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ABSTRACT  
Ce in rare earth steel is easily oxidized to CeO2 in the continuous casting process. The CeO2 will 
affect the continuous casting mold slag fluidity and other physicochemical properties, so that the 
billet surface cracks and bonding leakage problems increase in the continuous casting production 
process. However, there are fewer studies on the effect of CeO2 on the fluidity of continuous casting 
mold slag. 
This study investigates the effect of CeO2 on the crystallization and viscosity of CaO-SiO2-Al2O3-
Na2O-CaF2 continuous casting mold slags. At the same time, the structure of the slag system was 
investigated by Raman spectroscopy. The viscosity in the slag at 1200-1500°C was measured by 
the rotating cylinder method. It was observed that the viscosity and the structural parameter Q3/Q2 
of the slag decreased with increasing CeO2 content. It is proved that CeO2 can reduce the 
polymerization of the slag structure, and the Q3/Q2 have a quantitative relationship with the viscosity 
of the slag. A viscosity model was constructed accordingly. 
When crystallisation occurs, the fluidity of the slag changes significantly. To study the crystallization 
of slag, the time-temperature transformation (TTT) diagrams for various slags are obtained using a 
single hot-thermocouple technique (SHTT). As CeO2 in the slag increases, the incubation time for 
isothermal crystallization decreases. CeO2 leads to a low polymerization of structure and a high 
migration rate of the substances in the slag. The increased crystallisation of CeO2 slag may be due 
to these two reasons. 
Then, the roles of CeO2 and Cr2O3 in slag were compared. Compared to Cr2O3, CeO2 does not 
transition from network modifier to network builder; CeO2 slag crystals nucleate at a faster rate; and 
the crystallisation has less effect on slag viscosity. 

INTRODUCTION  
Ce, as well as Cr, is widely used in wear resistant, heat resistant and heavy rail steels to improve 
the physicochemical properties of the steel. Moreover, both Ce and Cr are easily oxidized, which 
inevitably affects the composition of the continuous casting mold slag. As a result, there are some 
changes in continuous casting mold slag fluidity and other physicochemical properties, which are 
very important for the stability and quality of the steel production. For example, an excessive increase 
in CeO2 content may lead to the phenomenon of sticking breakout (Cai, Song, Li et al, 2019a). 
The fluidity of the continuous casting mold slag is not only affected by viscosity, but also by 
crystallization. At higher temperatures, the viscosity is influenced by the aggregation and dissociation 
of its structural network. However, when the temperature is below the liquid phase line temperature, 
the precipitation of crystals is the main factor affecting the fluidity. Thus, the temperature of critical 
viscosity (Tcv) is an important indicator showing the change of the viscosity-temperature curve (Xuan, 
Zhang and Xia, 2016; Zhang, Zhang, Wang et al, 2006). It represents the temperature at which 
crystallization begins to affect viscosity.  
Currently, some progress has been made in the study of the effect of cerium oxide on slag properties. 
The studies have partly focused on Ce2O3. Wu, Cheng and Long (2014) measured the viscosity at 
1500°C and found that the slag viscosity reached a maximum at a Ce2O3 content of 10 wt.%. Zheng 
(Zheng and Liu, 2022; Zheng, Liu, Qi et al, 2022) and Li (Li, Geng, Jiang et al, 2022) observed that 
the viscosity and the degree of polymerization (DOP) of the melt slag were subsequently reduced 
with the increase of Ce2O3. Qi, Liu, Liu et al (2021) found that the addition of Ce2O3 not only reduces 
the critical cooling rate of the protected slag, but also reduces the initial crystallisation temperature. 
However, CeO2 is the most stable state of cerium oxide at room temperature and Ce2O3 has 
significant practical application limitations (Zhao, Wu, Zhi et al, 2023). However, there are fewer 
studies on CeO2. Qi, Liu, Li et al (2016) found that the viscosity and fracture temperature decreased 
with the addition of CeO2. Cai, Song, Li et al (2019a; 2019b) found that the addition of CeO2 
decreasing the slag viscosity increases the crystallisation and solid slag thickness, resulting in a low 
heat transfer. Through literature research, it was found that CeO2 decreases the slag viscosity and 
increases the crystallisation capacity. However, the phenomenon of CeO2 has not been adequately 
explained and no attention has been paid to the quantitative relationship between slag structure and 
viscosity. 
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In our previous study (Chen, He, Wang et al, 2023), the changes in viscosity and crystallisation of 
Cr2O3 in the continuous casting mold slag were discussed in detail. Based on previous studies, this 
work investigates the effect of CeO2 on slag fluidity. The effect of CeO2 on the structure was 
investigated by analysing the viscosity and Raman properties of high temperature slags with different 
CeO2 contents. And the effect of CeO2 content on the crystalline properties of slag during isothermal 
processes was also investigated using the SHTT method. This study will provide theoretical support 
for the production and recycling of cerium-containing steel slag. 

