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    Decades of work in the field of cast steel technology and material engineering allowed me to gather a number of materials, experiences and examples for engineers and students. I used them every day and I did not think about bringing them together and presenting them in the form of a book. Only an e-mail from Bentham Science Publishers encouraged me to prepare this work.




    The intention of the presented material is to indicate guidelines for use in steel foundries and for teaching future engineers. In most of the examples, I based on experimental casting works, projects or co-operation with the industry. On this basis, the structure of the e-book provides the use of cast steel for working conditions of castings, such as subzero temperatures, corrosion, abrasion and heat resistance. Such an approach is a useful material for practitioners and it allows avoiding a lot of defects in castings and prevents their formation.




    The problem of producing steel castings requires knowledge in various fields of science, starting from chemistry, metallurgy, and ending with the typical technological issues - pouring steel into foundry moulds, knowledge of cast steel shrinkage or heat treatment of castings. Therefore, the sequence of chapters covers:




    

      	preparation of liquid steel


    




    The quality of steel castings is dependent on the quality of liquid steel smelted mostly in the arc furnace. Not only the chemical composition of steel is important for this issue when tapping metal into the ladle, but also the degree of its deoxidation, morphology of non-metallic inclusions and the content of gases;




    

      	the significance of casting wall thickness parts of machines (which are castings) require a uniform structure and properties on the cross-section of the whole casting wall. Under the existing stresses, the problem is gaining importance.




      	working conditions of castings.


    




    typical areas of the application of cast steel concern the mineral processing industry (abrasion), the marine industry (corrosion, low temperatures), the petrochemical industry (heat resistance, high temperature corrosion), technological processes improving the quality of castings (heat treatment).




    I hope that the presented materials will not only be of help in solving the current problems for engineers, but will lead to an increased interest in the problems of cast steel engineering and will be an inspiration for the development of new, modern solutions.


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    This work is intended for engineers operating in industries, which apply steel castings in their products. This does not only concern pure castings, but also: machine building (trans-portation, earthmoving equipment, mining, military machinery), power industry (gas and oil exploration, power generation), chemical industry (refineries, chemical plants), food and medical processing. Foundries produce part of the machines intended for these applications considering their working conditions: temperature (from minus 120 oC to plus 700 – 800 oC), stresses, strength or yield strength and resistance to the environment (corrosion, abrasion). To meet the requirements of casting users, their production process should ensure the appropriate quality of liquid metal, correctness of the technological process (among others: smelting, pouring, solidification and heat treatment) and technical control of each sub-process.




    Engineers who produce steel castings for the mentioned working conditions receive the basis in smelting of carbon and alloy steel, significance of the deoxidation process and modification of steel for castings (compared to wrought steel) and the properties of various types of cast steel operating e.g. in areas of sub-zero temperatures or corrosion. This knowledge is also useful for engineers in other specialties and working in the field of material engineering, metallurgy and manufacturing processes.




    This presentation is based on publications, own co-operations with foundries and institutes, and industrial practices provided in the last decades. The intention of this book is to draw the reader's attention to the possible difficulties in obtaining an appropriate quality of castings as well as to indicate sources where more information on each subject of foundry engineering can be found.




    This book is also addressed to students who wish to obtain an overall knowledge of the steel castings technology.




    

      Jan Głownia


      AGH – University of Science and Technology,


      Cracow, Poland
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      Abstract




      The history of steel castings is associated with previously developed technologies for obtaining castings of bronze, copper and cast iron. These formed the basis for the improvement and development of casting technology of metal with a higher melting temperature and higher mechanical properties, and then - better utility properties (corrosion resistance, impact toughness at low temperatures and finally - smelting in a vacuum). The development of steel smelting technology and methods of obtaining steel castings have been presented against the background of extremely extensive literature on bronze casting in ancient times.
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      1. Short History of Steel and Steel Casting




      Production of metal castings has played an important role in developing societies until these days. Cast elements comprise a significant part of tools and appliances, and currently of: cars, planes or machines (e.g. wagons and locomotives, ships, drilling platforms, pumps, excavators etc.). Founders have always been a group of innovators who are respected in any society.




      Metal casting is a very old technology. The first metal products were probably made of lead [1]. Metal parts made of copper by forging (more than 9000 years BC) are better known.




      Only about 5 000 years BC they were cast from copper in the Near East [2, 3], or 3000 BC according to [4, 5]. The following centuries cover the introduction of copper alloys (Cu-As and tin bronzes) during the Bronze Age (3000 to 1500 BC), in Central Europe (2200 to 940 BC [6]). During that period, the technology of lost wax casting was used in the Near East and statues were cast from copper (Pharoah Pepi I in Egypt) [2]. First copper alloy castings did not appear until around 1500 BC. These were mainly Cu-As (4-12%) and Cu-Sn (5-10%) [2] alloys cast into stone moulds, mainly as a weapon (swords, axes), (Fig. 1). Flat stone forms were carved so sophistically that after casting objects in them, and then bending them, they created artistic objects (these were most often bracelets




      and other jewellery articles) [1]. They are visible in a lot of museums of the Near and Far East as well as Europe.




      
[image: ]


Fig. (1))


      Sand stone mould from 4500 years BC [11].



      The introduction of tin into copper allowed to lower the melting temperature of the alloy, bath deoxidation and to increase the alloy’s strength. Lowering the melting temperatures also allowed to make more complex casting shapes.




      The development direction of foundry followed from the Near to the Far East (a difference of about a thousand years) [2, 7]. Traces of bronze castings were discovered from 4000 - 3000 BC (e.g. “frog” from Nahal Mismar in Mesopotamia 3200 BC [8]) and in Far East, a thousand years later [2]. There is no unambiguous confirmation of the primary source of their performance [3] and the technology of casting moulds (if the castings were made by the lost wax method or in ceramic moulds). The first moulds consisted of clay bound sands, then of sand stone (Fig. 1) and finally – bronze moulds. There is very detailed literature relating to the first castings made of non-ferrous metals [2-10]. However, due to the subject discussed here, it is more reasonable to document the development of iron alloy castings.




      Iron alloy castings appeared much later, around 600 BC in China [2, 8], (cast iron boiler from 512 BC in China) [5, 12, 13]. Due to the high content of phosphorus and sulphur, the melting temperature of these alloys was low, close to the melting temperature of bronze.




      According to J. Needham [14], the first cast iron castings in China were agricultural tools (axes, pickaxes, wedges), vases and pitchers. Due to the high carbon content (white cast iron with a low content of silicon, phosphorus and sulphur), these tools were brittle; therefore, the raw castings were subjected to graphitization annealing at the temperature of 900 - 10000C [12, 15], and then forged. There are a number of examples of discovered cast iron castings, which were made in China in the years 500 to 200 BC. These are vases and moulds [14], tombstones, and in later years - monuments of dragons and lions, weighing even up to 48 tons [3, 14]. Moulds for these castings were made of clay (and also baked clay).




