is 0.02%, the corresponding cerium 

content is in the range of 1.87 to 13.30ppm at 1873K. In summary, using Ce2O3 to replace Al2O3 can effectively reduce 

32OAlN , certain content of Ce can dissolved in steel. 

Keywords: CaO-Al2O3-Ce2O3, CaO-Al2O3-SiO2-Ce2O3, coexistence theory, mass action concentration, 

thermodynamic model 

1. Introduction 

In Al-killed steel, Al2O3 is one of the main inclusions which deteriorate steel performance as well as result in the 

submerged entry nozzle clogging during continuous casting [1]. In the process of steel refining, these harmful Al2O3 

inclusions can be removed by the absorption of the molten covering slag and are also usually modified to form low 

melting complex inclusions to reduce the harmfulness of alumina inclusions. 

Studies have shown that reducing the activity of Al2O3 and improve the fluidity properties of refining slag can 

effectively promote the refining slag absorption ability for Al2O3 inclusions [2, 3]. Shigeru UEDA et al. [4] have found 

that the activity coefficient of Al2O3 decreases with the increasing concentration of Ce2O3 to the CaO-Al2O3-Ce2O3 

system. In addition, the equilibrium of refining slag containing Ce2O3 and molten steel containing Al would have a 

small amount of Ce dissolved in steel [5] which plays an important role in the modification of fine Al2O3 inclusions and 

micro-alloying in steel. Long Hu et al. [6] investigated on the melting and fluidity properties of refining slag containing 

Ce2O3. They have found that the high basicity refining slag with appropriate content of Ce2O3 has good melting and 



fluidity properties. The above investigations show that the activity of Al2O3 in the slag is reduced with the addition of 

Ce2O3 to traditional refining slag used for absorption Al2O3 inclusions, as a result of formation of xCe2O3•yAl2O3 

compounds. Meanwhile the equilibrium between refining slag containing Ce2O3 and molten steel containing Al would 

have certain Ce dissolved in steel. 

Therefore, it is of great significance that the research on Al2O3-Ce2O3, CaO-Al2O3-Ce2O3 and CaO-Al2O3- 

SiO2-Ce2O3 slags which attained from the addition of Ce2O3 to traditional refining slags (CaO-Al2O3, CaO-Al2O3- 

SiO2). At present, only Shigeru UEDA et al. [4] have measured the activity of Al2O3 in CaO-Al2O3-Ce2O3 ternary 

system at 1773 K. Enough detailed data, systematic research and the thermodynamic calculation model of the 

Ce2O3-contained slag have not yet been reported in the literature so far. 

In the present work, according to the ion and molecule coexistence theory (IMCT) of slag structure and 

corresponding phase diagrams, the thermodynamic model for the evaluation of mass action concentration for 

Ce2O3-Al2O3, CaO-Al2O3- Ce2O3 and CaO-Al2O3-SiO2-Ce2O3 are formulated. Mass action concentrations of each 

structure units were gained with Matlab software. And the mass action concentration of Al2O3 was compared with 

reported experimental activity of Al2O3 in CaO-Al2O3-Ce2O3 slag system. Influencing factors of mass action 

concentration for Al2O3, Ce2O3 and CaO were investigated. On this basis, the equilibrium between 

CaO-Al2O3-SiO2-Ce2O3 and steel was also calculated from the view point of thermodynamics to study the probability 

of reduction of Ce2O3 to metals by aluminum and the probability of modification of Al2O3 inclusions by the cerium 

reduced from Ce2O3 in Al-killed steel. The results will provide scientific basis for further study and exploitation on the 

application of rare earth oxides in steelmaking refining slag. 

2. Thermodynamic model 

2.1 Hypotheses  

According to the classic hypotheses of IMCT described in detail elsewhere [7], the main assumptions in the developed 

thermodynamic model for calculating the mass action concentrations of structural units or ion-pair inclusions in 

Ce2O3-Al2O3, CaO-Al2O3-Ce2O3 and CaO-Al2O3-SiO2-Ce2O3 slags can be simply summarized as follows: 

(a) Structural units in the studied slags are composed of Ca2+, Ce3+ and O2- as simple ions, SiO2 and Al2O3 as simple 

molecules, silicates, and aluminates and so on as complex molecules. Each structural unit has its independent position 

in the slags. Every cation and anion generated from the same component will take part in reactions of forming complex 

molecules in the form of ion-pair as (Ca2++O2-) or (2Ce3++3O2-). 

