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Abstrakt 

 Článok popisuje všeobecné charakteristiky tvorby povrchových defektov, ktoré vznikajú pri 
kontinuálnom odlievaní ocele a metódy ich znižovania. Článok tiež uvádza najdôležitejšie fyzikálne a 
chemické vlastnosti liacich práškov, ktoré sú v komerčnej ponuke v Poľsku a taktiež aj niektoré 
výsledky autorov, ktoré tieto vlastnosti overujú. 

 

 

Abstract 

 The paper describes general characteristies of the surface defects creation processes present in 
continuous steel cast strands and the methods of their reduction. The paper also presents the most 
important physical and chemical properties of the lubricating and insulting casting powders offered in 
Poland as well as some results of the author's investigations, which verify the casting powders 
properties presented in trade offers. 
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1. Introduction 

 Continuous steel casting is one of progressive and advanced material technologies, in which 
the final product depends on many parallel partial processes. Their influence on quality of continuous 
steel cast strands is highly determined. Apart from great productional and economical results, 
sometimes one can observe defects in continuous steel cast strands. Such defects depreciate the effect 
of continuous steel casting. They can appear on surfaces in form of cracks, teeming laps and arrests, 
curling dies, deep oscillatory marks and slag inclusions. The surface defects of continuous steel cast 
strands result from determined physical, chemical and mechanical phenomena that take place in the 
concast when liquid steel gets in contact with concast wall, gas phase and lubricating substance. 
Frequency of defect occurrence surely depends on faults in the complex process of steel solidification 
in the concast mould (exchange of heat, contraction, phasic transformations). Conditions of the process 
are determined by mechanical interactions of concast mould as well as withdrawal stand oscillatory 
movements [1]. 



 The significant influence of the physical and chemical phenomena occurring on the surface of 
molten steel in continuous casting mould on the quality of cast strand is stated. The following 
phenomena can be distinguished among others:  

Convex meniscus of molten steel formation at the concast mould wall 

Wavy motion of the molten steel surface in concast mould 

Mass exchange processes connected with the secondary steel oxidation, steel deoxidation, steel 
refining and nonmetallic inclusions floating 

Electrocapillarry and thermo - electric phenomena 
 

 

 Based on practical knowledge and observations it can be stated that the parameters of the 
meniscus and the intensity of the mass exchange processes at the molten steel surface are the most 
important phenomena. They decide about the quality of cast strands surface and "metallurgical 
cleanness" of the steel. The use of the lubricating and insulating casting powders covering steel surface 
in concast mould reduces the unfavourable influence of  the phenomena, described above, on the 
quality of the cast strands. 

 In thermal conditions of concast mould the casting powders (slag forming powders) should 
form three layers (Fig.1) - powder layer coexisting on powder - molten layer and molten layer. The last 
one covers molten steel surface. 

 This three phases system of the casting powders serves several purposes [2]: 

The surface properties of molten steel and the character of phenomena at the concast mould wall 
get better 

The thermal stresses in skin part of the cast strand, during the period of solidification, decrease  

The friction forces between solidifying part of cast strand and concast mould wall decrease 

The casting powders in molten state dissolves floating matters which accumulate on the molten 
steel surface such as deoxidation products, nonmetallic inclusions, etc.  

The molten casting powders covering molten steel surface prevent its oxidation.  

 

 

 

 
Fig.1 Three-zonal layer of the lubricating and insulting powder in continuous casting mould 

2. The Influence of the Molten Casting Powder on the Steel Meniscus at the Casting 

     Mould Wall 

 The molten steel surface adjacent the mould wall forms a convex meniscus because of its high 
surface tension. The meniscus is represented by radius R and height h. 

 On the convex meniscus, the external pressure due to the surface tension PσM acts, while 
ferrostatic pressure of molten steel PM acts as a internal pressure. From the balance between PσM and 
PM, the Fig.2 meniscus radius can be expressed by the following equation [2,3,9]: 
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 σM  -  molten steel surface tension, mN · m-1 



 ρM  -  molten steel density, g · m-3 

 g -  gravitational constant, cm · sec-2  
 

 

 

 
Fig.2 The convex meniscus formation of clean molten steel in contact with concast mould wall 

 

 

 For example, the surface tension σM and density ρM of low - carbon steel at temperature of 

1530°C may be estimated as 1760 mN · m-1 and 7,1 g · cm-3, respectively. Inserting these values in eq. 
(1), we obtain R = 0,854 cm. 