      The first iron alloy castings appeared in Europe much later than in China: only around AD 1400, there were references on iron melting [16]. There is a consensus for the formation of the first cast iron castings in Europe: M. Goodway [2] indicates the fifteenth century, and G. Engels and H. Wübbenhorst [3] about AD 1400. Although it is unknown which country this technology comes from, but the direction “from the East” is undeniable. The first castings were bullets and water pipes [3, 9], which replaced bronze and stone pipes. In Germany, cast water pipes were already made in the fifteenth century (around 1450). They were 1 meter long and 30 mm in diameter and were joined with muffle connections.




      In the second half of the fifteenth century, gratings, plates and openwork elements for fireplaces [17,11 - Germany], bells [3 -Switzerland AD 1435], and cooking pots were also cast from cast iron [18]. In the United States, the first castings were made in 1642 [19]. In plants Saugus Iron Works, a cooking pot with a weight of 1.4 kg was cast from ground.




      In Coalbrookdale (England), A. Derby introduced smelting of cast iron from ores with the use of carbon [2]. This method enabled the production of cast iron on an industrial scale. The introduction of blowing air in furnaces for a reduction of iron ore allowed to increase combustion temperatures and thereby to obtain a temperature of cast iron of about 14000C [2, 3].




      The particular development of foundry occurred in the eighteenth century as a result of a lot of technological developments introduced and high demand on cast iron castings. Replacement of moulding in clay for the use of moulds made in sand was such an improvement [18]. This way, moulding with a template was converted into flask moulding [A. Darby's patent from 1707 - 20].




      Further development of casting of iron alloys occurred in the second half of the eighteenth century as a result of the industrialisation entering a lot of countries, and the associated need for cast parts to newly constructed machines (cylinders of steam engines [Scotland 1766 -21], cylinders and shafts for pumps [5, 21, 22] or bridge elements [England 1777-1779 2,5,23]; Germany 1796 Lower Silesia [5] and Upper Silesia 1794, (Fig. 2).
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Fig. (2))


      The bridge, cast from cast iron elements in Ozimek, Poland,1827 year; Courtesy Marcin Widera, (Local Administration of a Commune Council in Ozimek).



      The use of elements made of cast iron instead of wood was preferred for safety reasons (fires) and compressive strength (for stone and wood). Hence, a lot of elements of industrial halls are cast iron castings (load-bearing columns, girders, roof supports and in mining - shaft linings). In many cases, these castings have ornaments and also serve as decorations (of windows, balconies, especially as decorative elements in architecture). Artistic castings are of particular importance in the development of cast iron castings. The end of the eighteenth century brought important examples of the art of casting:




      

        	tombstones [3, 5], Germany 1800,




        	vases, bowls and tableware,




        	all kinds of jewellery, often with sophisticated designs.


      




      Such a rapid development of foundry was possible only in combination with new technological solutions, introduced directly into industrial applications. These are primarily:




      

        	replacement of clay moulding with sand mass moulding [18, 20]. In case of casting pots, the technological process was thereby improved by replacing moulding with a template with flask moulding with sand mass. The use of the model reduced labour input.




        	introduction of blast into shaft furnaces, Fig. (3) in Western Europe in the second half of the fifteenth century [5, 24].


      




      Initially, “iron beads” (iron lumps) obtained from Rennfeuer furnaces (through the reduction of iron ore with carbon) were smelted for further forging. Later, these iron lumps, with the addition of charcoal, were smelted in a crucible or shaft furnaces [4, 12].




      
[image: ]


Fig. (3))


      Original furnace (a) and shaft furnaces (b,c) [11].



      In the seventeenth century, iron smelting in reverberatory furnaces with natural draught was started.




      

        	Introduction of coke instead of charcoal for melting iron in “blast furnaces”. A. Darby started this process in England in 1709 [3, 20], and it was further used in Upper Silesia in 1796 and in the Ruhr Region in 1845 [3].




        	The invention of the steam engine by J. Watt in 1765 [5] made it possible to implement water drive to introduce air blast.




        	An important moment of progress of foundry is also the development of new alloys: malleable cast iron, spheroidal cast iron, and currently a lot of types of ADI cast iron.


      




      The driving force for these changes is seeking to achieve better mechanical properties and especially now - utility properties: fatigue, wear, corrosion (cast steels with less than 0.03%C), crack resistance or favourable strength values in combination with plastic values – HSLA steels). More plastic materials from brittle cast iron were already known in China [25, 26].


    




    

      2. DEVELOPMENT OF STEEL TECHNOLOGIES




      Primary tools from iron alloys are forged “lumps” smelted in Rennfeuer furnaces [5]. As mentioned earlier, these elements were also annealed in China in order to increase their plasticity and resistance to cracking.




      Before the first castings were made of steel, liquid steel was smelted in crucibles: in India about AD 500 [1], (according [25] in southern India around 300 BC), in the United States in 1818 (in Valley Forge Foundry [2]). In 1740 [2, 3] or 1750 [8, 21], the Englishman B. Huntsman smelted steel in a crucible made of clay, and later of graphite. Unfortunately, it was cast in small ingots (blocks) that were later forged. Performing shapes, cast from liquid steel to ceramic moulds, occurred much later, no earlier than in the 19th century in Germany. J. Meyer [3, 25, 26], (1841 bell castings in Bochum) and C. Fischer (1845 castings of small gears in Schaffhausen) started this process. In 1847, the first steel cannons were cast in Krupp Works [1, 27]. In the first two cases, steel was smelted in a shaft or reverberatory furnaces, in which graphite and chamotte crucibles were used. Introduction of coke instead of charcoal allowed to increase the combustion temperature and to reduce the costs of smelting [5]. However, smelting steel in crucibles was characterised by some drawbacks: manually pouring the steel into moulds limited the capacity of the crucible, and the crucible acidic material did not allow to obtain low contents of sulphur and phosphorus, resulting in low plasticity.




      Subsequent improvements and inventions in the melting technology have contributed to the rapid spread of steel castings. The most important events were: launching the first Bessemer converter with acid lining (1856 [25]; 1851 [2]), Thomas basic converter (1879), (1878 – [28]) and open-hearth furnace (E. and P. Martin 1863 [25]). The second half of the nineteenth century was very rich in inventions that were significant for metallurgy:





      

        	in 1878 [2, 25], W. Siemens constructed an electric arc furnace (installed in the USA in 1906 at Holcomb Steel Co. Syracuse);




        	in 1913, the first induction furnace of low frequency was constructed and in 1916 E. Northrup invented a coreless induction furnace [2];




        	a coreless induction furnace of high frequency was installed for the first time in 1930 in Lebanon Steel Foundry [2].


