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ABSTRACT 

The use of antimony free raw materials in low alloy steel making is essential to elimi

nate the danger of temper embrittlement in these steels. Understanding the effects of 

the process parameters on the distribution behaviour of antimony between metal and 

slag in the iron blast furnace is, therefore, critical to develop a universal method of 

controlling temper embrittlement in commercially pure low alloy steels. 

Distribution equilibria of antimony between carbon saturated iron and CaO-MgO-

Si02-Al203 slags has been investigated as a function of slag basicity, temperature and 

equilibrium antimony content of the alloy. Fe-Sb alloys containing 1.00, 1.25, 1.50 and 

1.75 wt% Sb and slags with the basicities of 0.666, 0.818 and 1.000 were equilibrated 

in graphite crucibles at temperatures 1450, 1500 and 1550 °C. The distribution coeffi

cient defined as (wt% Sb in slag)/(wt% Sb in metal) was found to be dependent upon 

the slag composition, temperature and alloy composition suggesting oxidic dissolution of 

antimony in slag. A slag model was developed to represent the experimental slags as 

M0-Si02 binary slags, and the distribution coefficient was examined in relation to the 

concentration of free oxygen ions (NQ2_) in slag. Although a quantitative thermody

namic discussion of the factors controlling the partition of antimony is not possible at 

present, the data are useful in analyzing the behaviour of antimony in the iron blast 

furnace. 
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Most of the common low alloy steels, especially Cr-Ni steels containing small quanti

ties of antimony, phosphorus, arsenic and tin show progressive loss in their impact 

strength when heated in or cooled slowly through the approximate temperature range 

of 350 °C to 650 °C. This phenomenon is known as temper embrittlement. 

The technical importance of temper embrittlement arises from the fact that its devel

opment precludes the use of alloy steels and interferes with the operation of the com

ponents at elevated temperatures. It can also accelerate in metals, the development of 

both hydrogen and liquid-metal embrittlement, and stress corrosion. 

Temper embrittlement was first identified as a metallurgical problem in 1883 when it 

was noted that some steels have to be cooled in water after high tempering to avoid 

embrittlement (1). During the First and Second World Wars, temper embrittlement had 

a devastating effect on armor plate. Since the Second World War, temper embrittle

ment has been a very serious problem in the power generation field where it was res

ponsible for bursting a number of turbine rotors. An outstanding example is the disas

trous failure of turbogenerator rotors that took place in England. Two forged discs for 

the turbines gave way and almost disabled the entire power station. The discs were 

made from 3Cr IMo steel. Subsequent examination discovered intergranular cracking 

at the keyways caused by impurity segregation. As a result of the discovery, the discs 

had to be removed from several dozen similarly designed power stations at a very 

high cost. Temper embrittlement has also been of concern to the designers and fabri

cators of heavy wall vessels for refineries (2). 



Temper embrittlement manifests itself most distinctly in structural alloy steels, and it 

was therefore believed for a long time that it is caused by alloying elements. But, it 

was later shown that high purity alloy steels from laboratory melts were insensitive 

to temper embrittlement (1). The connection between temper embrittlement and the 

enrichment of grain boundaries with antimony, phosphorus, arsenic or tin was defin

itely established by numerous researches. It is also known that temper embrittlement 

is not encountered in plain iron-carbon alloys doped with the above elements. Segrega

tion does not occur in those steels to a degree high enough to produce temper embrit

tlement (3). In addition, alloying elements such as chromium and nickel are needed for 

temper embrittlement in steels doped with antimony, phosphorus, arsenic and tin. 

Ohtani et al. (4) have shown that carbide formation contributes to the segregation pro

cess. Mulford et al. (5) have found that alloying elements such as nickel and nickel-

chromium combination further accentuates the segregation of impurity elements. 

Therefore, a combination of an alloying element and an impurity is necessary to cause 

temper embrittlement. 

Brittle fracture in ferritic steels normally occurs by cleavage at low temperatures or at 

high strain-rates. However, temper embrittled steels show an increase in transition 

temperature. The increase in transition temperature due to temper embrittlement is 

accompanied by a gradual change in brittle fracture mode (below the transition tem

perature) from completely transgranular to completely intergranular (6). In embrittled 

material, the fracture follows a path along the prior austenite grain boundaries. 

Kameda and McMahon (5) have shown that segregation of certain solute elements to 

grain boundaries weakens the grain boundaries and changes the brittle fracture mode 

to intergranular. The intergranular mode operates at lower stresses. Brittle fracture 



can, therefore, be observed at higher temperatures where failure by plastic rupture 

would otherwise occur. This phenomenon is shown in Figure 1.1 where the maximum 

fracture energy of charpy specimens of a Sb doped Ni-Cr steel is shown to decrease 

with aging time, while the brittle to ductile failure transition temperature increases (6). 

With the development of modern surface analysis techniques, and specially of Auger 

Electron Spectrometry (AES), a considerable amount of new information about the dis

tribution of chemical components at fracture surfaces has been accumulated. Measure

ments done with AES showed that the increase in transition temperature is directly 

proportional to the intergranular Sb concentration (4). The research done by Guttman 

et al. (7), also, showed that the phenomenon is closely associated with the segregation 

of antimony to the grain boundaries in the a phase. The direct effect of the segregated 

antimony is to lower the intergranular cohesive energy: this in turn results in a reduc

tion of the stress field at the tip of a running brittle intergranular crack, causing a 

sharp decrease in the concomitant local dislocation activity (8). 

Although the phenomenon of temper embrittlement has been well studied and docu

mented in detail, universal methods of controlling temper embrittlement in commer

cially pure steels have not been developed so far. Segregation process which causes 

temper embrittlement is reversible (7). The embrittling process can be reversed by a 

short reanneal treatment of the steel at 650 °C ( heating for a short time above embrit

tling range followed by rapid cooling to below 300 °C). This treatment is not practical 

with large vessels or shafts. Moreover, Guttman et al. (7) have shown that following 

such a de-embrittlement treatment, heating the steel in the embrittling range again in

duces re-embrittlement as a result of segregation. 
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A promising method of controlling temper embrittlement is a so called "intercritical 

heat treatment", better known by its acronym IHT. In this treatment, the material is 

held for a long time in the temperature range between A! and A3 ( the upper and 

lower critical temperature lines of ot+y region) prior to tempering. Ucisik et. al. (9) 

have found that IHT reduces the effective grain size along the fracture path, and 

makes the fracture path much more tortuous. Secondary to the grain size effect, IHT 

also reduces the amount of phosphorus which segregates to the grain boundaries 

during aging. In latter research, Ucisik et al. (9) concluded that IHT is not effective in 

reducing temper embrittlement susceptibility in a Sb-doped Ni-Cr steel. Thus IHT is 

not a controlling method for all alloy steels, especially for steels with an appreciable 

amount of antimony content. 

Another possible method of reducing the severity of temper embrittlement is to immo

bilize the responsible impurities within the body of a grain. This might be achieved 

by alloying the steel to precipitate stable compounds of the embrittling elements. In 

low-carbon Ni-Cr steels, the addition of a small amount of titanium greatly reduces 

the segregation of antimony. The large reduction in antimony segregation is due to the 

precipitation of a Ti-Sb inter-metallic phase (10). The validity of this approach is 

questionable if any appreciable amount of carbon is present in steel. In the presence 

of carbon, titanium will preferentially react with carbon to form TiC precipitates. 

Myers et. al. (10) have investigated the interaction between Sb and TiC precipitates in 

Fe, and found that Sb is trapped and immobilized by TiC precipitates. Interactions 

between Sb and TaC in Fe have also been studied, and parallel results have been 

found (11). TiC or TaC precipitates in Fe slows down the processes of embrittlement, 

but does not completely prevent embrittlement. Besides, alloying with titanium or tan
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talum makes the steel more expensive. 

There have been other studies on reducing the susceptibility of steel to temper embrit

tlement, such as the addition of rare earth elements: lanthanum, cerium, or a mixture 

of rare earth metals (1). However, none of these studies have developed a universal 

method to control temper embrittlement. Further, numerous researchers suggested that 

alloying with molybdenum slows down the embrittlement process if there is none or 

only very small amounts of antimony present in steel (1). Thus, the principal means of 

reducing the susceptibility of steel to temper embrittlement is to reduce/eliminate 

embrittling impurities as much as possible by control of raw materials and melting 

practice. 

Antimony has been, by far, proven the most severely embrittling element of the four 

impurities. Prevention of the embrittling process requires a significant reduction in the 

antimony content of alloy steel. The antimony content of a commercially available 

alloy steels is 0.04 wt % or less. Nageswararo et al. (3) have shown that antimony con

tent of 0.04 to 0.06 wt % will result in temper embrittlement. Lower concentrations of 

antimony should also lead to the same failure, because the build-up of antimony at the 

grain boundaries is only marginally associated with equilibrium of the element 

between the interface and the bulk matrix (9) ( the free energy change for segregation 

of antimony is very negative, and thus continues even after the antimony concentra

tion in the matrix is greatly reduced ). It is, therefore, essential to eliminate and/or 

minimize any existent antimony. This can be achieved only during the making of the 

steel. 
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One of the main sources of antimony in steel is the scrap used in steelmaking, i.e. 

bearing metals, lead shrapnel, storage battery plate, roofing gutters, tank lining, white 

pigment and antimony black (12). The usage of well monitored scrap in steel making 

will exclude the danger of contaminating the steel. Antimony may also be introduced 

to steel through pig iron tapped from blast furnace. To stop this, any antimony enter

ing the iron blast furnace (with ore, flux or coke) should be removed in the slag. This 

can be accomplished by adjusting slag composition and furnace temperature in the 

lower half of the furnace. 

This experimental study was conducted to investigate the effects of slag composition, 

temperature and total antimony concentration on the partition of antimony between 

metal and slag in the iron blast furnace. 
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The production of pig iron by reducing iron ore is the basis of steel making. In the 

majority of large steelworks, the basic equipment used for reducing iron ores to ele

mental iron is the blast furnace. The iron blast furnace can be described as a tall, 

vertical shaft furnace which uses mainly metallurgical coke as the heat supplying and 

reducing media to reduce iron from its oxide ores (13). Most of its primary product, 

liquid pig iron, is sent to be refined to steel, while the rest is used in foundries for 

the manufacture of various types of iron castings. An idealized cross section of a typi

cal blast furnace plant is represented in Figure 2.1 (13). 

There are about 1000 blast furnaces in the world with a total production of approxi

mately 500 million tonnes of molten pig iron a year. Modern blast furnaces can easily 

produce 12 000 tonnes of pig iron per day (13). The processes of reduction from iron 

ore to elemental iron are described in many text books, a good recent text being that 

by Peacey and Davenport (13). A good detailed description is also given in The 

Making, Shaping and Treating of Steel, published by The United States Steel Corpora

tion (14). However, it is useful to give a very brief description of the blast furnace 

process here. 

