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Abstract  

The submerged entry nozzle (SEN) has been used to transport the molten steel 
from tundish to the mould. The main purpose of the SEN usage is both to 
prevent oxygen and nitrogen pick-up by molten steel and to achieve the desired 
flow condition in the mould. Therefore, the SEN can be considered as a vital 
factor for a stable casting process and the steel quality. Furthermore, the 
steelmaking processes occur at high temperatures around 1873 K so the 
interaction between the refractory materials of the SEN and molten steel is 
unavoidable. Therefore, the knowledge of the SEN behaviors during pre-heating 
and casting is necessary for the design of the steelmaking processes.   
The internal surfaces of modern SENs are coated with a glass/silicon powder 
layer to prevent the SEN graphite oxidation during pre-heating. The effects of 
the interaction between the coating layer and the SEN base refractory materials 
on clogging were studied in supplement 1. The results of the study indicated the 
penetration of the formed alkaline-rich glaze into the Alumina/graphite base 
refractory during pre-heating. More specifically, the alkaline-rich glaze reacts 
with graphite to form carbon monoxide gas. Thereafter, dissociation of CO at 
the SEN/molten metal interface takes place. This leads to reoxidation of 
dissolved REM (Rare Earth Metal), which form the “In Situ” REM oxides at the 
interface between the SEN and the REM alloyed molten steel. Also, the 
interaction of the penetrated glaze with alumina in the SEN base refractory 
materials leads to a formation of a high-viscous alumina-rich glaze during the 
SEN pre-heating process. This in turn, creates a very uneven surface at the SEN 
internal surface. The “In Situ” formation of the REM oxides together with the 
uneven internal surface of the SEN may facilitate the accumulation of the 
primary inclusions.   
Supplement 1 revealed the disadvantages of the glass/silicon powder layer. On 
the other hand the carbon oxidation is a main industrial problem for un-coated 
Alumina/Graphite Submerged Entry Nozzles (SEN) during pre-heating. This led 
to the proposal of a new refractory material for the SEN.  
In supplement 2, the effect of ZrSi2 antioxidant and the coexistence of 
antioxidant additive and (4B2O3 ·BaO) glass powder on carbon oxidation were 
investigated at simulated non-isothermal heating conditions in a controlled 
atmosphere. Also, the effect of ZrSi2 antioxidant on carbon oxidation was 
investigated at isothermal temperatures at 1473 K and 1773 K. The specimens’ 
weight losses and temperatures were plotted versus time and compared to each 
others. The thickness of the oxide areas were measured and also examined using 
XRD, FEG-SEM and EDS. The coexistence of 8 wt% ZrSi2 and 15 wt% (4B2O3 
·BaO) glass powder of the total alumina/Graphite base refractory materials, 
presented the most effective resistance to carbon oxidation. The 121% volume 
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expansion due to the Zircon formation during heating and filling up the open 
pores by (4B2O3 ·BaO) glaze during green body sintering led to an excellent 
carbon oxidation resistance.          
In supplement 3, decarburization behaviors of Al2O3-C, ZrO2-C and MgO-C 
refractory materials constituting a commercial Submerged Entry Nozzle (SEN), 
have been investigated in different gas atmosphere consisting of CO2, O2 and 
Ar. The � �  ratio values were kept the same as it is in propane 
combustion flue gas at Air Fuel Ratio (AFR) values equal to 1.5 and 1 for both 
Air-fuel and Oxygen-fuel combustions. Laboratory experiments were carried out 
non-isothermally in the temperature range 873 K to 1473 K at 15 K/min 
followed by isothermal heating at 1473 K for 60 min. The decarburization ratio 
(α) values of the three refractory types were determined by measuring the 
weight losses of the samples. The results showed that the decarburization ratio 
(α) values of the MgO-C refractory became 3.1 times higher for oxygen-fuel 
combustion compared to air-fuel combustion both at AFR equal to 1.5 in the 
temperature range 873 K to 1473 K.  The decarburization ratio (α) values for 
Al2O3-C samples were the same as for the isothermal heating at 1473 K and 
non-isothermal heating in the temperature range 1473 K to 1773 K with a 15 
K/min heating rate. It substantiates the SEN preheating advantage at higher 
temperatures for shorter holding times instead of heating at lower temperatures 
for longer holding times. Jander’s diffusion model was proposed for estimating 
the decarburization rate of Al2O3-C refractory in the SEN. The activation energy 
for Al2O3-C samples heated at AFR equal to 1.5, for air-fuel and oxygen-fuel 
combustions were found to be 84.5 KJ/mol and 95.5 KJ/mol respectively during 
non-isothermal heating in the temperature range 873 K to 1473 K.  
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1. Introduction 

 
“Continuous casting” is a method of casting used for continuous and high-
volume production of metals with a constant cross section in a water-cooled 
copper mould. This method is the dominating casting process for crude steel 
production and in 2006 it stood for approximately 90% and 2008 for 93.1% of 
the world’s steel production.1,2) In this process, the submerged entry nozzle 
(SEN) is used to transport the molten steel from tundish to the mould and it can 
be considered as a vital factor obtaining a stable casting process and a good 
product quality. The steel industry consumes almost 50 percent of the total 
produced refractory materials in the world and a large proportion of this 
consumption is graphite containing refractories.3) The presence of graphite in the 
SEN base refractory materials leads to:3)   
 
• A high thermal shock resistance and a high thermal conductivity, which make 
it possible to pre-heat the SEN at higher heating rates. This, in turn, leads to 
saving time and energy. 
• A low wettability by molten steel.       
 
Furthermore, the steelmaking processes occur at temperatures as high as 1873 
K, so the interaction between the SEN refractory materials and molten steel is 
unavoidable. Therefore, the SEN should have proper inertness, besides its 
moderate mechanical properties such as high temperature mechanical strength 
and thermal resistance.  In general, the interaction between the SEN and molten 
steel may be categorized into three different mechanisms: 4)    
 
1. The chemical reactions between refractory base materials and impurities in 

the nozzle and the molten metal.   
2. The attachment of immersed non-metallic inclusions in the molten steel, to 

the surface of the nozzle. 
3. The erosion of the nozzle refractory materials. 
 