EXPERIMENTAL METHODS 

Viscosity experiment 
In this study, the composition of the experimental slag was designed using the actual continuous 
casting mold slag composition as a reference, as shown in Table 1. The paper compares data from 
previous studies (Chen, He, Wang et al, 2023) with 2% Cr2O3 content, so the compositions are also 
listed here as Cr2 for comparison. And to compare with Cr2O3, the same amount of Cr2O3 was added 
to the 2% CeO2. 

TABLE 1 – Chemical compositions of the slags (wt.%). 

No. CaO SiO2 Al2O3 Na2O CaF2 CeO2 Cr2O3 
Ce0 35.44 37.48 3.78 10.72 12.58 0  

Ce1 35.08 37.10 3.75 10.61 12.45 1  

Ce2 34.73 36.73 3.71 10.50 12.33 2  

Ce3 34.37 36.35 3.67 10.40 12.20 3  

CrCe2 34.02 35.98 3.63 10.29 12.07 2 2 

Cr2 34.73 36.73 3.71 10.50 12.33  2 
The slag samples were prepared from corresponding reagent grade powder, and Na2CO3 was 
selected to substitute Na2O, CaO was obtained by calcining CaCO3 at 1000 °C for 6h, and the rest 
powders were dried at 600 °C for 4h.  

 
FIG 1 – The schematic experimental equipment for viscosity measurement. 

The viscosities of slags were measured with a viscometer (Brookfield, model DV2T). According to 
Table 1, the chemical powder was formulated as 140 grams and then completely mixed in Mo 
crucible. And the Mo crucible was heated to 1500 °C and kept under an Ar atmosphere for about 30 
minutes to ensure that the Na2CO3 decomposition reaction and the slag are completely mixed. When 
the shaft is working, torque is generated due to the viscosity of the slag. After the torque reaches 
equilibrium at the specified temperature, the data is recorded for 3 minutes and the slag viscosity is 
calculated from the average value of the torque. To ensure the accuracy of viscosity measurements, 
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the viscometer was calibrated with standard castor oil with a viscosity of 0.495 Pa·s at 25°C before 
starting each measurement. The schematic diagram of the experimental equipment for viscosity 
measurement is shown in Figure 1.  

SHTT experiment 
The SHTT technique is a proven experiment that combines thermocouple technology with 
computerized video observation and image analysis. As the thermocouple is in direct contact with 
the sample, the temperature can be controlled precisely and quickly. And the camera can capture 
video and images from the sample while it undergoes heat treatment. During the experiment, 
approximately 10 mg of slag was melted at 1500 °C for 60 s to eliminate air bubbles. The isothermal 
investigation of crystallization was performed by quenching at a cooling rate of 80 °C/s to the 
specified temperatures. During each isothermal dwell, the crystallization process was recorded and 
the start time of crystallization was determined as a time-temperature-transformation (TTT) diagram. 
The temperature variation of the experiment is shown in Figure 2. 

 
FIG 2 – Temperature settings for isothermal crystallisation 

To observe the microstructure at high temperature and the organization of crystallization, the slag 
was rapidly cooled to room temperature from 1400°C and 1200°C, respectively. The former was 
observed by Raman (Horiba LabRam HR Evolution) at room temperature after proved to be a glassy 
phase. The latter was studied by XRD (Rigaku SmartLab SE) using an argon ion laser beam with an 
excitation wavelength of 532 nm. 

