
CONTINUOUS CASTING OF STEEL

 Introduction 

 In the continuous casting, molten steel is poured 

from the tundish in the water cooled mold and 

partially solidified bloom/billet or slab (hereafter 

called strand) is withdrawn from the bottom of 

the mold into water spray so that solidified 

bloom/billet or slab is produced constantly and 

continuously. 

 Continuous casting is widely adopted by 

steelmakers. The advantages of continuous 

casting over ingot casting are 
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 Quality of the cast product is better 

 No need to have slabbing/blooming or billet mill 

as required when ingot casting is used. 

 Higher extent of automation is possible 

 Width of the slab can be adjusted with the 

downstream strip mill. 

 Continuously cast products show less 

segregation. 

 Hot direct charging of the cast product for rolling 

is possible which leads to energy saving. 
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HOW CASTING IS DONE CONTINUOUSLY? 

 The essential components of a continuous 

casting machine are tundish, water cooled mold, 

water spray and torch cutters. 

 Tundish, mold and water spray are arranged 

such that molten stream is poured from tundish

to mold and solidified strand (billet/bloom/billet) 

is produced continuously. 

 The required length of the strand is cut by torch 

cutter. In figure, the arrangement of tundish, 

mold and water spray is shown. 
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 Tundish

 Tundish is a refractory lined vessel. Liquid steel 

is usually tapped from ladle into tundish. The 

stream is shrouded as it enters from ladle to 

tundish. The functions of the tundish are: 
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RESERVOIR OF MOLTEN STEEL

 Tundish acts as a reservoir for molten steel. It 

supplies molten steel in presence of a slag cover 

to all continuous casting molds constantly and 

continuously at constant steel flow rate. 

 The flow rate is maintained constant by 

maintaining a constant steel bath height in the 

tundish through teeming of molten steel from the 

ladle. 
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 The number of mold is either one or more than 

one. 

 Normally bloom and billet casting machines are 

multi‐strand i.e. number of molds are either 4 or 

6 or 8. Slab casters usually have either single or 

two molds. 

 During sequence casting and ladle change‐ over 

periods, tundish supplies molten steel to the 

molds. 
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DISTRIBUTOR

 Tundish distributes molten steel to different 

molds of the continuous casting machine at 

constant flow rant and superheat which is 

required for stand similarly with reference to 

solidification microstructure. 

 Control of superheat is required in all the moulds 

to reduce break‐out. 
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 Location of ladles stream in the tundish is 

important. 

 It may be located symmetric or asymmetric to the 

centre of the tundish depending on the number of 

mold. 

 For single strand machines, molten stream 

enters from one side and exits the other side of 

the tundish. 

 In multi‐strand tundishes, ladle stream is either 

at the centre of the tundish or displaced to the 

width side of the tundish. 
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INCLUSION REMOVAL

 Tundish helps to remove inclusions during the 

process of continuous casting. 

 For this purpose liquid steel flow in the tundish

is modified by inserting dams, weirs, slotted 

dams etc. 

 The whole idea is to utilize the residence time 

available before steel leaves the tundish. 
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 For example, if capacity of tundish is 40 tons and 

casting speed is 5 tons/min, then the average 

residence time of molten steel in the tundish is 8 

minutes. 

 During this average residence time., inclusion 

removal can be exercised .
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 For this purpose flow of steel melt in the tundish

has to be modified so as to accelerate the 

inclusion removal. 

 The Inclusion removal is a two step step unit 

operation, namely floatation and absorption by a 

flux added on the surface of the tundish. 

 Flux is usually rice husk, or fly ash or some 

synthetic powder.
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MOLD:

 Mold is the heart of continuous casting. In the 

water cooled mold, molten stream enters from 

the tundish into mold in presence of flux through 

the submerged nozzle immersed in the liquid 

steel.

 Solidification of steel begins in the mold. The 

casting powder is added onto the top of molten 

steel in the mold. It melts and penetrates 

between the surface of mold and the solidifying 

strand to minimize friction as shown in figure
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 Control of height of molten steel in the mould is 

crucial for the success of the continuous casting 

machine. The solidification begins from the 

meniscus of steel level in the mould. Mold level 

sensors are used to control the meniscus level in 

the mould.
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 As seen in the figure, flux melts and enters into 

the gap between mold surface and solidified 

strand. 

 Molds are made of copper alloys. Small amounts 

of alloying elements are added to increase the 

strength. 

 Mold is tapered to reduce the air gap formation. 

Taper is typically 1% of the mold length.
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 For 100mm X 100 mm cross section of mold the 

taper is about 1mm for 1m long mold. The cross 

section of the mold is the cross section of the 

slab/bloom/billet.

 Length of the mold is around 0.75-1.4m  and is 

more for large cross sections. Mold cross section 

decreases gradually from top to bottom. Mould 

extracts around 10% of the total heat.

 The mold is oscillated up and down to withdraw 

the partially solidified strand (strand is either 

billet or bloom or slab).
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 The oscillated frequency can be varied. At Tata 

steel slab caster frequency is varied in between 0 

and 250cycles/min and the stroke length from 0 

to 12mm.

 Steel level in mould is controlled, that is the 

meniscus for smooth caster operation. Sensors 

are used to control the meniscus level.
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THE FUNCTIONS OF MOLD FLUX ARE.

 Inclusion absorption capability. 

 Prevention of oxidation. 

 Minimization of heat losses. 

 Flux on melting enters into the air gap and 

provides lubrication. 

 For the above functions the flux should have the 

following properties. 

 Low viscosity 

 Low liquidus temperature 

 Melting rate of flux must match with the speed of the 

continuous casting. 
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SECONDARY COOLING

 Below the mold partially solidification strand is 

water sprayed to complete the solidification. 

Parameters affecting the heat extraction are:

 Water drop flux 

 Mean drop size

 Droplet velocity hitting the strands

 Wetting effects

21



 Spray cooling essentially involves boiling heat 

transfer. A water vapour blanket forms on the 

strand surface which prevents direct contact of 

water droplets with strand surface

 Velocity of droplets should be such that droplet 

can penetrate the vapour layer so that droplets 

can wet the surface and cools the surface.