The two first mentioned mechanisms may cause clogging during casting 
process, which may limit the productivity by interruption of the casting process, 
restricting the number of charges per tundish, affecting the quality of the 
produced steels and consequently increasing the customer rejections.5)   
To satisfy costumers´ requirements, the stainless steelmakers have started to 
produce more complex steels such as ASTM S35315.This austenitic stainless 
steel grade resists oxidation at temperatures up to 1423 K. Furthermore, it can 
provide moderately good service in carbon, nitrogen and sulfur containing 
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atmospheres, due to the presence of REM (Rare Earth Metal) alloying elements. 
The addition of the REM (Rare Earth Metal) alloying elements such as cerium 
may lead to severe nozzle clogging that can interrupt the fabrication process.6)  
Katsumata et al. 7) investigated the effect of REM alloying elements on 
inclusions compositions in molten stainless steel and also performed the SEN 
accretion Post-Mortem studies. They found that the accretion mainly consisted 
of solidified steel which was assumed to be strongly related to the solidification 
of the delta ferrite due to the presence of REM oxides. In addition, Ohashi et al. 
7) indicated a strong relationship between the REM-alloying metals reaction with 
alumina in SEN refractory materials as an initial step for clogging. The clogging 
may continue by agglomeration of REM oxides on the SEN internal surface in 
both cases. As an alternative explanation, Ohyabu et al.6) have suggested that the 
reaction between the nozzle silicon oxide particles and the REM-alloying metals 
in the molten steel takes place, this may lead to a silica reduction and REM 
oxidation. Furthermore, the oxidation products remain at the reaction place. On 
the other hand, the formation of REM oxide, REM silicates and REM 
aluminates on the SEN internal surface and inside the SEN pores according to 
previous mentioned studies may lead to attraction forces between these 
compounds and primary inclusions in the molten steel.8) The study8) shows that 
the attraction forces between REM oxides may vary drastically due to their 
sizes. Furthermore that, less variation occurs due to the oxides chemical 
composition differences.  
Inside the new generation of the commercial Submerged Entry Nozzles, a 
coating with a powder layer is applied. This layer contains of a mixture of glass- 
and silicon-powder. It is intended to protect the SEN inside surface from 
graphite oxidation during the SEN pre-heating. The effects of this protective 
layer on the clogging phenomena are un-identified. The objectives of the 
supplement 1 were to investigate the interactions between the SEN base 
refractory materials and the protective glass/silicon powder coating during the 
SEN pre-heating. Furthermore, it was intended to investigate the interactions 
between the pre-heated SEN and molten steel. Finally, to evaluate the effects of 
the glass/silicon coated SEN on the clogging during casting of a REM-alloyed 
stainless steel grade. The interaction investigations were performed by 
laboratory experiments. Furthermore, plant trials were performed to evaluate the 
effects of the glass/silicon coated SEN on the clogging.  
Graphite in the SEN base refractory materials without glass/silicon powder 
coating may be oxidized direct in an oxidizing atmosphere such as in an oxygen- 
or a carbon dioxide- rich atmosphere. Furthermore, by indirect oxidation as 
reaction 1 presents. More specifically, graphite oxidation starts at 873-973 K in 
air to form carbon monoxide or carbon dioxide.9) 

 
C(s) + SiO2(s) = CO (g) + SiO (g)          (1) 
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A method to inhibit the decarburization of Al2O3-C refractories is the addition of 
so-called antioxidants. An antioxidant is an element or a compound with a high 
oxidation affinity. Aluminum is the most conventional antioxidant, but the 
formation of Al4C3 after sintering of the green body may be as a disadvantage.  
This is due to that the Al4C3 compound may be hydrated even at room 
temperature to form an Al (OH)3 compound, as reactions 2 and 3 suggest. This, 
in turn, may lead to volume expansion and cracking of the refractory bulk.10) 

 
4Al (l) + 3C(s) = Al4C3 (s)                                                 (2) 

Al4C3(s) + 12 H2O (g) = 3CH4 (g) + 4 Al(OH)3 (s)     (3) 
 

Sunayama et. al. 11) have investigated the influence of an aluminum additions on 
the oxidation rate of MgO/graphite refractory, which showed a slight 
improvement of the oxidation resistance at temperatures below 1823K. Wang et. 
al. 12) have investigated the influence of Al8B4C7 additions on the 
decarburization resistance. In addition, Gokce et. al. 10) have evaluated the 
effects of various antioxidants such as Si, Al, B4C and SiC on the 
decarburization resistance of MgO/graphite refractory. Overall, only a few 
researchers such as Youqi et al. 13) and Dejiang et. al., 14) have investigated the 
effects of antioxidants on the decarburization resistance of Alumina/Graphite-
based refractory materials. More specifically, Youqi et al. 13) investigated the 
effect of a metallic Zn addition on the carbon oxidation and established the 
severe Zn volatilization during green body sintering. Dejiang et. al. 14) 
established the remarkable carbon oxidation resistance of the refractory due to 
the Silicon-containing boron glass coating. Furthermore, Wang and Yamaguchi 
12) have also reported the coexistence effects of liquid phase and the additives 
oxidation products to inhibit the oxygen penetration. They reported the positive 
effects of liquid diboron trioxide on the decarburization resistance. On the other 
hand, Peng et.al. 14) have found a severe volatilization of B2O3 at temperatures 
above 1273 K. This may be accounted as an inappropriate glaze during both 
sintering of the green body and pre-heating of the SEN, which both are 
performed at temperatures of about 1473 K. 
In supplement 2, the effect of ZrSi2 additions on the carbon oxidation resistance 
of Alumina/graphite base refractory materials used in the SEN is investigated. 
The advantage of ZrSi2 additive compared to a more commonly used aluminum 
additive is that ZrSi2 is less sensitive to oxidation during production of green 
body. Furthermore, that the volume expansion of ZrSi2 after oxidation is higher 
than for alumina.15) The volume expansion may lead to both inhibition of 
oxygen ingress during pre-heating of the SEN and filling the open pores which 
remain after the graphite oxidation. As table 1 16) shows the oxidation of ZrSi2 

may lead to a 121% relative volume increase, while it is just 29% for aluminum 
and 71% for dizirconium silicide.  
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Table 1 Relative volume increase during oxidation of aluminum and other intermetallic 

compounds
16)

 

Reaction Relative Volume Expansion 
[Volume percent] 