      




      Firstly, steel smelted in crucible furnaces was expensive, it made it possible to obtain castings of light weight, and its chemical composition contained too much sulphur, phosphorus and carbon (as high temperature of molten steel with low carbon content couldn't be obtained). These furnaces are fired with coke (as well as gas or oil to raise the temperature) and blown (heated) with compressed air. Since the capacity of crucibles is low, and the heat loss is large, there are constructions of crucible furnaces in which steel is melted simultaneously in a lot of crucibles. This solution, however, is rarely used due to possibilities of obtaining liquid steel in other (induction, arc) furnaces, which have higher capacities and lead to a lower cost of steel production.




      With the development of a new method of steel smelting by H. Bessemer (1856), (1851- [8]), liquid steel for larger castings could be obtained. However, there were limitations due to the fact that this steel was not deoxidised and products made of it were not very plastic (high contents of sulphur and phosphorus). Improvements in the process of steel smelting in the converter consisted in:




      

        	introduction of manganese oxide and carbon by R. Musket (1801- [23]) and thereby in reduction of carbon from a cast iron melt. With variable carbon content, this allowed to deoxidise the metal bath;




        	conversion of air blowing from the bottom of the converter into the side air supply (S.J.Tropenas converter). By air supply at 5-120mm under the metal surface, the rate of oxidation of carbon and silicon was increased, and therefore liquid steel of higher temperature (up to about 17000C) was obtained. This also allowed to increase the amount of smelted steel in the converter.


      




      Steel smelting in Tropenas converter (1891) consists in [23, 29]:




      

        	filling the converter with liquid cast iron from the cupola of the chemical composition (in wt %): C = 2.7 – 3.5; Si = 1.3 – 2.0; Mn = 0.5 – 0.6; S and P each max. 0.04,




        	immediately after filling the converter with liquid steel, an air is blown. Then, oxidation of C (up to 0.05%), Si (up to 0.02-0.05%, and Mn (up to 0.03%) occurs, after deoxidising the bath, the chemical composition is completed to the required content and tapping of steel into a ladle is started,




        	increasing the amount of air blast (G. Goeranson),




        	conversion of the acid into basic lining.


      




      Propaedeutics of improvements to the Bessemer process by G. Göransson (increasing the amount of blast) and R. Musket, who introduced deoxidation of steel with pig-iron, eliminated brittle fracture and increased the plasticity of steel, which in turn allowed for plastic deformation [3].




      In 1899, P. Héroult received a patent for heating metal with an electric arc. His joint works with R. Eichhoff led to the first tool steel smelting in a 500 kg arc furnace (1906). Simultaneously introduced solutions of induction melting of metals by F. Kjellin (1891,1905 [4],) allowed for the application of network induction furnaces and furnaces of medium frequency for melting steel since 1930 in Sweden [4].




      All these technical innovations concerned the production of castings mainly for the railway sector, and over the years, for the following industries: machine construction, automotive, aviation and astronautics.




      The modern industry uses a small percentage of steel for castings; this constitutes from 2 to 10% of the total amount of steel produced. However, owing to the development of better technology of smelting, including oxygen blowing, calcium injection, introduction of secondary metallurgy, processes AOD, VOD, VAD, OBM, Vacuum Degassing, LF (ladle furnace) or DETEM, as well as forming - for example, Shaw processes, Replicast and evaporated pattern - castings with a wall thickness of 2.5-3 mm with even better quality, i.e. with lower content of gases (H;N;O) and non-metallic inclusions, as well as lower content of unwanted elements (not only phosphorus and sulphur but also such as Pb, As, Bi, Sn, Sb) and of more stable chemical composition (carbon, silicon, manganese and aluminium) can be obtained from low-alloy steel and ductile cast iron.




      Introduction of CAD/CAM methods, allowing for guiding the process of solidification in hot spots and an elimination of microshrinkage, improved the quality of steel castings. On the other hand, modern non-destructive tests, e.g. with the use of ultrasound, form a safe level of production by disclosure of defects and enforcing high-quality products. The possibility of welding steel castings also allows for:




      

        	combining castings of simple shapes into a complex final product, which reduces expenditures when making a mould, cores and instrumentation,




        	making cast - forged parts,




        	combining castings of various requirements in their individual parts, e.g. good plasticity with the appropriate wear resistance in certain areas;


      




      All these possibilities make up a set of features of steel castings, used in various industries. Then, the machine building industry requires these cast steel grades, which have good strength, plasticity, fatigue and corrosion resistance; petrochemical industry requires corrosion and creep resistance; turbine building industry requires creep and cavitation resistance; cosmonautics requires strength and plasticity at low temperatures.




      Meeting the above mentioned requirements results in the steel castings having an established position, being important in the steel industry. Examples of the use of castings working in difficult, often extreme conditions of machines and equipment, are described in each of the following chapters.
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      Abstract




      The primary technology of steel making in the foundry is a basic step to obtain a good quality of molten steel: with proper deoxidation, with low gases quantity and the control of non-metallic inclusions. These processes are discussed in detail through oxidation of elements and then during deoxidation in reduction period and in the ladle.
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      1. INTRODUCTION




      Smelting steel for castings is based on small furnace units, compared to strictly metallurgical devices used in steel works. The most commonly used furnaces for melting steel in foundries are:




      

        	electric arc furnaces EAF (basic and acid),




        	induction furnaces (acid),




        	modern units:



          

            	AOD (Argon Oxygen Decarburisation);




            	VOD (Vacuum Oxygen Decarburisation);




            	VAD (Vacuum Arc Degassing);




            	VD (Vacuum Degassing);




            	LF (Ladle Furnace),


          


        


      




      and a number of modifications of these processes, combining their possibilities.




      In practice, arc and induction furnaces are applied. Their advantage in the foundry is their smaller capacity (35 - 50 tons) than in the case of typical steel furnaces (150 - 350 tons), and thereby - better adaption of castings to the production cycle (it is difficult to make so many moulds to pour 150 tons of liquid steel every hour, e.g. from the VOD converter). The possibility of smelting steel of various grades (carbon, low-alloy Cr-Ni-Mo) during one - two shifts, in the same furnace, is also not without significance. Electric arc furnaces with basic lining also provide good




      desulphurisation, dephosphorization and deoxidation of steel, necessary to obtain high-quality castings.




      The choice of smelting technology and the furnace for smelting steel for castings depends on:




      

        	foundry productivity (the possibility of performing the proper number of moulds, the possibility of cleaning the produced castings, their heat treatment and quality control),




        	weight, size and complexity of produced castings, cost of production resulting from the possessed energy sources and available raw materials,




        	types of cast steel grades produced (low carbon for work at minus 40oC, high carbon for wear conditions),




        	wear resistant or high-alloy, e.g. Hadfield (12-14% Mn), high-alloy 26% Cr, corrosion-resistant 18% Cr - 11% Ni with carbon content below 0.03%).


      




      The main unit for melting steel in the foundry is an electric arc furnace with basic lining. Therefore, smelting technology is based on the application of this type of furnace.