 In secondary cooling, number of nozzles is 

distributed over the surface of the moving strand. 

Overlapping of spray may occur, distance 

between the nozzle is important.
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 Cracks are originated in the cast product due to 

mechanical and thermal stresses. Material 

factors are also responsible 

 Mechanical stresses are created due to

 Friction

 Ferro static Pressure

 Bending and Straightening operation

 Roll Pressure

25



 Mechanical stresses can be reduced by improving 

mold practices like:

 Controlling powder feed rate

 Resonance in mold

 More accurate strand guidance 

 Casting powder
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 Steelmaking in electric arc furnace has emerged 

as an important steelmaking process in recent 

years. 

 The flexibility and easy adoptability of EAF 

steelmaking to accommodate the fluctuating 

market demand have evolved into the concept of 

mini steel plants to produce different grades of 

finished products (long or flat or mixed ) of plain 

carbon or alloy steels from scrap and other 

metallic charge materials. 
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 Although scrap is the preferred raw material but 
sponge iron and iron carbide are being used 
regularly in most plants because of shortage of 
steel scrap and to dilute the concentration of 
tramp elements. 

 Several developments in the design and 
operation have made EAF steelmaking to 
contribute significantly to the overall total 
production of steel in the world. 

 According to an estimate, the proportion of 
electric steel is around 40 to 45% in the total 
world steel production. 

 It must be noted that EAF consumes lot of 
electric energy and hence the cost and 
availability of electrical power are important 
issues in electric steel development. 
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TYPE OF ELECTRIC FURNACES

 In principle an electric arc is formed between the 
electrode and the metallic charge and charge is 
heated from the arc radiation. 

 Electric arc furnaces are of two type (a) 
alternating current and (b) direct current. 

 In alternating current, furnace operates by 
means of electric current flowing from one 
electrode of three to another through the metallic 
charge. 

 In direct current, the current flows from carbon 
electrode, which acts as cathode, to an anode 
embedded in the bottom of the furnace. 22



CONSTRUCTION OF AC ELECTRIC ARC

FURNACE

 The furnace consists of a steel shell, lined with 

suitable refractory materials and is mounted on 

the tilting mechanism. 

 The shell thickness is around 0.005 times the 

shell diameter. 

 Three electrodes enter through the roof. The hood 

may be swung away for charging. 

 Heat is generated by the hot area formed 

between the electrodes and the charge. 
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HEARTH

 The hearth contains metal and slag. 

 The hearth lining consists of backing lining and 

working lining. The backing lining is few layers 

of high fired magnesite bricks on which working 

lining is rammed with either dolomite or 

magnesite mass. 

 Permeable blocks or porous refractory elements 

are introduced through the bottom to inject inert 

gas for stirring. 

 The EAF steel bath is shallow.
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ROOF

 The roof is exposed to more heat than other 

furnace elements. 

 Its lining is also subjected to radiant heat 

reflected from the walls and slag. 

 High alumina bricks and magnesite – chromite

bricks are used for roof lining. 

 The roof lining is water cooled which increases 

the life of refractory lining to at least 10-20 times 

more than without water cooling. 

 The roof has three holes to allow insertion of the 

electrodes. 
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ELECTRODE

 A typical alternating current operated EAF has 

three electrodes. 

 Electrodes are round in section, and typically in 

segments with threaded coupling, so that as the 

electrodes wear, new segments can be added. 

 Graphite electrodes are preferred over carbon 

electrodes because of better electrical 

conductivity. 

 The electrodes are automatically raised and 

lowered by a positioning system. 
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 Electrode consumption depends on 

 Oxidation of the surface of the electrode 

 Mechanical losses due to fracture 

 Dissolution in slag during carbon boil 

 The diameter of the electrode should correspond 
to the current supplied; if current density is 
excessively high, electrodes will be heated and 
oxidized vigorously. 

 The electrode current could vary from 12 to 
16Acm2⁄ for 400 to 600 m electrode diameter. 
Larger electrode diameter increases electric 
energy consumption. 27



 The electrodes are positioned at apexes of an 

equilateral triangle. 

 The diameter of the circle passing through the 

centers of electrodes is called the diameter of the 

electrode spacing. 

 If the electrodes are placed close to each other 

and far from furnace walls, the charge at the 

furnace banks will be heated belatedly. 

 With large spacing diameter, electric arcs will 

burn near the walls, which will result in rapid 

wear of the lining. 
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 The electrode spacing diameter for the bath 

diameter could be 0.45 for small furnaces, 0.35 

for medium- sized and large furnaces, and still 

lower for super- powerful furnaces. 

 For a bath diameter of 5560 mm of a 100 ton 

furnace the electrode spacing diameter would be 

0.35×5560=1900mm. 
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SIDE WALLS

 The side walls refractory materials should be 

able to withstand thermal shock and corrosive 

action of slag. 

 Hot spot is formed on the side walls due to the 

radiation from arc flames, reflected from bath 

surface during power input. 

 The side wall is lined with magnesite, dolomite or 

chrome magnesite bricks up to the slag line. 

 The side wall thickness is usually 450 to 500mm 

for 10 to 50 ton furnaces and 550 to 650mm for 

100 to 200 ton furnaces. 
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TRANSFORMER POWER

 Electric furnaces are powerful consumers of 

electric energy. 

 The operating voltage of a furnace is 100-800V 

and the current may reach several thousand 

amperes. 

 The furnace transformer transforms high voltage 

energy into low voltage. 

 The melting process consists of two periods: melt-

down and refining period. 

 In melt down period higher electric energy is 

required as compared with the refining period. 
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 In small furnaces, the power consumption for 

melting is about 600kWh/ton and it falls to 

450kWh/ton in big furnaces. 

 Additional 150 to 400 k Wh/ton power is required 

during refining depending on the practice. 
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 Large transformers are required to run electric 

arc furnaces. 

 During melting more power is required than 

during refining. 