 According to Jefimow [1] the meniscus radius of liquid steel at the concast wall is smaller and 
can be described as follows: 
 

 

  , cm      (2) 

 The covering of molten steel surface with the layer of molten slag formed of lubricating 
casting powder changes the surface properties of molten steel. 

 The radius R1 of meniscus formed under molten slag layer can be determined by the following 
equation 
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 σM-S -  interfacial tension at the molten steel - slag interface,  mN · m-1 

 ρS -  density of molten slag,  g · m-3 

 

 

 The interfacial tension at the molten steel - slag interface can be determined by the following 
equation 
 

 

  ,    mN · m-1    (5) 



 

 

 σS -  molten slag surface tension,    mN · m-1 

 Θ -  wetting angle 

 

 

 For the slag containing CaO - 35,9%, SiO2 - 39,2%,  Al2O3 - 17,6%,  MgO - 5,3% and MnO 

- 1,2%, the surface tension at temperature of 1450°C is about 580 - 600 mN ·  m-1. 

 The wetting angles estimated at temperature of 1400°C are in the range 15 - 18°. Using these 
values and eq.3 and eq.5, the interfacial tension σM-S and meniscus radius R1 may be estimated, as a example. We 

obtained the values 1180 mN · m-1 and 0,82 cm, respectively. 

 The research conducted by Gamal and Schoenberg [3] confirm the dependence between the 
meniscus radius and surface tension. Therefore one can manipulate the value of the meniscus radius 
through changes in the value of the surface tension in liquid steel. Covering the liquid steel surface the 
with liquid slag assures that the interfacial tension σM-S at the steel-slag interface will always be lower that the one 

of liquid steel σM - Table 1. 

 The equations (3,4,10) show that the value of meniscus radius is influenced not only by the 
value of interfacial tension σM-S, but also by the density difference (ρM - ρS) between liquid steel and liquid casting 
powder slag. 

 Lower value of the interfacial tension not always results in smaller meniscus. Theory and 
practise show that the increment of meniscus height and radius increases the occurrence probability of 
the defect called reel on the surface of cast strand. Fig.3 illustrates the following stages of reel 
development mechanism. The break-out of the meniscus surface takes place in the least resistant place 
of the meniscus layer, which is at the end of the curvature radius. 

 

 
Table 1  Iron and slag surface tension and interfacial tension [8] 

 

 
 

 
 

 

 

 
Fig.3 Formation mechanism of the curling die on the steel cast strand surface 

 

 
 

 

3. The Floating and the Assimilation of Nonmetallic Inclusions 

 Theoretically considering the continuous casting mould creates the conditions for the floating 
of nonmetallic inclusions to the steel surface. However, the refining of the steel is possible when the 
steel surface is covered with casting powders in molten slag state. Molten slag assimilates nonmetallic 



inclusions. The assimilation of inclusions occurs when the interfacial tension forces at the molten steel 
- slag interface are overcome. 

 The process of liquid refining from non-metallic inclusions in the concast device can be 
divided into three stages (Fig.4): 

a) the floating of inclusions, 

b) the crossing of inclusions over the steel - casting powder slag interface, 

c) the assimilation of inclusions by liquid casting powder slag.  

 The inclusions, which are not wettable by liquid steel, come up to surface more easily (Fig.2). 
The most important stage of the liquid steel refining process is their crossing over the steel-slag 
interface. This process is influenced by forces of gravity as well as interfacial tension. The 
displacement work of spherical non-metallic inclusion over the distance of ∆l within the gravitational 
field can be described as follows: 

 

 

      (6) 
 

 

where: 

 Ag - the displacement work of inclusion over the distance of dl 

 rox - the radius of the non-metallic inclination, cm 

 rox -the density of  the non-metallic inclination substance, g.cm-3. 

