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ABSTRACT 

The present thesis focuses on the interaction between refractory and liquid steel. The aim of this 

work is to understand the interaction behavior between refractory and liquid steel regarding steel 
cleanliness. The effect of different refractories (alumina, spinel and MgO) on different inclusions 
(alumina, spinel and calcium aluminate) in Al-killed steel was studied in a furnace at 1873 K with 

good control of oxygen partial pressure. The sintering mechanism of filler sand were also 
investigated in laboratory at different temperatures and holding times by using different filler sands 
and steel grades. In the industrial trials, the attachments of different oxides on the walls of 

submerged entry nozzle (SEN) were discussed in the cases of high strength low alloy steel (HSLA) 
and ultra-low carbon steel (ULC) in different steel plants. 

It is found that the effect of alumina and spinel refractory on all the three types of inclusions is very 

little, while MgO refractory influences the inclusions depending on the activity of dissolved oxygen 
in liquid steel. At low oxygen level, alumina inclusions could transform into spinel inclusions with 
the help of MgO refractory, while the effect on spinel and calcium aluminate inclusions is not 

evident. On the other hand, when the activity of dissolved oxygen is high enough, the evolution of 
spinel inclusions from alumina inclusions could not be seen.  

The reaction between chromite and silica grains leading to liquid formation is the main mechanism 
for the sintering of filler sand. The factors viz. steel composition, silica size and content, operation 
temperature and process holding time have a strong influence on the sintering of the filler sand. 

Smaller size and higher content of silica in sand, steel grades containing higher Mn and Al contents, 
higher temperature and longer holding time would result in serious sintering. The choice of the 
sand needs to take those factors into account. 

The results show that solid alumina particles are always agglomerated on the inner wall of SEN in 
the case of ULC steel. The top slag with high FeO and MnO contents is considered as the main 

reason of this kind of attachments. The removal of slag might be a good method to avoid the 
attachments. In the case of HSLA steel, liquid calcium aluminate inclusions could attach on the 
inner wall of SEN as well. The smoothness of the inner wall of the SEN holds the key of liquid 

attachments. In addition, the attachment situation on the outer wall of SEN depends on the 
operations. The oxygen entrainment through the mold powder would result in the formation of 
plate-like alumina attachments. The control of reoxidation due to oxygen entrainment would help 

to avoid this situation. 

Key words: refractory, inclusions, Al-killed steel, submerged entry nozzle, clogging  
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1 INTRODUCTION 

The control of steel cleanliness is one of the most important tasks for secondary steelmaking. In 

order to get better cleanliness, a lot of efforts were paid by a number of researchers. Many of them 
pointed out that refractory would influence the cleanliness of steel during production process. [1-14] 

Brabie et al [2-3] proposed that Mg gas can be generated from the reduction of MgO by the carbon 
in refractory, leading to the formation of spinel inclusions. Many publications [4-12] also indicated 
that the reduction of MgO refractory by dissolved Al could supply dissolved Mg to liquid steel as 

well. Besides, some researchers [7-8] believed that MgO refractory can also be reduced into 
dissolved Mg by the dissolved carbon in high carbon steels, e.g. bearing steels. In industrial practice, 
the inclusions of MgO are also found in liquid steel by some investigators, [13-14] and those 
inclusions may come from MgO refractory. Meanwhile, the formation of the inclusions with MgO 

islands inside calcium aluminate liquid phase is also related to MgO refractory.  

Ladle free-opening rate is an important factor for casting process. If the ladle could not open freely, 

namely the ladle well is blocked by the sintered filler sand, oxygen lancing is usually employed. 
This would strongly worsen the cleanliness of the liquid steel due to the large amount of oxygen. 
[15] In order to increase ladle free-opening rate, many studies [16-18] have been carried out to reduce 

the blocking of ladle well, and proposed three blocking mechanisms:[15, 19] namely (1) larger 
thickness of sintered sand layer; (2) larger thickness of solidified steel on the top of sand; (3) the 
infiltration of liquid steel into sand. Some of these studies [16] only paid attention to the sintering of 

sand, while some of them [17-18] focused on the interaction between the sand and liquid steel.  

During continuous casting, the attachment of different oxides on the wall of submerged entry 

nozzle (SEN) is still a hot topic for metallurgists, since it may cause clogging and influence 
castability and steel final quality. Valuable information about clogging behavior has been obtained 
by a lot of researchers. [20-27] Many investigators [20-21] found that alumina was the main phase of 

clogging during the casting of Al-killed steels, and proposed that the deoxidation product (alumina 
inclusions) was the main reason of clogging. Some indicated that the reaction between liquid steel 
and the refractory of SEN would also result in clogging. [22-23] Besides, reoxidation was also 

proposed as one of the clogging reasons by some researchers. [24-25] However, most of researchers 
believed that the alumina inclusions already presented in steel before casting were the main source. 
[26] Therefore, the modification of these inclusions by calcium treatment is usually considered as 

an efficient method to decrease clogging. 

As mentioned above, the refractory will influence the formation and evolution of inclusions in steel, 

and consequently affect the properties of final steel products. The usage of oxygen lancing for 
blocked ladle well and the flush-off of macro-attachments on SEN by liquid flow will evidently 
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decline the grade of steel as well. It implies that the interaction between refractory and liquid steel 
would be very significant for the control of steel cleanliness. Although many studies were 
conducted to investigate the interaction between liquid steel and refractory, the effects of alumina 

and spinel refractories on inclusions were seldom revealed. Further understanding of the effects of 
different refractories on different types of inclusions is required. Moreover, the blocking 
mechanism of ladle well is still questioned, and the sintering behavior of filler sand with liquid 

steel is not clearly understood. Therefore, a systematical investigation is also needed. Additionally, 
in industrial practice clogging still occurs sometimes after calcium treatment. Different oxides, e.g. 
alumina and calcium aluminates are found on the wall of SEN for calcium-treated steel, even the 

calcium content is adjusted by steelworkers. The different attachment behaviors of different oxides 
(even with same composition, but different morphologies) still need to be investigated in detail. In 
order to help the improvement of steel cleanliness, the points mentioned above are chosen as the 

focus of the present thesis. Figure 1 gives the scope of the thesis.  

 
Figure 1. Scope of present thesis 

In Supplement 1, the effect of different refractories (alumina, spinel and MgO) on different 
inclusions (alumina, spinel and calcium aluminate) in Al-killed steel was studied by the comparison 

between laboratory results and industrial findings. Supplement 2 and Supplement 3 present the 
study on the sintering mechanism of filler sand and the effects of operation factors (temperature 
and holding time) by using different filler sands and different steel grades. In the cases of both 

HSLA and ULC steelmaking, the attachment behaviors of different oxides (liquid calcium 
aluminate, solid alumina particles and platelets) on the walls of SEN are shown in Supplement 4 
and Supplement 5.  
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2 EXPERIMENTAL 

2.1 Laboratory Experiments 

2.1.1 Materials 

2.1.1.1 Oxide Plate and Stick 

Three types of refractory plates (diameter 18 mm) were used in the present study, namely alumina, 

spinel (mole ratio MgO/Al2O3 = 1:1) and MgO, which were made from analytical reagents. The 
plates were made by the following steps: (1) well mix the powders of raw agents; (2) put the 
powders in a mold and press into a plate with a pressure of 20 MPa; (3) place the plate in a muffle 

furnace at 1773 K and sinter for 8 hours.  

Three different types of oxide sticks were also employed to simulate inclusions in steel. Some big 

sticks were cut from oxide plates, which were made by the same method of refractory plates. 
Thereafter, the big sticks were polished into thin oxide sticks (diameter < 1.5 mm). In order to keep 
the stick in solid phase at steel temperature, CaO∙2Al2O3 (simplified as CA2 in the following text) 
was chosen for experiments. 

2.1.1.2 Sand Pellet 

Two kinds of chromite based filler sands (provided by PURMETALL in Germany) were applied in 

the experiments, viz. Sand A and Sand B. Two phases are contained in both sands, namely chromite 
(Fe, Mg)O·(Cr, Al)2O3 and silica. The silica content in Sand A was less than 20 mass%, while in 
Sand B it was more than 25 mass%. Chromite grains in both sands were very similar in size. In 

Sand B, the sizes of silica grains and chromite grains were almost the same, while silica particles 
in Sand A were much larger than chromite grains.  