    




    

      2. Melting of Steel in an Electric Arc Furnace




      The whole process of steel smelting is divided into the following periods:




      

        	post-tapping repair,




        	loading the charge,




        	melting,




        	oxidation,




        	slagging-off,




        	refining,




        	tapping the steel into the ladle.


      




      

        2.1. Repair of the Furnace Lining




        After each time that the metal is tapped into the ladle, it is necessary to review the furnace devices (including the tilt mechanism, drive of electrodes, their cooling, power supply) and the lining. Current repair most often concerns ceramics (hearth, furnace side walls, roof and tapping spout). The main causes of the wear of furnace elements are:




        

          	radiation of the electric arc (arc temperature of 4000 - 8000oC [1]),




          	large temperature changes in liquid steel - lining boundary,




          	reactions of liquid steel - lining and liquid steel - slag,




          	(ZnO) oxides generated during evaporation as a result of oxidation of pure metals (Zn, Bi, As, Sb, Pb, Sn),




          	bath movement during the whole smelting process.


        




        Lining losses are most visible on the side walls, in place of metal - slag impact. Existing rapid temperature changes (on the walls and the roof) lead to a reduction in the durability of ceramics. Oxides included in the slag composition (e.g. SiO2, MnO, Cr2O3, Al2O3) flow into the connections of bricks form chemical compounds, and they lower the melting temperature of ceramics. While volatile oxides and elements attack the furnace roof the most, they also create low-melting chemicals.




        Staff (master with smelters) consists of controlling the consumption of ceramics after each smelting process. Repair is especially needed for:




        

          	losses in liquid steel - slag boundary,




          	drain opening and tapping spout,




          	removing metal and slag residues from the hearth surface.


        




        In the case of arc furnaces with basic lining, magnesia and dolomite bricks are materials used to repair the furnace hearth and walls. These works are performed manually in furnaces with a small capacity (7 - 30 tons) or with special devices, allowing to throw or spray powdered mass (spray guns).




        Post-tapping repair usually takes 10 - 15 minutes for furnaces with a capacity of up to 30 tons.


      




      

        2.2. Loading the Charge




        This process is performed mechanically. After raising and half-opening the roof, a basket suspended on a crane moves above the furnace hearth, lowers its position and from the low height - pours out the entire portion of the charge onto the furnace hearth. A single portion of charge is weighed and prepared earlier in the charging shop, in which sorted grades of the foundry scrap (risers, gate systems), pig iron, ferroalloys and commercial scrap (purchased from the outside) are stored. The charge preparation process is an important technological element. In large, it is responsible for subsequent consumption of electricity during the melting and smelting time.




        The preparation and the selection of the charge are based on the following principles:




        

          	each heat is another steel grade; so for castings of carbon cast steel, the charge cannot include alloyed scrap (Cr, Ni, Mo, etc.);




          	the mass of the charge corresponds to furnace capacity and the predicted amount of prepared moulds (additional charges take place only when the used scrap is fine and comprises a large volume of the furnace);




          	before loading the furnace, limestone is introduced on the hearth as beginning of slag (in the amount of 1-2% of the charge weight);




          	after melting, charge selection should ensure a carbon content higher by 0.2 - 0.4% than the upper carbon content required in the smelted steel grade;




          	the manner of placing the charge is important for the length of both the melting period and the whole smelting process. Therefore, fine scrap is placed on the bottom of the hearth (of the charging basket), while large and alloyed scrap is placed in the middle of the furnace (under the electrodes). In the case of smelting alloyed steel, it is necessary to:



            

              	avoid charge containing elements with high affinity for oxygen (chromium, cerium, titanium - silicon and manganese are present in each scrap),




              	use these charge elements that do not oxidise during melting and oxidation (nickel, cobalt, copper, molybdenum - see Ellingham-Richardson diagram),


            


          




          	modern methods of charge preparation are based on the shredding and packaging of the charge. This method increases charge density (0.8 - 1.1 t/m3 [1]), improves the operation of the electric arc, and thus increases the rate of melting and reduces the total time of smelting. Production technologies of this type of charge are used for shredding old cars. Therefore, a certain amount of copper and tin can be found within it. They are detrimental to steel castings, as they reduce plasticity parameters at low temperatures (reduction of area, impact toughness) and provide to hot tears in castings (Cu),




          	in melting shop, where steel is smelted in arc furnaces with a large capacity (150 - 350 tons), the charge is heated in the air counter-current from the furnace chamber. This technology reduces the time of melting and lowers the costs of smelting. This process has limited possibilities in foundries,




          	the use of foundry scrap in foundries very often leads to an increase in the content of nitrogen and hydrogen in the castings. In the end, the formation of gas porosity, most often in hot spots, is possible, These defects are caused by the presence of the burnt moulding sand on elements of the foundry scrap, which is the source of gases from resins used as clay binder in the moulding sand. Similar effects are caused by scrap contaminated with oils, enamels and lacquers,




          	the introduction of damp materials (iron ore, limestone, oxidized scrap) along with scrap also introduces hydrogen into the liquid steel (an addition of 500 kg of iron ore with moisture of 2-4% introduces 10-20 dcm3 of water [2]).


        




        While the charge loading process lasts for minutes, its proper preparation requires special attention.


      




      

        2.3. Smelting the Charge




        This smelting period has the highest consumption of electricity, (Fig. 1). For furnaces with a capacity of 8 - 15 tons, the total consumption of energy in melting period is over 50% of total energy and depends mainly on the power of used transformers.
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Fig. (1))


        Consumption of electric energy for melting steel in EAF [1, 2, 13] a-b melting and oxidation periods; b-slag-off; b-d refining period; d-tapping; e-pouring.



        In the initial melting period, the electric arc is unstable. It is characterised by changes of strong current and secondary voltage. During this time, the furnace should work at a lower voltage, and after the work is stabilised, it should be switched to a higher voltage. Short electric arc leads to local melting of the charge (under the electrodes) and to lowering of the electrodes in relation to the surrounding scrap pieces. Then, it may lead to scrap slide and electrode fracture. Solid scrap pieces on the furnace walls should be collected into the bath when the operation of the furnace is switched off. The end of melting is checked by stirring the bath and by the presence of solid scrap pieces on the furnace hearth. When the charge is completely melted, the first sample for steel chemical composition is taken.




        In modern steel plants, at the end of melting, the method of foaming slag is applied [1, 3]. Blowing of powdered carbon (with lance and compressed air) beneath the slag (at the depth of 5-10 cm to the bath) leads to the increase in its volume by forming bubbles of {CO}. Simultaneous blowing of oxygen facilitates the creation of foamed slag [1]. The beneficial effects of this method include:




        

          	reduction of heat transfer from the bath,




          	decarburisation of the bath,




          	protection of the furnace lining,




          	softening the operation of the furnace.


        




        The process of melting steel for castings can be performed in accordance with the following two methods:




        

          	with one slag (without the slagging-off after oxidation period),




          	using two slags during smelting.