2 Al + 3/2 O2 → Al2O3 29 
Zr2Si + 3 O2 → ZrSiO4 + ZrO2 71 
ZrSi2 + 3 O2 → ZrSiO4 + SiO2 121 

 
The usage of a more stable glaze at high temperatures was also intended. The 
composition with a 64 wt% diboron trioxide and 36 wt% barium oxide presents 
the (4B2O3 ·BaO) compound with a melting point of 1162 K (889°C). This value 
is higher than that for pure B2O3 and the compound is more stable at higher 
temperatures.17) The coexistence effects of ZrSi2 and (4B2O3 ·BaO) powder on 
the decarburization resistance of Al2O3/C refractory materials used in SEN, are 
investigated. 
It is usual to preheat the SEN before the usage to compensate the thermals chock 
during introducing the molten steel at the casting start. A commercial SEN may 
consist of three different materials namely Al2O3-C, ZrO2-C and MgO-C. All 
refractory materials containing graphite have the tendency to be decarburized 
during the pre-heating process. Although, there are many articles concerning 
isothermal decarburization rate of MgO-C18,19,20) and just a few concerning 
isothermal decarburization of  Al2O3-C

21,22), articles concerning the 
decarburization behavior of the commercial SEN different parts seems not to be 
well investigated. There are also some studies concerning the kinetic analysis of 
the decarburization graphite-containing materials. These studies are performed 
concerning an isothermal heating of a graphite-containing sample. A study by 
Sasai et al.21) showed that the decarburization process proceeded by diffusion of 
oxygen gas through the pores of the Al2O3-C refractory, when heated 
isothermally. Sunayama et al.20) reported the same result for a MgO-C 
refractory, when heated isothermally in Ar-O2. In contrast, Nandy et al.19) 
showed that the decarburization consisted of a chemical reaction mechanism 
operated initially followed by a diffusion mechanism.     
In supplement 3, the decarburization sensitivity for different graphite-
containing parts of a commercial SEN was investigated. In fact, both non-
isothermal and isothermal heating were considered to get a better understanding 
of the real SEN pre-heating process. The decarburizing process was performed 
in an atmosphere containing oxygen and carbon dioxide at the ratio equal to the 
propane gas combustion flue gas. The propane gas torch is commonly used to 
pre-heat the SENs in Sweden. Two different types of combustion namely 
oxygen-fuel and air-fuel combustion at two different air-fuel ratios (AFR) of 1 
and 1.5 were investigated. Furthermore, the kinetic analysis was performed to 
determine the decarburization mechanism(s) for Al2O3-C materials during non-
isothermal heating between 873- 1473 K. 
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1.1. The scopes of the present work 
 
This work is carried out based on both plant- and laboratory-trials. It consists of 
three supplements and focuses on the following issues: 
 
• Investigation of the interaction between glass/silicon powder coating and 

SEN refractory base materials (supplement 1) 
• Investigation of the interaction between glass/silicon powder coating, SEN 

refractory base materials and molten steel (supplement 1) 
• Investigation of the interaction between glass/silicon powder coated SEN 

and a rare earth metals (REM) alloyed stainless steel respecting clogging 
(supplement 1) 

• The carbon oxidation behavior of the Zirconium Disilicide (ZrSi2)-
containing alumina /Graphite refractory materials (supplement 2) 

• Pre-heating simulation of the commercial SEN (supplement 2) 
• The decarburization of the commercial Submerged Entry Nozzles consisting 

of Al2O3-C, ZrO2-C and MgO-C refractory materials (supplement 3) 
 
The main objectives of this work is to provide new results, which may lead to a 
better understanding of the relation between the SEN usage and clogging 
mechanisms during continuous casting process. This work was intended to 
illustrate the vital effect of the SEN base refractory materials, its internal coating 
and the SEN pre-heating process on a stable continuous casting process.  
All the studies performed during this work are connected to each other to the 
fact they survey the SEN.  Figure 1 may clearly illustrate where in the SEN was 
in focused in different supplements.  

 
Figure 1A schematic figure of the structure in this work including an explanation of where in the 

SEN are studied in the different supplements  
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Table 2 The chemical composition of controlled atmosphere in the furnace during pre-heating. 

Temperature  
(K) 

Ar 
(Nl/min) 

CO2  
(Nl/min) 

O2  
(Nl/min) 

Nliter  
Injected  

CO2 

Nliter Injected 
 O2 

373-773 K (15K/min) 7.83 0.09 0.08 2.40 2.13 
773-973K (15K/min) 7.72 0.15 0.13 2.00 1.73 

973-1273 K (15K/min) 7.59 0.22 0.19 4.40 3.80 
1273-1473 K (15K/min) 6.8 0.64 0.56 8.53 7.46 

1473 K  6.8 0.64 0.56 6.40 5.60 
 

 

2.2. Interaction between glass/silicon powder coating, SEN 

refractory base materials and molten steel, Laboratory 

experiments (supplement 1) 

 
Two test rods were prepared to investigate the interactions between refractory 
base materials, Glass/silicon powder coating and molten steel. They were drilled 
out of two commercial submerged entry nozzles made of two different 
refractory base materials, namely Alumina/graphite and Zirconia/graphite. The 
rods were coated by the same glass/silicon powder coating as the coating of the 
commercial SEN, with respect to the chemical compositions and thickness. 
Table 3 summarizes the experimental conditions for two performed tests. 
 

Table 3 Experimental conditions 

Test Number  Test 1  Test 2 

Test Rod Zirconia 

/Graphite 

Alumina 

/Graphite 

Glass/silicon powder Coating Yes Yes 

Rod Rotation speed 100 rpm 100 rpm 

Molten steel Temperature 1873 K 1873 K 

Duration of immersion 10 Min 30 Min 

Rod pre-heating Temperature 1473 K 1473 K 

Rod pre-heating duration 20 Min 20 Min 

Argon flushing 5 Nl/min 5 Nl/min 

Molten steel grade (ASTM) S30400 S30400 

 
The experimental set-up was a high-temperature furnace equipped with graphite 
resistance-heating elements, as illustrated in figure 3. 
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2.4. The carbon oxidation behavior of the Zirconium Disilicide 

(ZrSi2)-containing alumina /Graphite refractory materials 

(supplement 2) 

 
2.4.1. Materials 

 
The raw materials used in supplement 2 were crystalline flake graphite (99.9% 
purity, ≤ 5 µm), tabular corundum (99.4% Al2O3 and 0.12% Fe2O3, ≤ 300 µm), 
Silica (99.9% purity, ≤ 45 µm), diboron trioxide (99.98% purity, ≤ 45 µm), 
barium oxide (99.5% purity, ≤ 45 µm) and zirconium disilicide (99.5 % purity, ≤ 
45 µm). 
60 wt% alumina, 10 wt% silica and 30 wt% flake graphite powders were mixed 
in a ball mill using corundum balls for 24 hr to prepare the Refractory Base 
Material (RBM). Different samples were prepared by addition of different 
amounts of ZrSi2 and (4B2O3·BaO) glass powder into the RBM, as table 4 
shows. Poly Vinyl alcohol (PVA) was used as binder. The Powder mixtures 
were then grinded for 24 hr in a corundum ball mill. Then, uniaxial pressed at 
215 MPa to form a cylinder with a 17 mm diameter and about 17 mm height. 
Then, the green body was embedded by active graphite powder in a graphite 
crucible. Thereafter, the Graphite crucible was heated to 513 K in an electrical 
box furnace in air for 5h to obtain a degradation of PVA. Finally, the crucible 
was heated at 9 K/min to 1373 K in a high-temperature graphite resistance 
furnace for 8 h in an argon atmosphere, at a flow rate of 3 Nl/min.  
 