Some sand pellets were used in the experiments. The preparation procedure of sand pellets is given 
as follows: (1) well mix 4 g sand grains with 5 drops of organic binder solution (5% PVA); (2) 
press them in a mold (ID: 16 mm) with a pressure of 15 MPa to get a wet pellet; (3) dry the wet 

pellet in a muffle furnace at 773 K for 3 hours. At that temperature, the organic binder would totally 
escaped from the pellets. 

2.1.1.3 Steel Grades 

Three steel grades are applied in laboratory experiments. The main composition of each steel grade 

is given in Table 1. Steel I and Steel II were micro-alloyed steels, while Steel III was close to 
industrial pure iron. Steel I and Steel III were used to study the effect of refractory on inclusions, 
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and Steel II and Steel III were applied to investigate the interaction between liquid steel and filler 
sand.  

Table 1. Compositions of experimental steels (mass%) 
Steel C Si Mn Cr Al 

I 0.23 0.30 1.5 1.00 0.025 
II 0.23 0.30 1.05 1.20 0.025 
III 0.005 0.003 0.06 0.01 0.001 

 

2.1.2 Setup 

Figure 2 shows the experimental setup. As shown in this figure, it is composed of an alumina 
reaction tube and a quenching chamber. They are internally connected and sealed by O-rings, and 
could be evacuated by a vacuum pump. A Eurotherm controller is used to control the temperature 

in the reaction tube. High flow rate of pure argon could be introduced into the water-cooled 
quenching chamber to enhance quenching. A graphite (or molybdenum) sample holder is hung on 
a steel rod, and their position could be adjusted by a lifting motor. The gap between the top 

aluminum cover and the steel rod is also sealed by O-rings. Meanwhile, the flow rate of reaction 
gas is controlled by flow meter.  

 
Figure 2. Sketch of Furnace 
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In order to study the effect of different refractories on different inclusions, Steel I and Steel III were 
cut into small pieces (weighted about 30 g/piece), and a small hole was drilled in the middle of 
each piece. As shown in Figure 3, some refractory plates were positioned at the bottom of the 

alumina crucibles (inside diameter 20 mm). The oxides sticks were put in the hole of each steel 
piece, and placed above the refractory plates. The position of each stick was fixed by some alumina 
plates to keep the stick in the middle of liquid steel after the melting of steel. It is also necessary to 

mention that when MgO crucibles (inside diameter 20 mm) were used, there was no need to use 
refractory plate.  

 
Figure 3. Arrangement of refractory and oxide sticks 

 
Figure 4. Arrangements of different experimental types for the sintering of sand  

(a) Only sand; (b) Only sand pellet; (c) Sand pellet with steel; (d) Sand with steel at high pressure 

Four types of different experiments as shown in Figure 4 were carried out to study the sintering of 
filler sand. Both molybdenum and alumina crucibles were employed. As shown in Figure 4(a)-(b), 

Type (a) and Type (b) experiments with molybdenum crucibles were designed to compare the 
sintering difference between sand grains and a pellet. Sand grains and sand pellets were used in 
Type (a) and Type (b) experiments, respectively. By using sand pellets with alumina crucibles, the 
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focus of Type (c) experiment was the interaction between the filler sand and liquid steel (Steel II 
and Steel III). In addition, Type (d) experiment was applied to study the infiltration of liquid steel 

into sand. A gas pressure similar to that in real ladle was considered in this type of experiment.  

2.1.3 Procedure 

In a typical run, the crucibles were placed in a sample holder and then positioned in the quenching 
chamber by the steel rod. The reaction tube and the quenching chamber were sealed, evacuated and 

filled with argon. After triple repetition of evacuating and argon filling, the furnace was heated up, 
and the inlet gas was switched to the reaction gases (CO or the mixture of CO and CO2 for refractory; 
argon for sand). When the target temperature was reached, the sample holder with crucibles was 

lowered into the reaction tube and preheated at the position of 1573 K for 15 min. Thereafter, the 
sample holder and crucibles were lowered to the even temperature zone of the furnace. This 
moment was marked as time zero (t=0 min) of the run. When the experiment time was finished, 
the sample holder and crucibles were immediately lifted into the quenching chamber by the motor, 

at the same time a high flow of argon was introduced into the chamber to accelerate the quenching.  

2.1.4 Analysis 

The steel samples with sticks or sintered sand (pellet) were cut to get a cross section. The 

morphologies and compositions of the oxide sticks and sintered sand were analyzed by a scanning 
electron microscope (SEM, HITACHI S-3700N) with energy dispersive spectrometer (EDS). 
When the samples were analyzed, the boundary between steel and oxide stick (or sand pellet) were 
mainly concerned.  

2.2 Industrial Experiments 

2.2.1 Description of Production Process 

Industrial studies were carried out in different steel plants. The steel grades of high strength low-

alloy steel (HSLA) and ultra-low carbon steel (ULC) were focused on in the studies, and the 
detailed compositions of both steel grades and the final top slags for the steel grades are given in 
Table 2 and Table 3, respectively.  

Table 2. Chemical composition of steel grades (mass%) 
Steel C Si Mn Al Cr Mo ppm Ca 
HSLA 0.33-0.38 0.15-0.25 0.65-0.80 0.02-0.04 0.95-1.10 0.15-0.25 7-12 
ULC ≤0.005 ≤0.01 ≤0.50 0.02-0.05 - - - 

The high strength low-alloy steel was produced in Steel Plant I by the process route: Hot metal pre-

desulphurization → BOF steelmaking (80 t) → LF (80 t) refining → RH (80 t) refining (calcium 
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treatment) → Bloom (280 mm × 325 mm) continuous casting. During tapping, most of alloys 
(including around 100 kg aluminum blocks) and refining fluxes were added into ladle, while about 

40 kg aluminum particles and some fluxes were also added for refining at LF station. The times for 
LF refining and RH refining were about 40 min and 25 min, respectively. The vacuum pressure of 
RH was less than 133 Pa.  

Table 3. Composition of final top slags (mass%) 
Steel CaO SiO2 MgO Al2O3 FeO MnO 
HSLA 48-53 11-14 6-8 27-32 <1 - 
ULC 35-42 5-8 6-9 18-25 10-15 3-5 

In Steel Plant II, the ultra-low carbon steel was produced by another process: Hot metal pre-
desulphurization → BOF (210 t) steelmaking → RH (210 t) refining → Slab (230 mm × 1520 mm) 
continuous casting. The dissolved oxygen activity was about 600 ppm after tapping from BOF, 

while it was about 400 ppm at the end of RH decarburization. The time of RH decarburization was 
about 15 min with a vacuum pressure smaller than 130 Pa. After decarburization, the addition of 
aluminum blocks (around 300 kg) into RH vacuum chamber was conducted to deoxidize. 

Thereafter, about 5 min RH circulation was carried out before casting.  

2.2.2 Sampling and Analysis 

In both processes, steel samples were taken at different stages, and then cut and prepared for 
inclusions observation. The nozzles were cooled in the air after casting, and cut off together with 

attachment for sample preparation. SEM-EDS was also used to study the morphologies and phases 
of the inclusions and attachments. 
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3 RESULTS 

3.1 Effect of Refractory on Inclusions 

3.2.1 Effect of Refractory on Alumina Inclusions 

The elemental mappings of alumina sticks in steel kept with different refractories are given in 

Figure 5. Since the effect of alumina refractory on alumina inclusions could be ignored, the 
elemental mappings of the stick kept with alumina refractory are not considered in this figure. 
Meanwhile, O element is also excluded from the figure in order to keep brief, and all the mappings 

are acquired from the samples at low oxygen level. It is seen that by using spinel refractory, the 
alumina stick in steel still keeps alumina phase after 180 min of reaction (see Figure 5(a)). When 
MgO refractory is used, some small (<10 μm) and irregular spinel particles are found at the 

boundary between alumina stick and liquid steel (see Figure 5(b)). The results indicate that MgO 
refractory could help alumina inclusions to generate spinel inclusions, but spinel refractory could 
not have an obvious impact.  