        




        The first method allows for:




        

          	a reduction in temperature fluctuations, which protects the walls and roof of the furnace against wear,




          	oxidation of the bath with slag (lower heat loss),




          	temperature measurements and sampling for the chemical composition is performed with slag (also lower heat loss),




          	using slag with high phosphorus content for other technological purposes,




          	more regular and stable operation of the electric arc.


        




        In contrast, smelting with two slags is beneficial due to:




        

          	direct (preliminary) deoxidation of the bath,




          	possibility of introducing reduction slag, which allows for diffusion deoxidation and desulphurisation of the bath,




          	oxidation with gas oxygen.


        


      




      

        2.4. Oxidation Period




        After obtaining the 1st sample for the chemical composition, iron ore or pure oxygen (with the lance) is introduced into the bath. The main purpose of oxidation is the reduction of phosphorus to the lowest value (possibly below 0.015 - 0.020%). Intensive oxidation also brings the removal of hydrogen and nitrogen from the metal bath.




        For dephosphorization of the bath, the following conditions are required:




        

          	the presence of oxidising slag,




          	high basicity of slag,




          	a small content of (P2O5) in slag,




          	a lower temperature of the bath.


        




        However, under these conditions, other elements beyond phosphorus also oxidise. First of all, those whose affinity to oxygen is higher than for iron (red line in Fig. 2). Ellingham - Richardson diagram indicates that they are in descending order: Ca, Mg, Zr, Ce, Ti, Si, B, V, Mn, Cr, P, Fe. From these data, it appears that silicon and manganese oxidise prior to phosphorus.




        
[image: ]


Fig. (2))


        Ellingham- Richardson diagram [3-5].



        These elements are present in each steel (scrap in the furnace), others are in steel in such low concentrations and have such a high affinity for oxygen that they have already passed into the slag during melting.




        

          Oxidation of Silicon




          Silicon is completely soluble in liquid iron, according to the reaction:




          

            

              	Siliq = [Si] ΔGo = (5.54 T ̶ 28 000)·4.184 [J/mol] [3, 7]



              	(1)

            


          




          which generates significant amount of heat. In the alloys of Fe-Si, silicon activity has a negative deviation from Raoult`s law, which indicates a tendency to form compounds. Silicon dissolved in liquid steel reacts both with components of slag and oxygen, according to the reaction:




          

            

              	[Si] + 2(FeO) = (SiO2)+2[Fe]



              	(2)

            


          




          ΔGo = 98,13·T ̶ 299 960 [J/mol]




          [Si] + 2[O] = SiO2 ΔGo = 218.2·T ̶ 576 440 [J/mol] [7],




          lgKSi = lg aSiO2 / a[Si] ·a[O]2 = 30 110/T ̶ 11.40




          lgKSi = 30 410/T ̶ 11.59 [12a]




          [Si] means that silicon is in the melt




          (SiO2) silicon oxide is in the slag




          {CO} carbon oxide is in the gas phase
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Fig. (3))


          Effect of temperature on the dependence of silicon content from oxygen content in liquid iron at 1600oC [6].



          Knowing the activity coefficients of oxygen and silicon, the equilibrium concentration of oxygen with silicon for the elected temperatures in the Si-O system is shown on Fig. (3). According to [7], at 1600oC and at a concentration of 0.020% oxygen, the silicon concentration equals about 0.12%. In fact, at the end of oxidation, there is a trace content of silicon (less than 0.05%) in the metal bath. In the bath, there is so much oxygen that during the following smelting period, its reduction (deoxidation) must be performed, since in steel casting, the total oxygen content (dissolved in metal and in the form of non-metallic inclusions) should not be more than 40 -50 ppm (0.005%).


        




        

          Oxidation of Manganese




          The Fe - Mn system is an ideal solution and in the whole concentration range, the coefficient of manganese activity γMn equals 1.
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Fig. (4))


          Effect of temperature on the oxidation of manganese.



          For the solution of Fe -1%Mn:




          [Mn] = [%Mn] the value ΔGo = (̶ 9.12·T)·4.184 [J/mol] [3, 7]




          and for the reaction at the metal - slag boundary




          

            

              	[Mn] + (FeO) = (MnO) + [Fe]



              	(3)

            


          




          ΔGo = 56.1·T ̶ 123 300 [J/mol] [7a]




          while inside the bath (e.g. during precipitation deoxidation):




          

            

              	[Mn] + [O] = MnOs




              	(4)

            


          




          ΔGo = 124.0·T ̶ 282 000 [J/mol] [7a]




          Manganese oxide exists in liquid state (MnO) or in stable form MnOs at lower temperature (Fig. 4).




          The course of these reactions means that they produce less heat than the oxidation reaction of silicon. Both, however, lead to an increase in bath temperature and silicon - to a reduction in slag basicity (B). Therefore, during the oxidation period, new portions of lime should be thrown into the slag.




          The course of manganese oxidation can be estimated from the ratio of (MnO)/(FeO) in slag and the temperature value. From the dependence given by [3].




          [%Mn] = 1/KMn ·(%MnO)/(%FeO) (4`)




          It appears that the higher the content of (FeO) in the slag, the lower the content of [Mn] in the bath. This results in the transition of manganese into the slag.




          Technical slags do not correspond to the ideal FeO-MnO system. Deviations are characterised by the activity coefficients γMnO and γFeO presented in the equation: K`Mn= KMn γFeO / γMnO . Changes in apparent equilibrium constant for basic and acid slags indicate that with basic slags, the equilibrium manganese content is higher than with acid slags.




          Although pure Fe-Mn system are the ideal solutions, activity of manganese is subject to significant changes in the presence of carbon. According to H.Schenck and F.Neumann [8] with increasing carbon concentration, there is a negative deviation from the ideal solutions.


        




        

          Oxidation of Phosphorus - Dephosphorization




          The content of phosphorus in each cast steel grade should be as small as possible, although most frequently, up to 0,025 - 0.030% is allowed. In castings of the highest quality, the phosphorus content is typically below 0.015 - 0.020%. In the charge for arc furnaces, the initial phosphorus content typically ranges between 0.04 and 0.08%. Phosphorus is responsible for a reduction in the plasticity of cast steel, especially at minus temperatures (Fig. 5).




          
[image: ]


Fig. (5))


          Effect of P – contents on the impact toughness of carbon cast steel (0.35% C) after normalisation at 900oC and tempering at 600oC [9].



          In the solid state, the following phosphides exist in steel: Fe3P, Fe2P, FeP; while Fe2P is the most stable phosphide at elevated temperatures. In liquid iron, phosphorous occurs in the form of Fe2P or in a dissolved form [P] (Fig. 6) [9]. The maximum solubility of phosphorus in γFe equals ≈ 0.8% at 1150oC. The maximum solubility of phosphorus at ambient temperature equals to 0.015%.
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Fig. (6))


          The solubility of phosphorus in iron [9]



          The highest tendency to form phosphides in iron is presented in:




          Mg (ΔHo298K = 535.91 [kJ/mol]), Ca (502.42), Ti (265.44), Fe (121.41), Si (69.08), [kJ/mol] [9].