 The transformer capacity is designed to suit 

melting requirements. 

 The capacity of the transformer is usually 470-

650 KVA per tonne of furnace capacity. 

 In terms of hearth area, the transformer capacity 

is in the range of 750-900 KVA per square meter 
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CHARGING MATERIALS

 Steel scrap is the principle raw material. It may 

constitute 60 to 80% of the charge. 

 In some practices sponge iron and or pig iron is 

also used for chemical balance. 

 In basic furnaces slag formers like limestone, 

fluorspar, sand, and quartzite are used to form a 

slag to refine the metal. 
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 For decarburization oxygen lancing is used. Iron 

ore is also added. 

 Ferro-manganese, ferrosilicon or aluminium are 

used for deoxidation. 

 To produce alloy steels, alloying elements are 

added.
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PLANT LAYOUT

 Layout of an electric arc furnace steelmaking 

shop varies from plant to plant due to difference 

in the quality of the product and the scale of 

production. 

 Some plants have just one EAF while others have 

two. 

 The variation is also due to whether the shop is 

provided with oxygen lancing and carbon 

injection facilities, gas cleaning equipments and 

finished castings or ingots.
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BROADLY ELECTRIC FURNACE STEELMAKING

SHOP COMPRISES OF THE FOLLOWING:

a) Electric furnace 

b) Transport facilities for ladle 

c) Scrap charging 

d) Auxiliary injection facilities 

e) Electrode movement mechanism 

f) Charging of raw materials and weighing system 

g) Slag disposal. 

In an ideal layout, all the above facilities should 
be arranged so as to ensure smooth input and 
output of materials.
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ARC FURNACES OPERATION

 It consists of charging, melt down period and 

refining. The large baskets containing heavy and 

light scrap are preheated through the exit gas. 

 Burnt lime and spar are added to help early slag 

formation. Iron one or mill scale may also be 

added if refining is required during melt- down 

period. 

 The roof is swung off the furnace, and the furnace 

is charged. Some furnaces are equipped with 

continuous charging. Hot metal is also charged as 

per the requirement.
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 In the meltdown period, electrodes are lowered 

and bored into the scrap. 

 Lower voltages are selected in order to protect 

the roof and walls from excessive heat and 

damage from the arcs. 

 Once the arc is shielded by scrap, voltage is 

increased to form molten metal pool to reduce the 

meltdown period. 

 During meltdown period, silicon, manganese and 

carbon oxidizes. 

 Also oxidizing and limy slag is produces which 

promotes dephosphorization as well.
39



MELT- DOWN TIME DEPENDS ON

 Arc conditions: larger arc requires lower current and 

lower heat losses 

 Deep or shallow bath: deep bath shortens the 

meltdown period. 

 Refining continues even during melting. Removal 

of phosphorus must be complete before the rise in 

temperature and carbon boil.
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 The single oxidizing slag practice is employed 

when removal of sulphur is not required. 

 When both P and S are required to be removed 

double slag practice is used. 

 In double slag practice, oxidizing slag is removed 

and reducing slag is formed after deoxidation

with ferrosilicon or ferromanganese or 

aluminum. 
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 Reducing slag helps to avoid loss of alloying 

elements

 Once the bath chemistry and its temperature are 

attained, heat is deoxidized and finished for 

tapping
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COMPARISON WITH OXYGEN

STEELMAKING
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MODERN DEVELOPMENTS IN ARC

FURNACE

 The growth of electric steel production around 

the world has been driven by lower investment, 

higher operational flexibility and easy 

adoptability to market demand on long or flat 

products of either plain carbon or alloy steels. 

 Growth has been supported by updating 

installations and technologies to reduce the 

electric energy, electrode consumption and tap to 

tap time. 
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 Figure shows the developments in  electric 
steelmaking technologies. 

 Developments in EAF technologies are strongly 
supported by secondary steelmaking. One can note in 
the figure that the power consumption has decreased 
from 630 

 Kwh/ton of steel to 290kWh/ton. Similarly tap tp tap 
time has decreased from 180 minutes to 40 minutes 
and electrode consumption has decreased from arounf
6.2 kg/ton to as low as 1.2 kg/ton within the periods of 
representation in the figure. 

 This became possible with the several simultaneous 
developments in the secondary steel-making method. 
Table shows the various developments 46



DEVELOPMENT IN EAF
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FURNACE DESIGN (1)

 Construction of hearth and lower side section of 

the shell of larger diameter than the top opening. 

This leads to increase in shell volume which 

results in larger tonnage charge, lower heat 

losses and improved thermal efficiency. 
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(2)

 In the split shell design, shell structure is 

constructed in two sections: lower section which 

contains hearth and free board allowance for 

slag, and upper section containing side wall and 

roof. The two sections are coupled such that the 

upper section can be repaired easily. This reduces 

the downtime and increases furnace availability. 
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(3)

 High powered transformers are the current trends. 
Most modern furnaces operate at 500k VA/ton and 
the trend is towards ultra high power ranging in 
between 700k VA/ton to1000k VA/ton. 

 Developments are in progress to install transformer 
with 1500k VA/ton capacity. 

 It is claimed that a 120 tons operating at 180 MVA 
transformer capacity and by using refining combined 
burner technology through oxygen gas and carbon 
injection, it is possible to increase capacity by up to 
50%. 

 The largest transformer in AC EAF corresponds to a 
rated power 0f 240 MVA for 300 ton furnace. 50



(4)

 Eccentric bottom taping reduces tap times, 

temperature losses and slag carry over into ladle. 

The strip producing plants are equipped with 

eccentric bottom tapping in electric arc furnaces. 

51



(5)

 DC (direct current) arc furnaces represent a 

different concept in arc furnace design. 

 Most DC furnaces are with single electrode 

where current flows down from the carbon 

electrode to an anode mounted in the bottom of 

the furnace. 

 Reduced electrode consumption of the order of 50 

to 60 % is the major benefit of a dc furnace 

compared to a convectional three- phase arc 

furnace. 
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 Noise levels for the dc furnaces are lower. 