 
Figure 5. Elemental mappings of alumina sticks 

(a) Run B1, spinel refractory; (b) Run C1, MgO refractory 

Table 4 lists the experimental results for the study on the effect of refractory on inclusions at 
different oxygen levels. As shown in this table, the effect of MgO refractory on alumina inclusions 

in fact depends on the activity of dissolved oxygen in steel. Spinel phase could be formed at low 
oxygen level (Run C1, D1 and E1-E2), while if the oxygen activity is too high (Run F1-F2), no 
new phase could be detected on the alumina stick, even with MgO refractory.  
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Table 4. Experimental results of the study on the effect of refractory on inclusions at 1873 K 

Run 
t 

(min) 
Steel  Refractory 

 
Stick 

(Inclusion) 
New phase 

on stick Grade a[O] (ppm)  Material Form 
A1 180 I 1  Alumina Plate  Alumina No 
A2 180 I 1  Alumina Plate  Spinel No 
A3 180 I 1  Alumina Plate  CA2 No 
B1 180 I 1  Spinel Plate  Alumina No 
B2 180 I 1  Spinel Plate  Spinel No 
B3 180 I 1  Spinel Plate  CA2 No 
C1 180 I 1  MgO Plate  Alumina Spinel 
C2 180 I 1  MgO Plate  Spinel No 
C3 180 I 1  MgO Plate  CA2 No 
D1 360 I 1  MgO Plate  Alumina Spinel 
D2 360 I 1  MgO Plate  Spinel No 
D3 360 I 1  MgO Plate  CA2 No 
E1 360 I 1  MgO Crucible  Alumina Spinel 
E2 360 III 1  MgO Crucible  Alumina Spinel 
F1 360 I 456  MgO Crucible  Alumina No 
F2 360 III 456  MgO Crucible  Alumina No 

 

3.2.2 Effect of Refractory on Spinel Inclusions 

 
Figure 6. Elemental mappings of spinel sticks 

(a) Run A2, alumina refractory; (b) Run C2, MgO refractory 

Figure 6 presents the elemental mappings of spinel sticks in steel kept with different refractories at 

low oxygen activity. It can be seen from this figure that no evident change could be observed on 
the spinel sticks after 180 min of reaction, no matter what kind of refractory is employed. Even 
after 360 min (Run D2), the spinel stick doesn’t present any difference when spinel and MgO 
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refractory are used respectively. It implies that both refractories have very limited influence on 
spinel inclusions in steel.  

3.2.3 Effect of Refractory on Calcium Aluminate Inclusions 

Figure 7 shows the elemental mappings of calcium aluminate sticks in the samples kept in the CO 

+ C atmosphere. As shown in Figure 7, Ca element and Al element are mainly distributed in the 
sticks, and almost no Mg element is distributed, no matter whether spinel or MgO is used (see 
Figure 7(b)-(c) respectively). Moreover, no element enrichment could be clearly seen at the 

boundary between the calcium aluminate stick and liquid steel. After 360 min of reaction, the result 
of Run D3 (MgO refractory, see Table 4) is almost the same as that of Run C3 (t=180 min, see 
Figure7(c)). This reveals that the three kinds of refractories could not affect calcium aluminate 

inclusions in steel evidently.  

 
Figure 7. Elemental mappings of calcium aluminate sticks 

(a) Run A3, alumina refractory; (b) Run B3, spinel refractory; (c) Run C3, MgO refractory 
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3.2 Sintering of Filler Sand with Liquid Steel 

3.2.1 Sintering Mechanism 

The SEM images of sintered Sand A grains at different sintering times (Type (a) experiments) are 
given in Figure 8. Three phases are seen in this figure, viz. chromite (C), silica (S) and liquid phase 

(L). As shown, the amount of liquid phase increases with time, while the sand sinters denser and 
denser. After 10 min, the sintering of the sand is not enough to get a cross section as shown in 
Figure 8(a), and no obvious liquid phase could be found in the sample. After 60 min of sintering, a 

lot of pores are seen in Figure 8(b), and only a little liquid phase is generated. In the samples 
sintered after 10 min and 60 min, silica phase is still obviously presented as shown in Figure 8(a)-
(b); while after 300 min of sintering, the silica phase has disappeared completely as shown in Figure 

8(c). The results imply that the sintering of the sand is in relation to the dissolution of silica phase.  

 
Figure 8. SEM images of sintered Sand A grains at different times 

(a) t = 10 min; (b) t = 60 min; (c) t = 300 min 

In order to investigate the mechanism of the sintering, the boundary between chromite and silica is 
analyzed. Figure 9 shows the elemental mappings at the boundary in the sample after 10 min of 
sintering. It is seen that a thin layer of liquid is formed at the interface between chromite and silica 

phases. Some oxides in chromite (e.g. FeO, Al2O3 and MgO) diffuse to the interface and react with 
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silica to generate liquid phase, while Cr2O3 still remains in chromite phase. The liquid phase could 
be a bonding phase for solid oxide grains.  

 
Figure 9. Elemental mappings of liquid formation at the boundary between chromite and silica 

3.2.2 Effect of Silica 

In order to compare the sintering difference between the two kinds of sands, the SEM image of 
Sand B grains sintered for 10 min is given Figure 10. In contrast to the sintered Sand A grains, the 

three phases presented in Figure 8(a) are also seen in the sintered Sand B grains, and the sample of 
Sand B are much denser with a larger amount of liquid phase. As described in the experimental 
part, the content and size of silica in sands were the main difference between the two kinds of sands. 

Therefore, the bigger amount of liquid phase in the sample of Sand B should be caused by the 
smaller size and higher content of silica particles.  

 
Figure 10. SEM image of sintered Sand B grains after 10 min 
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3.2.3 Effect of Liquid Steel 

The sintered Sand A pellets with and without liquid steel are shown in Figure 11. Figure 11(a) gives 

the SEM image of the sand pellet without steel, while Figure 11(b) and (c) show the sintered pellets 
with liquid Steel II and Steel III, respectively. As shown in Figure 11(a), silica phase could be still 
observed in Sand A pellet, and limited liquid phase is seen after 60 min; while in contact with liquid 

steel for 60 min, only chromite and liquid phase are presented in the Sand A pellets, and no silica 
phase is detected (see Figure 11(b)-(c)). Besides, the sand pellets with Steel II (Figure 11(b)) 
contains more liquid phase than that in contact with Steel III (Figure 11(c)). Meanwhile, some 

pores are also seen in the sand pellets shown in Figure 11(c).  

 
Figure 11. SEM images of Sand A pellets with and without steel 

(a) Without steel; (b) With Steel II; (c) With Steel III 

Figure12 gives the elemental mappings of the samples after sintering with Steel II and Steel III for 
60 min. In this figure, the mappings of Mg and O elements are not listed in order to keep brevity. 
As shown in this figure, the liquid phase mainly consists of SiO2, MgO, Al2O3, FeO and MnO. The 

composition of liquid phase in Sand A pellets with Steel II (Figure 12(a)) is different from that with 
Steel III (Figure 12(b)). In the sand pellets kept with Steel II, the liquid phase contains high MnO 
content and low FeO content (see Figure 12(a)); while it contains high FeO content and low MnO 

content in the pellet kept with Steel III (see Figure 12(b)).  
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Figure 12. Elemental mappings of chromite and liquid phases 

(a) With Steel II; (b) With Steel III 

3.2.4 Effect of Temperature 

Figure 13 presents the SEM images of Sand A pellets after sintering with Steel II at different 
temperatures. In order to know the difference of liquid amount, image analysis is conducted in this 

part. Although image analysis has some uncertainties, it is still helpful to compare the ratio of liquid 
phase in the sintered sand pellets. The liquid ratios (in area percentage) of the four pictures (Figure 
13(a)-(d)) are 2%, 18%, 25% and 27%, respectively. The evidently increasing amount of liquid 

phase indicates that higher temperature results in faster liquid formation.  

Note that the steel is still solid at 1773 K. As shown in Figure 13(a), only a very small amount of 

liquid is generated, and silica particles together with many pores could also be seen in the pellet. 



 

15 

Therefore the effect of Steel II on the sintering is not evident due to the solid steel at this 
temperature. With the increase of temperate, the steel becomes liquid (Figure 13(b)-(d)), and the 
liquid phase increases obviously with the disappearance of silica phase in the sand.  