 

Table 4 Samples chemical compositions and preparation conditions 

Test No. RBM  wt% ZrSi2 wt% (4B2O3.BaO) wt% B2O3 wt% PVA 
Removal 

Treatment 

1 100 - - - 513K-6hr 1373 K-8hr 
2 85 15 - - 513K-6hr 1373 K-8hr 
3 75 15 10 - 513K-6hr 1373 K-8hr 
4 75 15 5 5 513K-6hr 1373 K-8hr 
5 92 8 - - 513K-6hr 1373 K-8hr 
6 82 8 10 - 513K-6hr 1373 K-8hr 
7 77 8 15 - 513K-6hr 1373 K-8hr 
8 96 4 - - 513K-6hr 1373 K-8hr 
9 86 4 10 - 513K-6hr 1373 K-8hr 

10 98 2 - - 513K-6hr 1373 K-8hr 
11 88 2 10 - 513K-6hr 1373 K-8hr 
12 75 15 10 - 513K-6hr Un-sintered 

13, 14 70 15 15 - 513K-6hr 1373 K-8hr 
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Therefore, the temperature profile which the samples were supposed to follow 
during heating had to be similar to that found in industrial conditions. A 
commercial Alumina/Graphite refractory pre-heating simulation performed from 
373 K to 1773 K to suggest the temperature profile for the laboratory trials.  
 
2.5. The decarburization of the commercial Submerged Entry Nozzles 

(supplement 3) 

 
Laboratory samples were drilled out of a commercial SEN into cylinders of 
0.013 m in diameter and 0.036 m in length. The specimens were heated in the 
furnace shown in figure 4. Furthermore, the sample weight was measured with a 
thermobalance with an accuracy of ±0.01 gram. The thermobalance was also 
connected to a computer equipped with a Balance-Win software (version 
3.0.13), which gathered the real time weight of the sample every second. The Pt-
10% Rh/Pt thermocouple showed and registered the real time temperature near 
the suspended sample every second, with an accuracy of ±1 K.  
Carbon dioxide, oxygen and argon were mixed and injected into the alumina 
tube at different amounts and flow rates. The flow rates and gas mixture 
compositions were adjusted using three brooks Sho-rate flow meters with R-2-
15-B tubes (glass and Tantalum float) and R-2-15-AAA tubes (carboloy float). 
All samples were heated at a constant heating rate of 15 K/min from 298 K up to 
1473 K. Thereafter, they were hold at this temperature for 60 min. In addition, 
all samples were heated from 298 K to 873 K at an argon flow rate of 8 Nl/min 
to prevent the decarburization. Table 5 illustrates the chemical compositions of 
the injected gas related to their AFR24), flow rates of the injected gas, refractory 
materials, combustion type and the performed temperature profile for all 
experiments.  
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Table 5 Materials, gas mixtures, temperature profiles and combustion properties for 

experimental tests 

Tests Material CO2 

(vol%) 

O2 

(vol%) 

Ar 

(vol%) 

Flow 

rate 

Nl/min 

Non-

isothermal 

Heating 

15 K/min 

Isothermal 

Heating 

60 min 

Oxy- 

fuel 

Air- 

fuel 

(AFR) 

1 Al2O3-C 8 7 85 8 873-1473 

K 

1473 K Air- 

fuel 

1.5 

2 Al2O3-C 8 7 85 8 - 1473 K Air- 

fuel 

1.5 

3 Al2O3-C 8 7 85 8 873-1773 

K 

1773 K Air- 

fuel 

1.5 

4 ZrO2-C 8 7 85 8 873-1473 

K 

1473 K Air- 

fuel 

1.5 

5 MgO-C 8 7 85 8 873-1473 

K 

1473 K Air- 

fuel 

1.5 

6 Al2O3-C 32 26 42 8 873-1473 

K 

1473 K Oxy-

fuel 

1.5 

7 Al2O3-C 32 26 42 2 873-1473 

K 

1473 K Oxy-

fuel 

1.5 

8 ZrO2-C 32 26 42 8 873-1473 

K 

1473 K Oxy-

fuel 

1.5 

9 MgO-C 32 26 42 8 873-1473 

K 

1473 K Oxy-

fuel 

1.5 

10 Al2O3-C 43 - 57 8 873-1473 

K 

1473 K Oxy-

fuel 

1 

11 Al2O3-C 43 - 57 3 873-1473 

K 

1473 K Oxy-

fuel 

1 

 
After the decarburization test accomplishment each sample was cooled to room 
temperature. Furthermore, each sample was placed in an alumina crucible and 
heated at 1173 K in air for 5 h tills it achieved the constant weight. 11) The 
weight loss of the sample during carbon burning-out together with the carbon 
weight loss during decarburization test may present the total amount of the 
carbon content in each original sample. The decarburization ratio (α) was 
calculated at different time intervals using equation 2. 
 