RESULTS AND DISCUSSION 

Effect of CeO2 on the viscosity of melt slag 

 
FIG 3 – Relationship between viscosity and temperature of CeO2 in slag. 

The effect of CeO2 on slag viscosity is shown in Figure 3. With the increase of CeO2 content, the slag 
viscosity decreases gradually. The viscosity was measured separately at different rotational speeds. 
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It was found that the viscosity did not change with the speed at temperatures above 1350°C. It can 
be assumed that the slag is completely molten in this temperature interval and is a Newtonian fluid. 
And the relationship between Newtonian fluid viscosity and temperature can be expressed by the 
Arrhenius equation (Guzman, 1913): 

 lnη = ln𝐴𝐴𝜂𝜂 + 𝐸𝐸𝜂𝜂
𝑅𝑅𝑅𝑅

 [1] 
Where η is the viscosity, Aη is the pre-constant, R is the ideal gas constant, T is the absolute 
temperature, and Eη is the viscous activation energy. Avramov (2007) posits that the lnη and 1/T 
exhibit an increasing divergence from the linear trend over broader temperature ranges. The 
observed phenomenon may be attributed to two distinct factors. Firstly, the activation energy is a 
function of temperature, and secondly, structural ordering (e.g. crystallisation) may occur as the 
temperature decreases (Mauro, Blodgett, Johnson et al, 2014). However, for a smaller temperature 
range, the slopes of lnη and 1/T can represent the activation energy in the Newtonian fluid region. 
And it indicates the potential barriers that need to be overcome for melt flow. The higher the activation 
energy, the greater the obstacle to slag flow (Xing, Pang, Mo et al, 2020). And a change in the slope 
with temperature below 1350°C can be observed in Figure 3b. This may be the effect of slag 
crystallisation, which transforms the slag into a non-Newtonian fluid (Schwitalla, Bronsch, Klinger et 
al, 2017; Ma, Jiao, Zhang et al, 2021; Massoudi and Wang, 2011; Browning, Bryant, Hurst et al, 
2003). The turning temperature of the slope is the critical viscosity temperature (Tcv), which 
represents the point at which crystallisation begins to affect viscosity.  
The results of Tcv and the viscous activation energy are shown in Table 2. CeO2 reduced the viscous 
activation energy and increased the Tcv. This suggests that CeO2 reduced the resistance that needs 
to be overcome for slag flow and enhanced the effect of crystallisation on viscosity. However, the Tcv 
was about 1340°C without much change at CeO2 contents in the range of 1-3%.  

TABLE 2 – Viscosity fitting parameters of the slags. 

No. Ce0 Ce1 Ce2 Ce3 Cr2 CrCe2 
Tcv (°C) 1329 1347 1339 1343 1330 1357 

T > Tcv 

Eη (kJ/mol) 103.87 98.55 79.76 75.01 66.67 62.86 

lnAη (lnPa·s) -9.46 -9.23 -7.97 -7.85 -7.09 -7.1856 

R2 0.9918 0.9747 0.9983 0.9969 0.9774 0.9985 

T < Tcv R2 0.9949 0.9911 0.9971 0.9967 0.9890 0.9952 
To observe the different effects of Cr2O3 and CeO2 on the flowability of the continuous casting mold 
slag, Cr2O3 was added to the continuous casting mold slag at the same time. And the results of 
viscosity measurement and fitting are shown in Figure 4 and Table 2. It should be noted that the 
viscosity data of 2% Cr2O3 was measured in a previous study (Chen, He, Wang et al, 2023). 