 
Figure 13. SEM images of sand pellets at different temperatures (Steel II, t = 60 min) 

(a) T = 1773 K; (b) T = 1823 K; (c) T = 1873 K; (b) T = 1923 K 

 
Figure 14. Elemental mappings of Sand A pellet with Steel II (t = 60 min, T = 1923 K) 
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Figure 14 presents the details of the sintered sand at 1923 K, and gives the elemental mappings at 
high magnification. Similar to Figure 12, the mappings of Mg and O are not given. As shown in 
this figure, the liquid phase is consisted of SiO2, Al2O3 and MnO mainly. Note that the distribution 

of Al2O3 is not even in the chromite phase at 1923 K. A layer of high Al2O3 content could be seen 
at the boundary between liquid phase and big chromite grains. In order to distinguish the difference 
from chromite, this layer is referred as alumina-rich chromite in the following text. However, both 

chromite and alumina-rich chromite are all spinel phase. Besides, some small chromite grains also 
contain high Al2O3 content, namely alumina-rich chromite. In the alumina-rich chromite area, the 
content of Cr2O3 is correspondingly low.  

3.2.5 Effect of Holding Time 

Figure 15 shows the SEM images of the sintered samples with Steel II at 1873 K at different holding 
times. It is seen that after 10 min of sintering, only a small amount of liquid phase could be found 
in the sintered sand pellets, and some silica (S) particles could still be observed with a lot of pores; 

while a large amount of liquid phase is formed in the sand pellet, and no silica could be seen after 
180 min of sintering. The results of image analysis also prove this big difference. In Figure 15(a), 
the liquid ratio is 3% in area percentage, while it is 29% in Figure 15(b). Together with the liquid 

ratio (25% in area percentage) of sintered sand pellets after 60 min (see Figure 13(c)), Figure 15 
indicates that the amount of liquid phase increases evidently with reaction time. Besides, alumina-
rich regions are also found after 180 min reaction (see Supplement 3).  

 
Figure 15. SEM images of Sand A pellets with different holding times (Steel II, T = 1873 K) 

(a) t = 10 min; (b) t = 180 min 

3.2.6 Effect of Pressure on Infiltration of Liquid Steel  

Figure 16 gives the photo of the sintered sand grains with Steel II in Type (d) experiment (see 
Figure 4(d)). It is seen that the sand is sintered very well, and a big hole is in the middle of steel. 

The hole may be caused by the high-pressure argon gas in the crucible. Moreover, a clear interface 
between sintered sand and steel is presented in this figure, indicating the infiltration of liquid steel 
into sand is very difficult at the pressure in a real ladle. Garlic k et al [18] also obtained similar result 
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at atmospheric pressure. Both the results imply that in industrial practice, liquid steel could hardly 
infiltrate into filler sand.  

 
Figure 16. Photo of the sintered Sand A grains with Steel II 

(P = 250 kPa, t = 60 min, T = 1873 K) 

3.3 Attachment of Inclusions on Submerged Entry Nozzle 

3.3.1 Inclusions in Steel 

As shown in Table 5, four types of inclusions are found in the samples in tundish and bloom (or 
slab) of HSLA and ULC steels. Type 1 inclusions are calcium aluminate with small amounts of 
SiO2 and MgO, while the inclusions of Type 2 contain spinel phase inside calcium aluminate phase. 

Pure alumina inclusions are considered as Type 3 inclusions, while Type 4 inclusions are spinel 
inclusions.  

Table 5. Different types of inclusions at different stages 

Type Specification of inclusions 
Tundish  Bloom  Slab 

HSLA ULC  HSLA  ULC 

1 
Calcium aluminate with low SiO2 and MgO 
contents 

× ×  ×  × 

2 
Spinel + Calcium aluminate with low SiO2 and 
MgO contents 

× 
 

 × 
  

3 Pure alumina  ×    × 
4 Spinel  ×    × 

In HSLA steel, the inclusions of Type 1 and Type 2 are detected as shown in Table 5. The SEM 

images and elemental mappings of the two types of inclusions are given in Figure 17 and Figure 
18, respectively.  
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Figure 17. Elemental mappings of a typical Type 1 inclusion 

 
Figure 18. Elemental mappings of a typical Type 2 inclusion 

Table 6. Composition of calcium aluminate phase in Type 1 and Type 2 inclusions (mass%, HSLA) 

Stage Type 
CaO  SiO2  Al2O3  MgO 

Range Ave.  Range Ave.  Range Ave.  Range Ave. 

Tundish 
1 42.8-46.4 44.6  0-3.6 1.4  50.1-57.1 52.6  0-2.7 1.4 
2 44.2-49.3 45.1  0-3.1 1.2  48.3-56.4 51.9  0.6-3.2 1.8 

Bloom 
1 40.5-46.6 41.8  0-3.3 1.4  48.8-58.5 55.3  0-2.5 1.5 
2 41.1-48.2 42.8  0-2.9 1.1  49.1-57.2 54.1  0.5-3.3 2.0 

Table 6 gives the composition ranges of the calcium aluminate phase in both types of inclusions in 
tundish and bloom during HSLA steel production. As shown in this table, very small amounts of 
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SiO2 and MgO (about 1-2 mass% in average) are contained in calcium aluminate phase, and the 
calcium aluminate phase in Type 2 inclusions is very similar to Type 1 inclusions. Based on CaO-
Al2O3 phase diagram,[27] the composition of calcium aluminate phase should be in the liquid range. 

The liquid nature is also confirmed by the globular shape as shown in Figure 17 and Figure 18.  

In ULC steels, three types of inclusions are found in tundish and slab, namely Type 1, Type 3 and 

Type 4. Note that most of inclusions in ULC steel are alumina inclusions (Type 3), and the amounts 
of Type 1 and Type 4 are very limited. Figure 19 gives an example of the elemental mappings of 
Type 3 inclusions. It is seen that this type of inclusions are irregular and very small (less than 10 

μm). Besides, Type 1 and Type 4 inclusions in ULC steel also have a similar size range.  

 
Figure 19. Elemental mappings of a typical Type 3 inclusion 

3.3.2 Attachment of Liquid Inclusions 

The SEM images of the inner walls of unused Type A and Type B SENs are presented in Figure 20. 
Note that both types of SENs are made of alumina with graphite addition (around 20 mass%) and 

silica as impurity. As shown in this figure, although the composition is very similar, the 
morphologies of the inner surfaces of those two types of SEN are still different. The grain size of 
Type A SEN are very large, and big holes (hundred micrometers in size) are also found on the inner 

surface. In contrast to Type A, Type B SEN has a small grain size, and no big holes are shown.  

 
Figure 20. SEM images of different inner walls of unused SENs 

(a) Type A; (b) Type B 
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The overviews of the used SENs are given in Figure 21. It is seen that an attachment layer is 
evidently observed on the inner wall of Type A SEN. The SEN was cooled in the air after casting, 
so this layer had separated from the refractory due to different physical properties from the bulk of 

refractory. Compared with Type A SEN, the inner surface of Type B SEN is very smooth, and no 
attachment layer is seen after casting. 

 
Figure 21. Photos of used SENs 

(a) Type A; (b) Type B 

Figure 22 gives the vertical and horizontal cross sections of the used Type A SEN. It is seen from 

this figure that the inner surface of Type A SEN is very uneven, and super-cooled oxide liquid phase 
and solid oxide particles are presented. Moreover, some holes and metal droplets are also seen in 
the frozen liquid phase. Those holes may be caused by the volume change during solidification or 

the formation of CO gas during casting.  

 
Figure 22. Vertical (a) and cross (b) sections of used Type A SEN 

Figure 23 shows the elemental mappings of the surface of the attachment layer. In this figure, the 
boundary between mounting resin and the attachment layer was the boundary between liquid steel 
and the layer during casting. As shown in this figure, the layer is mainly consisted of calcium 

aluminates, which contains a small amount of SiO2. In addition, a lot of tiny spinel islands are 
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inside the calcium aluminates, and a very thin Na2O rich layer is presented at the surface of the 
attachment layer.  

 
Figure 23. Elemental mappings of attachment layer on the inner wall of SEN (HSLA) 

 
Figure 24. SEM images of attachment layer on the inner wall of SEN (HSLA) 

Table 7. Composition of each point\area in Figure 24 (mass%) 
No Na2O MgO Al2O3 SiO2 CaO Phase Remark 
1 0.2 0.5 39.5 15.8 44.0 I 

Point 

2 1.8  37.3 15.2 45.7 I 
3 0.9 2.1 72.6  24.4 II 
4  0.8 73.0 2.2 24.0 II 
5  26.9 73.1   III 
6  22.5 77.5   III 
7 2.5 0.8 49.5 11.3 35.9 I+II 

Area 
8 2.5 0.8 46.4 9.6 40.7 I+II 
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In order to examine the details, Figure 24 shows the SEM images of the attachment layer near the 
surface at higher magnifications. The phases and the composition of each phase are given in Table 
7. Since the total chemical composition in the attachment layer changes with position, some area 

analyses are also made in the attachment layer. As shown in Table 7 and Figure 24, two calcium 
aluminates are presented: one is super-cooled liquid (Phase I in Table 7, light color in Figure 24), 
and the other is solid calcium aluminate (Phase II in Table 7, dark color in Figure 24), probably 

CaO∙Al2O3. Meanwhile, spinel phase is considered as the third phase in the attachment layer (Phase 
III in Table 7, darker color in Figure 24). It is seen from Figure 24(b) that spinel phase (Phase III) 
is surrounded by Phase I and Phase II, and its size is smaller than 10 µm.  