(b) Reactions of forming complex molecules are under chemically dynamic equilibrium between the generated 

ion-pair from simple ions and simple molecules by taking (2Ce3++3O2-) and Al2O3 to form Ce2O3·Al2O3 as an example 

as (2Ce3++3O2-) +Al2O3=( Ce2O3·Al2O3). 

(c) Chemical reactions of forming complex molecules obey the mass action law. This implies that the chemical 

reaction equilibrium constant can be represented by the defined mass action concentrations in the following text. 



Table 1 Expression of structural units, their mole numbers and mass action concentrations of Ce2O3-Al2O3, 

CaO-Al2O3-Ce2O3 and CaO-Al2O3-SiO2-Ce2O3 slags at metallurgical temperature based on the ion and molecule 

coexistence theory. 
Slag system Structural units No Mole number of structural units Mass action concentration 

CaO- 
Al2O3- 
SiO2- 
Ce2O3 

CaO- 
Al2O3- 
Ce2O3 

Ce2O3- 
Al2O3 

2Ce3++3O2- 2 
322 OCenn =  ∑= innN 22 5  

Al2O3 4 
324 OAlnn =  ∑= innN 44

 

Ce2O3·Al2O3 13 
323213 OAlOCenn •=  ∑= innN 1313

 

Ce2O3·11Al2O3 14 
3232 1114 OAlOCenn •=  ∑= innN 1414

 

 

Ca2++O2- 1 CaOnn =1  ∑= innN 11 2  

CaO·Al2O3 5 
325 OAlCaOnn •=  ∑= innN 55

 

CaO·2Al2O3 6 
3226 OAlCaOnn •=  ∑= innN 66

 

CaO·6Al2O3 7 
3267 OAlCaOnn •=  ∑= innN 77

 

3CaO·Al2O3 8 
3238 OAlCaOnn •=  ∑= innN 88

 

12CaO·7Al2O3 9 
327129 OAlCaOnn •=  ∑= innN 99

 

  

SiO2 3 
23 SiOnn =  ∑= innN 33

 

CaO·SiO2 10 
210 SiOCaOnn •=  ∑= innN 1010

 

2CaO·SiO2 11 
2211 SiOCaOnn •=  ∑= innN 1111

 

3CaO·SiO2 12 
2312 SiOCaOnn •=  ∑= innN 1212

 

2CaO·Al2O3·SiO2 15 
232215 SiOOAlCaOnn ••=  ∑= innN 1515

 

CaO·Al2O3·2SiO2 16 
232 216 SiOOAlCaOnn ••=  ∑= innN 1616

 

3Al2O3·2SiO2 17 
232 2317 SiOOAlnn •=  ∑= innN 1717

 

2.2 Structural units in Ce2O3-Al2O3, CaO-Al2O3-Ce2O3 and CaO-Al2O3-SiO2-Ce2O3 slags 

According to the reported binary phase diagram of Ce2O3-Al2O3 slag [8], it can be reasonably obtained that there are 

two simple ions Ce3+ and O2-, one simple molecule Al2O3 and two kinds of complex molecules Ce2O3·Al2O3 and 

Ce2O3·11Al2O3, in the Ce2O3-Al2O3 slag, as listed in Table 1, at metallurgical temperature based on IMCT. 

Additionally, according to the ternary phase diagram of CaO-Al2O3-Ce2O3 slag [4], as compared with Ce2O3-Al2O3 

slag, there were added one simple ion Ca2+and five kinds of complex molecules, such as: CaO·Al2O3, CaO·2Al2O3, 

CaO·6Al2O3, 3CaO·Al2O3 and 12CaO·7Al2O3 in the CaO-Al2O3-Ce2O3 slag, as listed in Table 1, at refining 

temperature based on IMCT.  