 
FIG 4 – Relationship between viscosity and temperature of Cr2O3 and CeO2 in slag 
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As shown in Figure 4, at temperatures above the Tcv, the viscosity of the continuous casting mold 
slag containing Cr2O3 is similar to the slag containing CeO2 at the same percentage. However, the 
viscosity of the Ce2 is lower at low temperatures. This is an indication that the formation of crystals 
under the influence of Cr2O3 has a greater effect on viscosity. Compared to Cr2O3, CeO2 has a lower 
Tcv. This suggests that the temperature at which crystallization begins to affect viscosity is higher in 
CeO2 as the temperature decreases, and crystallization occur more rapidly. 
Meanwhile, the simultaneous addition of CeO2 and Cr2O3 resulted in lower viscosity and activation 
energy and higher Tcv of the slag compared to adding CeO2 and Cr2O3 alone. This suggests that the 
simultaneous addition of CeO2 and Cr2O3 together reduces the viscosity and increases the 
crystallisation of slag. However, the effect of crystallisation on viscosity was attenuated by the 
addition of CeO2 compared to Cr2O3 at low temperatures. 

Effect of CeO2 on the structure of melt slag 

  

FIG 5 – Raman spectra of different CeO2 contents 

The effect of CeO2 on the Raman spectra of the continuous casting mold slag is shown in Figure 5. 
And the results of the Gaussian fitting of the Raman spectra are shown in Figure 6. It should be 
noted that Raman results for the samples Ce0 and Cr2 have been reported in previous article (Chen, 
He, Wang et al, 2023) and are therefore not shown here.  
The peaks in the high-frequency region (800-1200 cm-1) represent the tetrahedral structure Qn (n 
stands for bridging oxygen of silicate or aluminium tetrahedron). According to McMillan (1984) and 
Mysen (Mysen, Virgo and Scarfe, 1980; Mysen, Finger, Virgo et al, 1982), the bands in the range of 
850-880, 900-930, 950-1000, and 1030-1060 cm-1 are assigned to Q0, Q1, Q2, and Q3 respectively. 
Raman bands in 620-750 cm-1 are more controversial. Some studies believe that this region is the 
frequency of bending vibrations of the bridging oxygen bonds of Si-O (Yan, Zhang and Li, 2020; 
Yadav and Singh, 2015), while others believe that it corresponds to the stretching vibrations of Al-
O0 in [AlO4]-tetrahedral units (Wang and Sohn, 2018). And there is a distinct band in the low 
frequency region (550-620 cm-1) which represents the Si-O-Si bond (Delaye, Gac, Macaluso et al, 
2021). As can be seen in Figure 5, the height of the Raman peak at 570 cm-1 becomes lower with 
the increase of CeO2 content. This indicates that the Si-O-Si bond decreases with the increase of 
CeO2 content. 
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FIG 6 – Deconvoluted Raman peaks in the high-frequency region for slag 

Deconvolution analysis of Raman spectra is required to reflect all possible structures represented 
by peaks at different positions. The Figure 6 illustrates the result of the deconvolution of the Raman 
spectrum in the high-frequency region by Gaussian fitting with R2 values greater than 0.999. Based 
on the area of each peak after fitting, a quantitative description of each structure can be made. And 
the relative percentages of each structure are shown in Figure 7.  
As can be seen in Figure 7, Q3 and Q2 decrease and Q1 and Q0 increase with the increase of CeO2 
content in the continuous casting mold slag. This represents that the silicate structure in the slag 
changes from chain and lamellar structures into monomer and dimer structures. The Q3/Q2, which is 
used to indicate the degree of structural polymerisation, is also decreasing. This suggests that CeO2 
acts as a network modifier in the structure and promotes the depolymerisation of the silicate network 
in this slag. Hence, with the increase of CeO2 content in the continuous casting mold slag, the 
decrease of the polymerisation degree of the continuous casting mold slag leads to the decrease of 
the resistance to flow at high temperatures (T>1350 °C). The viscosity drop is well explained.  
When an equal amount of Cr2O3 is added to the slag, Q3Q2 is transformed into Q0Q1. At the same 
time, Q3/Q2 becomes smaller. This suggests that Cr2O3 also acts as a network modifier, agreeing 
with previous findings (Chen, He, Wang et al, 2023). 
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FIG 7 – The percentage of Qn in the Raman spectrum 

