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Abstract

The continuous casting process is the most used form of casting steel today, surpassing the traditional ingot casting route in the late 1960’s early 70’s. Although ingot casting is still used, more than 95% of steel manufacturers are using this method. Continuous casting provides a more efficient route of solidifying liquid steel in addition providing improved yield, superior uniformity of properties and larger products. Continuous casting as a method of casting steel is constantly developing due to customer demands for higher quality steel. Because of this, energy efficiency, productivity, and ecological aspects are of increasing importance. The demand for higher quality steel could not be produced through ingot casting. This assignment focuses on the overall continuous casting processing route including machines, solidification, defects formation and its efficiency. 
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1.1	Introduction

Continuous casting of steel is a process in which liquid steel is solidified continuously into a strand of solid metal as shown in a simplified diagram, Figure 1. The process took hold in the late 1960’s early 70’s and replaced the traditional process of ingot casting that had been predominately used. Although ingot casting is still operational today, continuous casting provides a more efficient route of solidifying liquid steel in addition providing improved yield, superior uniformity of properties and larger products. Ingot casting produces large casts that require further processing compared to continuous cast products, thus a significant increase in production cost is observed. The ingots must be reheated to allow for primary rolling to produce slabs, blooms or billets prior to hot rolling, therefore increasing energy costs through reheating. Both continuous casting and ingot casting require cropping, which involves cutting off the ends of the solidified steel slab. However, within the continuous casting process there is less steel lost through cropping increasing yield within this process. It is believed that continuous casting is used in 95% of the world’s steel production today. (Louhenkilpi, 2014)

[image: Image result for simplified diagram of continuous casting]
Figure 1: Simplified Diagram of Continuous Casting – Image from https://www.steelconstruction.info/Steel_manufacture, 2019.
1.2	Ladle Turret, Ladle and Ladle Shroud 

A ladle of liquid steel, referred to as a heat with a predetermined chemistry obtained from the secondary steel making process, is positioned onto a ladle turret. The turret rotates and positions the ladle over a tundish car while at the same time removing a second empty ladle from above the tundish. The empty ladle is then removed from the ladle turret and returned by crane to the BOS (Basic Oxygen Steel) plant. The ladle is a refractory lined steel container holding around 320 tonnes of liquid steel (Craig, Camisani-Calzolari and Pistorius 2001). On the underside of the ladle a ladle gate is externally mounted along with a ladle nozzle, the ladle gate is made from a steel plate with two holes that are refractory lined. Two refractory lined holes are present in case there is a blockage that prevents emptying of the ladle, blockages can result from inclusions within the steel such as alumina. In the event of a blockage the ladle gate can be turned to align with the second refractory lined hole to maintain liquid flow from the ladle. Argon seals are used around the ladle gate and nozzle to prevent re-oxidation of the liquid steel. Once the ladle is positioned over the tundish a ladle shroud is attached under the nozzle. This shroud is a ceramic tube manufactured from isostatically pressed alumina graphite designed for immediate connection to the ladle slide gate nozzle giving maximum protection of the steel stream against oxidation from the atmosphere and minimizing steel splashing. A stream of argon is attached and continually flows through the shroud providing a seal from re-oxidation of the liquid steel. The argon flow is present to prevent precipitate formation, which have the potential to clog the shroud and prevent liquid flow into the tundish. 

1.3	Dummy Bar

Before casting begins a series of rolls referred to as withdrawal rolls situated at the bottom of the caster, drive the dummy bar up both strands of the caster. The dummy bar head enters the mould and carries on being driven slightly higher. It is then pulled back down into position at the bottom of the mould, this allowing removal of any kinks within the dummy bar chain (Thomas 2001). Complete packing of the dummy bar is required to avoid liquid steel from bleeding down the caster. The packing process involves a rope being inserted and being tightly packed between the dummy bar and the mould itself. Clay is used to create a seal between the dummy bar head and the rope packing as well as any potential sites where liquid steel could breakout. The clay is then ignited to remove the alcohol content to form a solid seal between the dummy bar head and the outer mould. Metal plates are added around the clay seal in addition to metal grates being positioned at the edges of the mould. These additions are made to provide additional strength when the solid steel is drawn through the strand. Metal punchings referred to as chills are added to aid with the solidification process and these are placed around the clay seal in addition to the dummy bar claw. These chills act as temperature gradients and aid with conduction of heat away from the mould. In Figures 2. and 3. several start up slabs can be seen from both the front and side view. Within the figures several dummy bar claws can be seen. 
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Figure 2: Claw Present on a Dummy Bar Head – Photo taken by Samuel Jones, 2019.
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Figure 3: Strands 1, 2 and 4 Dummy Bar Heads – Photo taken by Samuel Jones, 2019.

1.4	Tundish

With the full ladle positioned over the tundish car, the ladle gate is opened and closed using hydraulics. Once the ladle hole is aligned with one of the holes within the ladle gate, the liquid flows through the gate, nozzle and shroud into the refractory lined tundish. The tundish usually operates with around 40 tons of liquid steel and its purpose is to allow numerous ladles to be cast in sequence. The tundish acts as a reservoir and is designed with a series of weirs and dams, that control the flow of liquid steel through the tundish allowing maximum effectiveness for inclusions to rise to the surface to improve the cleanliness (Louhenkilpi, 2014). Tundish powder is added to aid with steel cleanliness as it absorbs inclusions. The powder also aids with temperature control within the tundish allowing the temperature loss to be limited. 