����	
����


                                                   (2) 

 
where �, �,  are the initial weight at 873 K, the real time weight and the 
final weight after carbon burning-out respectively.  
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2.6. Observations and chemical compositions analysis (supplement 

1, supplement 2 and supplement 3) 

 
The  observations and chemical compositions of the samples were determined 
using an Ultra 55 Field Emission Gun Scanning Electron Microscope, FEG-
SEM, (Carl Zeiss equipped with an EDS Inca Penta FETX3 Oxford Instrument) 
equipped with an energy dispersive X-ray spectrometry (EDS). All samples 
were mounted in a specific electrical conducting epoxy material and ground and 
diamond-polished. Thereafter, the microscopic examinations were carried out 
using the FEG-SEM using backscattered detector on both etched and un-etched 
samples. The FEG-SEM-EDS determinations were performed using a working 
distance of 8.5 mm and an acceleration voltage of 20 kV. The FEG-SEM-EDS 
calibration was performed using the Co standard for each sample. In 
supplement 1, the samples were etched by a solution containing five volume 
percents bromine in methanol. In supplement 2, X-ray diffraction (XRD) 
analyses were also performed on samples to survey the existence of different 
compounds.   
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3. Pre-heating simulation 

 
The temperature profile for heating of samples has been decided by the 
commercial Submerged Entry Nozzle (SEN) pre-heating simulation using 
COMSOL Multiphysics® software (version 3.5). It assumed that inside 
diameter of the SEN is constant at 0.036 m and its shape is symmetrical so that 
simulation can be performed in 2D. The selected commercial SEN, 
Alumina/Graphite refractory, had a heat conduction coefficient of 18 (W/m.K) 
at 973 K, a density of 2430 (Kg/m3) and a specific heat capacity of 1416.56 
(J/kg.K). The heating source is assumed to be a propane combustion torch with a 
fuel consumption of about 10 Kg/hr. The propane flue gas volume for 
combustion was assumed to be 13.11 (Nm3/Kg Propane) with a temperature of 
1773 K.23) The propane flue gas velocity is calculated 35 m/sec, while the nozzle 
cross section area assumed to be 1018.10-6 m2 and the propane flue gas flow rate 
is 0.036 (Nm3/sec). 
 
The Reynolds number of propane flue gas is calculated using equation 3, where 
the propane flue gas- density ( �), -viscosity ( �), -flow velocity ( �) and the 

SEN diameter ( �) assumed to be 0.89 �  23), �� 24), 

 and 0.036 m respectively.  

 
��.��.��

��                                                          (3) 

 
The calculated Reynolds number is 29 904. It defines that the propane flue gas 
flow in the SEN is turbulent.24) The Petukhov equation24) (equation 4) has been 
performed to calculate the Nusselt number by assumption of both the fully 
developed turbulent flow in the SEN and the SEN to be a smooth tube with a 
fraction factor (f) of 0.06.24) The calculated Nusselt number was 186, when n in 
equation 4 supposed to be zero for gases and Prandtl number ( ) was 0.67.24)  
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The propane flue gas heat convection coefficient � was � , 

calculated using the general form of Nusselt number (equation 5), where the 
propane flue gas heat conduction coefficient ( �) assumed to be 0 

.24) 



 

 
 

 
The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 
surface (Point 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 
surface (Point 

Figure 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 
surface (Point 

Figure 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 
surface (Point 

Figure 5

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 
surface (Point 

5 The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 
surface (Point 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 
surface (Point E

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

E) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

,�.
-

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

.��
-�

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

15

�                                  

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

15 

                                  

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

                                  

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

                                  

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

                                  

The simulation has been performed for five points (
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

                                  

The simulation has been performed for five points (A
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

                                  

A, 
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

                                  

, B, 
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E) 

                                                                

, C
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours. 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

simulated points (A, B, C, D and E)  

                              

C, D
of SEN refractory materials from the inside surface (Point 

) with a 6.75mm interval during two hours.  

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

                              

D and 
of SEN refractory materials from the inside surface (Point A

 
The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

                              

and 
A) to the outside 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

                              

and E
) to the outside 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

                              

E in figure 
) to the outside 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

                              

in figure 
) to the outside 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

                              

in figure 
) to the outside 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

                              (5

in figure 
) to the outside 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

(5)

in figure 5) 
) to the outside 

The Submerged Entry Nozzle (SEN) cross section and corresponding heat transfer 

) 

) 
) to the outside 



16 
 

4. Decarburization mechanisms 

determinations 

 
The differential method25) was applied to determine the reaction kinetic for the 
decarburization of Al2O3-C (test 1 and test 6 shown in table 5) during the non-
isothermal heating step in the temperature range 873 K to 1473 K. Table 6 
shows different mechanisms and their corresponding functional form of g(α) for 
solid state reactions. 26) 
 

Table 6 Solid state reaction functions.
26)

 

Model Name of the function g(α) Rate controlling process 
 

MPL1 Mampel power law, n=1 -ln(1-α) Chemical reaction 
MPL0 Mampel power law, n=0 α Chemical reaction 
MPL2 Mampel power law, n=2 (1- α)

-1
-1 Chemical reaction 

R2 Contracting cylinder 1-(1- α)
1/2 Phase-boundary reaction,  

cylindrical symmetry 
R3 Contracting sphere  1-(1- α)

1/3 Phase-boundary reaction,  
spherical symmetry 

D2 Valensi (Barrer) equation α+(1- α)ln(1- α) Two-dimensional diffusion  
cylindrical symmetry 

D3 Jander Equation [1-(1- α)
1/3

]
2 Three-dimensional diffusion 

D4 Ginstiling –Boknshtein equation 1-2 α/3-(1- α)
2/3 Three-dimensinal diffusion,  

spherical symmetry 
 
 
If the system is heated at a constant heating rate (β) and the initial temperature is 

" then the real time temperature (T) of the system can be expressed as equation 
6. 

"                                                              (6) 
 
Lu et al.25) presented equation 7 for different reaction mechanisms. 
 

�./01
��

2
�3                                                (7) 

 
where A is constant, β is the heating rate, g(α) is the function defined in table 6, 
E is the activation energy of the reaction, t is the reaction time and R is the gas 

constant. As equation 7 illustrates, the correlation between 
�./01
��  and 

!
4  is 

linear for a constant heating rate. Therefore, the experimental values of  
�./01
��  vs. 

!
4  were plotted in form of curves for each theoretical g(α) 
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function shown in table 6. The linear correlation coefficient for each curve was 
calculated using the ordinary least squares (OLS) method. 
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5. Results and Discussion 

 

5.1. Interaction between glass/silicon powder coating and SEN 

refractory base materials, Laboratory experiments (supplement 

1) 

 
Figure 6 shows the FEG-SEM images of the specimen before a pre-heating 
simulation (up) and after a pre-heating simulation (down). The images illustrate 
how the glass/silicon powder coating makes a dense covering layer to protect the 
base refractory materials from decarburization during the pre-heating 
simulation. 
 