 Lower maintenance costs are claimed and 

refractory costs are less for sidewall but more for 

the furnace bottom. 

 A dc arc furnace requires an addition of the 

bottom electrode (anode), a dc reactor, and a 

thyristor all of which add cost to a dc furnace. 

 The electrode technology limits diameter to a 

maximum of 700 mm allowing a dc current of 

100kA and 70 MVA power for single electrode 

furnace. Furnace size is limited to 200 tons. 

 Further developments are in progress. 
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PROCESS OPERATING TECHNOLOGIES

 Most of the developments in process operating 
technologies are in AC- electric arc furnaces as these 
furnaces are popular. 

 i) Bottom stirring 

 In convectional arc furnaces there is little natural 
electrical turbulence within the bath. Due to absence 
of stirring large piece of scrap can take a long time to 
melt and may require oxygen lancing. Argon or 
nitrogen stirring 

 Eliminates temperature and concentration gradients 

 Shortens tap-to-tap times 

 Reduces refractory, electrode and power consumption and 

 Improves yield of iron and alloys 54
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 Industrial systems for bottom stirring are either with 
direct contact plug or with indirect contact plug. In 
direct contact plug, the plug is in contact with molten 
metal, whereas in indirect one the plug is embedded 
in a porous bottom refractory. 

 In the indirect contact, the plug is not directly in 
contact the molten metal. The gas enters the bath via 
the porous refractory hearth which results in stirring 
over a large area when compared with direct plug as 
shown in the figure. 

 Figure shows the direct contact and indirect contact 
plug for bottom stirring. Note that in indirect contact 
large area of the bath is stirred as compared with 
direct contact plug. 
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II) FOAMY SLAG PRACTICE

 In EAF steelmaking, progressive melting of scrap 

increases the irradiative heat transfer from arc to 

the side walls of the furnace. By covering the arc 

in a layer of slag, the arc is shielded and more 

energy is transferred to the bath. The foaming 

slag during this period is beneficial.

 The effectiveness of slag foaming depends on slag 

basicity, FeO content of slag, slag temperature 

and availability of carbon to react with either 

oxygen or FeO of slag. 
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 Slag foams in steelmaking due to entrapment of 

gas bubbles. Gas producing reactions in 

steelmaking are: 

a) Reaction between FeO of slag with carbon

 (FeO) +C=[Fe]+{CO} ------------------------(1) 

b) Between carbon and oxygen dissolved in metal 

 [C]+[CO]={CO} --------------------------------(2) 

c) Between chromium oxide and carbon: 

 Cr2 O3+3C=2Cr+3CO -----------------------(3) 
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 Reactions 1 and 2 are important in carbon 

steelmaking whereas reaction 3 is important in 

stainless steel making. 

 Injection of carbon and oxygen at several places 

in the bath assures slag foaming practice, when 

carbon content of the bath is insufficient. 

 Typically carbon injection rates for slag foaming 

are 2.5 to 5 kg/ ton of steel. In high powered 

furnaces carbon injection is 5-10 kg/ton of steel. 
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SCRAP PREHEATING

 Preheating of scrap brings thermal energy into 

the furnace. Preheating of scrap to 540℃ brings 

81kwh/ton of additional energy. Scrap preheating 

gives the following advantages: 

 Reduction in energy consumption by 40-60 kwh/ton 

depending on the scrap preheat temperature 

 Electrode consumption reduces by 0.3 to 0.36 kg/ton 

 Refractory consumption decreases by 0.9 to 1.4 kg/ton 

 Tap to tap time reduces by 5 to 8 minutes. 
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 It is important to note that scrap preheating 

technology needs to be developed. Thermal 

energy is required to preheat the scrap and is 

economical only when the waste heat from the 

furnace is utilized. 
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FUTURE OF EAF STEELMAKING

 The EAF needs a metallurgical reactor that has 

the largest growth potential both in terms of 

production capacity and technology evolution. 

 Future EAF will be equipped with all modern 

technologies- like Ultra high power input (up 

to1500 kVA/t), latest oxygen and carbon injection 

technology and design features- like ultra high 

shell design, heavy mill type components 
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 This combination leads to an Electric Arc 

Furnace where the tap to tap times can be 

extremely short and the corresponding 

productivity reaches the level of larger furnace 

sizes or converter plants. 

 The two main reasons for this are: 

 The possibility of a higher electrical power input and 

 A far higher efficiency of chemical energy, 

decarburization and scrap preheating compared to 

the same size (tap weight) standard furnace. 
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IT IS INTERESTING TO COMPARE A

CONVENTIONAL 120TON EAF WITH THE

ULTIMATE 120 TON EAF. 

Conventional 120 ton EAF Ultimate 120 ton EAF 

2- bucket charge 

Scrap bucket 130 m3

Furnace volume 145 m3

1-bucket charge 

Scrap bucket 185 m3

Furnace volume 210 m3

Transformer design upto

1,000kVA/t, 

120MVA for 120 ton tapping weight, 

Secondary voltage up to 1,200V 

Transformer design upto

1,500kVA/t, 

180MVA for 120 ton tapping weight, 

Secondary voltage up to 1,500V 

Utilization of chemical energy 

3 oxygen gas burners 

3 refined combined burners (RCB) 

2 carbon injectors 

Utilization of chemical energy 

3 oxygen gas burners 

5 refined combined burners (RCB) 

4 carbon injectors 

4 post combustion injectors
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 Refined Combined Burner (RCB) technology 

combines a conventional oxy/gas burner with a 

supersonic oxygen injection lance and is designed 

to optimize the injection of carbon and oxygen 

into EAF. It supplies chemical energy through 

chemical reactions of fuel and gas, oxygen, and 

carbon injected into the furnace. 
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GASES IN STEEL (NITROGEN)

 Except a small proportion of steel wherein the 

hardening influence of extra nitrogen content is 

made use of in developing 

1



GASES IN STEEL (OXYGEN)

 Oxygen is supplied for refining iron and hence, a 

certain fraction is inevitably left over as  

dissolved oxygen  in liquid steel at the end of 

refining.