From above mentioned hypotheses, it can be obviously deduced that there are three simple ions, including Ca2+, Ce3+ 

and O2-, and two simple molecules as SiO2 and Al2O3 in CaO-Al2O3-SiO2-Ce2O3 slag at metallurgical temperature 

with respect to the ion and molecule coexistence theory. According to the reported binary phase diagram of 

Ce2O3-Al2O3 and Ce2O3-SiO2 [9,10] slags, ternary phase diagrams of CaO-Al2O3-Ce2O3 and CaO–Al2O3–SiO2 

slags [11], in a refining temperature range from 1873 K to 1973 K, 16 kinds of complex molecules such as: CaO·Al2O3, 

CaO·2Al2O3, CaO·6Al2O3, 3CaO·Al2O3, 12CaO·7Al2O3, CaO·SiO2, 2CaO·SiO2, 3CaO·SiO2, Ce2O3·Al2O3, 



Ce2O3·11Al2O3, Ce2Si2O7, Ce4.47(SiO4)3O, CeSi2O5, 2CaO·Al2O3·SiO2, CaO·Al2O3·2SiO2 and 3Al2O3·2SiO2, can 

be formed in CaO-Al2O3-SiO2-Ce2O3 slag. However, the Gibbs free energy of three complex molecules among them 

such as: Ce2Si2O7, Ce4.47(SiO4)3O and CeSi2O5 are unknown. Therefore, this model manly takes into account 13 

kinds of complex molecules, as listed in Table 1. 

Finally, as listed in Table 1, the structural units of Ce2O3-Al2O3, CaO-Al2O3-Ce2O3 and CaO-Al2O3-SiO2-Ce2O3 

slag systems were determined, and the corresponding numbers are 4, 10 and 17, respectively. The total equilibrium 

mole number of all structural units can be expressed as ∑ in (mol). 

2.3 Model formulation of mass action concentrations 

The components of molten slag were defined respectively as follows:
 CaO

nb ∑=1 ,
322 OCenb = , 

21 SiOna = , 

322 OAlna = . The symbols of the mass action concentrations for all structure units were listed as following: CaONN =1 , 

322 OCeNN = , 
23 SiONN = , 

324 OAlNN = , 
325 OAlCaONN •= , 

3226 OAlCaONN •= , 
3267 OAlCaONN •= , 

3238 OAlCaONN •= , 

327129 OAlCaONN •= , 
210 SiOCaONN •= , 

2211 SiOCaONN •= , 
2312 SiOCaONN •= , 

323213 OAlOCeNN •= , 
3232 1114 OAlOCeNN •= , 

232215 SiOOAlCaONN ••= , 
232 216 SiOOOAlCaONN ••= , 

232 2317 SiOOAlNN •= . 

The chemical equations in the temperature range of 1600-1700℃ can be defined as follows [12, 13]: 
2+ 2-

(s) 2 3(s) 2 3(s)(Ca +O ) +Al O =CaO Al O⋅  TG 62.1918120 −−=∆ θ   2115 NNKN ⋅⋅=              (1) 

( ) )3(s2)3(s2)(s
2-2 OA2CaOA2OCa lOl ⋅=+++  TG 8.2616400 −−=∆ θ   2

2126 NNKN ⋅⋅=            (2) 

2+ 2-
(s) 2 3(s) 2 3(s)(Ca +O ) +6Al O =CaO 6Al O⋅    TG 2.3717430 −−=∆ θ   6

2137 NNKN ⋅⋅=           (3) 

2+ 2-
(s) 2 3(s) 2 3(s)3(Ca +O ) +Al O =3CaO Al O⋅

 TG 0.3217000 −−=∆ θ
 2

3
148 NNKN ⋅⋅=           (4) 

2+ 2-
(s) 2 3(s) 2 3(s)12(Ca +O ) +7Al O =12CaO 7Al O⋅  TG 1.20586100 −−=∆ θ

  7
2

12
159 NNKN ⋅⋅=         (5) 

2+ 2-
(s) 2(s) 2 (s)(Ca +O ) +SiO =CaO SiO⋅   TG 498.1081416 −−=∆ θ   31610 NNKN ⋅⋅=           (6) 

2+ 2-
(s) 2(s) 2 (s)2(Ca +O ) +SiO =2CaO SiO⋅  TG 016.4160431+−=∆ θ   3

2
1711 NNKN ⋅⋅=         (7) 