          The solubility of phosphorus in liquid iron only depends on the partial pressure. Phosphorus has a low evaporation temperature (Tvol. = 280oC [10]), which leads to the low concentration of phosphorous in liquid iron: under pure evaporation conditions - at least 0.030%, under conditions of evaporation and crucible reaction - 0.025% [11].




          The removal of phosphorus from liquid steel is only possible in furnaces with basic lining.




          According to the theory of molecular structure of slags, prior reactions of phosphorus oxidation in molten steel are described with the following reactions:




          

            

              	2[P] + 5[O] = (P2O5)



              	(5)

            


          




          KP = a(P2O5) /a2[P] a5[O]




          lgKP = lg(aP2O5))/[ap]2·[aO]5 = 35 880/T ̶ 30.31




          ΔGo = ̶ 164 175 + 138.63·T [J/mol] [5]




          ΔGo = (̶ 168 600 + 133·T)·4.184 [J/mol] [22]




          

            

              	2[P] + 5(FeO) = (P2O5) + 5[Fe]



              	(6)

            


          




          KP = a(P2) / a2[P] a5(FeO)




          Oxide (P2O5) is not stable at high temperatures and it interacts easily with the oxide (FeO), and then with the oxide (CaO). Therefore, the process of the dephosphorization reaction constitutes the following sequence:




          3(FeO) + (P2O5) =(3FeO·P2O5)




          3(CaO) + (P2O5) = (3CaO·P2O5) ΔGo = (18.16·T ̶ 172 800)·4.184 [J/mol] [22]




          

            

              	4(CaO) + (P2O5) = (4CaO·P2O5)



              	(7)

            


          




          4(CaO P2O5) is the most stable compound. In order to perform an optimum dephosphorization, a proper amount of free (CaO) in the slag is required. The point here is not only about the share of (CaO) in binding the oxide (P2O5), but also reactions with (SiO2) and (MnO), which are always present in the slag.




          The final dephosphorization reaction is typically presented as:




          

            

              	2[P] + 5(FeO) + 4(CaO) = (4CaO·P2O5) + 5[Fe]



              	(8)

            


          




          and the reaction constant as:




          KP = a(4CaO·P2O5) / a2[P] a5(FeO) a4(CaO)




          lg K = 40 067/T ̶ 15.06 [21, 23]




          This equation shows that the reaction of phosphorus oxidation occurs when the following conditions are fulfilled:




          

            	a low temperature (see Ellingham - Richardson diagram),




            	the slag is oxidised (contains a lot of (FeO)),




            	the slag is strongly basic (B ˃ 2.5-3.0),




            	the concentration of the reaction product is low (small activity (4CaO P2O5) in slag),




            	a large bath-slag interface.


          




          These conditions are well-illustrated in Fig. (7). The highest degree of dephosphorization ηP= (P2O5)/[P] is obtained by the basicity B ˃ 3.5-4.0, and by the content of (FeO) in the range of 14-16% [12, 13]. These conditions are obtained during oxidation by continuous putting of limestone and iron ore.
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Fig. (7))


          Effect of basicity on the degree of dephosphorization [5, 8, 13].



          The reduction of the (4CaO P2O5) content in slag takes place automatically when the slag flows out through the furnace’s threshold during intensive oxidation. An introduction of new portions of limestone is then necessary and obvious.




          According to recent studies [12, 13], the course of dephosphorization is described on the basis of the ionic theory of slag construction, as follows:




          

            

              	2[P] + 5[O] + 3(O2-) = 2(PO43-)



              	(9)

            


          




          Kp' = (PO43-)2 / [%P]2·[%O]5·(O2-)3




          According to H. Flood and K. Grjotheim [11], the constant




          Kp' = ΣNM2+ ·lgKM2+




          where: NM2+ - ionic fraction of a basic oxide cations,




          KM2+ - equilibrium constant for reaction phosphorus – cations




          and is dependent on the share of cations in basic slag:




          

            

              	lg Kp' = 21NCa2+ + 18NMg2+ + 13NMn2+ + 12NFe2+




              	(10)

            


          




          This equation indicates the correct order of the activity of basic cations during dephosphorization of molten iron. E.T. Turkdogan and J.Pearson [14] introduced a similar equation, taking into account the effect of silicate anions:




          

            

              	lg Kp” = 22NCaO+ 15NMgO + 13NMnO + 12NFeO ̶ 2NSiO2




              	(11)

            


          




          This equation is closer to the experimental studies [7], and by taking silicon anions into account, it indicates the share of free basic ions in the course of the phosphorus oxidation reaction.


        




        

          Reversion of Phosphorus into the Molten Steel




          In practice, there are several cases of an increase in the phosphorus content in steel after tapping into the ladle. This most often concerns the following cases:




          ● the slag was not completely slag-off after the oxidation period, leaving some amounts of 4(CaO P2O5) from the oxidising slag in the slag of the refining period.




          In the case of an incomplete slag-off, the conditions of phosphorus oxidation change according to the Ellingham - Richardson diagram.




          In this regard, after introduction of the mixture of CaO + C+ Si (FeSi) + CaF2 (in the ratio 4:1:1:1) into the new slag, the following reactions may occur:




          

            

              	2(P2O5) + 5Si = 5(SiO2) + 4[P]



              	(12)

            


          




          

            

              	(P2O5) + 5C = 5{CO}+ 2[P]



              	(13)

            


          




          

            

              	3(P2O5) + 10[Cr] = 5(Cr2O3) + 6[P]



              	(14)

            


          




          The latter reaction takes place during smelting of corrosion-resistant steel e.g. Cr18-Ni9; Ni25-Cr20-Mo or after introducing scrap of these cast steel grades into the charge.




          

            	● there was an increase in the temperature of liquid steel in the reducing period,




            	● when tapping steel from the furnace into the ladle with large amounts of slags, another increase in the concentration of phosphorus is also possible,




            	● precise tapping of steel and the use of synthetic slags into the ladle reduce the risk of phosphorus increase.


          


        




        

          Oxidation of Carbon




          This is one of the most important reactions during the oxidation period, although it takes place after oxidation of silicon and manganese. The Ellingham - Rich-ardson diagram shows that it occurs at higher temperatures than the oxidation of Si and Mn. Hence, there are conditions in which no oxidation of carbon occurs after throwing ore into the bath. If there is scrap with very high silicon content in the charge, the silicon oxidises according to the reaction (2) until it reaches the amount of about 0.05% Si. Only then does the boiling of the bath occur, i.e. reaction:




          

            

              	[C] + [O] = {CO}



              	(15)

            


          




          KC-O = p{CO}/ [a[C]] [aO]] = p{CO}/ [%C]·fC·[%O]·fO




          The free energy change of this reaction has the number of values, e.g:




          ΔGo =(27.400 ̶ 27.07·T)·4.184 [J/mol] lgKC-O = - 5.986/T+ 5.917 [14]




          ΔGo =(33.300 ̶ 30.40·T)·4.184 [J/mol] lg KC-O = - 7.280/T + 5.917 [15]




          The differences between these and others values [7] are small near the melting temperature of iron, and relatively higher at temperatures of 1650-1700oC.