 Several useful deoxidisers have been found to 

effectively deoxidise liquid steel is to obtain 

sound ingots on solidification.

 The use of deoxidisers, unless it forms gaseous 

product of deoxidation reaction, tends to decrease 

cleanliness of the steel.
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 Where cleanliness is of prime importance and 

where oxygen is to be reduces to a lower level 

than that attainable by normal deoxidation

practice, liquid steel has to be treated under 

vaccum prior to solidification.
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DEOXIDATION: INTRODUCTION

 Refining of hot metal to steel is done under 

oxidizing atmosphere. 

 During refining oxygen dissolves in steel. 

 Solubility of oxygen in steel is negligibly small. 

 During solidification of molten steel, excess 

oxygen is rejected by the solidifying steel. 

 This excess oxygen produces defects like blow 

holes and non- metallic oxide inclusion in 

solidified casting. 

 Defects have considerable effect on mechanical 

properties of steel. 4



 Therefore, it is necessary to remove oxygen from 

steel; removal of oxygen is called Deoxidation. 

 Sources of oxygen in steel 

• Rust on steel 

• Oxygen blowing 

• Steelmaking slag 

• Atmospheric oxygen dissolved in steel during teeming 

• Oxidizing refractories 
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 At 1600℃ solubility of oxygen in liquid steel is 

0.23% which deceases to 0.003% in solid steel 

during solidification. According to the degree of 

deoxidation, carbon steels may be subdivided into 

three groups:
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i. Killed steel: Oxygen is removed completely. 

Solidification of such steels does not give gas 

porosity (blow holes). 

ii. Semi –killed steel: Incompletely deoxidized 

steels containing some amount of oxygen which 

froms CO during solidification. 

iii. Rimming steel: Partially deoxidized or non-

deoxidized low carbon steels evolving sufficient 

CO during solidification. These steels have good 

surface finish. 
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DEOXIDATION OF STEEL

 Deoxidation can be carried out either by single 

element such as Si,Al,Mn etc or by mixture of 

elements such as Si+Mn,Ca−Si−Al etc. 

 De oxidation by single element is known as 

simple deoxidation, whereas deoxidation by a 

mixture of elements is known as complex 

deoxidation. 
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 In both simple and complex deoxidation, oxide is 

formed; hence it is also termed precipitation 

deoxidation. 

 Deoxidation is also carried out by carbon under 

vacuum; which is called vacuum deoxidation. 

 Elements are added in the form of Ferro-alloys 

Fe− Si,Fe−Mn or Fe Si + Fe Mn etc. 

9



 Simple deoxidation can be represented by 

a[M]+b[O]=(Ma Ob) ------(1) 

 If deoxidation product is pure then activity of  

(Ma Ob=1) and if elements are in dilute solution 

[WM]a[WO]b=Km ---------(2) 

 Where KM is deoxidation constant and equals to 

1/KM1 where KM1 is equilibrium constant. 

logKM=−X/T+Y ----------(3) 

10



 Where X and Y are constants and T is 
temperature. Increase in T increases KM. 

 Using equations 2 and 3 one can calculate the 
variation of WO with WM when WM is in small 
quantity. 

 In complex deoxidation where a mixture of 
Si+Mn,Ca+Si,Ca+Si+Al is used, the following 
advantages are reported as compared with 
simple one: 

 The dissolved oxygen is lower. 

 Due to formation of liquid deoxidation product 
agglomeration of the product into large size can be 
obtained easily and can be floated easily. 11



 According to equation 2 

[WO]b=KM[WM]a ----------(4) 

 Equation 4 indicates that weight percent oxygen 

in steel depends on value of KM for small 

concentration of deoxidizers. At 1600℃ the value 

of Km is 2.4×10−5 for the reaction 

 Si+O2=SiO2 and for the reaction 
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 2 Al+3O=Al2O3 the value of KM=3.32×10−14. 

 Similarly for the reaction Ca+O=CaO,

KM=9.84×10−11. 

 The value of KM indicates the deoxidizing ability 

of an element. 

 For the above reaction, calcium is the most 

efficient deoxidizer and Si is not so efficient as 

compared to calcium. Aluminum is also a strong 

deoxidizing element when compared with silicon. 

13



 Though calcium and aluminum are very efficient 

deoxidizers, but they oxidize very fast and 

moreover, their density is much lower than steel. 

 Also Ca has a boiling point 1485℃ which means 

calcium is gaseous phase at the steelmaking 

temperature. Suitable injection methods or 

addition methods are to be developed. 

14



KINETICS OF DEOXIDATION

 Total oxygen in steel equals to dissolved oxygen + 

oxygen present in deoxidation products 

(SiO2,Al2O3,MnO etc). Even if the dissolved 

oxygen is low, deoxidation products (also called 

inclusions) have to be removed, otherwise steel is 

not clean (clean steel refers to number and size of 

inclusions in steel). Kinetics of inclusion is 

concerned with deoxidation reaction and 

separation of deoxidation products as well. 

15



THE DEOXIDATION PROCESS CONSISTS OF

THE FOLLOWING STEPS

 Dissolution and homogenization of de oxidizer. 
Mechanism of dissolution depends on melting 
point. Ferro alloys melt at around 1500℃. 
Aluminium is expected to melt faster due to its 
much lower point. Intensity of agitation will 
govern the homogenization of deoxidizer in steel 
melt for faster kinetics of reaction between 
oxygen and deoxidizer. 

 Nucleation of solid product becomes easier if 
interface is present. Deoxidation by Al produces 
solid Al2O3 and as such Al2O3/steel interface is 
useful for nucleation. 16



 Growth of the de oxidation product: It depends on 

the state of the product. A liquid product can 

coalesce easily as compared with the solid 

product. Deoxidation with single elements like 

Al,Si etc. produce solid deoxidation product at the 

steelmaking temperature. Deoxidation with ferro

silicon+ ferro manganese produces liquid 

deoxidation product. Boron, titanium zirconium 

are also quite effective deoxidizers. Manganese 

and silicon are used in the ratio 7:1 to 4:1 in 

order to obtain a thin liquid slag. 