2+ 2-
(s) 2(s) 2(s)3(Ca +O ) +SiO =3CaO SiO⋅  TG 03.2393366 −−=∆ θ   3

3
1812 NNKN ⋅⋅=              (8) 

( ) )3(s232)3(s2)(s
2-3 OAOCeAO32C lOle ⋅=+++

 TG 04.155.58555 −−=∆ θ   42913 NNKN ⋅⋅=       (9) 

( ) )3(s232)3(s2)(s
2-3 OA11OCeA11O32C lOle ⋅=+++

 TG 56.8049323−=∆ θ
  

11
421014 NNKN ⋅⋅=    

(10)
 

2+ 2-
(s) 2 3(s) 2(s) 2 3 2(s)(Ca +O ) +Al O +2SiO =CaO Al O 2SiO⋅ ⋅ TG 23.554.13816 −−=∆ θ 2

3211151 NNNKN ⋅⋅⋅= (11) 

2+ 2-
(s) 2 3(s) 2(s) 2 3 2(s)2(Ca +O ) +Al O +SiO =2CaO Al O SiO⋅ ⋅ TG 29.606.61964 −−=∆ θ

32
2

11261 NNNKN ⋅⋅⋅= (12) 

2 3(s) 2(s) 2 3 2(s)3Al O +2SiO =3Al O 2SiO⋅  molJTG 46.104351−−=∆ θ
 

 2
3

3
21371 NNKN ⋅⋅=       (13)

 

The equilibrium constant θ
iK  of the all reactions can be calculated by ( )RTGK imri

θθ
,exp ∆−= . 

2.3.1 Ce2O3-Al2O3 slag system 



The total equilibrium mole number of all structural units in Ce2O3-Al2O3 slags can be expressed as 

1413425 nnnnni +++=∑  (mol). 

The mass action concentration of the structural unit is defined as a ratio of the equilibrium mole number of structural 

unit i to the total equilibrium mole numbers of all structural units according to IMCT, and all structural units in the form 

of simple ions, simple molecules, and complex molecules can be calculated by 
∑

=
i

i
i n

nN . The 
32OMeN  such as ion- 

pair (2Me3++3O2-), should be calculated by 
∑∑

=
+

=+=
−+

−+

i

MeO

i

MeOOMeOMe
MeOOMeOMeMeO n

n
n

nn
NNN 532

,,
,,

23

22 . 

Mass equilibrium formulas were listed below: 

( )∑ ++⋅= 141322 2.0 NNNnb                                                               (14) 

( )∑ ++⋅= 141342 11NNNna
                                                                (15) 

1141342 =+++ NNNN                                                                  (16) 

Therefore, the equation(9), (10) and (14)-(16) are the governing equations of the developed thermodynamic model 

for calculating mass action concentrations Ni of structural units or ion couples in the Ce2O3-Al2O3 slag. 

2.3.2 CaO-Al2O3-Ce2O3 slag system 

The total equilibrium mole number of all structural units in CaO-Al2O3-Ce2O3 slag can be expressed as 

141398765421 52 nnnnnnnnnnni +++++++++=∑  (mol). 

Mass equilibrium formulas were listed below: 

( )∑ +++++⋅= 9876511 1235.0 NNNNNNnb                                                (17) 

( )∑ ++⋅= 141322 2.0 NNNnb                                                               (18) 

( )∑ +++++++⋅= 14139876542 11762 NNNNNNNNna                                     (19) 

1141398765421 =+++++++++ NNNNNNNNNN                                         (20) 

Therefore, the equation (1)-(5), (9), (10) and (17)-(20) are the governing equations of the developed thermodynamic 

model for calculating mass action concentrations Ni of structural units or ion couples in the CaO-Al2O3-Ce2O3 slag. 

2.3.3 CaO-Al2O3-SiO2-Ce2O3 slag system 

The total equilibrium mole number of all structural units in CaO-Al2O3-SiO2-Ce2O3 slag can be expressed as 

1716151413121110987654321 52 nnnnnnnnnnnnnnnnnni ++++++++++++++++=∑ (mol). 