3.3.3 Attachment of Alumina Particles 

Figure 25 shows the photos of the outer and inner walls of SEN after the casting of ULC steel. It 
is necessary to mention that some mold flux is adhered to the outer walls of SENs when they are 
being taken out of mold, therefore in the present work the mold flux is not considered as attachment. 

It is seen from this figure that no attachments are found on the outer wall of SEN except the mold 
flux (see Figure 25(a)) in all heats, while some solid particles are attached on the inner wall of SEN 
as shown in Figure 25(b).  

 
Figure 25. Photos of inner (b) and outer (b) walls of SEN (ULC) 

In order to show the details of the attachment layer on the inner wall of SEN, Figure 26 gives the 

SEM image of the attachments after the casting of ULC steel. As shown, the nature of coral shaped 
clusters is revealed in this figure. Those clusters are agglomerated by some solid particles, and most 
of those particles are smaller than 10 μm (even smaller than 5 μm).  

The elemental mappings shown in Figure 27 indicate that these particles are mainly alumina 
particles. Note that the morphology difference between Figure 26 and Figure 27 is due to the sample 

preparation with mounting resin as shown in Figure 27. 
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Figure 26. SEM image of attachments on the inner wall of SEN (ULC) 

 
Figure 27. Elemental mappings of the attachments on the inner wall of SEN (ULC) 

3.3.4 Attachment of Alumina Platelets 

 
Figure 28. Photos of outer walls of SENs (HSLA) 
(a) Without and (b) with attachments on outer wall 

Figure 28 presents the SENs taken from the process of HSLA steel production in the same steel 
pant (Plant I). As shown in this figure, the behaviors of the two SENs are very different, though the 

original SENs are provided by the same producer and had the same specification before usage. 
Note that both the cases shown in Figure 28(a) and Figure 28(b) are frequently found in the same 
plant. As shown in Figure 28(a), no attachment could be found on the outer wall of SEN in some 
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trials, while in some cases, some greyish white attachments shown in Figure 28(b) are attached on 
the outer wall of SEN below the slag line.  

Figure 29 gives the SEM image of the attachments at high magnification. The nature of loosely 
packed platelets is evidently presented in this figure. In contrast to the alumina particles shown in 
Figure 26, the platelets in Figure 29 are much bigger (usually larger than 20 μm). Additionally, as 

shown in the higher magnification view in this figure, some microscopic spikes are seen on the 
surface of those plate-like crystals.  

 
Figure 29. SEM image of the attachments on the outer wall of SEN (HSLA) 

The elemental mappings of the plate-like attachments are shown in Figure 30. Similar to Figure 27, 
mounting resin was also used for sample preparation. It can be seen that the plate-like attachments 

are mainly alumina platelets, and only trace of Ca is detected in a few pieces of plate-like alumina 
attachments.  

 
Figure 30. Elemental mappings of attachments on the outer wall of SEN (HSLA) 
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4 DISCUSSION 

4.1 Effect of Refractory on Inclusions 

4.1.1 Effect of Alumina Refractory 

As shown in Table 4, Figure 6(a) and Figure 7(a), alumina refractory has no obvious effect on the 
inclusions of alumina, spinel and calcium aluminate in Al-killed steel. The existence of alumina 
refractory may affect the activities of dissolved oxygen and aluminum based on the following 

reaction: 

(s)OAl3[O]2[Al] 32                             (1) 

With the existence of alumina refractory, the activity of alumina in Eq.(1) could be considered as 
unity. At the same time, the activity of dissolved oxygen is controlled to be 1-2 ppm as shown in 
Table 4. According to Eq.(1), the activity of dissolved aluminum therefore would maintain the same 

in liquid steel. It implies that the inclusions in liquid steel would not be influenced, since the 
activities of dissolved elements in liquid steel don’t have any change. 

4.1.2 Effect of MgO Refractory 

When MgO refractory is conducted at low oxygen level, spinel particles are generated at the 

boundary between alumina stick and liquid steel as shown in Figure 5(b) and Table 4. On the other 
hand, as shown in Figure 5(a) no MgO exists on alumina sticks. It implies that the formation of 
spinel phase on alumina sticks is related to MgO refractory. Since there is no direct contact between 

the solid refractory and alumina sticks, the only possible Mg source for the formation of spinel 
phase is the dissolution of MgO in liquid steel according to Eq. (2).  

[O][Mg]MgO(s)                               (2) 

The dissolved Mg in liquid steel could transfer to the alumina stick and react with the stick. Thus 
spinel phase could be formed through the reaction shown in Eq. (3).  

(s)OAlMgO[O][Mg])(sOAl 3232                     (3) 

The activity of MgO can be considered as unity due to solid MgO refractory. Therefore, with the 

increase of dissolved oxygen, the activity of dissolved Mg would decrease according to Eq. (2). As 
reported [28], the Mg content is only a few ppm (even less) in steel, when the activity of dissolved 
oxygen is lower than 5 ppm. Thus, the amount of dissolved Mg in the present work should be very 

tiny when MgO refractory is employed at low oxygen level (around 1 ppm). Due to the limited 
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amount of dissolved Mg, some spinel particles instead of a layer of spinel phase are formed at the 
boundary between liquid steel and alumina sticks (Run C1, D1 and E1-E2, see Table 4). It is 

interesting that spinel phase is still detected at low oxygen level in Run E2, even the steel is pure 
iron. On the other hand, the content of dissolved Mg in liquid steel should be extremely low, when 
the activity of oxygen increases to about 500 ppm. Thus, the amount of dissolved Mg transferred 
to alumina sticks could be ignored, and then no spinel particles are found at the boundary (Run F1-

F2, see Table 4). The results reveal that lower oxygen activity in fact is one of the key factors for 
the formation of dissolved Mg from MgO refractory.  

As shown in Table 4 and Figure 6(b), MgO refractory doesn’t have an evident impact on spinel 
inclusions in liquid steel. Many researchers have studied the formation of spinel inclusions,[1, 29] 
and found that at a certain dissolved oxygen level, spinel inclusions could be stable with trace of 

dissolved Mg in liquid steel. In the present study, the formation of spinel particles on alumina sticks 
(Run C1, D1 and E1-E2) in fact supports this argument. The fact that the spinel particles could be 
stable at the experimental oxygen level indicates that the effect of MgO refractory on spinel 

inclusions is very limited.  

Meanwhile, the effect of MgO refractory on calcium aluminate inclusions in steel is very little as 

shown in Table 4 and Figure 7(c). Due to the decomposition of MgO refractory, the reaction shown 
in Eq. (4) may happen.  

[Ca])(s)OAlMgO(2[O][Mg]2(s)O2AlCaO 3232              (4) 

According to this reaction, spinel phase may generate on the calcium aluminate sticks. In fact, no 

spinel phase is found at the boundary between liquid steel and calcium aluminate stick (see Figure 
7(c), Run C3), even after 360 min of reaction (Run D3, see Table 4). It indicates that Eq. (4) is very 
difficult to take place on the experimental conditions.  

On the other hand, a small amount of MgO can dissolve into CaO2Al2O3 solid solution according 
to the phase diagram of CaO-MgO-Al2O3 system.[27] However, the phase is still solid calcium 
alumiante after the dissolution of MgO. As mentioned above, the dissolved Mg in liquid steel is 

very tiny. Consequently, the amount of dissolved Mg transferred to calcium aluminate should be 
very small as well. As shown in Figure 7(c) (Run C3), no evident element enrichment is seen at the 
boundary between liquid steel and calcium aluminate stick, even after 360 min of reaction (Run 

D3). Since EDS has difficulty to detect trace elements due to its uncertainites, it is hard to 
distinguish the mapping difference of Mg element as shown in Figure 7(c).  