2.1 THE BLAST FURNACE PROCESS 

The blast furnace process consists of charging iron ore, fuel and flux from the top of 

the furnace and blowing heated air (blast) into the bottom. The principal objectives of 

the blast furnace are two-fold. First, to remove the oxygen combined with the iron in 

the ore. This is accomplished by the chemical reaction between the iron oxides and 
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carbon in the form of the coke to produce carbon monoxide, carbon dioxide and 

metallic iron. Second, to separate the metal from the remaining non-metallic content of 

the ore and the ash residue of the coke. 

The only critical process parameter is the temperature of the iron and slag. On eco

nomic grounds the process is required to operate at the lowest possible temperature at 

which these products may be tapped from the furnace in molten state. Pure iron melts 

at 1537 °C, but this melting temperature is lowered by the solute elements, mainly 

carbon, silicon, manganese, phosphorus and sulphur, to a temperature in the region of 

1200 °C to 1250 °C. However, the slag, which consists of lime, magnesia, silica and 

alumina, is not liquid below about 1200 °C, and the liquid composition range is still 

relatively small at 1400 °C. Thus, the fusion temperature of the slag sets the lower 

limit of temperature. In normal practice, this temperature is in the range of 1400 °C to 

1500 °C. Due to the thermal losses, the metal temperature is about 50 °C lower than 

the slag temperature (15). 

Metal composition is not a critical feature of the blast furnace process. It is, however, 

controlled to steelmaking plant specifications by adjustments of slag composition and 

furnace temperature. Thermodynamic properties and structure of slags are the main 

parameters influencing the impurities transfer between the liquid slag and metal 

phases in the blast furnace hearth. The slag composition and temperature should be 

adjusted to present lowest attainable activities of the elements that are not wanted in 

the iron, whilst the activities in the slag should be high for those elements which are 

desired to be recovered in the iron. 
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2.1.1 Raw Materials 

The inputs of the blast furnace are solids (ore and other iron bearing materials, coke, 

flux) which are charged into the top of the furnace, and air which is introduced 

through tuyeres near the bottom of the furnace. Hydrocarbon additives and oxygen are 

also blasted through the tuyeres. 

The function of the ore, as well as the other iron-bearing materials, is to supply the 

element iron which represents about 94 % of the pig iron (14). The ore is in the form 

of oxides or hydrated oxides. Hematite, Fe203, is the most common iron ore. In addi

tion to hematite, magnetite, Fe304, limonite or goetite, Fe2Os . XH20, are occasionally 

charged into the blast furnace. In modern operations, iron ores, if in the form of fines, 

are agglomerated by sintering or pelletising prior to charging to ensure a permeable 

burden. Average iron content of the ore is 50 to 65 percent, the rest is gangue which 

consists mostly of silica, alumina and moisture. Other iron bearing materials in the 

charge are roll-scale, sinter, steel making slags and scrap. 

The metallurgical coke is produced from powdered caking coal, and has the average 

chemical composition of 90 % carbon, 10 % ash, 0.5-1 % sulphur, 5-10 % moisture (13). 

The function of the coke is to supply the heat required for smelting and to supply 

reducing gases, mainly carbon monoxide. Flux, limestone (CaCOs) and/or dolomite 

(CaC03 : MgC03), is added to form a fluid slag of a composition which will restrict 

appropriately the other elements (silicon, sulphur, phosphorus, etc.) entering the pig 

iron (14). 

Heated air blast (1000 °C to 1300 °C), in some cases enriched up to 25 % 02, is blown 
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into the furnace through tuyeres. The oxygen of the blast unites with the carbon in 

the coke to provide heat for reducing reactions, and heating and melting of the charge 

and products. Hydrocarbon liquids, gases or solids are also injected through the tuy

eres. The function of hydrocarbons is to provide additional reducing gas (CO, H2) for 

the reduction process. They also reduce the requirement for coke in the solid charge 

and improve the furnace productivity. The most common hydrocarbon additives are 

fuel oil, tar, natural gas and powdered coal (13). 

2.1.2 Products 

The final products of an iron blast furnace are an impure iron and liquid slag tapped 

from the tap holes near the furnace hearth and waste gases which emerge from the 

top of the furnace. 

The main product of the blast furnace is pig iron, a metallic product with an iron 

content of over 90 %. Pig iron, besides being used in the form of castings, is the inter

mediate form of iron through which all commercial ferrous products, except sponge 

iron, must pass. A representative analysis of molten pig iron is given as: 

C 4 to 5 wt% (saturated) 

Si 0.3 to 1 wt% 

S 0.03 wt% 

P depends on ore, up to 1 wt% 

Mn depends on ore, up to 0.1 to 2.5 wt% (13) 

The slag is in most operation a solution of CaO, MgO, Si02 and A1203 with small 

amounts of MnO and sulphur. In some operations using certain ores other oxides such 
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as Ti02. V205, Cr203 can be present. Depending on the furnace's reducing efficiency 

the slag can also contain small amounts of FeO. The composition of the slag is chosen 

to transfer Si02 and A1203 to a liquid slag, take in sulphur and alkalis (K20, Na02), 

and control the amount of silicon in the metal. The slag basicity ratio, (CaO + 

Mg0)/(Si02 + A1203), of between 1.1 and 1.2 is appropriate to meet these slagging 

requirements. The most generally occurring composition of the blast furnace slags is 

given as: 

CaO 35-45 wt% 

Si02 30-40 wt% 

A1203 5-15 wt% 

MgO 5-15 wt% 

S 1-2.5 wt% 

Na20+K20 0-1 wt% (13) 

The waste gases leave the furnace through the gas collection system at the top of the 

furnace. Because of the equilibrium limitations, all of the carbon monoxide can not be 

used in the furnace. Therefore, off-gas contains some amount of carbon monoxide. 

This gas is burnt in auxiliary stoves after dust collection, and the heat gained is used 

to heat the blast up to the required temperature. An average blast furnace off-gas 

composition is given by Peacey and Davenport as: 

CO 23 vol% 

C02 22 vol% 

H2 3 vol% 

H20 3 vol% 

N2 49 vol% (13) 
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With this carbon monoxide content (23 vol.-%), blast furnace off-gas has a calorific 

value of about 4000 kJ per Nm3. 

In a normal blast furnace operation, about 1.6 tons of iron bearing materials, 0.45 to 

0.50 ton of metallurgical coke, 0.15 ton of flux, and 1.3 to 1.5 tons of air are charged 

to the furnace per ton of product iron. From these materials, 0.2 to 0.4 ton of slag, 

0.05 ton or less flue dust, and 2.0 to 2.5 tons of blast furnace gas are produced per 

ton of product iron (13). A representative materials balance of the blast furnace is 

given in Figure 2.2 (13). 

2.2 PHYSICAL CHEMISTRY OF IRON MAKING 

It is beyond the scope of this study to cover all the aspects of the blast furnace phy-

sico-chemistry. The present discussion is, therefore, confined to a brief summary of 

the information given by the references 13, 14, 15, 16, 17 and 18. The reader is ref

erred to these references for more detailed information regarding the physico-chemis-

try of the blast furnace. 

The blast furnace can be divided into four primary sections or reaction zones. The 

physical processes are different in these zones. In the hearth, which is below the 

tuyere level, liquid slag and metal form a pool. All the ore is molten by the time it 

descends to the hearth. The only solid is a column of coke extending from the upper 

surface of the slag to the bottom of the furnace. In the tuyere or combustion zone, 

oxygen of the air blast reacts with the carbon of the coke to give local temperatures of 

about 2000 °C. Above the combustion zone is the bosh where the temperature of gases 

falls rapidly to about 1200-1300 °C. At these temperatures, parts of the charge starts 
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furnace (from ref. 13). 



26 

to melt and the formation of slag starts. In the stack, the stock is completely solid. The 

temperature falls fairly uniformly to about 800 °C mid-way up the stack then contin

ues to fall rather faster to between 550-650 °C, and it reaches 200 to 250 °C at the top 

of the furnace. Gas temperatures (in Kelvin) in the blast furnace are represented in 

Figure 2.3 (13). 

2.2.1 Reduction of iron oxides 

The blast furnace process is a counter current process in terms of mass and heat 

transfer. As the hot gases rise through the stack, heat transfer from gases to descend

ing solids and oxygen transfer from solids to ascending gases take place. In this 

counter current process, chemical reduction of iron oxides almost continues throughout 

the whole working volume of the blast furnace, and is basically a function of temper

ature and the oxygen potential of the gases. 

2.2.1.1 Reactions in front of the tuyeres and the bosh 

When the oxygen in the air enters the furnace, it is entirely consumed by reaction 

with the coke charge within a small radius of the tuyeres: 

C, x + 02, . - C02/ . (3.1) (s) 2(g) 2(g) 

There is no free oxygen outside this region, so the C02 then reacts with more coke to 

form CO by the reaction: 

2(g) + S) "w(g) C02, , + CM - 2CO,,tX (3.2) 

AG°1800 K = -142 000 KJ (kg mole of CO,)"1 

At temperatures in excess of 1000 °C this reaction goes almost to completion. There

fore, at the hearth and lower bosh regions of the furnace, the concentration of C02 is 

negligible and the total pressure of the carbonaceous gases is approximately equal to 
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the partial pressure of the CO. The tuyere gases, H2, HzO, N2 and CO, then ascend 

through the bosh, transferring heat to the descending coke and the drops of liquid iron 

and slag as they pass. Melting of slag and metal is completed in the upper bosh 

region. Liquids run through the coke and other solid materials to collect in the furnace 

hearth. 

2.2.1.2 Reactions in the stack 

The iron bearing material in the bosh is mainly metallic iron. Above this zone, the 

burden contains solid iron oxide, principally wustite Fe0 950. The reactions in the 

stack follow a cyclic pattern in which reduction of wustite to solid metallic iron and 

coke gasification continue simultaneously by the reactions: 

C°(g) + Fe-°(s) 0,95Fe(s) + C°2(g) (3>3) 

AH°298= -17 000 kJ (kg mole of CO)"1 

C02 + C(s) - 2CO (3.4) 

AH°298= +172 000 kJ (kg mole of CO;,)"1 

Reaction 3.4 is a highly endothermic reaction. It causes the temperature of ascending 

gases to fall sharply. Although reaction 3.3 is exothermic, its heat release is very small 

compared to the cooling effect of reaction 3.4. 