 

 

 

 

 

 
Fig.4 The nonmetallic inclusions floating to the molten steel surface and their assimilation 

             in molten casting powder 

 

 
 

 

 The work of interfacial tension forces Ap during crossing of the inclusion from one phase to 
the other over the distance of dl can be described as follows: 

 

 

       (7) 

 

 

 Therefore, the ratio between the works of interfacial tension and gravitational forces shows 
eq.(8). 



 

 

       (8) 

 For the values of σM-S,(ρm - ρox) and rox 1500 dyne · cm-1, 4 g · cm-3 and 1 cm 
resepectively, the ratio equals approx. 0,6. It means that the gravitational force is dominant in the 
crossing of so large non-metallic inclusion over the interface (two phases boundary). If the real values 
of radius of 10-3 cm order are considered, the ratio comes to approx. 600 000. In such case, the stage 
dominant in the process of strand refining is crossing over the interface. The minimal value of radius of 
non-metallic inclusion capable of crossing the liquid steel - liquid slag  interface can be described by 
the equation (9): 
 

 

   , cm        (9) 
 

 

 Only the non-metallic inclusions of diameter larger than rox(min) are capable of getting to the 
surface of liquid steel to be assimilated by the liquid slag covering the steel in the concast mould. The 
condition of such assimilation is a large value of adhesion work between liquid slag and non-metallic 
inclusion.   

 The interfacial tension σM-S can be reduced by using the casting powder with the better wetting properties in 
molten state. Then the minimal radius of inclusions which float and can be assimilated decreases. By way of example, for the 
values of σM-S  and (ρM - ρox) 1050 mN · m-1 and 4 g · cm-3, the radius rox is 0,633 cm. 

 Consequently, the proper selection of casting powders ensures the appropriate physical 
properties of molten slag and influence the steel quality. That's why the trade offers should include the 
physical properties of casting powders in molten state, like density, surface tension, viscosity, 
wettablility.  

 

 

4. The Phenomenon of Liquid Steel Refining in the Concast Device 

 The conditions of steel ingredients oxidation or reduction of oxides from casting powder slag 
can be determined based on known reactions present during interaction of steel and slag. The steel 
ingredients (e.g. manganese, silicon, aluminium) and slag oxides (e.g. SiO2, Al2O3, MnO, CaO) can 
react in the following oxidizable-reductive ways: 

 

 

  (SiO2)  + 2[Mn] = [Si]  + 2(MnO)   (10) 

  (Al2O3)  + 3[Mn] = 2[Al] + 3(MnO)   (11) 

  2(Al2O3)  + 3 [Si]  = 4[Al]  + (SiO2)   (12) 

 

 

 Every of the above reaction can be described as a sum of elementary reactions of oxides 
dissociation and steel ingredients oxidation, for instance: 

 

 



  2(Al2O3)  = 4[Al] + 6[O]    (13) 

           + 3[Si] + 6[O]  = 3(SiO2)    (14) 

                                                                                                                                             

 

  2(Al2O3) + 3[Si] = 4[Al] +3(SiO2)    (15) 

 

 

 The equations of reaction balance constants (13) and (14) are as follows: 
 

 

       (16) 

and 
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 Transforming eq. (16) and (17), balance concentration of steel ingredient in function of 
chemical constitutions of steel and slag can be determined. For instance, the amount of aluminium in 
steel in balance with casting powder slag chemical constitution is described (with the assumption that 
the activity of the steel ingredient equals its percentage amount) as: 
 

 

   (18) 
 

 

 The amount of the other steel ingredients can be determined in the similar way. The procedure 
can be used to analyse chemical properties of lubricating as well as lubricating and insulating casting 
powder, which does not modify the chemical constitution of cast steel or modifies it in required 
direction and range. 