4.1.3 Effect of Spinel Refractory 

The results show that spinel refractory doesn’t have an evident influence on all the three types of 

inclusions (see Table 4, Figure 5(a) and Figure 7(a)). Since spinel is a solid solution composed of 
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Al2O3 and MgO, the activities of Al2O3 and MgO in spinel refractory would play important roles. 
According to the measured results by Fujii et al [30], the activity of Al2O3 in spinel refractory is 

around 0.5, while the activity of MgO in spinel is about 0.06. Due to the low activity of MgO, 
dissolved Mg is very difficult to be generated from spinel refractory. Hence, the effect of spinel 
refractory on the inclusions in liquid steel is not obvious.  

4.2 Sintering of Filler Sand with Liquid Steel 

4.2.1 Sintering Mechanism 

The results in Figure 8 show that the formation of liquid phase is related to the dissolution of silica 
phase in the sand. Figure 9 also supports that silica plays an important role in the sintering of the 

sand. As shown, the liquid phase is generated at the boundary between chromite and silica grains 
at the initial stage, and becomes a bonding phase between those solid oxide grains. So the reaction 
between chromite and silica phase should be the main mechanism for the sintering of sand. 

4.2.2 Effect of Silica in Sand 

As mentioned above, the reaction between silica and chromite is the main mechanism for the 
sintering of the sand. Consequently, the size of the content of silica in sand would influence the 
sintering behavior of the sand. The only difference between Sand A and Sand B is the silica content 

and particle size (see Section 2.1.1.2). As shown in Figure 8(a) and Figure 10, Sand A is very 
difficult to get a cross section after 10 min of sintering, while a certain amount of liquid phase is 
evidently presented in Sand B within 10 min. This indicates that smaller silica size and higher silica 

content would be advantage for the sintering of the sand, since both will increase the interfacial 
area between the grains of chromite and silica, resulting in more liquid formation.  

4.2.3 Effect of Liquid Steel 

When the sand pellets are in contact with liquid steel, the amount of liquid increases obviously as 

shown in Figure 11. Note that a large amount of MnO is presented in the liquid phase of the sand 
pellets in contact with liquid Steel II (see Figure 12(a)). Since both two kinds of sands contain only 
trace of MnO, the dissolved Mn in liquid steel is the only source of Mn element in the sand. 

Reaction of Eq. (5) is considered to investigate this possibility.  

Fe(l)MnO(l)[Mn]FeO(l)                           (5) 

TG 04.52115950Δ 5   (J/mol) [31-34]                      (6) 

As shown in Figure 9, due to the trace content of MnO, the activity of MnO in the liquid phase of 
the sand is very low. The reaction shown in Eq. (5) therefore would take place to the right direction, 
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resulting in the increase of MnO content in liquid phase. It seems that the interaction between liquid 
steel and the sand strengthens the sintering of the sand with the increase of liquid formation.  

The comparison of Figure 11(a) and Figure 11(c) indicates that even the presence of industrial pure 
iron (Steel III) also accelerates the sintering of the sand. The silica particles in the sand may react 
with liquid steel by the following reaction.  

[Si]FeO(l)2(s)SiO2Fe(l) 2                            (7) 

TG 5.118340972Δ 7   (J/mol) [31-32]                      (8) 

The Gibbs free energy of Eq. (7) is obtained to be -34 kJ/mol by thermodynamic calculation (details 
given in Supplement 2). The reaction of Eq. (7) therefore can take place during sintering, leading 

to the increase of FeO in liquid oxide phase.  

The elemental mappings in Figure 12 reveal that the content of Al2O3 increases after the sintering 

with liquid steel. The sintering of the sand with Steel II (see Figure 12(a)) is more serious than that 
with Steel III (see Figure 12(b)), and the liquid phase in the sand in contact with Steel II contains 
more Al2O3. This indicates that the sintering of sand is also in relation to the formation of Al2O3 in 

liquid phase. As shown in Table 1, Steel II contains much higher dissolved Al than Steel III. SiO2 
in sand is possible to be reduced by dissolved Al according to the following reaction.  

3[Si](s)O2Al4[Al](s)3SiO 322                          (9) 

TG 133720680Δ 9   (J/mol) [31]                       (10) 

Thermodynamic calculation (details given in Supplement 2) shows that the Gibbs free energies of 

Eq. (9) are -427 kJ/mol and -435 kJ/mol in the cases of sand with Steel II and Steel III, respectively. 
Therefore, the reaction of Eq. (9) could occur during the sintering of the sand in both cases. In fact, 
since the dissolved Al in Steel III is around 10 ppm (see Table 1), the effect of Steel III on the 

formation of liquid should be limited due to the small amount of Al2O3 formed during sintering.  

In addition, with the presence of dissolved Al in liquid steel, MnO and FeO in liquid phase could 

also be reduced by dissolved Al during the sintering of the sand. The reactions of Eq. (11) and Eq. 
(12) would also lead to the increase of Al2O3 in liquid phase. The detailed discussion is given in 
Supplement 3.  

Fe(l)3(s)OAl2[Al]3FeO(l) 32                         (11) 

3[Mn](s)OAl2[Al]3MnO(l) 32                        (12) 
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As mentioned above, more liquid phase is generated and its formation is much faster due to the 
interaction between the liquid steel and the filler sand. It is very likely that the increase of MnO 

and Al2O3 in the liquid phase decrease the liquidus and enhance the liquid formation.The bigger 
amount of liquid phase would lead to more serious sintering of filler sand. Hence, when filler sand 
is chosen, the steel grade needs to be considered, especially for those steel grades containing high 
Mn and Al contents. Kovacic et al [35] analyzed the industrial parameters for well blocking and also 

found that the contents of Mn and Al in liquid steel are two of the most influential ones. 

4.2.4 Effect of Temperature 

As shown in Figure 13, the increase of temperature enhances the sintering of the samples in contact 

with Steel II as well. As discussed above, the dissolved Al in steel would react with the oxide 
components (SiO2, MnO and FeO), resulting in the increase of Al2O3 content in liquid phase. The 
evident increase of Al2O3 in liquid phase shown in Figure 14 strongly suggests the reactions of Eqs. 
(9), (11) and (12). As seen in Figure 14, alumina-rich regions are detected at 1923 K at the boundary 

between chromite grains and liquid oxide phase. Besides, the elemental mappings indicate the 
content of Al2O3 in solid alumina-rich regions is higher than that in the liquid phase. This reveals 
that the activity coefficient of Al2O3 in the liquid phase is much higher than that in solid chromite 

phase based on the equilibrium consideration. Higher temperature would lead to faster mass 
transfer and faster interfacial reaction. At lower temperature, the increase of Al2O3 in spinel phase 
(chromite) is not appreciable (see Figure 12), while the alumina-rich chromite is evidently seen in 

the samples in contact with Steel II at 1923 K.  

4.2.5 Effect of Holding Time 

As shown in Figure 15 and Figure 13(c), the holding time also plays an important role in the 
sintering of the sand. Even with Steel II, silica grains are still evidently seen in the sample after 10 

min of reaction. On the other hand, those silica grains have completely disappeared after 60 min. 
Furthermore, all the chromite grains are bonded by the liquid phase into one dense piece after 180 
min reaction. When the reaction time is too short e.g. Figure 15(a), the amount of liquid phase is 

very small in the sand, so the mass transfer in the sand should be very slow. When a certain amount 
of liquid phase has been formed with the increase of the reaction time, the kinetic condition is 
improved a lot. In fact, the sintering is a self-acceleration process. With the increase of liquid phase, 

the sintering would become faster and faster. Meanwhile, alumina-rich regions are also seen after 
180 min at 1873 K. As mentioned above, the higher activity of Al2O3 in liquid phase would result 
in the transfer of Al2O3 to chromite grains. Longer time would make this reaction more appreciable. 

Therefore, the alumina-rich zones are only detected after 180 min of reaction. 
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The present study shows evidently that the factors viz. steel composition, silica size and content, 
operation temperature and process holding time have a strong influence on the sintering of the filler 

sand. The choice of the sand needs to take those factors into account.  