The generation of CO (Reaction 3.4) continues till the gas temperature falls to about 

800 °C mid-way up the stack. Below 800 °C very little CO is produced. Therefore, all 

subsequent reductions depend on the CO generated in the lower parts of the stack. At 

about 800 °C, the carbonaceous portion of the gases contains 70 % CO and 30 % C02, 

and CO continues to react with wustite approaching the equilibrium for the reaction 



CO + Fe„ 950^ - 0.95 Fe^ + C02 

AG°80O = + 8 150 kJ (kg mole of CO)"1 
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(3.5) 

The ascending gas virtually becomes too weak in CO to reduce more wustite to metal

lic iron. But, it is strong enough to reduce hematite and other higher oxides of iron to 

wustite according to: 

CO + 3Fe203^ 2Fe304^ + C02 (3.6) 

AG°80O = -105 000 kJ (kg mole of CO)"1 

CO + 1.2 Fe304(s) - 3.8 Fe0>95O(s) + C02 (3.7) 

AG°800 = -8 000 kJ (kg mole of CO)"1 

The reduction of hematite can take place at low CO partial pressures. Thus, unre

duced hematite occurs only near the top of the furnace. The temperature of the gases 

continues to fall by the net endothermic nature of the reduction of the higher oxides 

to wustite. At room temperature, reaction 

CO + 1.12 Fe203(s) - 2.36 Fe0>95O(s) + C02 (3.8) 

has an energy of + 13 000 kJ per kg mole of CO. The gases are also cooled by contact 

with the incoming solids and the evaporation of moisture. 

The above discussion has examined the reactions as a function of temperature only, 

and given no consideration to the other factors affecting reducibility. Although the 

chemical reduction process is mainly a function of temperature and the oxygen poten

tial of gases (controlled by the carbon-oxygen equilibria and temperature), the effects 

of diffusion of oxygen, volume change, hydrogen, slag formation, solid carbon and 

gangue components should not be ignored to achieve a complete understanding of the 



physico-chemistry of iron making. These factors are discussed in detail in Reference 

15, p.p 129-139. 

2.3 SLAG FORMATION 

In the counter current process of the blast furnace, while the temperature and chemi

cal changes take place, the slag composition changes from when it is first formed in 

the bosh until it collects in the hearth. The first slag formed in the upper parts of the 

bosh region results from melting of the partially reduced ore, and is a Fe0-Al203-Si02 

slag. The FeO concentration of this primary slag is governed by the amount of gangue 

material and the degree of gaseous reduction, and the Al203/Si02 ratio depends on the 

composition of gangue material. With more than 30 % FeO and Al203/Si02 ratio of 0.3 

to 0.4, these slags have melting points around 1300 °C. When the primary slag starts to 

melt and come into contact with the hot coke, the reduction of FeO occurs. The slag 

then begins to lose FeO and absorb CaO and MgO. Finally, the slag reaches its final 

composition with the dissolution of coke ash into slag. The dissolution of lime and 

coke ash is a function of the characteristics of the primary slags, basically of the 

Al203/Si02 ratio. The major constituents of the final slag are Al203-Si02-Mg0-Ca0, 

totalling about 95 %. 

There are two main considerations concerning the slag for smooth operation of the 

blast furnace. The slag entering the hearth must be completely liquid with optimum 

fluidity and it must control the composition of the metal in respect of the inpurities, S, 

Si, etc. Figure 2.4 (17) gives an optimum slag composition and daily average slag com

positions, A, B, and C, from a particular blast furnace on the composition diagram of 

the 10% A1203 plane. The closed triangle in the figure represents the optimum slag 
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Figure 2.4 Liquidus isotherms for the system Ca0-Mg0-Si02-Al203 containing 

10% A1203; indicated areas are the daily average slag analysis from a particular 

blast furnace where A1203 was 10±1% (from ref. 17). 



composition on the basis of melting point, viscosity and desulphurizing capacity. It 

should be noted that the definition of optimum slag composition may change from 

operation to operation. It is, therefore, somewhat arbitrary. In fact, most of the blast 

furnace slags are in the slag composition of region A in actual operations. In Figure 

2.4, the plotted slag compositions A, B and C contained 10 ± 1% A1203 on a recalcu

lated basis so that the concentrations of the four major oxides add up to 100%. The 

actual melting points of these slags are about 100 °C below those indicated in Figure 

3.2 because of the presence of MnO and the other minor oxides in the slag, and their 

basicities are in the range of 1.0-1.6. 

2.4 SILICON, MANGANESE AND SULPHUR DISTRIBUTION BETWEEN SLAG 

AND METAL 

The metal product of blast furnace contains a high proportion of carbon although it 

seldom if ever saturated with carbon at the tapping temperatures. Silicon, phosphorus, 

sulphur and manganese are the other solutes. Silicon, phosphorus and manganese are 

reduced from the burden and come mainly from the ore gangue materials, while sul

phur comes mainly from the coke. There is a distribution of silicon, manganese and 

sulphur between metal and slag, and the concentration of these elements is to some 

extent controlled by furnace operation. But the phosphorus content of the iron depends 

only on the phosphorus content of the ore charged, since under the conditions operat

ing in the iron blast furnace virtually all the phosphorus charged finds its way into 

the metal. 

As the burden enters the bosh region, the reduction of more stable oxides such as 

MnO, Si02 and phosphates, and dissolution of carbon, manganese, silicon, sulphur and 
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phosphorus in the iron occur. This is followed by melting of the iron and gangue 

forming the slag. Then, the liquid drops of iron and slag percolate through the coke 

and form a pool at the bottom of the furnace. Because there is no gas evolution and 

stirring in the slag-metal pool, slag-metal reactions are very slow and dependent on the 

diffusion of reacting species to and from the slag-metal interface. It is more likely that 

slag-metal reactions will take place as the metal droplets pass through the slag layer. 

This is due to the much greater reaction interface area and the small diffusion path. 

Manganese enters the furnace as an ingredient of the ore, in which it occurs as oxide, 

silicate or phosphate. The proportion of manganese compounds that is reduced, dep

ends upon the temperature and basicity of the slag. Under average blast furnace con

ditions about 50-75 per cent of the total amount of manganese charged into the blast 

furnace will be found in the pig iron. Silicon enters the furnace as Si02. At tempera

tures of about 1200 °C, this silica combines with lime to form silicates which already 

has been discussed under the heading of slag formation. However, at temperatures 

such as exist in the hearth of the furnace and in the presence of coke, silica is 

reduced and the resultant silicon dissolves in the iron silicide (FeSi). Sulphur is intro

duced to the furnace mainly by the coke, in which it is in the form of elementary sul

phur and FeS. When elementary S and FeS melt, a small portion of the sulphur rema

ins in the combination with iron. This iron sulphide is soluble in iron and becomes a 

part of the metal. In the presence of carbon, the distribution of silicon, manganese and 

sulphur between the slag and the metal is influenced by the temperature and basicity 

of the slag. 

The equilibrium distribution of silicon, manganese and sulphur between slag and metal 
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in the three phase equilibria can be presented with the overall reactions 

(3.9) 

(3.10) 

(3.11) 

where the subscript m indicates the elements dissolved in iron. The calculations of the 

equilibrium distributions of silicon, manganese and sulphur between graphite saturated 

iron and Ca0-Si02-Al203-Mg0 slag are given by Turkdogan (18). The results are rep

resented in Figures 2.5, 2.6 and 2.7 (16). These computed equilibrium distributions are 

in agreement with the experimental results obtained by numerous investigators (16). 

Figures 2.5, 2.6 and 2.8 may be summarized as follows (brackets [] and () refer to the 

metal and the slag): 

(i) The ratio [%Mn]/(%MnO) increases with increasing slag basicity and tem-

(ii) The ratio [%Si]/(%Si02) decreases with increasing slag basicity and tem-

Turkdogan (16) shows that actual blast furnace data is below the equilibrium values 

presented in the figures. This is because the reactions 3.9, 3.10 and 3.11 will not 

approach equilibrium in a very dynamic system such as a blast furnace. Although the 

gas-slag-metal system may be out of equilibrium, the reactions that do not involve in

variant components of the system, in this case C and CO. reach an equilibrium. 

Therefore, a coupled reaction between slag and metal involving silicon and manganese 

should be considered, thus 

perature. 

perature. 

(iii) The ratio (%S)/[%S] increases with increasing slag basicity. 



0.6 

CM U 

20 
W 

to 
1500 °C 

0.2 

1400 °C 

20 
0.4 0.8 

%Ca0 
%Si02 

Figure 2.5 Equilibrium distribution of silicon between metal and 

slag as a function of basicity of slags containing 10% and 20% 
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ref. 16). 
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rated slags containing 30% and 50% CaO (from ref. 16). 



2Mn2+ + Si, , - Si4+ + 2Mn, . 
(m) (m) 

or in terms of oxides 

2MnO + Si/ x = SiO, + 2 Mn, . (m) 2 (m) 
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(3.12) 

(3.13) 

The calculated equilibrium values and experimental results for the silicon-manganese 

reaction are compared in Figure 2.8 (16). The difference between the calculated and 

experimental values corresponds to an accumulated uncertainty of 1.7 kcal in the free 

energy data. This is within the limits of expected accuracy. The line drawn through 

the experimental values is presented by the equation (18): 

(%Si02 
log 

[ %Mn ] 
(%MnO) [ %Si ] 

2.792B - 1.16 (3.14) 

where B = (%CaO + %Mg0)/%Si02. Temperature has a negligible effect on this rela

tion. 

For sulphur distribution, coupled reactions involving manganese and silicon may be 

written as 

CaO + Mn, x + S, . = CaS + MnO (3.15) 
(m) (m) 

CaO + l/2Si(m) + S(M) = CaS + 1/2Si02 (3 16) 

The thermodynamic evolutions of these reactions were also made by Turkdogan (16, 

17, 18), and the following equilibrium ratios were obtained; 

for reaction 3.15 

log 
(%S) (%MnO) 

[ %S 1 [ 70Mn ] 
9080 - 5.203 + log (%CaO), (3.17) 
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and for reaction 3.16 

(%s) 
log [ °/0S ] 

'(%,Si02)' 
[ %Si ] 

1/2 

9080 5.832 + log(%CaO) + 1.396B (3.18) 

2.5 BEHAVIOURS OF THE OTHER ELEMENTS 

Phosphorus, aluminum, titanium, potassium, sodium, zinc, arsenic, antimony, barium, 

beryllium, boron, copper, chromium, nickel, selenium, tellurium, tin, zirconium and 

vanadium are also introduced to the blast furnace with the ore, flux or fuel in very 

small, but varying amounts (14). 

Phosphorus enters the furnace as mineral phosphates. At very high temperatures and 

in the presence of coke, these compounds are readily reduced completely in the blast 

furnace. The element phosphorus is absorbed by the droplets of liquid iron before 

they pass into the slag layer. Phophorus reacts with iron to form iron phosphide 

(Fe3P). This phosphide is soluble in iron and becomes a part of the metallic bath in 

the furnace hearth. The partitioning of phosphorus between the slag and the metal in 

the hearth can be examined with the reaction 

2P, > + 50, , = P205/ x (3.19) (m) (m) 2 5(s) 

However, in the blast furnace conditions AG0 of the reaction is very positive. It fol

lows that the equilibrium in this reaction lies far to the left. Thus, the phosphorus 

content of the slag is negligible and practically all the phosphorus remains dissolved 

in iron (15). 