17



 Removal of deoxidation product: Removal of de 

oxidation product is equally important. It is 

achieved by floatation and absorption into a slag. 

Following steps are important for removal of de 

oxidation products from steel: 

i. Growth of de oxidation product 

ii. Movement through molten steel to surface 

iii. Absorption of inclusion by a suitable designed 

synthetic slag. 
18



 Floatation of an oxide product depends among 

physical properties of steel, on the size of the 

product. The rate of rise of a spherical particle in 

a quiet fluid or in a fluid of laminar flow (i.e. at 

very low Reynold’s number) can be described at 

steady state by Stoke’s law :

 Where, 

19



 Vt= terminal velocity (m⁄s)of the inclusion, 

 g is acceleration due to gravity (m⁄s2), 

 Δρ= differnce in density of steel and deoxidation

product and 

 η is viscosity of steel (kg/m.s). 

20



 Deoxidation products are lighter than steel; 

hence they move up. 

 According to Stokes equation the rising velocity 

is proportional to square of the size of the 

deoxidation product. 

 Larger sizes move faster. Moreover different sizes 

of de oxidation product will move with different 

velocities. 

 During their movement, they may collide with 

one another. Stirring of melt may help floating of 

de oxidation products. 
21



 Degree of stirring in the melt is important. 

Vigorous stirring may not be of much help since 

deoxidation product may be circulated in the 

liquid. 

 For the removal of deoxidation product, equally 

important is the design of synthetic slag to 

absorb the deoxidation product 

22



DEOXIDATION PRACTICE

 Deoxidation can be carried out during tapping, in 
ladles runners and even in moulds. Bath stirring 
is important. 

 During tapping, bath is stirred due to potential 
energy but this subsides towards the end. When 
deoxidation is carried out in ladle, it is called 
ladle deoxidation in industrial practice. 

 Depending on the extent of deoxidation, killed, 
semi killed and rimming steels are produced. For 
carbon content less than 0.15% and enough 
oxygen in steel, rimming steel can be produced. 

 Alloy steels are fully killed to obtain maximum 
recovery of alloying additions. 23



DEGASSING PROCESSES

 There are 3 methods of degassing which are in 

practice:

 Ladle degassing 

 Stream degassing 

 Circulation degassing 

 All these processes are carried out in ladles. 

24



 i) Ladle degassing : Liquid steel is held in a ladle 

which is put inside a vacuum chamber. steel may be 

stirred by bubbling an inert gas or by an electro-

magnetic stirrer while being exposed to vacuum.

 ii) Stream degassing : Liquid steel flows down in the 

form of a stream from the furnace or ladle to another 

ladle or mould during its exposure vacuum.

 iii) Circulation degassing : Liquid steel is either 

continuously or intermittently circulated during its 

exposure to vacuum.



LADLE DEGASSING

26



 Ladle containing molten steel is placed in a 

chamber which is then evacuated. After a 

determined time ladle is removed from the 

chamber and is teemed for casting. Fig. shows 

ladle degassing unit. 
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 Ladle is provided with a porous plug at its 

bottom to purge argon gas as shown in the figure. 

In a vacuum chamber the ladle is placed. 

 The vacuum chamber is equipped with a hopper 

so as to make additions of elements as and when 

it is needed. 

 For effective degassing of fully killed steel, it is 

necessary to purge argon through the bottom of 

the ladle. Stirring the bath enhances rate of gas 

removal. 
28



 Vigorous removal of gases causes metal splashing 

too. Therefore ladle is not filled completely and 

about 25% of its height is kept as freeboard to 

accommodate the splashed metal droplets. 

 Pressure is maintained in between 1mmHg to 

10mm Hg for effective degassing. During 

degassing additions are made for deoxidation and 

alloying. 

29



 In certain cases ladle is heated to compensate for 

the loss of heat during degassing. 

 For the effectiveness of degassing , it is necessary 

that carry-over slag either from BOF or EAF 

should be as low as possible. 

 Carry-over slag contains FeO and since oxygen 

content of steel is in equilibrium with FeO

content of slag, oxygen content of steel increases. 
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 Stirring gas is introduced either from top 

through the roof by a submerged refractory tube 

or through the porous plug fitted at the bottom of 

the ladle. 

 Electromagnetic stirring is employed for 

degassing. For this purpose ladle has to be made 

of non magnetic austenitic stainless steel or 

stainless window could be provided. 

 For certain grades of alloy steels, both induction 

stirring and arc heating are employed for 

degassing. 
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 The final content of gas in steel depends on 

degree of vacuum and time of treatment. 

Hydrogen is generally reduced to below 2ppm 

from 4 to 6ppm, nitrogen content of steel is also 

reduced. The pick-up of nitrogen from the 

atmospheric air may occur during open pouring 

of steel, which must be controlled. 

 Ladles are generally lined with high alumina 

bricks at upper part of the ladle while the lower 

portion is lined with fireclay. 

32



STREAM DEGASSING

 In stream degassing technology, molten steel is 

teemed into another vessel which is under 

vacuum. 

 Sudden exposure of molten stream in vacuum 

leads to very rapid degassing due to increased 

surface area created by breakup of stream into 

droplets. 

 The major amount of degassing occurs during the 

fall of molten stream. Height of the pouring 

stream is an important design parameter. 
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STREAM DEGASSING TECHNOLOGY HAS

FOLLOWING VARIANTS IN THE PRACTICE

i. Ladle to mould degassing 

 Preheated mold with hot top is placed in vacuum 

chamber. 

 Above the chamber a tundish is placed. Steel 

tapped in the ladle at superheat equivalent to 

30℃ is placed above the tundish. 

 Steel is bottom poured in the tundish. One ingot 

could weigh around as high as 400tons and 

several heats from different furnaces are used for 

casting. 
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II. LADLE TO LADLE DEGASSING

 In ladle to ladle degassing, a ladle with the 

stopper rod is placed in a vacuum chamber. 