4.3 Attachment of Inclusions on Submerged Entry Nozzle 

4.3.1 Attachment of Liquid Inclusions 

The composition of SEN refractory indicates that the refractory is not the source of spinel phase in 

the attachment layer. On the other hand, when a trace of calcium exists in liquid steel, spinel phase 
is not stable. Spinel phase therefore could not form directly due to the trace of dissolved Mg in 
steel. The compositions of ladle slag, tundish powder and mold powder (see Supplement 4) also 

show that the attachment layer is not from those fluxes.  

As shown in Figure 18, Type 2 inclusions have two phases, viz. spinel phase in the center and a 
calcium aluminate outer layer. If this type of inclusions are attached on the inner wall of SEN, the 
spinel phase would be distributed in calcium aluminate phase. In fact, this phenomenon is evident 

seen in Figure 24(b). Note that phase transformation leading to precipitation of solid phase would 

take place when the SEN is cooled in the air after usage. Therefore, solid calcium aluminate (Phase 

II) shown in Figure 24 is detected. As shown in Tables 6-7, the attachment layer contains higher 
SiO2 content than that in inclusions in tundish and bloom. This could be explained very well by the 
dissolution of silica and mullite phase in the refractory of SEN into the calcium aluminate phase 

originated from liquid calcium aluminate inclusions. Although the composition changes with 
position in the attachment layer, the mass ratio Al2O3/CaO of the analyzed areas in Table 7 is still 
very close to that of calcium aluminate phase in inclusions. This comparison could further confirm 
that the attachment layer on the inner wall of SEN after casting is formed by the attachment of 

liquid calcium aluminate inclusions in HSLA steel.  

Many researchers have studied the attachment of inclusions on the inner wall of SEN.[21-35] 

However, only solid particles are reported in all these publications. In the present work, the results 
evidently show that the liquid calcium aluminate inclusions are also possible to attach on the SEN 
wall.  

The behaviors of the two types of SENs in Figure 21 are quite different. An attachment layer is 
obviously seen in the case of Type A nozzle, while smooth inner surface is found on the wall of 

Type B nozzle. The two types of SENs have similar chemical composition, but still have different 
grain sizes and morphologies as shown in Figure 20, viz. Type B has a smaller grain size and denser 
matrix. It seems that the roughness of the surface of SEN inner wall holds the key for the attachment 

of liquid inclusions. In order to understand this point, a simple 2-D axisymmetric model is built 
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(details shown in Supplement 4). Three different conditions are considered in this CFD calculation, 
namely (1) smooth surface, (2) single cavity on the surface and (3) a number of cavities.  

 
Figure 31. Modelling results of different attachment situations 

(a) Smooth surface; (b) Single cavity on the surface; (c) A number of cavities 

Figure 31 gives the calculation results in the small region near the outlet of the nozzle. As shown 
in Figure 31(a), no backflow is seen in the SEN when the inner wall is smooth, otherwise backflow 

could happen with rough inner surface of SEN (see Figure 31(b)-(c)). Besides, more cavities would 
cause more serious backflow in SEN. The more backflow, the longer resistance time of the 
inclusions in SEN with more chance to adhere to the inner wall. Consequently, the uneven inner 

surface of the refractory would result in the stay of inclusions in the cavities and attachment on the 
inner wall. This in fact is a self-acceleration process. More inclusions attached on the inner wall 
would lead to more unevenness of the surface, and therefore create better condition for the 

attachment of inclusions as shown in Figure 31(b)-(c). The results in Figure 21-22 are explained 
very well by the calculation results in Figure 31. The situation shown in Figure 31(a) is in 
accordance with the nozzle in Figure 21(b). Since Type B SEN has small grains and smooth inner 
wall without big cavities (see Figure 20(b)), no evident attachment could be seen in Figure 21(b). 
On the other hand, when the inner wall is very rough and has many holes as shown in Figure 20(a), 
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the attachment of inclusions would happen and increase the roughness of the surface, leading to 
more attachments (see Figure 22). Figure 31(c) is in line with this situation.  

The presence of Na on the surface of the attachment layer shown in Figure 23 in fact proves the 
backflow of the liquid steel. Since the refractory of SEN contains trace of Na, the only source of 
Na element on the surface of attachment is liquid steel. It is very important to mention that a high 

content of sodium oxide (around 7 mass%, see Supplement 4) is presented in the mold powder. As 
shown in Table 2, the dissolved aluminum in the liquid steel would reduce the sodium oxide in 
mold powder into dissolved Na by the following reaction.  

Na][6OAlAl][2O3Na 322                         (13) 

Although the backflow is not strong, it would still carry the dissolved Na into SEN. Dissolved Na 
would be oxidized by the attachment layer due to thermodynamic constraint. The thin layer of 
sodium shown in Figure 23 could be explained by the reaction of Eq. (13). Since it is an instant 

reaction, and the Na2O would diffuse in the liquid layer, the layer also contains a small amount of 
Na2O as shown in Table 7.  

4.3.2 Attachment of Alumina Particles 

On the inner wall of SEN, alumina particles are observed in the case of ULC steel. As shown in 

Figure 19 and Figure 26, the size of individual particles is very similar to that of alumina inclusions 
in tundish and slab. Actually, this type of attachments are reported by many researchers.[21, 36] 

As known, the main function of RH during ULC steel refining process is decarburization. The 
dissolved oxygen activity still remains a high level (around 400 ppm in the present work) when 
decarburization is finished. After the addition of aluminum blocks into RH chamber, a large amount 

of smaller particles would be formed and agglomerated into big clusters.[27, 37-38] Those clusters 
would be removed very quickly by the RH circulation.[27, 37] However, the deoxidation is carried 
out only 5 min before the end of RH process. The slag composition listed in Table 3 reveals that 

the contents of FeO and MnO are very high (about 15 mass% in total). According to the reaction 
of Eq. (14), the equilibrium dissolved oxygen in steel should be hundreds ppm. In fact, the 
measured dissolved oxygen in steel is around 3 ppm, indicating that the steel-slag system is far 

from equilibrium. Therefore, the reaction of Eq. (14) would continue to supply oxygen to liquid 
steel.  

Fe[O]FeO                                (14) 

06.2
1506

log 14 
T

K  [32]                          (15) 
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On the other hand, the Al content in liquid steel is about 0.03 mass% as shown in Table 2. The 
supply of oxygen from slag would result in the formation of alumina due to reoxidation according 

to the reaction of Eq. (16).  

32OAl3[O]2[Al]                               (16) 

57.20
64000

log 17 
T

K [31]                          (17) 

Since the supersatuation is not high enough, the reaction of Eq.(16) would take place by  
heterogeneous nucleation.[39] The number of alumina particles is small, and the possibility of 
agglomeration is very limited. Those small alumina inclusions would be difficult to be removed, 

and many of them would remain in the liquid steel. However, coral shaped attachments would be 
formed by the attachment and agglomeration of those alumina inclusions during casting due to the 
narrow path of the nozzle. Since occasional flushing-off of attachments would result in macro 

inclusions in the steel product, the attachment of alumina inclusions needs to be controlled. 
Reoxidation caused by the non-equilibrium slag-steel interface is the main reason in this case, 
therefore the removal of slag might be a good choice to avoid the attachment of alumina inclusions 
during ULC steel production.  

4.3.3 Attachment of Plate-Like Alumina 

In contrast to the alumina particle attachments in the case of ULC steel, plate-like alumina crystals 
(see Figure 28(b) and Figure 29) are seen on the outer wall of SEN during HSLA steel production 

process. As shown in Table 5 and Figure 17-18, the inclusions found in tundish and bloom are 
calcium aluminates (Type 1 inclusions) and calcium aluminates with spinel in the center (Type 2 
inclusions). The comparison between the plate-like attachments and globular inclusions implies 
that the attachments are not formed by the agglomeration of inclusions in steel. It is very possible 

that the alumina plate-like crystals grow in situ.  

The formation of alumina caused by reoxidation has been considered as an important reason for 

the attachment of pure alumina. [25] If there is a source to supply oxygen, reoxidation would occur 
due to the high dissolved Al content in steel (around 0.03 mass%, see Table 2). Unlike the top slag 
of ULC steel, the top slag of HSLA steel contains very low FeO content, and is getting much closer 

to the equilibrium with liquid steel. As shown in Figure 28(b), the plate-like alumina attachments 
are not found on the inter wall of SEN, but on the outer wall only. This fact implies that the 
attachments could not be agglomerated by inclusions, and the oxygen source is not from inner SEN 

neither. Otherwise, the attachments could be observed on both the inner and outer walls. 