Mass equilibrium formulas were listed below: 

( )∑ ++++++++++⋅= 16151211109876511 2321235.0 NNNNNNNNNNNnb
                (21) 



( )∑ ++⋅= 141322 2.0 NNNnb
                                                             (22) 

( )∑ ++++++⋅= 17161512111031 22 NNNNNNNna
                                          (23) 

( )∑ +++++++++++⋅= 1716161514139876542 311762 NNNNNNNNNNNNna
              (24) 

11716321 =++⋅⋅⋅+++ NNNNN
                                                            (25) 

Therefore, the equation (1)-(13) and (21)-(25) are the governing equations of the developed thermodynamic model 

for calculating mass action concentrations Ni of structural units or ion couples in the CaO-Al2O3-SiO2-Ce2O3 slag. 

3. Results and discussion 

In a certain temperature, the calculation could carry out with certain slag components using the governing equations 

under the conditions of equilibrium state and the standard state. After linearization, Newton iterative method was used 

in Matlab software to gain all the mass action concentrations of each structural units or ion couples. 

3.1 Ce2O3-Al2O3 slag system 

The relationship between mass action concentrations of each structural unit in binary slag system of Ce2O3-Al2O3 

gained from the established thermodynamic model at 1873 K and the mole fraction of Ce2O3 is presented respectively 

in Fig.1. These results can be confirmed from Fig.1 that when mole fraction of Ce2O3 equals 0.49, the mass action 

concentration of Ce2O3Al2O3 achieves its maximum value 0.90 and both the mass action concentrations of Ce2O3 and 

Al2O3 maintain at very low levels owing to the strong combination ability of Ce2O3 and Al2O3, which combine to form 

Ce2O3Al2O3. However, if the mole fraction of Ce2O3 is greater than 0.49, the mass action concentration of Ce2O3 

would increases sharply. Oppositely, when the mole fraction of Ce2O3 is smaller than 0.49, the mass action 

concentration of Al2O3 would increases rapidly. 

 
Fig.1 The relationship between Ni in Ce2O3-Al2O3 slag and the mole fraction of Ce2O3 at 1873 K 

3.2 CaO-Al2O3-Ce2O3 slag system 

According to the established thermodynamic model, the mass action concentrations of each structural unit in 

CaO-Al2O3-Ce2O3 ternary system were calculated at 1773 K, while CaO/Al2O3 (mass fraction) is in the range of 

0.7~1.5 and the mass fraction of Ce2O3 is in the range of 0~45%. 



3.2.1 Mass action concentrations of Al2O3 

According to the calculation results, the iso-mass action concentrations curves of Al2O3 were drawn and compared 

with the iso-activity curves of Al2O3 measured by Shigeru [4] , as shown in Fig.2. 

 

Fig.2 The calculated iso-mass action concentration curves of Al2O3 and measured iso-activity curves of Al2O3 in 

CaO-Al2O3-Ce2O3 ternary slag system at 1773 K 

Fig.2 shows that compared with the 
32OAla , measured by equilibrating molten Cu and the CaO-Al2O3- Ce2O3 flux 

under a controlled oxygen partial pressure, the trends of 
32OAlN  decreasing with the increasing of CaO/Al2O3 or 

Ce2O3/Al2O3 are in good agreement with the reported measured trends of 
32OAla  in CaO-Al2O3-Ce2O3 slag system. 

This is closely related with the strong combination ability of Ce2O3 and CaO with Al2O3, which can combine to form 

various compounds. However, the calculated mass action concentrations of Al2O3 are 0.1 times that of the measured 

activity of Al2O3. The possible reason of the great difference between calculated 
32OAlN  and measured 

32OAla  is that 

the activity and mass action concentration are having different standard states. In addition, the thermodynamic data is 

not accurate and the structural unit of slag has uncertainty at high temperature, which still need be further perfected. 

Further studies reveal that the mass action concentration of Al2O3 decreases with the increasing of CaO/Al2O3 at a 

certain content of Ce2O3 and with the increasing of Ce2O3 content at a certain value of CaO/Al2O3, as shown in Fig.3. 

It can be observed from Fig.3 that the mass action concentration of Al2O3 has a small value when the value of 

CaO/Al2O3 is big and the content of Ce2O3 is high. 