Arsenic, tin, copper, nickel and vanadium, if introduced, act very much like phos

phorus. Their compounds are almost completely reduced in the blast furnace. The ele
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mentary arsenic combines with iron to form iron arsenide which dissolves in the 

metal. The reduced tin, copper, nickel and vanadium alloy with iron and stay in the 

metal (14). 

Titanium, chromium, beryllium and zirconium enter the furnace as oxides. Titania, 

TiOz behaves similarly to silica, Si02. However, it is more difficult to reduce TiOz at 

temperatures obtained in the blast furnace. Therefore, only traces of Ti are found in 

the iron. It is more difficult to reduce beryllium and zirconium oxides, so that they 

pass through unchanged. Chromium oxides can be reduced at exceedingly high tem

peratures and acid slags. Thus, they are reduced with difficulty in the blast furnace. 

If chromium oxides are in very small amounts, reduction of them appears to be more 

nearly complete (14). 

Aluminum is found in ore, flux and fuel in the form of alumina, Al2Os and alumina 

silicates. Neither alumina nor its silicates are reduced under the conditions that prevail 

in the blast furnace. They all pass out with the slag. Selenium and tellurium act some

what similarly to sulphur but with a greater tendency to remain with metal. The com

pounds of barium and boron are similar to calcium, acting as non-reducible basic flux 

(14). 

The alkalis and zinc can be troublesome in the furnace. The alkalis are found in all 

blast furnace slags. If they are present in the raw materials in considerable amounts, 

they may flux the furnace lining and in part be volatilized to escape with gases. Zinc 

compounds may be reduced in the lower regions of stack. If this happens, they will be 

volatilized and driven upward. In the upper parts of the furnace, they will oxidize to 



zinc oxide when it condenses on the colder parts of the burden and restricts the flow 

of the gases. Zinc oxide also tends to combine with the alumina in the refractory 

lining of the furnace, causing the bricks to expand with damaging results (14). 



3. DISTRIBUTION EQUILIBRIA OF ANTIMONY 

BETWEEN SLAG AND METAL 
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The nature of the problem has been reviewed in the introduction and will not be rep

eated here. In this section, the existing data regarding the behaviour of antimony in 

slag and molten metal are reviewed. 

Antimony exists in group 5 of the periodic table between arsenic and bismuth. These 

elements exibit properties similar to both metals and non-metals. Nagomari et al. (19) 

have found that arsenic and bismuth exist in elemental form in copper metallurgical 

slags. Being in the same group with arsenic and bismuth, antimony should behave in 

the same manner. Nagomari et al. (19) have confirmed this experimentally. They have 

found antimony exists in elemental form in slag at very low concentrations. At very 

low concentrations (dilute solution range), the activity coefficient of antimony must be 

constant. The results obtained by Nagomari et al. are presented in Figure 3.1, where 

calculated activity coefficients of SbOj 5, Sb02 and Sb02 5 vary with the oxygen par

tial pressure by as much as a factor of 1000. On the other hand, Lg^ ( mole fraction 

of Sb in copper/mole fraction of Sb in slag) is constant and independent of oxygen 

pressure in the range of 10~6 to 10~u atm. Therefore, Nagomori and co-workers con

cluded that antimony dissolves in atomic form rather than as an oxide over this range. 

However, at higher oxygen potentials antimony could dissolve in an oxidic form. 

Yazawa (20) has investigated the distribution behaviours of antimony between ferrite 

and soda slags and liquid copper. His findings do not support the work of Nagomari et 

al. Yazawa has found that the distribution ratio of antimony between the slag and the 
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Figure 3.1 Influence of the oxygen partial pressure on the activity 
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metal increases with increasing oxygen potential of the system and increasing CaO 

percentage of the slag. He has also concluded that antimony content of the copper 

alloy has a similar effect on the distribution ratio. These occurences strongly indicate 

that antimony dissolves predominantly as an oxide. However, Yazawa does not deny 

that metallic dissolution of antimony in slag is also possible especially at lower oxygen 

potential. 

Kojo et al. (21) have determined the distribution equilibria of antimony in the copper-

sodium carbonate system as a function of the oxygen activity of the melt at 1200 °C. 

They have found that antimony exists in the slag predominantly as pentavalent above 

P0 =10~7, and antimony is converted to a trivalent anion in more reducing conditions. 

Marschman et al. (22) have noted that at a partial pressure of bismuth of 10"5 atm, 

bismuth exists in elemental form in silica saturated slags, while at higher partial pres

sures of bismuth, oxidic bismuth is formed in slag. Thus, at higher concentrations of 

antimony, an oxidic effect similar to what occurs with bismuth may be observed. If 

antimony dissolves in oxidic form in slag, three forms of antimony oxide may be con

sidered: SbOj-5 (Sb3+), Sb02 (Sb4+), Sb02.5 (Sb5+). The presence of antimony dimer 

(Sb2) is very unlikely because of the repulsive force between identical cations in slag. 

Therefore, it might be assumed that oxidic antimony is present in the slag as SbOj.5, 

Sb02 or Sb02.5 rather than Sb203, Sb204 or Sb2Os. On the other hand, at 1190 °C and 

1 atm air Sb3+/Sb5+ is unity in molten glasses (17). this indicates that at temperatures 

higher than 1190 °C, antimony is primarily in the trivalent state. 

In the experiments of Nagomari et al. and Marschman et al., which are reviewed in 
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the previous paragraphs, molten copper containing small quantities bismuth, arsenic 

and antimony is equilibrated with iron silica melts at known oxygen activities. These 

studies were conducted at the temperatures of 1300 °C and below. Increasing the tem

perature will increase (i.e. make more positive) the standard free energy of formation 

of oxides. Therefore, it is less likely that oxidic antimony will form at iron making 

temperatures except under highly oxidizing conditions. Thus, elemental antimony may 

exist in slags associated with iron making. 

If antimony exists in elemental form in slag, variation of the partial pressure of 

oxygen would not have an influence on the solubility of antimony. Changing the slag 

composition may have an influence. No data exist for the iron making process; how

ever, some data do exist for the copper smelting process. Marschman et al. (22) have 

investigated the effects of additions of A1203 and CaO to slag on the solubilities of 

arsenic, bismuth and selenium. They concluded that additives have little or no influ

ence. Johnson et al. (23) have found that additions of A1203, CaO and MgO to slag do 

not influence the solubility of antimony in slag. These results are in agreement with 

those of Nagomari et al. and confirm that antimony dissolves in an elemental form in 

slag. Johnson et al. did, however, find that decreasing the matte grade increased the 

distribution of antimony between matte and slag. This change in distribution can be 

related to the decrease in oxygen potential which accompanies a decrease in matte 

grade. This occurence indicates that a small portion of the antimony in slag exists in 

the oxidic state. 

Assuming the slag composition has an influence on the solubility of antimony in the 

Fe-Sb system, then the activity of antimony in liquid iron can have a significant in
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fluence on the distribution of antimony between the iron and slag. The activity of 

antimbiiy in iron is unknown. There is very little thermodynamic data reported 

regarding the Fe-Sb system. Hultgren et al. (24) provided some data for that system at 

temperatures below 525 °C only. 
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4. EXPERIMENTAL 

Al20s-Si02-Ca0-Mg0 slags with the basicities of 0.66, 0.82 and 1.00 and metals (Fe + 

36% Fe - 64% Sb) containing 1.00, 1.25, 1.50 and 1.75 total percentages of antimony 

were equilibrated at 1450, 1500 and 1550 °C. Experiments were carried out in gra

phite crucibles. Although the preliminary tests showed that equilibrium could be 

reached within 8 to 12 hours at 1450 °C, experimental time was extended to 20 hours 

to ensure equilibration. At the end of the experiments, water-quenched metal and slag 

samples were separated, cleaned and sent to Centre de Technologie Noranda, Canada 

to be chemically analyzed, and the solubilities of antimony in both metal and slag 

phases were determined. 

4.1 MATERIALS 

The materials used in this investigation and their purity and suppliers are identified 

in Table 4.1. The slag specimens were formed from powders of A1203, Si02, CaO and 

MgO. The compositions were adjusted so that they coincided with the slag basicities 

of 0.66, 0.82 and 1.00. The metal specimens used in the experiments contained Fe and 

a master alloy containing 64% Sb and 36% Fe. They were combined to give 1.00, 1.25, 

1.50 and 1.75 percentages of antimony in the fused alloy. 

4.2 PREPARATION OF THE ALLOY 

The additions of antimony to the metal were made by using a Sb-Fe master alloy to 

minimize antimony losses by volatilization. The alloy composition was chosen from the 

Fe-Sb phase diagram, which is given in Figure 4.1 (from Hultgren et al.,24), as 64% Sb 
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Table 4.1 List of materials used in the experiments 

Chemical Purity and Supplier 

Iron (Fe) 

Antimony (Sb) 

Silicon (iv) Oxide 
(Si02) 

Calcium Oxide 
(CaO) 

Aluminum Oxide 
(A1A) 

Magnesium Oxide 
(MgO) 

m3N8, lump, Alfa 

m4N, ingot, Alfa 

3N, -325 mesh powder, Alfa 

3N, -325 mesh powder, Alfa 

4N, -325 mesh powder, Alfa 

2N5, powder, Johnson Matthey Chemicals 

Graphite Rod, Helwing Carbon 
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Fe 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Sb 

Figure 4.1 Iron-Anlimony phase diagram (from ref. 24). 



and 36% Fe. At this composition iron and antimony are totally in the e phase. The 

alloy was formed by adding 6.40 gr antimony to 3.60 gr iron. The mixture was placed 

in a silica tube sealed at one end. The crucible was then evacuated and sealed at the 

other end. The assembly was placed in the uniform temperature zone of a furnace. A 

Pt-Pt/13%Rh thermocouple was used to record temperature. The crucible was held at 

1300 °C for a time period of 3 hours and drop-quenched in water. Then the alloy was 

recovered, ground using an agate mortar and pestle and stored. 

4.3 EXPERIMENTAL PROCEDURE 

Three slag compositions were chosen to obtain basicities 0.66, 0.82 and 1.00. Each slag 

was equilibrated with metals containing 1.00, 1.25, 1.50 and 1.75% antimony at tem

peratures of 1450, 1500 and 1550 °C. Slag compositions with their basicities are listed 

in Table 4.2, and the premelt compositions of the samples are given in Table 4.3, 4.4 

and 4.5. Figures 4.2 and 4.3 represent the slag compositions on the Si02-Mg0-Ca0-

10%A1203 and Si02-Mg0-Ca0-15%A1203 phase diagrams (25). In Figures 4.2 and 4.3, 

the symbols •, T and • represent Slag No 1 (B=0.66), Slag No 2 (B=0.82) and Slag No 

3 (B=1.00) respectively. These slags have melting temperatures obtained from the phase 

diagrams of about 1300, 1350 and 1400 °C, in the order mentioned above. 