Since the mold is made of copper, the oxygen transfer from the air through the mold powder 

becomes the only possibility of oxygen pickup during casting. Although the liquid steel is covered 
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by molten flux, improper operation is also possible to cause discontinuity of molten flux and 
therefore lead to oxygen absorption. During casting, if improper mold flux is used, or non-suitable 
operation is conducted, the liquid steel may not be fully covered by mold flux due to the oscillation 

of the mold. In real practice, the attachment of plate-like alumina is only found in some trials but 
not all the trials. This fact actually supports the argument. Additionally, the aluminum loss in those 
trials with plate-like alumina attachments is generally about 10 ppm higher than that without 

attachment on the outer wall, and this is in accordance with the reasoning as well.  

A simple 2-D axisymmetric model is built by COMSOL Multiphysics 5.0 to understand the 

formation of the plate-like alumina attachment (model details shown in Supplement 5). The outer 
wall of SEN below slag line is considered in the model as given in Figure 32. The surface of the 
SEN is assumed uneven, thus alumina would grow on the surface due to heterogeneous nucleation.  

 
Figure 32. Sketch of (a) position chosen from SEN and (b) domain of model 

Figure 33 shows the modelling results of the plate-like alumina growth. It is very important to 
mention that the model is only built to qualitatively understand the plate-like growth nature of 
alumina crystals, not to describe the accurate size and growth directions, since many assumptions 

are made in the model. It is seen from Figure 33 that alumina crystals grow obviously with time, 
and the growth rate in vertical direction is much smaller than that against the inflow of liquid steel. 
Due to the growth of alumina crystals, a big concentration gradient in horizontal directions is also 

revealed at the boundary between the alumina crystal and liquid steel. At the same time, the growth 
rate in horizontal direction is much bigger than that of vertical, and this growth difference in 
different directions would lead to the plate-like shape of alumina crystals. Dekkers et al [40] 

proposed that the plate-like shape is formed by the growth of alumina crystals with components 
supplied from one direction by a convective flow. This proposal is strongly supported by the present 
modelling results as shown in Figure 33. 

The present modelling results in fact indicates that the supply of oxygen is the key factor for the 
plate-like nature of alumina crystals. Plate-like alumina attachments would grow against the 

convective flow, since the crystals need to find new oxygen to grow while the liquid flow could 
supply oxygen.  
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Figure 33. Modelling results of alumina growth 

(a) t=0min, (b) t=160min, (c) t=320min, and (d) t=480min 

Since the attachment of inclusions on the walls of SEN could remove some of certain types of 
inclusions from liquid steel, it seems that the attachment is good for the cleanliness of steel. 
However, it would also be a disaster for the final product with occasional flushing-off of big 

attachments by liquid flow. In order to avoid this case, it is still very important to control the 
attachments on the walls of SEN. 

In the case of HSLA steel, the smoothness of the inner surface of the SEN is extremely important 
to avoid the attachment of liquid calcium aluminate inclusions, and the control of oxygen 
entrainment would help to avoid the formation of the plate-like alumina crystals on the outer wall 

of the SEN. In the case of ULC steel, the top slag with high FeO and MnO contents would also 
cause reoxidation, so the removal of slag could be a good consideration to avoid the attachment of 
alumina particle inclusions on the inner wall of SEN. 
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5 SUMMARY AND CONCLUSIONS 

The interaction between refractory and liquid steel is very important for the control of steel 

cleanliness. During refining process, the formation and evolution of inclusions would be affected 
by refractory, consequently resulting in some impacts on the final products. Besides, the grade of 
steel would decline obviously, when the oxygen lancing is used for blocked ladle well, or when 

some macro-attachments on submerged entry nozzle are flushed off by liquid steel. In order to 
improve steel cleanliness, the present work mainly focused on the interaction behavior between 
liquid steel and refractory. Both laboratory experiments and industrial trials were carried out, and 

the effect of refractory on inclusions (Supplement 1), the sintering behavior of filler sand with 
liquid steel (Supplement 2 and 3) and the attachment of inclusions on submerged entry nozzle 
(Supplement 4 and 5) were investigated, respectively. The summary and main conclusions of each 
part are listed as follows. 

(1) Effect of Refractory on Inclusions (Supplement 1) 

Laboratory experiments were carried out to study the effect of different refractories (alumina, 
spinel and MgO) on different inclusions (alumina, spinel and calcium aluminate) in Al-killed steel. 

The results shows that the impact of alumina and spinel refractory on all the three types of 
inclusions is very little, while MgO refractory influences the inclusions depending on the activity 
of dissolved oxygen in liquid steel. The lower activity of dissolved oxygen is one of the key 

parameters for the formation of dissolved Mg from MgO refractory. When MgO refractory is used, 
alumina inclusions could transform into spinel inclusions at low oxygen level, while the effect on 
spinel and calcium aluminate inclusion is not evident. On the other hand, when the activity of 

dissolved oxygen is high enough, the dissolved Mg in liquid steel would be extremely low, thus 
the evolution of spinel inclusions from alumina inclusions could not happen.  

(2) Sintering of Filler Sand with Liquid Steel (Supplement 2 and 3) 

In order to improve the ladle free-opening rate, laboratory experiments were conducted to 
investigate the sintering mechanism of filler sand and the effects of operation factors (temperature 
and holding time). It is found that the reaction between chromite and silica grains leading to liquid 

formation is the main mechanism for the sintering of filler sand. The results shows evidently that 
the factors viz. steel composition, silica size and content, operation temperature and process holding 
time have a strong influence on the sintering of the filler sand. Smaller size and higher content of 

silica in sand are benefit to the formation of liquid phase. The presence of liquid steel could enhance 
the sintering of sand obviously, especially for those steel grades containing higher Mn and Al 
contents. Higher temperature and longer holding time result in a larger amount of liquid phase and 

more serious sintering. At higher temperature and with longer holding time, alumina-rich chromite 
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was formed at the boundary between liquid phase and solid grains. The choice of the sand needs to 
take those factors into account.  

(3) Attachment of Inclusions on Submerged Entry Nozzle (Supplement 4 and 5) 

The attachments of different oxides on the walls of SEN were studied in the cases of both HSLA 
and ULC steelmaking. In the case of ULC steel, solid alumina particles are always agglomerated 
on the inner wall of the SEN. The top slag with high FeO and MnO contents is found to be the 

main oxygen source to cause reoxidation. The removal of slag could be a good consideration to 
avoid the attachment of alumina particle inclusions on the inner wall of SEN. In the case of HSLA 
steel, the smoothness of the inner surface of the SEN is extremely important to avoid the attachment 

of liquid calcium aluminate inclusions. When the refractory has a big grain size and many big 
cavities on the surface, liquid calcium aluminate inclusions could attach on the inner wall of SEN 
and form a liquid attachment layer. On the other hand, no attachment can be seen on the inner wall 

when the SEN with tiny grain size and smooth surface is used. Moreover, the attachment situation 
on the outer wall of SEN is different due to different operations. Improper mold flux and non-
suitable operation would lead to oxygen entrainment through the mold powder, and then plate-like 

alumina attachments would be formed due to reoxidation. The control of oxygen entrainment 
would help to avoid the formation of the plate-like alumina crystals on the outer wall of the SEN. 
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6 FUTURE WORK 

In the present work, only refractory was considered in the effect study of different refractories. In 

fact, the condition of ladle lining is more complicated in industrial practice. Besides the refractory, 
some ladle glaze is also attached on the refractory wall. As known, the glaze is formed by liquid 
slag due to the decline of liquid level during casting. Although some researchers proposed that the 

MgO in slag could be reduced by dissolved Al to form dissolved Mg in liquid steel, further 
investigation is still needed to evaluate the result of refractory and ladle glaze in real case.  

The importance of steel grade, silica size and content, and operating factors (temperature and 
holding time) for the improvement of ladle free-opening rate was revealed in the thesis. Next, more 
detailed work is very necessary to conduct to study the suitable composition and properties of filler 
sand for different steel grades. Since there are many different steel grades, this would be a huge 

work. Even though, some steel grades need to be taken into account first, such as Al-killed high 
Mn steels. 

The mechanisms of different attachments on the walls of SENs in the specific steel plants were 
proposed in the thesis. As known, different steel plants have different operating conditions. 
Therefore, it is very important to investigate more cases in different steel plants in the near future. 

Meanwhile, the method to avoid attachment is also an important topic for the future studies.  
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