1.5	Stopper Rods, SEN, Water-Cooled Copper Mould

Once the tundish contains around 20 tonnes of liquid steel, the stopper rod is opened manually and liquid steel flows through a submerged entry nozzle (SEN) attached at the bottom of the tundish, (Figure 4.) and into the mould (Yu 2017). The flow rate of liquid steel is controlled by stopper rods that are raised and lowered according to that of the level of liquid in the mould. Once the mould level is steady, the flow of liquid from the tundish to the mould is removed from manual to automatic. As liquid steel flows into the water-cooled copper moulds, heat is extracted through primary cooling and through chills within the dummy bar. These cool the liquid steel, allowing formation of an initial thin solidified shelled wall that can solidify further before the dummy bar is pulled through the strand, using withdrawal rolls.
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Figure 4: Mould and SEN Nozzles – Photo taken by Samuel Jones, 2019.



1.6	Mould Oscillation, Water Sprays and Straightener Rolls

An oscillating mould is used to attach new solid steel to the pre-existing solid wall by oscillation of identical and precise movements, this preventing solidification of the steel onto the copper mould (Thomas 2001). The mould ultimately determines the surface quality of the slab produced and therefore must be maintained to ensure the best possible slabs are produced. Oscillation marks on a slab surface can be seen in Figure 5. The initial shell is then continuously drawn through the strand guide containing a series of rolls that control the thickness (0.234m), as well as preventing bulging, whales and cracks. Secondary cooling is then applied to the strand using water sprays situated within the spray chamber that are positioned directly below the copper mould. Secondary cooling aids with the solidification rate and therefore reduces the length of the caster. In addition, it prevents excessive bulging and limits internal stresses and crack formation. The distance from the top of the strand where liquid is present in the mould, to the point of complete solidification is referred to as the metallurgical length.


Oscillation Marks


Figure 5: Oscillation Marks on a Slabs Surface – Photo taken by Samuel Jones, 2019.

1.7	Torch Cutter and Runout Table

After the strand has been straightened and has exited the caster, a gas torch travels with the moving strand and cuts the steel by length into slabs.  The slab passes through a deburer that removes the rough edges from the front and back faces of the steel slabs, that are then transferred to the slab yard where they are stacked and allowed to cool. Slabs are then quality inspected prior to hot rolling for surface defects, including surface, transverse, longitudinal as seen in Figure 6. and star cracks, oscillation marks and porosity in Figure 7., internal cracks including radial streaks and triple points. In addition, tests for segregation are carried out on certain grades, consisting of sulphur prints that show segregation at the centerline and intercolumnar grains. Segregation of inclusions such as carbon, sulphur and phosphorus must be monitored as these elements change the strength and ductility of the steel. Segregation occurs as inclusions with a low solubility in liquid steel are pushed ahead of the solidification front creating an enrichment of solute at regions that are last to solidify. After the strand has been straightened and has exited the caster, a gas torch travels.
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Figure 6: Longitudinal Crack – Photo taken by Samuel Jones, 2019
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Figure 7: Slab Containing Porosity at the Surface – Photo taken by Samuel Jones, 2019.

1.8	Capping Off

Once a sequence of ladles has been cast for a certain grade, the empty ladle is returned to the BOS plant and the liquid steel within the tundish is drained down and emptied leaving a tundish skull. This procedure is referred to as capping off and a capped off slab can be seen in Figure 8. Within the picture a green coloured slag is visible on the top edge of the slab, this slag maybe from the tundish or more likely from the mould powder.
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Figure 8: Capped Off Slab – Photo taken by Samuel Jones, 2019.

1.9	Quality Defects

Steels containing high levels of composition such as elements like carbon, sulphur, phosphorus, aluminium, nitrogen and niobium are more prone to quality defects. Problems also arise when peritectic steels are cast, due to their large volume change that occurs during solidification. These slabs that contain surface defects may be sent to the stripper bay, where they are scarfed. This process involves removing around 3mm from the edges of slab followed by further quality inspection.

Around 10% of hot slabs are directly sent to the hot mill to be rolled, this reducing energy consumption within the reheat furnaces in addition to handling costs. Ongoing projects include; hot connecting all possible grades that have low or no quality issues directly from the casters to the hot rolling mill. Hot connecting leads to problems such as; scheduling issues between both the caster and the hot mill. These issues need to be overcome to increase the number of slabs that can be sent directly to be rolled. The percentage of slabs that are sent directly to the hot mill however, should be increased to allow maximum energy savings to be made.

1.10	Conclusion
When compared to ingot casting, continuous casting offers far greater benefits. Considerable energy savings are made through eliminating the energy intensive steps and indirectly through increased yield. Labour productivity has improved through continuous casting due to having less steps in comparison to ingot casting, which all require direct labour input. It has been proven that continuous cast steels have a higher quality of steel. Fewer defects in the steel have been reported due to the process having a reduced number of steps, as well as computer aided control. Most importantly, the process reduces pollution. Less pollution is exposed to the atmosphere, due to the process eliminating the need for soaking pits and reheating furnaces used in ingot casting. Lastly, continuous casting eliminates the use of molds and stripping equipment, soaking pits, reheating furnaces and primary rolling mills. These eliminations reduce the capital costs.
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