 

Fig.3. The influence of CaO/Al2O3 and Ce2O3 content on mass action concentration of Al2O3 at 1773 K 

3.2.2 Mass action concentrations of Ce2O3 and CaO 

The iso-mass action concentration curves of Ce2O3 in CaO-Al2O3-Ce2O3 slag system at 1773K were shown in Fig.4. 

It can be seen from Fig.4 that when CaO/Al2O3 (mass ratio) is constant, the mass action concentrations of Ce2O3 

increase with the increasing of the content of Ce2O3. In addition, when the content of Ce2O3 is constant, the mass 

action concentrations of Ce2O3 increase with the increasing of CaO/Al2O3 (mass ratio). 

 
Fig.4 The iso-mass action concentration curves of Ce2O3 in CaO-Al2O3-Ce2O3 ternary slag system at 1773 K 

The iso-mass action concentration curves of CaO in CaO-Al2O3-Ce2O3 slag system at 1773K were shown in Fig.5. 

It can be seen from Fig.5 that when CaO/Al2O3 (mass ratio) is constant, increasing of the content of Al2O3 can result in 

decreasing the mass action concentrations of CaO; in addition, when the content of CaO is constant, increasing of 

CaO/Al2O3 (mass ratio) can lead to decreasing the mass action concentrations of CaO. 

 
Fig.5 The iso-mass action concentration curves of CaO in CaO-Al2O3-Ce2O3 ternary slag system at 1773 K 



3.3 CaO-Al2O3-SiO2-Ce2O3 slag system 

According to the established thermodynamic model, the mass action concentrations of each structural unit in CaO- 

Al2O3-SiO2-Ce2O3 quaternary slag system were calculated at the condition of that Al2O3+Ce2O3=33%, the 

CaO/Al2O3 equals to 4.5 and 5.5 and Ce2O3 content is in the range of 0~15% at 1773K. 

 

Fig.6 The influence of the content of Ce2O3 and basicity on the mass action concentrations of Ce2O3, Al2O3 and 

Ce2O3Al2O3 at 1773 K 

When the value of CaO/SiO2 equals to 4.5 and 5.5 respectively, the influence of the mass fraction of Ce2O3 on the 

mass action concentrations of Ce2O3, Al2O3 and Ce2O3Al2O3 at 1773 K were shown in Fig.6. It can be seen from 

Fig.6 that with the increasing of the mass fraction of Ce2O3, the mass action concentrations of Ce2O3 and 

Ce2O3Al2O3 increase and the mass action concentration of Al2O3 decreases respectively. Fig.6 also reveals that with 

the value of CaO/SiO2 increasing from 4.5 to 5.5, the mass action concentrations of Al2O3 and Ce2O3Al2O3 decrease 

and the mass action concentration of Ce2O3 increases respectively. 

On the basis of previous work, the thermodynamic model application to the equilibrium between 

CaO-Al2O3-SiO2-Ce2O3 refining slag and molten steel containing aluminum has been further discussed. The 

composition of the slag is represented as 55.83%CaO-23%Al2O3-11.17%SiO2-10%Ce2O3. The mass action 

concentrations of structural units in this slag were gained by previous formulated thermodynamic model basis on IMCT. 

Reaction (26), (27) and their standard Gibbs free energy can be deduced from reaction (9), Al and Ce deoxidization 

reaction [14]. 

][2)()(2][2 323232 AlOAlOCeOAlCe +⋅=+ TG 96.415.285315 −−=∆ θ ,J/mol                (26) 

][2)(2)(][2 323232 AlOCeOAlOCeCe +=⋅+ TG 88.115.168204 −−=∆ θ , J/mol                (27) 

][%Alfa AlAl =  
][%lg

1
jef

n

j

j
AlAl ∑

=

=                                                      
 
(28) 

][%Cefa CeCe =  ][%lg
1

jef
n

j

j
CeCe ∑

=

=                                                      (29) 



The relevant solute interaction coefficients of Ce and Al are listed in Table 2[15]. And the mass action concentrations 

of Ce2O3, Al2O3 and Ce2O3Al2O3 are listed in Table 3. 