Experiments were carried out in graphite crucibles (Figure 4.4). Specimens were pre

pared by carefully weighing 2 grams of the slag admixture, and 3 grams of the iron 

alloy mixture, which were then placed in a crucible, and compacted as much as possi

ble. The lid of a crucible was screwed on tightly, and four such crucibles were pre

pared for each experimental run. Because induction heating was used in the experi

ments, the crucibles were placed in the furnace in a graphite vessel to obtain maxi-



Table 4.2 Slag Compositions 

Slag 1 Slag 2 Slag 3 

Component wt% Mol% wt% Mol% wt% Mol% 

CaO 25 26.01 34 35.84 44 46.23 
MgO 15 21.71 11 16.13 6 8.77 
SiOz 45 43.70 40 39.34 40 39.22 
AI2O3 15 8.58 15 8.69 10 5.78 

Basicity 0.666 0.818 1.000 



Table 4.3 Premelt Compositions of the Samples 

Slag 1 

Chemical wt% 
1 

g wt% 
2 

g wt% 
3 

g wt% 
4 

g 

CaO 
MgO 
SiOz 

AI2O3 
Total 

25.00 
15.00 
45.00 
15.00 
100.0 

0.4998 
0.3000 
0.8999 
0.2998 
1.9995 

25.01 
14.99 
45.00 
15.00 
100.0 

0.5002 
0.2999 
0.9001 
0.2999 
2.0001 

24.99 
15.00 
45.01 
15.00 
100.0 

0.4998 
0.3000 
0.9000 
0.3000 
1.9998 

25.00 
15.00 
45.01 
14.99 
100.0 

0.4999 
0.2999 
0.9001 
0.2999 
1.9998 

Fe 
Alloy 
Sb 

Total 

99.00 

1.00 
100.0 

2.9533 
0.0470 

3.0003 

98.75 

1.25 
100.0 

2.9416 
0.0586 

3.002 

98.50 

1.50 
100.0 

2.9296 
0.0703 

2.9999 

98.25 

1.75 
100.0 

2.9180 
0.0820 

3.0000 

Chemical wt% 
5 

g wl% 
6 

g wt% 
7 

g wt% 
8 

g 

CaO 
MgO 
Si02 

AI2O3 
Total 

25.01 
15.00 
44.98 
15.01 
100.0 

0.5002 
0.3000 
0.8997 
0.3002 
2.0001 

25.01 
15.00 
44.99 
15.00 
100.0 

0.5001 
0.2999 
0.8998 
0.3000 
1.9998 

25.01 
15.01 
44.98 
15.00 
100.0 

0.5002 
0.3002 
0.8997 
0.3002 
2.0003 

24.99 
15.01 
45.00 
15.00 
100.0 

0.4999 
0.3001 
0.9000 
0.3001 
2.0001 

Fe 
Alloy 
Sb 

Total 

99.00 

1.00 
100.0 

2.9528 
0.0472 

3.0000 

98.75 

1.25 
100.0 

2.9415 
0.0583 

2.9998 

98.50 

1.50 
100.0 

2.9297 
0.0709 

3.0006 

98.26 

1.74 
100.0 

2.9180 
0.0820 

3.0000 

Chemical wt% 
9 

g wt% 
10 

g wt% 
11 

g wt% 
12 

g 

CaO 
MgO 
Si02 

AI2O3 
Total 

25.00 
14.99 
45.01 
15.00 
100.0 

0.4999 
0.2998 
0.9000 
0.2999 
1.9996 

25.00 
15.00 
45.00 
15.00 
100.0 

0.5000 
0.2999 
0.9000 
0.3001 
2.0000 

25.00 
15.00 
45.00 
15.00 
100.0 

0.4999 
0.3000 
0.9001 
0.3000 
2.0000 

25.00 
14.99 
45.00 
15.01 
100.0 

0.4998 
0.2997 
0.8999 
0.3001 
1.9995 

Fe 
Alloy 
Sb 

Total 

99.00 

1.00 
100.0 

2.9529 
0.0470 

2.9999 

98.75 

1.25 
100.0 

2.9415 
0.0583 

2.9998 

98.50 

1.50 
100.0 

2.9295 
0.0706 

3.0001 

98.25 

1.75 
100.0 

2.9177 
0.0823 

3.0000 



Table 4.4 Premelt Compositions of the Samples 

Slag 2 

Chemical wt% 
13 

g wt% 
14 

g wt% 
15 

g wt% 
16 

g 

CaO 
MgO 
Si02 

AI2O3 
Total 

33.98 
11.02 
39.99 
15.01 
100.0 

0.6796 
0.2205 
0.8001 
0.3001 
2,0003 

33.99 
11.02 
40.00 
14.99 
100.0 

0.6798 
0.2203 
0.8001 
0.2997 
1.9999 

34.00 
10.99 
39.99 
15.02 
100.0 

0.6801 
0.2199 
0.7998 
0.3004 
2.0002 

34.00 
11.00 
40.01 
14.99 
100.0 

0.6802 
0.2200 
0.8005 
0.3001 
2.0008 

Fe 
Alloy 
Sb 

Total 

99.00 

1.00 
100.0 

2.9540 
0.0468 

3.0008 

98.75 

1.25 
100.0 

2.9413 
0.0584 

2.9997 

98.50 

1.50 
100.0 

2.9298 
0.0703 

3.0001 

98.25 

1.75 
100.0 

2.9181 
0.0819 

3.0001 

Chemical wt% 
17 

g wt% 
18 

g wt% 
19 

g wt% 
20 

g 

CaO 
MgO 
Si02 

AI2O3 
Total 

34.00 
11.00 
39.99 
15.01 
100.0 

0.6803 
0.2201 
0.8002 
0.3002 
2.0008 

34.01 
11.00 
40.01 
14.98 
100.0 

0.6799 
0.2200 
0.8000 
0.2994 
1.9993 

34.00 
11.03 
39.97 
15.00 
100.0 

0.6799 
0.2205 
0.7994 
0.3000 
1.9998 

33.98 
11.01 
40.00 
15.01 
100.0 

0.6800 
0.2203 
0.8003 
0.3004 
2.0010 

Fe 
Alloy 
Sb 

Total 

99.00 

1.00 
100.0 

2.9510 
0.0463 

2.9993 

98.75 

1.25 
100.0 

2.9414 
0.0580 

2.9994 

98.50 

1.50 
100.0 

2.9284 
0.0702 

2.9986 

98.26 

1.74 
100.0 

2.9181 
0.0820 

3.0001 

Chemical wt% 
21 

g wt% 
22 

g wt% 
23 

g wt% 
24 

g 

CaO 
MgO 
Si02 

AI2O3 
Total 

34.00 
10.99 
40.00 
15.01 
100.0 

0.6801 
0.2199 
0.8002 
0.3001 
2.0003 

34.00 
10.99 
40.00 
15.02 
100.0 

0.6804 
0.2198 
0.8001 
0.3004 
2.0007 

34.00 
11.00 
40.00 
15.00 
100.0 

0.6801 
0.2200 
0.8000 
0.3000 
2.0001 

33.99 
11.00 
40.00 
15.01 
100.0 

0.6801 
0.2201 
0.8000 
0.3003 
2.0005 

Fe 
Alloy 
Sb 

Total 

99.00 

1.00 
100.0 

2.9526 
0.0467 

2.9993 

98.75 

1.25 
100.0 

2.9412 
0.0583 

2.9995 

98.50 

1.50 
100.0 

2.9291 
0.0706 

2.9997 

98.25 

1.75 
100.0 

2.9181 
0.0822 

3.0003 



Table 4.5 Premelt Compositions of the Samples 

Slag 3 

Chemical wt% 
25 

g wt% 
26 

g wt% 
27 

g wt% 
28 

g 

CaO 
MgO 
SiOz 

AI2O3 
Total 

43.99 
6.01 

39.98 
10.02 
100.0 

0.8802 
0.1202 
0.8000 
0.2005 
2.0009 

44.00 
6.00 

39.98 
10.02 
100.0 

0.8802 
0.1200 
0.7998 
0.2005 
2.0005 

43.99 
6.00 

40.01 
10.00 
100.0 

0.8799 
0.1199 
0.8002 
2.0000 
2.0000 

44.00 
5.99 

40.00 
10.01 
100.0 

0.8802 
0.1198 
0.8002 
0.2002 
2.0004 

Fe 
Alloy 
Sb 

Total 

99.00 

1.00 
100.0 

2.9525 
0.0470 

2.9995 

98.75 

1.25 
100.0 

2.9418 
0.0585 

3.0003 

98.50 

1.50 
100.0 

2.9300 
0.0705 

3.0005 

98.25 

1.75 
100.0 

2.9177 
0.0820 

2.9997 

Chemical wt% 
29 

g wt% 
30 

g wt% 
31 

g wt% 
32 

g 

CaO 
MgO 
Si02 

AI2O3 
Total 

44.00 
6.01 

40.00 
9.99 

100.0 

0.8802 
0.1202 
0.8001 
0.2000 
2.0005 

44.01 
6.00 

40.00 
9.99 
100.0 

0.8801 
0.1200 
0.8000 
0.1998 
1.9999 

44.00 
6.00 

40.00 
10.00 
100.0 

0.8800 
0.1200 
0.8002 
0.2000 
2.0002 

44.00 
6.01 

39.99 
10.00 
100.0 

0.8802 
0.1202 
0.8000 
0.2001 
2.0005 

Fe 
Alloy 
Sb 

Total 

99.00 

1.00 
100.0 

2.9537 
0.0466 

3.0003 

98.75 

1.25 
100.0 

2.9411 
0.0585 

2.9996 

98.50 

1.50 
100.0 

2.9294 
0.0703 

2.9997 

98.26 

1.74 
100.0 

2.9181 
0.0818 

2.9999 

Chemical wt% 
33 

g •wt% 
34 

g wt% 
35 

g wt% 
36 

g 

CaO 
MgO 
Si02 

AI2O3 
Total 

44.00 
6.00 

40.00 
10.00 
100.0 

0.8800 
0.1202 
0.8000 
0.2000 
2.0002 

44.00 
6.00 

40.00 
10.00 
100.0 

0.8800 
0.1199 
0.8000 
0.2000 
1.9999 

44.00 
6.00 

40.00 
10.00 
100.0 

0.8799 
0.1199 
0.7999 
0.2001 
1.9998 

44.00 
6.00 

40.00 
10.00 
100.0 

0.8800 
0.1200 
0.7999 
0.1998 
1.9997 

Fe 
Alloy 
Sb 

Total 

99.00 

1.00 
100.0 

2.9534 
0.0470 

3.0004 

98.75 

1.25 
100.0 

2.9417 
0.0586 

3.0003 

98.50 

1.50 
100.0 

2.9298 
0.0704 

3.0002 

98.25 

1.75 
100.0 

2.9181 
0.0821 

3.0002 
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Figure 4.2 Si02-Mg0-Ca0-10%A1203 phase diagram (A Slag 3), (from ref. 25). 
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1 cm 

Figure 4.4 Crucible. 
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mum power for heating. The crucible assembly is shown in Figure 4.5. The assembly 

could hold four crucibles. Thus, four experiments were done at once, enabling the 

equlibration of the slag with metal samples with four different Sb contents in each 

run. Excluding the reruns and preliminary tests, a total of 9 runs, three for each slag 

composition at three different temperatures were carried out. The crucibles were used 

only once, but the vessel was used several times until it was badly consumed. 