In previous studies, we have found a quantitative relationship between Q3/Q2 and viscosity. 
Comparing this experiment with previous experimental results, consistent mathematical laws were 
found. And the results of fitting Q3/Q2 to the parameters lnAη and viscous activation energy Eη in the 
Arrhenius equation are shown in Figure 8. 
The results of the viscosity model constructed by Q3/Q2 are shown in Eqs. [2] and [3], and the 
average error of the calculated value of viscosity compared with the experimental value is 8.82%. 
As a result, the protective slag viscosity model applicable to Cr2O3 (Chen, He, Wang et al, 2023) is 
further extended to slag systems containing CeO2. 
 Eη= 637.34(Q3/Q2)-19.31 [2] 
 lnAη = -38.59(Q3/Q2)-2.03 [3] 

 
FIG 8 – Relationship between the ratio of Q3/Q2 and the Arrhenius equation parameters Eη and lnA 

Crystallization of CeO2 slag at the isothermal cooling condition 
Isothermal crystallization experiments were performed at 50°C intervals over a temperature range 
of 900 to 1400°C. The slag is located in the gap of the thermocouple. It is transparent at 1500°C 
(Figure 9 abc), which proves that the slag is completely melted before cooling. When the temperature 
is lower than the crystallization temperature, the precipitation and growth of white crystals are 
observed in the picture. The crystalline fraction of the slag is estimated by the ratio of the white 
crystal area to the total area of slag. 
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FIG 9 –Sample image at 1500 °C of (a) Ce1; (b) Ce2; (c) Ce3 

The isothermal transition curve (TTT) of CeO2 can be drawn based on the crystallization incubation 
time (τp) and the temperature T, as shown in Figure 10. The addition of CeO2 to the continuous 
casting mold slag reduces the τp of slag crystallization. This indicates that the slag nucleation 
becomes faster due to CeO2. When the CeO2 content increases to more than 2%, the nucleation 
occurs immediately when the temperature drops to the holding temperature. 
On the one hand, as CeO2 promotes the depolymerization of long-chain silicate anionic groups into 
monomers or dimers. The simple silicate structure has a great advantage in structural reorganization 
during crystallization. On the other hand, the decrease in the polymerization of the slag leads to a 
decrease in the viscosity of the slag and increases the migration rate of the substances in the slag. 
These two reasons work together to make continuous casting mould slag nucleation faster and 
crystallisation easier. 

 
FIG 10 – TTT curve of the continuous casting mold slag 

And the TTT curve shows that τp is shorter and crystallization is faster for CeO2 compared to the 
same Cr2O3 content. Compared to Cr2O3 slag, CeO2 slag nucleates faster. Meanwhile, in viscosity 
studies, the CeO2 slag was found to have a higher Tcv. This suggests that CeO2 is more conducive 
to crystal nucleation than Cr2O3. 
The XRD pattern of the slag obtained after rapid cooling at 1200°C is shown in Figure 12. The XRD 
patterns of all the slags showed that the main crystalline phase of the continuous casting mold slag 
is 2CaO∙SiO2, and when CeO2 with a content of 2% was added to the slag, CaSiO3 crystals were 
precipitated. Compared with the Cr2O3-containing slag, the CaSiO3 phase also appears in the slag 
with 2% CeO2. This may indicate that 2% CeO2 contributes to the precipitation of CaSiO3. 
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FIG 12 – XRD patterns of the slag samples at 1200°C 

CONCLUSIONS 
The influence of CeO2 on the flow properties of continuous casting mold slag was investigated. The 
following conclusions can be drawn. 

• The CeO2 reduced the viscosity and viscous activation energy of the slag. Meanwhile, Raman's 
resolution results showed that CeO2 reduced the polymerisation degree of slag. This indicates 
that CeO2 acts as a network modifier in the slag. 

• The degree of polymerization Q3/Q2 has a good quantitative relationship with viscosity. The 
viscosity equation expressed in terms of Raman spectroscopy was then developed. And the 
model was further derived from Cr2O3 continuous casting mould slag to CeO2 continuous casting 
mould slag. 

• CeO2 reduces the crystallisation incubation time τp in the TTT diagram and increases the 
viscosity transition temperature Tcv. This indicates that CeO2 promotes the nucleation of crystals. 
In this slag system, 2CaO∙SiO2 is the main crystalline phase. And the precipitation of the CaSiO3 
phase is promoted when the CeO2 content is 2%. 
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