          The carbon activity of liquid iron is proportional to its mole fractions, so at p{CO} = 1 atm., it can be noted:




          

            

              	K' = m = 1/ [%C]·[%O]



              	(16)

            


          




          At 1600oC, value m equals 0.0025 - 0.0020 [16] and is presented like in Fig. (8).
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Fig. (8))


          Oxygen-carbon equilibrium (o-o) and effect of vacuum pressure (atm.) [13]



          The solubility of both carbon and oxygen in liquid iron increases with increasing pressure. This effect is used during the process of smelting steel in a vacuum because a removal of the reaction product {CO} leads to a continuous reduction of the oxygen concentration (deoxidation in a vacuum).




          A removal of the carbon oxidation reaction product in electric arc furnaces is associated with difficulties in the nucleation of gas bubbles in liquid steel. A lack of interfacial tension and atmospheric pressures of the metal bath forces the nucleation of {CO} in the existing pores of the furnace walls and the hearth lining. An outflow of {CO} bubbles is possible only after exceeding a certain pressure p{CO}




          

            

              	p{CO} = patm + pfer+ 9.87 x 10-7 (2σ/r)



              	(17)

            


          




          where: patm - atmospheric pressure,[Pa]




          pfer - ferrostatic pressure above the bubble




          pfer = hm·γm + hs·γs




          hm and hs are the depth of the melt and slag, [m]




          γm and γs – metal and slag densities, respectively, [kg/m3]




          r – radius of the bubble, [m]




          σ – surface tension between bubble and the refractory material, [mN/m]
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Fig. (9))


          Increasing of pore diameter at the lining-molten steel interphase.



          This means that these bubbles are only capable of leaving the pore and rise up in the melt of which pressure exceeds the critical radius. The bubbles increase their radius by the diffusion of oxygen or carbon into the bubble, or by collecting other bubbles.




          A refractory surface favours the nucleation of {CO} bubbles. If the furnace hearth is coated with a layer of viscous slag, the rate of decarburisation is very low.




          The oxidation rate of carbon during bath oxidation is described by the following equation:




          

            

              	̶ d[%C]/dt = D (12[%Oeqil.] ̶ [%O])/16·l·Δx)



              	(18)

            


          




          where: [%O] – actual oxygen content,




          [Oequil.] – oxygen content in the melt at equilibrium with iron oxide in the slag,




          D – diffusivity of oxygen in liquid iron,




          l - depth of the melt,




          Δx – film thickness,




          t - time.




          The oxidation process ends when in the sample taken for chemical composition the phosphorus content are much lower than the value required by the standard (usually lower by 0.01% P). Then, slag is slag-off and a new one consisting of CaO and CaF2 is inserted. This change means a transition from the oxidation to the reduction conditions of slag and is substantial for subsequent desulphurization and deoxidation of steel.


        




        

          Oxidation of Chromium




          Chromium is a very important element in alloyed steels: corrosion-resistant, creep resistant and heat resistant steels. Hence, there is a possibility of a presence of certain amounts of chromium in the charge from these cast steel grades. For this reason, chromium is also expected in molten steel. The liquid alloys Fe - Cr create ideal solutions [17] and for 1% of chromium concentration, it can be written:




          

            

              	Crliq. = [%Cr]



              	(19)

            


          




          or Crs = [%Cr] ΔGo = 4 600 ̶ 11.13·T [J/mol] [3]




          During melting and oxidation periods, chromium is oxidised according to the reaction:




          

            

              	Fe + 2[Cr] + 4[O] = FeO·Cr2O3(s)




              	(20)

            


          




          ΔGo = – 102 700 + 438.8·T [J/mol] [5]




          lgK = 53 420/T ̶ 22.92




          

            

              	2[Cr] + 3[O] = Cr2O3(s)




              	(21)

            


          




          ΔGo = – 843 100 + 371.8·T [[J/mol] [12a]




          lgK = 44 040/T ̶ 19.42




          

            

              	3[Cr] + 4[O] = Cr3O4(s)




              	(22)

            


          




          ΔGo = – 1 025 712 + 459.22·T [J/mol]




          lgK = 53 521/T ̶ 23.96




          The arising chromium oxides exist in the form of suspension of solid oxides due to their limited solubility in the slag. Hence, these slags have a high density, reducing the kinetics of the oxidation reaction.




          The scope of occurrence of chromium oxides in slag, depending on chromium, oxygen and the temperature, is presented in Fig. (10).
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Fig. (10))


          Equilibrium of chromium and oxygen in the alloy Fe-Cr [18].



          Oxidation of chromium with basic slags also takes place according to the equation:




          

            

              	2[Cr] + 3(FeO) = (Cr2 O3) + 3[Fe]



              	(23)

            


          




          KCr = a(Cr2O3) / a2[Cr]·a3(FeO)




          The course of this reaction depends on the slag basicity, and temperature according to lgK`Cr = 14 500/T ̶ 3.57. The higher the temperature, the higher the oxidation of chromium, Fig. (10). A low content of (FeO) in slag and high basicity act in the same direction.




          The activity of chromium in the liquid alloys Fe - Cr depends on the presence of other elements in them. First of all, an important role is played by carbon, which increases the deviation of chromium from the ideal solution.




          The activity of carbon in the presence of chromium is described by the following equation [5]:




          lgγc(Cr) = ̶ 5.5 lg(1 + 0.8·NCr /1 ̶ Nc)




          which shows that carbon activity decreases with an increasing chromium content, Fig. (11).
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Fig. (11))


          Activity of chromium in molten Fe-Cr-C alloys at 1540oC [19].



          For practical reasons, it is important to keep low chromium contents in alloys containing carbon. In liquid alloys Fe - Cr – C, the oxidation of chromium can be avoided if the bath contains less than 0.5%C (at the temperature of 1600oC) or less than 0.13%C (at the temperature of 1800oC).




          The degree of chromium oxidation (Crstart ̶ Cr finish), before and after oxidation, depends on the degree of decarburisation of the bath under conditions of oxidation with oxygen in the electric arc furnace. At higher chromium contents before oxidation, the degree of chromium oxidation is lower. This means that during melting corrosion-resistant steels (18-20%Cr + 9 -11% Ni and low carbon content <0.03%), in order to prevent large losses of chromium, the process of carbon oxidation should be performed at high temperature (from 1750 to 1800oC) and with slags of high basicity. Similar conditions are fulfilled when a mixture of oxygen with argon is blowing, or when vacuum is applied.