The experiments were carried out in an induction furnace. The furnace layout is 

shown in Figure 4.6. Figure 4.7 shows the crucible assembly placed in the furnace. 

Attempts to equilibrate the slag and metal samples under a vacuum were unsuccessful. 

Slags had a strong tendency to creep under vacuum. This phenomenon is pictured in 

Figure 4.8. Therefore, the experiments were conducted open to the atmosphere. How

ever, after the assembly was placed in the furnace, the furnace opening was firmly 

covered with a refractory material (fibre frax) to prevent air entering the furnace and 

to minimize the heat losses. Only a very small hole was left for temperature readings. 

The efforts made to equilibrate basic slags with the metal samples failed because tem

peratures high enough to melt basic slags could not be reached with the equipment 

used in the experiments. The consumptions of the graphite vessel and the crucibles 

were very rapid at temperatures above 1550 °C and temperature readings were almost 

impossible due to the burning gases in the hole left for temperature measurements. 

Attempts were made to carry out the experiments under vacuum to operate at higher 

temperatures. But, these attempts were unsuccessful for the reason explained in the 

previous paragraph. Thus, the experiments were limited to the slags with the basicities 

of 1.00 and lower. 
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Figure 4.5 Crucible assembly. 
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Figure 4.6 Furnace layout. 
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Figure 4. 7 Crucible assembly shown in the furnace. 
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Figure 4.8 Slag and metal after an unsuccessful experiment 



An optical pyrometer was used to record the temperature. Because of the difficulty of 

keeping the temperature constant in the induction furnace, temperature readings were 

made often, and the power was adjusted manually. During an experiment the tempera

ture of an assembly fluctuated less then ±10 °C once steady-state conditions were achi

eved (Approximately 60 to 90 minutes were required to achieve this condition after 

insertion of an assembly). The temperature fluctuation during one of the experiments 

is presented in Figure 4.9. 

Three preliminary tests were conducted to determine the equilibrium time for the 

experiments. Slag 2 (B—0.818) was equilibrated with a metal mixture containing 1.50% 

Sb at 1450 °C for the time periods of 10, 15 and 20 hours. The actual sample composi

tions for the preliminary tests are given in Table 4.6, and the results are shown in 

Figure 4.10. The results of the preliminary tests indicated that the system reached 

equilibrium within 10 hours. However, the experiments were carried out for a time 

period of 20 hours to ensure equilibrium. 

At the end of an experiment, the vessel was dropped in water immediately after it 

was taken out of the furnace. The crucibles were cracked open, and the slag and 

metal phases were recovered. Experiments with good slag-metal contact surface were 

considered as a success. Otherwise, the experiment was repeated. In Figure 4.10, the 

positions of slag and metal phases after a successful experiment are shown. The sam

ples were then cleaned in weak acids and sent to NORANDA for chemical analysis. 
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Table 4.6 Actual Compositions of the Samples for the Preliminary Tests 

Slag 2 
(1450 °C) 

10 hours 15 hours 20 hours 

Chemical wt% g wt% g wt% g 

CaO 34.00 0.6801 34.00 0.6798 34.00 0.6801 
MgO 11.00 0.2199 11.00 0.2199 11.00 0.2200 
Si02 40.00 0.8001 40.00 0.7997 40.00 0.8000 
AI2O3 15.00 0.2999 15.00 0.3000 15.00 0.3000 

Total 100.00 2.0000 100.00 1.9994 100.00 2.0001 

Fe 98.50 2.9290 98.50 2.9299 98.50 2.9291 
Alloy 0.0703 0.0706 0.0706 
Sb 1.50 1.50 1.50 

Total 100.00 2.9993 100.00 3.0005 100.00 2.0001 
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Figure 4.10 Results of the preliminary tests, Lg^ vs time at 1450 °C for 

slag 2 (B=0.818). 
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Figure 4. 11 Position of slag and metal after a successful experiment 
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4.4 SYSTEM AND GIBBS' PHASE RULE 

In any equilibrium study it is necessary to identify the state of the system. The system 

of interest contains an alloy (Fe-Sb) and a slag (Si02-Al203-Ca0-Mg0) equilibrated in 

a graphite crucible. The state of the system can be set by fixing the external parame

ters. The number of the parameters that must be set to fix the state of the system can 

be calculated from the Gibbs' phase rule. The degrees of freedom (The number of the 

variables whose values can be chosen freely) of a system is given as (26); 

F  =  ( C - N ) - P  +  2 -  R  ( 4 . 1 )  

where F is the degrees of freedom, C is the number of the components, N is the 

number of the independent chemical reactions, P is the number of the phases and R is 

the number of stoichiometric restrictions in the system. 

The system of the experiments consists of four phases, alloy, slag, gas and crucible. 

The number of components is 11. Three independent chemical reaction can be written 

between the components: 

xSb + yCO = SbxOy + yC (4.2) 

Si + 2CO = Si02 + 2C (4.3) 

Fe + CO = FeO + C (4.4) 

There is no stoichiometric restriction in the system. Therefore, the number of the vari

ables that must be set externally (degrees of freedom), according to Equation (4.1), is 6. 

Thus, the system can be characterized by setting temperature, pressure, Si02/Al203 

and (Si02+Al203)/(Ca0+Mg0) ratios in the slag, and by determining the amounts of 

antimony in the metal and the slag phases. Components and the phases are listed in 

table 4.7. 
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Table 4.7 Phases and Components in the System 

Phases Components 

1. Alloy Fe 

Sb 

C 

Si 

2. Slag Si02 

A1203 

CaO 

MgO 

Sb O x y 

FeO 

3. Crucible C 

4. Gas CO 

F  =  ( l  1 - 3 ) -  4  +  2 -  0  

F = 6 
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5. RESULTS 

The results obtained from the chemical analysis of the samples performed by NOR-

ANDA are summarized in Table 5.1. Reported in this table is the experimental condi

tions, the concentration of Sb found in both the slag and iron alloy as well as the dis

tribution coefficient of antimony, Lg^, (the ratio of Sb concentration in slag to Sb con

centration in metal) and the concentration of Fe found in the slag. 

The values reported for the concentration of Fe found in the slag are unreliable. This 

is due to inevitable presence of iron particles in the slags. The mass balance check of 

the results, given in Appendix A, indicates that as much as 16-73% of the antimony in 

the system was lost by volatilization. 
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Table 5.1 Experimental Conditions and Results 

Initial 
%Sb Temperature 

No Basicity in (°C) (%Fe) (%Sb) [%Sb] LSb Metal oD 

1 0.666 1.00 1450 0.046 0.030 0.45 0.067 
2 0.666 1.25 1450 0.17 0.019 0.87 0.022 
3 0.666 1.50 1450 0.051 0.021 1.03 0.020 
4 0.666 1.75 1450 0.087 0.019 1.06 0.018 
5 0.666 1.00 1500 0.22 0.027 0.59 0.046 
6 0.666 1.25 1500 0.23 0.054 0.71 0.076 
7 0.666 1.50 1500 0.079 0.046 0.73 0.063 
8 0.666 1.75 1500 0.40 0.021 1.20 0.018 
9 0.666 1.00 1550 0.10 0.036 0.47 0.077 

10 0.666 1.25 1550 0.066 0.034 0.57 0.060 
11 0.666 1.50 1550 0.23 0.034 0.64 0.053 
12 0.666 1.75 1550 0.12 0.064 0.85 0.075 
13 0.818 1.00 1450 0.091 0.025 0.63 0.040 
14 0.818 1.25 1450 0.26 0.035 0.72 0.049 
15 0.818 1.50 1450 0.13 0.039 0.81 0.048 
16 0.818 1.75 1450 0.15 0.034 1.10 0.031 
17 0.818 1.00 1500 0.066 0.051 0.59 0.086 
18 0.818 1.25 1500 0.043 0.061 0.74 0.082 
19 0.818 1.50 1500 0.045 0.059 0.85 0.069 
20 0.818 1.75 1500 0.046 0.024 1.15 0.021 
21 0.818 1.00 1550 0.099 0.065 0.75 0.087 
22 0.818 1.25 1550 0.056 0.050 0.62 0.081 
23 0.818 1.50 1550 0.036 0.062 0.62 0.100 
24 0.818 1.75 1550 0.073 0.052 0.41 0.127 
25 1.000 1.00 1450 0.068 0.039 0.71 0.055 
26 1.000 1.25 1450 0.049 0.034 0.92 0.037 
27 1.000 1.50 1450 0.039 0.035 1.09 0.032 
28 1.000 1.75 1450 0.076 0.038 1.24 0.031 
29 1.000 1.00 1500 0.073 0.16 0.45 0.356 
30* 1.000 1.25 1500 0.033 0.015 0.83 0.018 
31 1.000 1.50 1500 0.047 0.19 0.66 0.288 
32 1.000 1.75 1500 0.046 0.23 0.83 0.277 
33 1.000 1.00 1550 0.038 0.22 0.40 0.55 
34 1.000 1.25 1550 0.10 0.27 0.46 0.587 
35 1.000 1.50 1550 0.10 0.34 0.51 0.667 
36* 1.000 1.75 1550 0.10 0.029 1.00 0.029 

•Sample with bad slag-metal contact. 
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6. DISCUSSION 

A true thermodynamic treatment of the antimony distribution between the slag and the 

metal is not possible at present because of the absence of free energy and activity 

data. Measurements of antimony activities in solution with liquid iron are not avail

able. No determinations of the activities have been made in multicomponent iron 

making slags. Therefore, the factors controlling the partitioning of antimony can be 

discussed only qualitatively. 

6.1 EFFECT OF SLAG COMPOSITION 

Figures 6.1 and 6.2 illustrate experimentally obtained Lg^ values as a function of slag 

basicity at the temperatures 1450, 1500 and 1550 °C for the initial Sb concentrations of 

1.00 and 1.50 wt% in metal. As the figures clearly show, the distribution cofficient is 

strongly affected by the basicity of slag. It increases with increasing slag basicity. 