 
Figure 6 SEM images of Alumina/graphite refractory and Glass/Silicon powder coating before 

pre-heating (up) and after pre-heating at 1473 K (down) 

 
Table 7 presents the SEM-EDS chemical composition analysis performed for 
region A and point C shown in the figure 6. Even if the pre-heating process was 
performed in an oxidizing atmosphere, much metallic silicon powder still 
remained inside the glass/silicon powder coating layer as point B in figure 6 
shows. 
 

Table 7 SEM-EDS chemical analysis for Points A and C shown in figure 6 

Compound Region A-wt% Point C-wt% 

Na2O 4.57 6.18 
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Compound Region A-wt% Point C-wt% 

MgO 0.28 - 

Al2O3 38.93 19.67 

SiO2 46.69 68.54 

K2O 1.83 3.12 

CaO 1.58 1.89 

TiO2 6.13 - 

ZrO2 - 0.61 

 

The comparison between the chemical composition analyses for region A and 
the SEN refractory base materials, may clearly show that region A is a regions 
where the refractory base material and glass/silicon coating has interacted during 
the SEN pre-heating. The interaction led to an increased silica- and alkaline-
concentration in the SEN base refractory materials. 
 
5.2. Interaction between glass/silicon powder coating, SEN 

refractory base materials and molten steel, Laboratory 

experiments (supplement 1) 

 
 
Figure 7 shows the region at the interface between the immersed rotating rod in 
test 3 (table 3) and molten steel.  
 

 
Figure 7 The Zirconia/Graphite rod surface after pre-heating at 1473 K and immersion in 

molten steel at 1873 K. 

The EDS chemical composition analysis for point A between zirconia particles 
in the Zirconia/ Graphite refractory was performed. The high concentration of 
alumina, silica and alkaline in this area may indicate its origin from glass/silicon 
powder coating. However, the zirconium concentration value in point A is 17.72 
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times higher in comparison to the formed glaze during pre-heating. These results 
substantiate the penetration of the glaze during pre-heating. Furthermore, they 
indicate that interaction between glaze and the zirconia particles in the refractory 
occurs. In addition, the penetrated glaze has been zirconia-rich due to this 
interaction. The Zirconia-rich glaze has a higher viscosity in comparison to the 
glaze with a lower zirconia concentration. 
Figure 8 shows a FEG-SEM image at the interface of the immersed rotating 
alumina/graphite rod in test 2 (table 3) and the molten steel. It clearly shows that 
the glaze layer has totally been corroded by molten steel at some places, whereas 
it remained un-corroded at some other places after the immersion test. The 
heterogeneous corrosion behavior of the glass/silicon powder coating has led to 
the formation of a 178 µm hill in the SEN interior surface after rotating during 
30 minutes. 
 

 
Figure 8 SEM image of the alumina/graphite rod surface after pre-heating at 1473 K and 

immersed in molten steel at 1873 K 

Figure 9 may clearly show the 217.9 µm penetration of the glaze in test 1 (table 
3) into the Zirconia/Graphite refractory materials. This penetration has provided 
a contact region between the penetrated glaze and the graphite in the base 
refractory materials. 
 
 

 
Figure 9 The penetration of the glaze into the Zirconia/Graphite rod after pre-heating at 1473 K 

and immersion in molten steel at 1873 K 
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5.3. Interaction between glass/silicon powder coated SEN and a rare 

earth metals (REM) alloyed stainless steel, Plant description 

(supplement 1) 

 
Figure 10 (left) shows the FEG-SEM image (back scattered detector) of the 
region at the interface between the SEN refractory materials and molten steel. It 
shows the formation of a continuous layer containing elements with high atomic 
weights at the interface. Figure 10 (right) presents the FEG-SEM images of the 
interface layer at the higher magnification. 
 

 
Figure 10 SEM image of an un-etched sample at the interface between SEN and the accretion 

(left) and the SEM images of the interface layer at a higher magnifications (right) 

The interface contains of small particles in a matrix. The FEG-SEM-EDS 
chemical analysis compositions performed for the small particles (points A, C) 
and the matrix (point B). The stoichiometric ratio of elements in atom 
percentage for different points in the analyzed region has been compared to 
some well-known compounds.27,28) The ratio for Point A agrees with the 
theoretical ratio for REAlO3. The ratio for Point C agrees with the theoretical 
ratio for Ce4.67 (SiO4). The SEM-EDS chemical analysis composition for point B 
shows a high alkaline content with almost equal concentrations of alumina and 
silica in this region. The chemical composition was almost the same as region A 

in figure 6 (table 7).  
Figure 11 shows an etched sample from the industrial trials at the interface 
between refractory materials and accretion. This figure clearly shows a high 
agglomeration population of the primary REM oxide inclusions around an 
uneven region of the SEN. This region were ended up of about 90 µm inside the 
molten steel flow. 
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Figure 11 The SEM images of the SEN surface which ended up in turbulence flow region 

 

5.4. Thermodynamic calculations 

 
The laboratory results indicate a penetration of the glaze containing high 
amounts of alkalines (Na2O and K2O) into the SEN base refractory materials. 
The alkalines can be reduced by graphite to supply oxygen in form of carbon 
monoxide at the interface between the SEN and the molten steel.4) To confirm 
the possibility of this reaction, the alkalines activity in the penetrated glaze was 
calculated using the Thermo-Calc software and using the Slag 2 database.29)  
The penetrated glaze chemical composition was assumed to be the same as the 
pre-heating laboratory simulation results (table 7 region A in figure 6). The 
calculated alkalines activity was    4.84*10-8.  
The alkalines reduction and carbon monoxide formation can be defined by 
reaction 4.  
 
Na2O (l) + C (s) = 2 Na (g) + CO (g)    ∆67" 8 404600 < 320.77T (J/mol)                          (4)     
 
The molten steel temperature in the tundish was measured at 1713 K. By 
inserting this value into reaction 4 the standard Gibbs free energy can be 
calculated as  (J/mol). The equilibrium state can be reached when 
the carbon monoxide partial pressure is 0.9992 atm. The carbon monoxide may 
dissociate at the interface between the SEN and the molten steel, which may 
lead to REM reoxidation as reaction 5 shows.  
 