The relation between cerium and aluminum in molten steel equilibrated with 55.83% CaO-23% Al2O3-11.17% 

SiO2-10% Ce2O3 quaternary slag were found out using equations (26)-(29) and data from Table 2 and Table 3 at 

1873K and 1973K, which is expressed as equations (30)-(33). 

Table 2 The interaction coefficient j
ie of the various elements in liquid steel in 1600-1700℃ 

i, j Al, Al Al, Ce Ce, Ce Ce, Al 

j
ie  0.043 -0.043 0.0039 -2.25 

Table 3 The mass action concentration of Ce2O3, Al2O3 and Ce2O3Al2O3 in 55.83% CaO-23% Al2O3-11.17% 

SiO2-10% Ce2O3 quaternary slag 
N Al2O3

 
Ce2O3

 
Ce2O3Al2O3

 

T=1873K 0.006171 0.01929 0.03122 

T=1973K 0.006398 0.02200 0.03050 

T=1873K 

2.30[%Al] + lg[%Al] - 0.047[%Ce]- lg[%Ce] =4.72                                                (30) 

2.30[%Al] + lg[%Al] - 0.047[%Ce] - lg[%Ce] =2.76                                                (31) 

T=1973K 

2.30[%Al] + lg[%Al] - 0.047[%Ce] - lg[%Ce] =4.53                                                (32) 

2.30[%Al] + lg[%Al] - 0.047[%Ce] - lg[%Ce] =2.60                                                (33) 

Fig.7 shows the thermodynamics conditions for different type of inclusions formation which is expressed as 

equations (31), (32) at 1873K and equations (33), (34) at 1973K. Fig.7 reveals that the content of cerium dissolved in 

steel increases with the increasing of temperature and the content of aluminum. It can be seen from Fig.7 that the 

Ce2O3•Al2O3 type inclusions would be formed when the content of aluminum was 0.02% with the cerium content in 

the range of 1.87ppm to 13.30ppm at 1873K and with the cerium content in the range of 2.25ppm to 15.50ppm at 

1973K. Consequently, Ce2O3 inclusions would form when cerium content higher than this range. On the other hand, 

when cerium content is lower than this range, the stable inclusions are mainly Al2O3. 



 

Fig.7 Ce2O3, Ce2O3•Al2O3 and Al2O3 formation conditions of [Ce] and [Al] at 1873K and 1973K  

4. Conclusions 

(1)Based on ion and molecule coexistence theory, the thermodynamic model formulations for calculating the mass 

action concentrations of structural units or ion-pair in Ce2O3-Al2O3, CaO-Al2O3-Ce2O3 and CaO-Al2O3-SiO2-Ce2O3 

slag systems are established. The mass action concentrations of each structural unit were gained in the three 

slag systems. 

(2) In Ce2O3-Al2O3 slag system, results show that when mole fraction of Ce2O3 is 0.49, the mass action 

concentration of Ce2O3Al2O3 achieves its maximum value 0.90 and both the mass action concentrations of Ce2O3 

and Al2O3  maintain at very low values. However, if mole fraction of Ce2O3 is greater than 0.49 the mass action 

concentration of Ce2O3 would increases sharply. Oppositely, when mole fraction of Ce2O3 is smaller than 0.49 the 

mass action concentration of Al2O3 would increases rapidly. 

(3) In CaO-Al2O3-Ce2O3 slag system, the trends of calculated mass action concentration of Al2O3 are in good 

agreement with the reported measured trends of activity of Al2O3, namely, the mass action concentration of Al2O3 

decreases with the increasing of CaO/Al2O3 at a certain content of Ce2O3 and with the increasing of Ce2O3 content at 

a certain value of CaO/Al2O3.The iso-mass action concentration curves of Ce2O3 and CaO are drawn from the 

calculated results. 

(4) On the basis of previous work, the thermodynamic model application to the equilibrium between 

CaO-Al2O3-SiO2-Ce2O3 slag and molten steel containing aluminum has been discussed. Results show that certain 

content of cerium would be dissolved in molten steel equilibrated with 

55.83%CaO-23%Al2O3-11.17%SiO2-10%Ce2O3 slag, which increases with the increasing of temperature 

and aluminum content, and the corresponding cerium content is in the range of 1.87~13.30ppm when the aluminum 

content is 0.02% at 1873K. 
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