 Ladle containing molten steel from BOF or EAF 

is placed on top of the vacuum chamber and the 

gap is vacuum sealed. 

 Alloy additions are made under vacuum. Stream 

is allowed to fall in the ladle where molten steel 

is degassed. 

 Alloy additions are made under vacuum. 
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 In some plants degassing is done during tapping. 

In this arrangement molten steel from EAF is 

tapped into tundish or pony ladle. 

 From the pony ladle molten stream is allowed to 

fall into a ladle which is evacuated.

 Ladle is closed from top with a special cover 

which contains exhaust opening. Steel with 25℃
to 30℃ superheat is tapped into ladle. 
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RECIRCULATION DEGASSING

 In the recirculation degassing technology, molten 

steel is allowed to circulate in the vacuum 

chamber continuously by special arrangement. 

 In RH degassing technology a cylindrical 

refractory lined shell with two legs (also called 

snorkel) is designed such that steel is raised in 

one leg and falls back into the ladle after 

degassing through the second leg. 

 Top side of the cylindrical shell is provided with 

exhaust, alloy additions, observation and control 

window. 
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 Cylindrical shell is lined with fire bricks in the 

upper portion, and alumina bricks in the lower 

portion in order to sustain high temperature. 

 The legs are lined with alumina refractory. 

 A lifter gas argon is injected at the inlet snorkel 

in order to increase the molten steel velocity 

entering into inlet snorkel. 

 Figure shows a schematic sketch of a RH 

degassing unit. 
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THE OPERATION OF RH DEGASSER IS AS

FOLLOWS

i) Cylindrical chamber is heated to the desired 

temperature (varies in between 900℃ to 1500℃
in different plants). 

ii) The chamber is lowered into molten steel up to a 

desired level. 

iii) The chamber is evacuated so that molten steel 

begins to rise in the chamber. Lifter gas is 

introduced. This gas expands and creates a 

buoyant force to increase the speed of molten 

steel rising into the inlet snorkel. 
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iv) Molten steel in the chamber is degassed and 
flows back through the other snorkel into the 
ladle. This degassed steel is slightly cooler than 
steel in the ladle. Buoyancy force created by 
density difference ( density of cooler liquid steel 
is > hot steel) stirs the bath 

v) Rate of circulation of molten steel in cylindrical 
chamber controls the degassing. Circulation rate 
depends upon amount of lifter gas and the degree 
of vacuum. A 110 T steel can be degassed in 20 
minutes by circulating molten steel at 12 
tons/min., amount of argon is around 0.075 
0.075 m3/ton. 
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vi) Alloy additions can be made at the end of 

degassing depending on the superheat. 

vii) Process has several advantages like 

• Heat losses are relatively low. 

• Alloy additions can be adjusted more closely 

• Small vacuum pumping capacity is adequate since 

smaller volume is to be evacuated as compared with 

ladle to ladle or stream degassing. 
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DH DEGASSING

 In DH degassing, a small amount 10-15% of the 

total mass of steel is degassed at a time. The 

process is repeated until required level of 

degassing is achieved. The arrangement of a 

vessel and the ladle is somewhat similar to figure 

except the following: 

• In DH unit, the cylindrical vessel has one snorkel . 

• Cylindrical vessel has heating facility. 
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 The DH chamber is equipped with heating 

facility, alloying addition arrangement and 

exhaust systems. 

 Bottom of the cylindrical vessel is provided with 

a snorkel which can be dipped into molten steel. 

 The upper portion of the DH vessel is lined with 

the fireclay and the lower portion with the 

alumina bricks, snorkel is lined with high quality 

alumina brick. 

 The length of the snorkel is sufficiently large to 

realize the effect of atmospheric pressure on rise 

of steel in the snorkel. 46



THE FOLLOWING STEPS MAY BE NOTED

FOR OPERATION

i) DH vessel is preheated and lowered in the ladle 
so that snorkel tip dips below the molten steel 
surface 

ii) The evacuated chamber is moved up and down 
so that steel enters the chamber 

iii) The chamber is moved for 50-60 times with a 
cycle time of 20 seconds. 

iv) Adequate degassing is possible in 20 -30 cycles. 

v) A layer of slag is kept in the ladle to minimize 
heat losses. 

vi) The DH degassing unit can operate with lower 
superheats compared with RH since DH unit has 
heating facility 47



SECONDARY STEEL MAKING

 Secondary steel making is resorted to achieve one 

or more of the following requirements:

1. Improvement in quality.

2. Improvement in production rate

3. Decrease in energy consumption

4. Use of relatively cheaper grade or alternatively 

raw materials.

5. Use of alternate sources of energy

6. Higher recovery of alloying elements.
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Argon oxygen decarburization (AOD) is a process primarily used in 

stainless steelmaking and other high grade alloys with oxidizable elements 

such as chromium and aluminum.

After initial melting the metal is 

then transferred to an AOD vessel 

where it will be subjected to three 

steps of refining:

1. Decarburization

2. Reduction

3. Desulphurization



Decarburization:

The decarburization step is controlled by ratios of oxygen to argon  or 

nitrogen  to remove the carbon from the metal bath.

The gases are usually blown through a top lance (oxygen only) and 

tuyeres in the sides/bottom (oxygen with an inert gas shroud). 

 In the stages of blowing carbon is removed by the combination of oxygen 

and carbon forming CO gas.

4 Cr(bath) + 3 O2 → 2 Cr2O3(slag)

Cr2O3(slag) + 3 C(bath) → 3 CO(gas) + 2 Cr(bath)

To drive the reaction to the forming of CO, the partial pressure of CO 

is lowered using argon or nitrogen.

The burning of carbon increases the bath temperature.

By the end of this process around 97% of Cr is retained in the steel.



Reduction:

after a desired carbon and temperature level have been reached the 

process moves to reduction.

 Reduction recovers the oxidized elements such as chromium from the 

slag. 

To achieve this, alloy additions are made with elements that have a 

higher affinity for oxygen than chromium, using either a silicon alloy or 

aluminum. The reduction mix also includes lime (CaO) and fluorspar 

(CaF2).