The influence of the slag composition on the distribution ratio of antimony between 

the slag and the metal, as shown in Figures 6.1 and 6.2 strongly indicates that anti

mony exists in slag in an oxidic state. This result is in agreement with the views 

expressed by Yazawa as discussed in chapter 3. Antimony and oxygen combine to 

form three different oxides, Sb203, Sb204 and Sb2Os. However, considering the reduc

ing conditions of the system, it is feasible to assume that antimony dissolves in slag 

predominantly in the trivalent state. If one cation base expression is employed, anti

mony is in the form of SbOj<5. 
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Figure 6,1 LSb vs slag basicity for the initial Sb concentration of 1 wt% 

in metal at (•) 1450, (•) 1500 and (A) 1550 °C. 
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Figure 6.2 vs slag basicity for the initial Sb concentration of 1.50 wt% 

in metal at (•) 1450, (•) 1500 and (A) 1550 °C. 
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The antimony atom possesses five electrons in its outermost shell (n=5) 

5s2 

t 

The utilization of these orbitals and, in some cases, of one or two 5d orbitals permits 

the existence of compounds in which the antimony atom forms three, four, five or six 

bonds (27). Because of the possibility of an inert electron pair in the valence shell of 

the antimony atom, it is difficult to decide whether in certain compounds the atom is 

tedrahedrally hybridized with one hybrid orbital occupied by a lone pair, or whether 

the atom contains an inert pair, and undergoes pyramidal hybridization (28). However, 

many trivalent derivatives of antimony have intervalency angles significantly larger 

than 90°. The size of these angles and the general chemical behaviours of the trivalent 

compounds suggest that the lone pair occupies one of the tetrahedral positions (27). 

There are no simple ionic compounds in which the antimonious ion, Sb3+, is present. 

There are, however, giant molecule compounds in which the bonds are largely ionic, 

including Sb203 (28). Antimony trioxide, Sb203, is dimorphic (exists in two forms). The 

cubic form, senarmontite, is stable at temperatures up to 570 °C, and consists of dis

crete Sb4Oe molecules. The molecule consists of a bowed tetrahedron with antimony 

atoms at each corner united by oxygen atoms lying in front of the edges (27). The 

structure of senarmontite is represented schematically in Figure 6.3 (28). At higher 

temperatures the stable form is the orthorhombic modification, valentinite ( m.p. 650 

°C, b.p. 1560 °C). Valentinite consists of long chains formed of puckered rings repre

sented in Figure 6.4 (27). In this figure, the angles identified in the structure are: 

a=115°, 0=129°, and the three angles associated with the O-Sb-O bonds at any given 

5p3 

/ 
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Figure 6.3 Schematic presentation of the structure of 

senarmontite (from ref. 28). 
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Figure 6.4 Schematic presentation of the structure of val-

entinite (from ref. 27) 
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antimony atom are 79°, 92° and 100°. The chain is not constructed of regular tetrahe-

dra, each with three shared corners. This is evidence of the inert pair configuration 

for the antimony atom in this form of oxide (28). 

Antimony tf.traoxide, Sb204, occurs in two modifications, a-Sb204 and /3-Sb204. In both 

modifications, half of the antimony is in the +3 oxidation state, half in the +5 state 

(Sb3+, Sb5+ 04). The antimony environment is similar in both modifications. The Sb(V) 

atoms are surrounded by a slightly distorted octahedron of oxygens and the Sb(III) 

atoms are coordinated to four oxygens, all on the same side of the Sb(III) atom. Anti

mony tetraoxide, if heated above 900 °C, loses oxygen and forms antimony trioxide. It 

is easily reduced when heated with carbon or hydrogen (28). This supports the 

assumption made earlier that antimony is predominantly in the trivalent state in the 

experimental slags. 

The effect of slag composition on the distribution coefficient of antimony can be rel

ated to the increase in the concenlratiori of free oxygen ion, O2", in slag which accom

panies the increase in the slag basicity. It is therefore useful to examine the distribu

tion of antimony in terms of the ionic theories of liquid slags. 

Antimony trioxide, Sb203, is an acid oxide. It may form an anion complex in slag by 

the oxygen ion consuming reaction: 

Sb203 + 3 O2" = 2 Sb03
3- (6.1) 

The partition of antimony between slag and metal can be represented by the following 

reaction 
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[Sb] + | COg + | (O2") = (SbOs
3-) + | [C] (6.2) 

where the brackets [] and () refer to the metal and the slag, respectively. The equili

brium constant of this reaction in terms of activities is 

K _ a(Sb01.5)'a[C]'/2 
(6 3) 

a[Sb]'a(0!-)''*'PC0'/! 

In equation (6.3), a^ and are unity J. Thus, the equilibrium constant can be 

written as: 

K = a(Sb0l-5) (6.4) 
a[Sb]'W/! 

Assuming N^Q ) can '3e approximated as at low antimony concentrations in 

slag, a(gbQ a[Sb] anc* a(02~) can be exPresse<^ as: 

a „ y • N - 7 • ^°/oSb^ (6.5) 
a(Sb01>5) 7(Sb01<5) (Sb) (Sb01>5) MWC, *(nT) 

ob 1 

a = T • N =7 • [°/oSb] (6.6) 
[Sb] [Sb] [Sb] [Sb] MWSb-[nT] 

a
(02-) = 7(02-)'N(02") (6-7) 

where 7, N and n-p are the activity coefficient, mole fraction and total mole number, 

respectively. Substituting equations (6.5), (6.6) and (6.7) into equation (6.4) yields: 

is not really unity since N2 is present in the system. However, it is approxi

mated as being unity based on the fact that N2 is an inert gas. 
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K _ ^°/°Sb) 1 ["T] T(SbO,t5) (6 g) 

[%Sb] N 3/2 (n ) ~ 3/2 
(O^-) V T/ 7[Sb]7(02-) 

Equation (6.8) can be rearranged as: 

L . . N >/* . K (nT)",rSbl"l'(0'-)'/' (6 „ 
St [0/»Sb] [»T^(SbO,s) 

Assuming the activity coefficients (at low concentrations) and total mole numbers are 

constant (the total mole numbers of 100 g slag and 100 g metal can be approximated as 

1.70 and 2.13 as shown in Appendix B), the distribution coefficient can be related to 

the free oxygen ion concentration of Ihe slag with the equation: 

LSb = C ' V-)3/2 (6'10) 

where c is a constant that includes the equilibrium constant, the activity coefficients 

and the total mole numbers. 

Thus, for a given temperature, the distribution coefficient, Lg^, is only a function of 

free oxygen ion concentration in slag. Free oxygen ion concentration in slag is gov

erned by the composition of the slag. It is, therefore, useful to examine the structure 

of slags. 

The structure of pure silica is well established and models have been developed for 

the structural changes which occur when basic oxides are added to silica-rich melts. 

In pure solid silica, each silicon ion shares one electron charge with each of the four 

oxygen ions forming the tetrahedron. Thus, each oxygen ion has one residual negative 

charge and the tetrahedral group carries four negative charges (i.e. Si04
4"). Electroneu-

trality is obtained when each oxygen ion is shared by two tetrahedra. In a similar 



82 

manner to solid silica, liquid silica forms a network of Si04 tetrahedra linked by 

oxygen atoms, but the network is irregular and distorted in places. The differences 

between the solid and the liquid silica are presented schematically in Figure 6.5 (29). 

Liquid silicates can be regarded as polyionic melts that contain cations, free oxygen 

ions O2- and an array of silicate ions of varying sizes and complexity. The network 

formed by silica is three dimensional. This provides an explanation for the high vis

cosity of silica by comparison with other oxides. At the pure silica composition the 

liquid has a cross-linked Si-0 network with broken bonds due only to thermal energy 

fluctuations, resulting in a very viscous melt (25). 

When a basic oxide is added to this liquid each added oxygen ion enters the network 

and separates the corners of two tetrahedra. The breakdown of the lattice of molten 

silica by the basic oxides is presented by the reaction 

(•Si-O-Si:) + MeO = 2(:Si-0") + Me2+ (6.11) 

where MeO is a basic metal oxide such as CaO. As a result of this reaction negative 

charges are introduced on the unshared corners, and the cations in the melt tend to 

remain adjacent to these negative charge locations. As the concentration of the basic 

metal oxide increases, the breakdown of the silica network and the evolution of free 

oxygen ions are accelerated until eventually the silica is present as discrete Si04
4-

groups (17). The stages in the breakdown of the lattice of molten silica by the addition 

of a basic oxide are shown in Figure 6.6 (29). 

The polymerization of molten silica can be represented by an equilibrium within the 

melt among the three types of oxyions (25) 
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Si - 0 tefrahedra 
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Figure 6.5 Schematic presentation of the silica tetrahedron and 

the structures of crystalline and molten silica. The oxygen 

atoms are shown white and the silicon atoms black (from ref. 

29). 



Figure 6.6 Stages in the breakdown of the lattice of molten silica 

brought about by the addition of a divalent metal oxide, such as 

CaO. Metal ions are represented by the shaded circles. The concen

tration of metal oxide increases from top to bottom (from ref. 29). 



O2- + O0 = 2 O" (6.12) 

where O0 represents a bridging oxygen bonded to two silicon atoms, O" represents an 

oxygen bonded to only one silicon atom, and O2- represent an oxygen coordinated only 

by a basic metal cation. Equation 12 can act in either direction due to interchange 

with the metal ions. 

The viscosity of silica melt decreases rapidly as the three dimensional network is dis

rupted, but the viscosity/composition relation is non-linear (17). This suggests that a 

series of silicate ion complexes is formed. Melts very rich in the basic oxide (more 

basic than the orthosilicate, 2Me0.Si02, composition) consist mainly of Me2+, O2- and 

discrete Si04
4- anions. As the concentration of Si02 increases, Si04

4- units are 

replaced by two dimensional chains, two dimensional rings, and so on up to the three 

dimensional network of pure silica. Bockris et al. (as quoted by Turkdogan, 17, pp. 74) 

proposed the following stages of polymerization or dissociation model for silicate melts: 

0-10 mol% MeO : Gradual break down of the continuous three 

dimensional network. 

10-33 mol% MeO : Spatial silicate polyions (Si3n06n+s)6- or (Si4n 

OSN+4)8 

33-55 mol% MeO : Mixture of spatial polyions Si309
6"and 

Si6015
6- or Si4012

8" and SigO20
8- rings 

55-66 mol% MeO : Simple anion rings and chains 

66-100 mol% MeO : Si04"~ and O2- ions. 

Electro-neutrality considerations require the presence of more than one type of ion 

complex between each of these fixed stages. Therefore, the structure for a given com

position is only intended to be that which is dominant, not sole, and the transition is 
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always gradual: for a given concentration different anion complexes will coexist in 

equilibrium. 