 

 

5. The Results of Casting Powders Investigation 

 The verification of the properties of the lubricating and insulting powders in molten state 
offered in Polish conditions (Table 2) was the main purpose of investigations. The following casting 
powders were examined: 

Powder of Metallurgica - Scorialit C489D1, Scorialit SPH-C489/D1, Scorialit C189/E2 

Powder of Stollberg GmbH - Accutherm ST-SP/500-18(NV) 

Powder of Termit - Termoliv KV-10AL 

Polish powder - Sferamet 900B 
 

 
Table 2  Physical and chemical properties of the lubricating casting powders 



 

 

5.1 Properties of analysed casting powders  

 The basicity of the Accutherm casting powders made by Stollberg GmbH, measured by the 
(CaO +MgO)/SiO2 ratio is within range from 0,65 to 1,11. Their melting points (Tm) are placed within 
range of 1085-1250°C. This is mostly because they consist of fluxing  ingredients (Na20+K20+F) and 
carbon. The basicity does not influence the melting point. The Accutherm ST-H12/VC-24A casting 
powder has the highest melting point (1250°C) even though its basicity is close to 1 (B=0,94). This is 
because of high carbon (Ct=23,9%) and aluminium oxide (Al2O3 = 13,4%) contents combined with 
low fluxing ingredients content (Na20+K20+F=11,6%). With the high melting point of this casting 
powder correlates its high absolute viscosity (1,21 Pa·s) measured in 1300°C. The Accutherm ST-
H12/16-60GL casting powder has the lowest melting point (1085°C). There are the highest amount of 
fluxing ingredients (Na20+K20+F=16,0%) and the low amount of aluminium oxide (Al2O3 = 5,0%) in 
its chemical constitution. This casting powder has the lowest absolute viscosity (0,48 Pa·s). The 
comparison of Scorialit casting powders made by Metallurgica with the ones made by Stollberg (with 
the same or close basicity) showed that the melting point of the Metallurgica products is lower. The 
chemical constitution comparison revealed that Scorialit casting powders consist of greater amounts of 
fluxing ingredients as well as fluorite and lower amounts of carbon, particularly in case of Scorialit 
SPH-C489/B, C489/D1 and XL26. Their absolute viscosity in 1300°C is the lowest of all the analysed 
casting powders and equals 0,16 and 0,17 Pa·s. These casting powders have great melting speed due to 
low carbon content and are most appropriate for fast continuous low-carbon steel casting.   

 The Termoliv KBV-10Al casting powder, a product of Termit, has the biggest alkaline fluxing 
ingredients (Na20+K20=17,1%) and ideal basicity. This results in the lowest melting point (around 
1000°C). The content of iron oxide in the amount of few percent oxidizes the aluminium present in the 
casting powder. This leads to the conclusion that the Termoliv KV-10Al is a lubricating casting powder 
of exothermic type. 

 

 

5.2 Methods of Investigation 

 The following measurements were carried out to realise the purpose of the investigations: 

Mass changes of casting powders during the heating to the temperature of 1300°C. In oxidizing 
atmosphere using the Mettler thermobalance 

Melting point (temperature) using the high temperature microscope working with television 
camera and computer 

Physical properties of molten casting powder like density, surface tension and absolute viscosity.  
 

 

 The density of molten casting powder were determined using the measurement of platinum 
globule hydrostatic lift. The absolute viscosity were determined measuring the time of falling and 
lifting of the platinum globule with diameter of 8 mm. The determination of the surface tension is 
based on the measurement of the force necessary to pull out the platinum roller from the molten surface 
of unknown surface tension. 

5.3 Results of Investigation 

 The thermogravimetric analysis of casting powders in low temperatures (up to 150°C) showed 
the mass decrement of order 1-2,5%, caused by moisture vaporisation. Further heating (up to 800°C) 
has led to small endo- and exothermic effects, caused probably by melting of low-melting ingredients 
of the casting powder as well as partial oxidization of free carbon. Furthermore one can observe 
continuous, but not constant mass decrement in samples. Only if the carbonate contents in the casting 
powder are greater (e.g. Na2CO3) the mass decrement is more intensive. Above 800°C the mass 
decrement is practically no longer present. For instance, the Accutherm ST-SP/500-18NV casting 



powder shows the systematic mass decrement in the whole range of temperatures (up to 1300°C). The 
average speed of mass decrement within range of 120-570°C equals 1,2 mg/min. The exothermic effect 
is present at 720°C. The mass decrement of the Scorialit SPH-C489/D1 within the temperature range of 
230-740°C equals 11% (Fig.5), while the one of the Scorialit C489/D1 casting powder equals only 
8,3%. 
 