2 [Ce] + 3 CO (g) = 3 [C] + Ce2O3(s)    ∆6A" 8 <1833521 E 797.69T (J/mol)                    (5) 
 
In addition, the standard free energy of -467078 (J/mol) at 1713 was calculated 
using reaction 5. The equilibrium carbon monoxide partial pressure was 1.37 * 
10-5 atm, which has been determined under assumption that the cerium oxide 
activity is equal to unity. Furthermore, the activity for carbon and cerium in 
molten steel were calculated for a stainless steel grade containing 0.091 wt% C, 
1.64 wt% Si, 20.92 wt% Cr, 10.86 wt% Ni, 0.033 wt% Ce and 0.005 wt% Al. In 
conclusion, the higher equilibrium carbon monoxide partial pressure (0.9992 
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The determined temperature profile between 398 K – 1473 K for sample heating 
is presented in figure 13, as the continuous curve shows. The experimental 
apparatus in figure 4 was capable to perform different heating programs (ramp) 
with a constant heating rate. Therefore, the simulated temperature profile 
(continuous curve) has been divided into four sections, each one with a constant 
heating rate, as the dashed lines shows in figure 13. 
 

 

 
Figure 13 The temperature profile simulated using ComSol software (continuous curve) and 

corresponding line with four constant heating rate segments (dashed line) 

 

 
The four temperature sections and their related injected gases are shown in table 
8. 
 

Table 8 Different segments with constant heating rate shown by dashed line in figure 13 

Temperature 
Interval (K) 

Ramp 
(K/min) 

Ar  
(Nl/min) 

CO2  

(Nl/min) 
O2  

(Nl/min) 
Total Flow 
(Nl/min) 

373-773 100 6.8 0.64 0.56 8 
773-973 63 6.8 0.64 0.56 8 
973-1273 42 6.8 0.64 0.56 8 

1273-1473 15 6.8 0.64 0.56 8 
 
The alumina tube situated inside the furnace in figure 4 can just tolerate the 
heating rate of about 15 K/min and it may crack at higher heating rates.  
Therefore, the partial pressure of injected oxygen and carbon dioxide were 
adjusted so that the total oxidizing components amounts, which the refractory 
materials were exposed to, were the same for both high and low heating rates. 
This is shown in table 9. The heating rate during laboratory trials was 15 K/min. 
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Table 9 The flow rate calculated for the injected gas components of for both simulations and 

trials 

Temperature (K) Ar  
(Nl/min) 

CO2  
(Nl/min) 

O2  
(Nl/min) 

Nliter  
Injected  

CO2 

Nliter Injected O2 

373-773 K  
(100 K/min) simulation 

6.8 0.64 0.56 2.56 2.24 

373-773 K 
 (15 K/min) 

Trial  

7.83 0.09 0.08 2.40 2.13 

773-973 K  
(63 K/min) 
simulation 

6.8 0.64 0.56 2.02 1.77 

773-973 K  
(15 K/min)  

Trial 

7.72 0.15 0.13 2.00 1.73 

973-1273 K 
 (42 K/min) 
simulation 

6.8 0.64 0.56 4.57 3.99 

973-1273 K 
 (15 K/min) Trial 

7.59 0.22 0.19 4.40 3.80 

1273-1473 K (15K/min)  
Trial- simulation 

6.8 0.64 0.56 8.53 7.46 

373-1473 K 
simulation 

- - - 17.68 15.46 

373-1473 K 
Trial 

- - - 17.33 15.12 

1473 K  
(10 min) Trial 

6.8 0.64 0.56 6.40 5.60 

 
 

5.5.2. The carbon oxidation behavior of the Zirconium Disilicide 

(ZrSi2)-containing alumina /Graphite refractory materials 

(supplement 2) 

 
The decarburized thickness layer of each specimen was measured by using light 
optic microscopy. The measured thickness was compared to the decarburization 
thickness layer of the Refractory Base Material (RBM). Equation 8 defines the 
Decarburization Resistance Improvement in percent (DRI %). 
 

Decarburization Resistance Improvement % (DRI, %) = 
a
b           (8) 

 
Where a is the decarburization layer thickness of the antioxidant-containing 
sample and b is the decarburization layer thickness of the base refractory 
materials (RBM). Figure 14 shows the DRI% for Tests 2-11. 
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Table 10 shows all the calculated linear correlation coefficients for test 1 and 
test 6. 
 

Table 10 Linear correlation coefficients for different solid state reaction mechanisms 

Model test 1 test 6 
D2 0.991 0.986 
D3 0.992 0.988 
D4 0.992 0.987 
R2 0.960 0.873 
R3 0.960 0.880 

MPL0 0.958 0.828 
MPL1 0.960 0.888 
MPL2 0.957 0.889 

 
The comparison of  the linear correlation coefficients may suggest  Jander’s and 
Ginstling’s diffusion models as the most probable reaction models for 
decarburization during non-isothermal heating of test 1 and test 6. The 
difference between Jander’s and Ginstling’s diffusion models is related to the 
assumption of the reaction areas.25) The Jander model assumes a constant 
reaction area, while the Ginstling’s model assumes a decreasing reaction area. 
The graphite flake used in the Al2O3-C refractory materials was investigated 
using the FEG-SEM. Figure 19 shows the FEG-SEM images in two 
magnifications. As the figure to the right illustrates, the ratio of length to the 
thickness (L/t) of the flake is 8.40.  
 

 
Figure 19 FEG-SEM images of graphite flake 

 
It is reasonable to assume that the reaction areas between oxidizing atmosphere 
and graphite flakes are constant. Therefore, Jander’s model can be assumed to 
be more suitable to use to determine the reaction controlling mechanism. 
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6. Conclusions 

 
The performance of both laboratory and industrial trials in supplement 1 have 
led to a better understanding of the SEN glass/silicon powder coating effects on 
clogging during casting of the REM alloyed stainless steel grades. The 
laboratory trails revealed the following: 
• The formed glaze layer may penetrate into the SEN base refractory materials 

between alumina and silica particles.  
• This penetration may lead to the reaction between the glaze and the SEN base 

refractory materials to form a high-viscous alumina-rich glaze.  
• The high-viscous glaze may lead to a formation of an uneven and corrosion-

resistance surface inside the SEN after the casting start. It is related to the 
heterogeneous corrosion rate of the SEN internal surface. The calculation 
showed that uneven surfaces are proper places where primary inclusions in 
molten steel can be agglomerated because they may end up in the turbulent 
flow region.  

• The penetration of the glaze may lead to reactions between alkalines in the 
glaze and the graphite to supply a carbon monoxide source at the interface 
between the SEN and the molten steel. The carbon monoxide may be 
dissociated to oxygen and carbon at the interface. The carbon and oxygen 
may be dissolved in the molten steel.  