 The addition of lime and fluorspar help with driving the reduction of 

Cr2O3 and managing the slag, keeping the slag fluid and volume small.
Desulphurization:

Desulphurization is achieved by having a high lime concentration in the 

slag and a low oxygen activity in the metal bath.

S(bath) + CaO(slag) → CaS(slag) + O(bath)

So, additions of lime are added to dilute sulfur in the metal bath. Also, 

aluminum or silicon may be added to remove oxygen. 



VOD PROCESS

Extensive decarburization is achievable with a Vacuum Oxygen 

Decarburization (VOD) unit.

The charge is melted in an arc 

furnace and the molten metal with 

around 0.7-0.8% carbon is 

transferred

To the vod system.  
This unit is normally used for the 

deep decarburization of high-alloyed 

steel grades, usually to remove 

carbon without affecting the content 

of chromium in the production of 

stainless steel grades. 

The carbon can be lowered to around 0.02% at around 15-18% chromium 

at a temp. 1600*c. & time taken by vod process is about 2 hr to 2 hr 30 min.



ADVANTAGES:

Extensive decarburization with low chromium losses.

Flexibility to use high carbon alloying materials of lower cost.

High rate of chromium recovery by proper additions.

Chemical heating of liquid steel.

Improved conditions for desulfurization by proper additions.

Improved conditions for Inclusion flotation.



CLU PROCESS

CLU process is similar to the AOD (argon oxygen decarburization) 

process for making stainless steels. CLU refers to the Creusot-Loire 

Uddeholm process.

It also uses liquid steel from an electric arc 

furnace (EAF) or any other similar primary 

steel making furnace.

 The major development of the CLU process 

was the idea to use superheated steam as the 

diluting gas instead of argon (Ar) gas which is 

used in the AOD process.

The presence of the steam controlls the temp around 1650-1680*c.

Chromium oxidized earlier are reduced back by addition of Fe-Si , Cr-si.

A mixture of oxygen, steam, argon , nitrogen 

and air is blown from the bottom. Depending 

on the chemestry bath.



H2O (g) + 241.9 kJ/mol = H2 (g) + 0.5 O2 (g)

The steam dissociates in the steel, and the hydrogen (H2) acts as a 

flushing                       gas in the same way as Ar in the AOD process, and 

the O2 acts as a refining medium. 

The process the steel bath. This helps in controlling the temperature of 

the steel bath. of dissociation of steam is endothermic and takes heat from       

the steel bath. This helps in controlling the temperature of the steel bath.

ADVANTAGES

The possibility of controlling the temperature during the 

decarburization.

The cost of dilution gas is low. 

The process uses low priced ferrochromium (Fe-Cr) with high Si and C 

contents.

The low operating temperature. 



LADLE FURNACE

 Non-metallic inclusions are naturally occurring and 
typically undesired products that are formed into 
various types depending on their favourable 
thermodynamic conditions in almost all treatment 
practices involving molten steels.

 The equipment and processes are equally varied. 
Secondary Refining processes are performed at 
atmospheric pressure or under a vacuum, with or 
without heating, solids and/or gas injection, and 
stirring. 

 The purposes of secondary refining are many: 
temperature homogenization or adjustment; chemical 
adjustments for carbon, sulphur, phosphorus, oxygen 
and precise alloying; inclusion control; degassing, and 
others.
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 After tapping from electrical arc furnace, the 

ladle furnace is put on LF refining position.

 LF refining is conducted through arc heating and 

argon blowing. 

 During this process, the steel deoxidization, 

desulfurization, the adjustment of steel 

temperature and chemical composition are 

completed. 

 In primary slag, there is no vacuum function in 

LF, but room of vacuum device may be obligated 

in LF zone for future development.
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 A Ladle Furnace is used to relieve the primary 

melter of most secondary refining operations, 

and its primary functions are:

• Reheating of liquid steel through electric power 

conducted by graphite electrodes

• Homogenization of steel temperature and chemistry 

through inert gas stirring

• Formation of a slag layer that protects refractory 

from arc damage, concentrates and transfers heat to 

the liquid steel, trap inclusions and metal oxides, 

and provide the means for desulphurization
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SECONDARY FUNCTIONS

 Alloy additions to provide bulk or trim chemical 

control

 Cored wire addition for trimming or morphology 

control

 Provide a means for deep desulphurization

 Provide a means for dephosphorization

 Act as a buffer for down stream steelmaking 

equipment
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SPECIFICATION OF THE LF

 LRF of liquid metal is a proven technology  to 

produce high quality steel. Also used to raise the 

temperature and adjust the chemical composition 

of molten metal.

 LRF are used to desulphurise steel, remove other 

impurities and hold the molten steel for casting 

operations. 

 Costs of extended furnace time, refractory wear 

and power/fuel consumption can all be reduced 

using LRFs to perform holding and refining.
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 Reduced scrap melting capacity in BOF is 

another disadvantage of higher tap 

temperatures. LRFs also acts as a buffer between 

BOF and EAF and the Continuous Caster, 

reducing casting costs and allowing greater 

flexibility in steel making operations. 
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WORKING OF LRF

 The function stirring of molten metal is to 

promote homogenization. Normal stirring 

operations  are performed by percolating argon 

gas through a purge arrangement in the bottom 

of the ladle.

 A top lance mechanism serves as a back up 

means for bath stirring  in the event the plug 

circuit in the ladle is temporarily inoperable.

 The gas supply connection to the ladle is 

automatically when made the ladle is placed on 

the transfer car.
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 Fumes and particulates generated during 

heating and alloying operations at the LF will 

exit the water-cooled ladle roof through the 

various openings in the roof.

 The ladle roof is typically a water-cooled design 

with a refractory center or delta section and is 

configured to coordinate with existing ladles such 

that roof will completely cover the top portion of 

the ladle when in operating position.
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LRFs ARE USED FOR THE FOLLOWING 

REFINING PROCESS:

 Homogenization

 Inclusion Flotation

 Desulphurization

 Vacuum degassing     
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