        


      




      

        2.5. Refining Period




        The refining period begins with applying new slag (CaO + CaF2). Initially, it is the slag that protects the liquid steel against oxidation and heat loss. During refining, its task is modified after the introduction of the so-called deoxidizing mixture, and it becomes reduction slag, which enables the desulphurization and deoxidation of the bath. The whole refining period includes:




        

          	desulphurisation of steel,




          	diffusion and precipitation deoxidation of steel,




          	supplementing the chemical composition to the values required by the standard,




          	increasing the bath temperature to the value required for tapping steel into the ladle.


        




        Diffusion deoxidation and desulphurization processes take place at the metal - slag boundary, hence the chemical composition of slag is important. Both of these processes depend on the oxygen equilibrium in the bath, with the iron oxide in the slag. Therefore, it is so important to completely slag-off after the oxidising period, in which (FeO) equals 10 - 15%, and at the end of the refining period, it should be below 1%.




        

          Desulphurisation




          Sulphur solubility in liquid iron is limited (Fig. 12), and in the solid state, it is insignificant. In αFe, up to 0.020% S is dissolved (at the temperature of 913oC), and in γFe - up to 0.050% S (at the temperature of 1365oC). Solubility of sulphur in γFe is less than in αFe (at 913oC).
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Fig. (12))


          System Fe – S in half-logarithmic scale; effect of manganese – dash line [9].



          FeS sulphide arises at this temperature. The presence of other elements in steel leads to the formation of additional sulphides, which can be divided into three groups, Fig. (13):
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Fig. (13))


          Free Energy formation of sulphides in temperature [9, 10].



          

            	sulphides less stable than FeS



              

                	(NiS ̶ Tm = 992oC; NiS2 ̶ Tm= 1010oC; CoS – Tm = 1180oC; Co9S8 ̶ Tm= 832oC




                	WS2 ̶ Tm above 1800oC; Cu2S – Tm = 1129oC


              


            




            	elements that form compounds with iron and reduce solubility of FeS in liquid iron (C, Si, P)




            	sulphides more stable than FeS



              

                	CeS ̶ Tm = 2450oC; Ce2S3 ̶ Tm = 1890oC; Ce3S4 – Tm = 2080oC;




                	LaS – Tm = 2200oC; LaS2 ̶ Tm = 1650oC; CaS – Tm = 2525oC; MnS ̶ Tm = 1610oC


              


            


          




          The most stable sulphides form rare earths (mischmetal) elements, especially over 1500oC.




          At lower temperatures, the energy of steel desulphurization consists of two steps:




          - diffusion of iron sulphide from the liquid steel into the slag




          [FeS] → (FeS)




          - reaction of iron sulphide in the slag with basic oxides




          

            

              	[FeS] + (CaO) = (CaS) + (FeO)



              	(24)

            


          




          or [FeS] + (MnO) = (MnS) + (FeO)




          The product of these two reactions (FeO) is an unwanted component of slag because it hinders the desulphurization process. Diffusion deoxidation, proceeding in parallel with desulphurization in the refining process, shifts the desulphurization reaction to the right:




          (FeO) + C = {CO}+ [Fe]




          This way, some part of iron is recovered and the course of the reaction is visible due to the oxidising and burning bubbles of carbon monoxide:




          {CO} + ½ O2 = {CO2}




          Total desulphurization reactions can be presented as:




          

            

              	[FeS] + (CaO) + C = (CaS) + {CO} + [Fe]



              	(25)

            


          




          this is the course of the desulphurization reaction after putting the reduction slag CaO + Fe-Si + C




          or




          

            

              	[FeS] + (CaC2) + 2(FeO) = (CaS) + 2{CO} + 3[Fe]



              	(26)

            


          




          ΔGo = 31 140 ̶ 34.4·T [J/mol]




          The reaction is endothermic and requires a higher bath temperature [13].




          The reaction constant K24 = a(CaS) ·a(FeO) / a[FeS]·a(CaO) indicates that, in order to ensure the course of desulphurization reaction, activities of (CaS) and (FeO) in the slag should be low, while the activity of sulphide [FeS] in the bath and the activity of (CaO) in the slag should be high. These conditions lead to statements that desulphurization of the bath is favoured by:




          - high basicity of slag Fig. (14), (high activity of oxygen anions in slag),
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Fig. (14))


          Effect of basicity B = CaO/SiO2 on the degree ηs = (S)/[S]



          - low content (activity) of iron oxide in the slag,




          - high temperature,




          - low concentration of the reaction product (CaS) in the slag,




          - low viscosity of slag.




          High slag basicity (B = 3.5 - 4.0) is obtained by continuous addition of new portions of CaO, along with CaF2 fluorspar, which reduces the viscosity of slag, and thus, accelerates the diffusion processes of sulphur transfer at the slag-metal interface.




          For a proper course of desulphurization, a small activity of (FeO) in the slag should be provided. When introducing new portions of limestone, the activity of CaO increases and the activity of (FeO) decreases. The desulphurization degree, referred to as ηs= (S)/[S], is strictly dependent on the content of (FeO) in the slag. At the content of (FeO) below 1%, conditions for the transfer of sulphur from metal into the slag are more beneficial.




          Low activity of (FeO) in the slag corresponds to the low oxygen activity in metal. According to the ionic theory of slag, the desulphurization reaction can be written as follows:




          

            

              	[S] + (O2-) = [O] + (S2-)



              	(27)

            


          




          ΔGo = 17 200 ̶ 9.12·T [J/mol] [21]




          lg Ks = lg (as2-)·[ao] / (ao2-)·[as] = ̶ 3 750/T + 1.996




          and according to [10] constant K' = N(S2-) / N(O2-) · [%O]/[%S]




          whose value of the sulphur separation constant value ηs as a result of (FeO) content in the slag is presented in Fig. (15).
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Fig. (15))


          Relation between (FeO) contents and degree of desulphurization ηs [7, 20]



          ηs = (%S)/[%S] = 32 K'·n(O2-) / [%O]




          In reduction slags of the refining period, low concentrations of (FeO) in the slag are achieved by applying the deoxidising mixture




          CaO+ FeSi + C + CaF2 in the ratio 4:1:1:1 [3, 13, 15]




          or CaO + CaF2 + C 6:2:1 [3]




          or carbide slag




          CaO + CaF2 + C in the ratio 6:4:2 [3]




          The significance of the slag deoxidation process in the course of desulphurization is expressed, in practice, with the dependence:




          [%S] = 4 [%O] [3, 2, 13]




          or [%S] = 30·a[O] [21]




          The desulphurization reaction is controlled by sulphur diffusion from metal into slag, and oxygen atoms through the metal - slag interphase boundary. Increasing the surface area is beneficial for the course of the desulphurization reaction, and is used in modern steel smelting methods. Because these processes are slow, particularly in the arc furnace, there are methods for their acceleration by slag foaming, installation of an induction coil in the furnace walls to force the movement of liquid steel, or the application of a vacuum and blowing of Fe-Ca-Si powder with argon into the liquid steel.
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