 

 

 
Fig.5 Results of thermogravimetric analysis of casting powder Scorialit SPH-C489/D1 

 

 
 

 

In case of the Termoliv KV-10Al casting powder, the clear exothermic effect is present above 900°C. 
This implies exothermic kind of the casting powder. The Sferamet 900B, produced in Poland, shows 
very small mass decrement (around 0,6% of sample mass). The significant mass decrement of 10,5% 
starts from the temperature of 550°C and continues up to 970°C. Further heating reveals insignificant 
mass decrement. The endothermic effect is present from 550 to 970°C (Fig.6). The casting powder 
behaviour showed above can be compared with its behaviour in the concast mould, where the processes 
of mass changes and form of casting powders repeat in cycles regarding insertion of new portions of 
casting powder into the concast. The analysis of physical properties of casting powders such as surface 
tension (σs), viscosity (ηs), density of slag phase (ρs) and melting point (Tm) was conducted according to the methodology 
discussed earlier. The Table 3 shows the obtained results in function of temperature. In case of Scorialit C189/E2 casting powder, 
the attempts to measure surface tension as well as absolute viscosity failed. The casting powder melting point specification was 
based on the shape of drop, which was recorded in computer memory according to the rise of temperature. For instance, the 
change of shape of the pressed Scorialit SPH-C489/D1 casting powder sample with the rise of temperature was showed on Fig.7. 

 

 

 

 
Fig.6 Results of thermogravimetric analysis of casting powder Sferamet 900 B 

 

 
 

 
Table 3  The physical properties of investigated casting powders in molten state 

 

 
 

 
 

 

 The influence of basicity on surface tension, absolute viscosity and melting point was not 
uniquely distinguished for the analysed casting powders. It is possible that this influence was distorted 
by the fluxing ingredients. However there is a clear relationship between viscosity and contents of 
carbon and fluxing ingredients in the casting powder slag. The fluxing ingredients decrease the 
viscosity of the analysed casting powder slag samples, contrary to the increased amount of carbon 
which increases it. Additionally the melting point rises due to the increased amount of carbon as well.  



 

 

 

 
 

 
Fig.7 The change of the Scorialit SPH-C489/D1 powder sample shape 

              during the melting temperature measurement 

The Results of Industrial Application of the Sferomet 900B Casting Powder 

 The casting powder was introduced to the concast mould during casting of steel 18G2A. Such 
steel has the following chemical constitution (melt analysis): C=0,19%, Mn=1,16%, Si=0,28%, 
P=0,032%, S=0,030%. The two melts of steel 18G2A were produced (each of 120 tons). The following 
parameters were used in the process:  

line casting speed of 0,70 m/min, 

casting temperature of (measured in tundish) 1545°C. 
  

 The process used around 0,30 kg of casting powder per 1 ton. The surface of continuous cast 
strands (square of 120x120 mm) was carefully checked. No defects were found, accepting all the 
strands for further processing. Only the oscillatory marks could be found on the surface. Their depth 
was regarded as normal. The steel rejection rate for the two experimental casts was 0,4%. This value is 
smaller by 0,1% than the rejection rate of steel produced using imported casting powders. The surfaces 
of strands made using Polish casting powder are shown on Fig.8.  The obtained results imply 
appropriate quality as well as correct choice of casting powder for the certain kind of steel. 

 

 

 

 
 

 

 

 
 

 
Fig.8 Surface state of steel cast strand from experimental melt of 18G2A steel 

6. Summary and Conclusions 

 Comparing the results of investigations [Table 3] with the properties presented in trade offers 
some discrepancies were noted. Especially, melting points and absolute viscosity were differentiated. 
The various measuring techniques and various methods of preparing the samples for investigation can 
be the cause of these discrepancies.  

 The values of the molten casting surface tension are in the range 300 - 400 mN· m-1. When 
the values of surface tension decreases, the wetting properties of molten steel in concast mould are 
better, the values of interfacial tension at the molten steel - slag interface decreases and the quality of 
concast strand is better. 
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