The industrial trials showed: 
• The formation of an uneven surface inside the SEN, the formation of the large 

“in-situ” cerium silicates and the reaction of dissolved REM with the SEN 
base refractory materials supply a large REM-rich surface in contact with the 
primary inclusion containing molten steel. This may facilitate the attraction 
and agglomeration of the primary REM oxides inclusions on the SEN internal 
surface and thereafter the clogging.  

The study showed the vital effect of the glass/silicon powder coating on 
clogging mechanisms and it led to suggest the usage of a modified SEN 
refractory base material (supplement 2). 
The effects of ZrSi2 additive on the carbon oxidation resistance of the 
Alumina/Graphite refractory materials were studied in supplement 2. The main 
findings in this supplement are: 
• The simulation results suggested an optimized pre-heating temperature of 

1473K for Alumina/graphite refractory when the maximum reachable 
temperature is 1773K. 

• The ZrSi2 acts as an antioxidant, to restrict the Alumina/Graphite carbon 
oxidation by reacting with the oxidizing components such as oxygen and 
carbon dioxide. The 121 vol% expansion due to the formation of the zircon 
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(ZrSiO4) from the ZrSi2 during oxidation can close open pores of the 
refractory formed during oxidation of the graphite.  

• The highest carbon oxidation resistance of the refractory was achieved by 
addition of ZrSi2 at 8 wt% of the Refractory Base Material (RBM). The 
addition led to 36.2% decreasing of the decarburized layer thickness 
compared to the refractory base material without antioxidant.  

• The antioxidant addition showed almost no effect at 4 wt% and 2 wt% 
addition of RBM.  

• The coexistence of ZrSi2 and (4B2O3 ·BaO) glass powder presented a 
remarkable improvement of decarburization resistance for those samples 
contained 8 wt% and 15 wt% antioxidant of the RBM. The melting of the 
added glass powder led to filling of the refractory open pores formed during 
the green body sintering. The glaze acts as an oxidizing gas barrier.  

• The (4B2O3 ·BaO) showed a better stability than pure B2O3 glaze during 
sintering at temperature higher than 1273 K.  

• The best result was achieved by addition of 8 wt% ZrSi2 and 15 wt% (4B2O3 
·BaO) glass powder to the RBM. The addition led to 46.3% decreasing of the 
decarburized layer thickness compared to the refractory base material without 
antioxidant  

• The isothermal decarburization trials at 1473 K and 1773 K in 25 minutes 
revealed the less temperature sensitivity of the ZrSi2-containing refractory 
materials at temperatures between 1473 K -1773 K.  

The decarburization behaviors of Al2O3-C, ZrO2-C and MgO-C commercial 
SEN refractory materials were investigated in laboratory-scale experiments 
(supplement 3). 
The primary outcomes of the investigations are summarized below: 
• The decarburization ratio (α) values for Al2O3-C, ZrO2-C and MgO-C were 

1.8 , 1.9 and 3.1 times higher respectively for oxygen-fuel combustion 
compared to air-fuel combustion. These values are valid for an AFR equal to 
1.5 in the temperature range 873 K to 1473 K. MgO-C refractory materials 
show the highest decarburization ratio increasing in this combustion system 
change. 

• The decarburization ratio (α) values for Al2O3-C became just 1.1 times higher 
when the gas mixture volume flux inlet became 4 times higher (from 2 Nl/min 
to 8 Nl/min at 298 K)  for tests with an AFR equal to 1.5. Furthermore, for 
oxygen-fuel combustion when heated non-isothermally from 873 K to 1473 
K. In both volume flux cases, the samples were totally decarburized after 
almost 30 min of isothermal heating at 1473 K. 

•  For the stoichiometric oxygen-fuel combustion of propane, the 
decarburization ratio (α) values for Al2O3-C samples were almost the same 
during non-isothermal heating in the temperature range 873 K to 1473 K. 
Even if the gas mixture volume flux inlet became 2.7 times higher. The 



32 
 

decarburization ratio (α) values for both Al2O3-C samples were below 0.50 
after isothermal heating at 1473 K for 60 min. 

• The decarburization ratio (α) values for Al2O3-C samples were almost the 
same as for the isothermal heating of a sample at 1473 and for non-isothermal 
heating of another sample in the temperature range 1473K to 1773 K with 15 
K/min heating rate. This result may illustrate that it is more advantageous to 
heat the refractories to higher temperatures at shorter holding times instead of 
heating using low temperatures at longer holding times. 

• The isothermal heating of the Al2O3-C refractory at 1473 K for 60 min 
showed 30% less decarburization ratio (α) value in comparison to the same 
sample heated at 15 K/min in the temperature range 873 K to 1473 K 
followed by isothermal heating at 1473 K for 60 min. It can be concluded that 
at the maximum heating rate during the SEN pre-heating a 30 wt% graphite 
saving is possible. 

• Both Jander’s and Ginstling’s diffusion models were supposed to be probable 
reaction models to predict the decarburization rates during non-isothermal in 
the temperature range 873 K to 1474 K. The FEG-SEM observations of the 
graphite flake morphology substantiated the assumption validity of a constant 
reaction area between reactants. Therefore, Jander’s diffusion model was 
deemed more suitable for the current experiments. 

• The activation energy for Al2O3-C samples heated at AFR equal to 1.5, for 
air-fuel and oxygen-fuel were found to be 84.5 KJ/mol and 95.5 KJ/mol 
respectively during non-isothermal heating in the temperature range 873 K to 
1473 K.                           
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7. Future work 

Clogging of the SEN may limit the productivity by interruption the casting 
process, restricting the number of charges per tundish and also affecting the steel 
quality. From the experiences and results of this work, the vital roles of the 
SEN-base refractory material, -internal coating and -pre-heating are revealed. In 
order to improve the quality of the commercial SENs respecting the clogging, 
the following suggestions are made: 
 
 
• Studies and optimization of the industrial pre-heating of the SENs will be 

performed during plant trials. These trials may lead to suggestions of 
optimized pre-heating time, temperature, fuel type, fuel consumption and 
argon injection protection.     

 
• SEN double internal coatings, the conventional glass/silicon powder coating 

and an extra alkalines-free glass coating. This extra coating is intended to 
form a glaze preventing the penetration of the conventional alkalines-rich 
coating into the SEN base refractory materials.   

 
• The chemical composition adjustment of the previous mentioned extra 

coating. This coating is also intended to have high temperature melting point 
so that it would be remained on the SEN internal surface during casting. 
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