By assuming that condensation of chains to yield ring structures or networks does not 

occur, Masson (30) succesfully modelled the Me0-Si02 melts. Masson applied polymer 

theory to predict anion distribution and evaluate therefrom the activities of the basic 

component. In a binary Me0-Si02 melt, there are Me2+, O2-, Si04
4-, and other higher 

polymeric species. The following polymerization or dissociation equilibria occur in the 

melt: 

Si04
4- + SiCV" - Si207

6" + O2" ; ku 

Si207
6- + Si04

4" = Si3O10
8" + O2- ; kJ2 

Si3O10
8" + Si04

4" = Si4013
10" + O2" ; k„ 

Sin03n+1 
2<n+1)" + Si04

4" = Sin+103n+4 
2 ("+2)" + O2- ; kln 

In the foregoing kn, k12, k13 and kln are the association or polymerization equilibrium 

constants. The equilibrium constant kln varies with the value of n. Free oxygen ions 

are also formed during polymerization of complex polyion structures. Thus, even in 

very acid slags, small amounts of free oxygen ions will be present. 

The calculated chain length values for the Ca0-Si02 system reported by Masson are 

presented in Figure 6.7 (30). It is seen that at any given silica content of the melt, 

anionic fractions decrease in the order Si04
4- > Si207

6- >, and so forth. Lin et al. (31) 

have also developed a model to calculate chain length distributions for silicate ions at 

intermediate compositions. Their results are in very good agreement with those of 

Masson. 
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Figure 6.7 Calculated ionic distribution for CaO-SiOz 

melts at 1600 °C (from ref. 30). 



The slags used in the experiments contained MgO and A1203 in addition to CaO and 

Si02. The way in which these substances enter the silicate structure is therefore of in

terest. Predictions can be made by examining the viscosity data for the melts. Figure 

6.8 shows the viscosities in poise for Ca0-Mg0-Si02-Al203 slags containing 30 mole % 

Si02 at 1700 °C (29). As the isoviscosity lines in this figure show, substituting MgO 

for CaO appears to have little effect on slag viscosities. Thus, mole fractions of CaO 

and MgO are interchangeable in their effects on the viscosities of CaO-MgO-

Si02-Al203 melts. 

The alumina, A1203, is characterized as an amphoteric because of its dual behaviour 

as a base in the presence of a strong acid and as an acid in the presence of a strong 

base (17,29). The viscosities of Ca0-Si02-Al203 mixtures suggest that aluminum can be 

incorporated into melts tetrahedrally when the appropriate cations are available and 

the concentration of silica is high. The network forming tendency of aluminum is less 

marked than that of silica because the possibility for the ion A103
3" to form spatial 

networks is limited by the fact that instead of four it forms only three oxygen bonds 

(25). The addition of alumina to molten silica lowers the viscosity much like other 

metal oxides. However, in the presence of a network-modifying oxide, the aluminum 

enters the tetrahedral structure isomorphous with silicon (17). 

Figure 6.9 shows viscosities in the system Ca0-Si02-Al203 at 1800, 1900 and 2000 °C 

(32). The iso-viscosity lines indicate that for constant Si02 contents, the viscosity in

creases with increasing Al203/Ca0 ratio, reaching a maximum at the molar ratio 

Al203/Ca0 = 1, above which viscosity decreases. This can be explained as near the 

left-hand edge of Figure 6.9, A1203 behaves structurally rather like Si02 and contri-
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Figure 6.8 Viscosities in poise for Ca0-Mg0-Si02-Al203 slags con

taining 30 mole% Si02 at 1700 °C (from ref. 29). 
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Figure 6.9 Isoviscosity lines, poise for Ca0-Si02-Al203 slags (from ref. 32). 
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butes to the chain structure, whereas near the right-hand edge it acts as a chain 

breaker. This is consistent with its amphoteric behaviour (29). 

If A1203 enters into the ternary melt to give tetrahedra, one mole of CaO plus one 

mole of Al2Os should give two tetrahedra and be equivalent to two moles of SiOz. 

Useful empirical correlations to present the composition dependence of the viscosity of 

slags containing Si02, A1203 and metal oxides have been developed by Turkdogan and 

Bills (as quoted by Turkdogan, 17, pp.21). They showed that the viscosity of CaO-

Al20s-Si02 melts can be represented as a function of composition by using a silica 

equivalence for the concentration of alumina. For any given temperature and viscosity, 

the equivalent mole fraction of alumina, X , in terms of the mole fraction of silica, £L 

N„.„ , is defined by the difference Si02' J 

Xa - NSi02
(binary) " NSi02

(ternary)-

Calculated values of X for the Ca0-Si02 and Ca0-Al203-Si02 systems are shown in 
2L 

Figure 6.10 (17), where NJ^Q refers to the sum of mole fractions of divalent metal 

oxides, e.g. CaO, MgO, FeO. Turkdogan and Bill (17) have also found that the relation 

is essentially independent of temperature, and the viscosity is a single function of the 

composition at a given temperature (2). 

Experimental slag compositions (Table 4.2) fall near the left-hand edge of Figure 6.10. 

This indicates that A1203 behaves as a network maker and enters the chain structure 

isomorphous with Si02 in the slags. The equivalent mole fraction of A1203 in terms of 

the mole fraction of silica in the slags can be predicted from Figure 6.10. At the end, 

the slags used in the experiments can be approximated as M0-Si02 binary slags (MO 

represents the sum of CaO and MgO). Approximated binary compositions of the slags 
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Figure 6.10 Silica equivalence of alumina for composition depen

dence of viscosity; is the sum of mole fractions of divalent 

metal oxides (from ref. 17). 
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are given in Table 6.1. 

Masson's model is not valid for the slags used in the experiments. His model does not 

hold for concentrations above 40 mol % Si02 because of the assumption indicating that 

ring structures do not occur. However, Masson's model suggests that free oxygen ions 

are present in the experimental slags. The structure of the experimental slags can be 

predicted based on the model proposed by Bockris et al. (as quoted by Turkdogan, 17). 

According to this model, the slags are a mixture of spatial polyions Si309
6" and 

Si6015
6- or Si4Oi2

8" and Si8O20
8- rings. 

Schlesinger and Lynch (33) have developed an expression for the first derivative of 

oxyanion molarities in a melt as a function of the basicity of the network modifier 

and the melt composition. They have derived the relationship given below between 

the mole fractions of free oxygen ion and basic oxide (MO). 

where 

N. 
N. MO 

(O2-) (6.13) 

f i m  i r + 1  K11 

Inserting this into equation (10) yields: 

(6.14) 

LSb = c 

N MO 

3/2 

(6.15) 

the plot of log Lgk against log N^Q could give a linear relationship with a slope of 

3/2 /3 according to: 



Table 6.1. Approximation of the experimental slags as M0-Si02 slags 

Slag NMO NAI2O3 

NA1,OS 

NMO Xa 

Binary compo. 
(mol fraction) 

MO SiOj 

Slag 1 0.4772 0.0858 0.180 0.15 0.45 0.55 

Slag 2 0.5197 0.0869 0.167 0.20 0.47 0.53 

Slag 3 0.5500 0.0578 0.105 0.10 0.53 0.47 



log Lgb - | P • log Nmo - | log (3 + log c 
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(6.16) 

dlogLSb 3 * 
dl°gNMO = 5 

(6.17) 

In Figures 6.11 through 6.20, log Lgb is plotted against log N^Q for different initial 

antimony concentrations at the temperatures 1450, 1500 and 1550 °C. Linearity and the 

slopes of the curves were determined by regression analysis. Regression output, R2 

(Table 6.2), showed that at 1500 and 1550 °C, log Lg^ and log have a linear 

relationship as predicted by the model. However, at 1450 °C, the relationship is not 

linear. Calculated /? and ku values are reported in Table 6.2. The values of kn calcu

lated by this model do not match the values reported by Masson (30) (0.0016 for CaO-

SiOz melts at 1600°C). The composition of the last points in Figures 6.11-6.20 are in 

the range of Masson's model (Masson's model covers concentrations up to 50% SiOz) 

only. Therefore, the model should be discussed in this range. For this, extra experi

ments in the composition range of M0/Si02 > 1 are needed. 
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Figure 6.11 Log L<^ vs Log N^Q for 1.00% final antimony in metal at 

1550 °C. 
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Figure 6.12 Log Lg^ vs Log for 1.25% final antimony in metal at 

1550 °C. 
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1550 °C. 
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Figure 6.14 log vs Log N^Q for 1.00% final antimony in metal at 

1500 °C. 
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Figure 6.15 Log Lg^ vs Log for 1.50% final antimony in metal at 

1500 °C 
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Figure 6.17 Log Lg^ vs Log N^JQ for 1.00% final antimony in metal at 

1450 °C 
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Figure 6.18 Log Lgb vs Log N^Q for 1.25% final antimony in metal at 

1450 °C 
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Figure 6.19 Log L^ vs Log N^Q for 1.50% final antimony in metal at 

1450 °C. 
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Figure 6.20 Log Lg^ vs Log N^Q for 1.75% final antimony in metal at 

1450 °C. 
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Table 6.2 Calculated |8 and kn values 

Initial % Sb Temperature 0, „ . 
in Metal <°C) R Slope ' k» 

1.00 1450 0.1590 -0.325 - * _ * 
1.25 1450 0.2287 1.916 1.273 3.7037 
1.50 1450 0.2584 1.444 0.960 _ * 

1.75 1450 0.4789 2.561 1.708 1.4133 

1.00 1500 0.9961 12.342 8.228 0.1383 
1.50 1500 0.9653 9.877 6.585 0.1791 
1.75 1500 0.9641 17.784 11.856 0.0921 

1.00 1550 0.9661 12.769 8.513 0.1331 
1.25 1550 0.9858 14.739 9.674 0.1153 
1.50 1550 0.9999 15.540 10.360 0.1068 

* Negative values. 
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6.2 EFFECT OF TEMPERATURE 

Figures 6.21 and 6.22 show the values of L<^ in relation to temperature for the initial 

Sb concentrations of 1.00 and 1.50 wt% in the alloy. The effect of temperature on the 

distribution ratios for the slags with the basicities of 0.666, 0.818 is minimal. For the 

slag with the basicity of 1.00, the distribution coefficient demonstrates a clear increase 

with temperature. 

The effect of temperature can be discussed based on equation (6.9) which is repro

duced here for convenience. 

(7.Sb) ! K,("T) T,rSbl'7(0»-)'/' (6 9) 

Sb M (0I"» ["T^SbO,,) 

Equation (6.9) manifests that for a given slag composition, the distribution coefficient 

of antimony is a function of temperature (provided that total mole numbers are con

stant). Evaluation of the changes in the activity coefficients and the equilibrium con

stant with temperature is not possible at present because of the absence of the necces-

sary thermodynamic data. 
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Figure 6.21 Lg^ vs temperature for the initial antimony concentration of 

1.00 wt% in the alloy for slag basicities of (•) 0.666, (•) 0.818 and (•) 

1.000. 
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Figure 6.22 Lg^ vs temperature for the initial antimony concentration of 

1.50 wt% in the alloy for slag basicities of (• ) 0.666, ( •) 0.818 and (A) 

1.000. 
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6.3 EFFECT OF ALLOY COMPOSITION 

Figure 6.23 reveals the effect of the equilibrium antimony concentration (wt%) of 

metal on the distribution ratio for slag 3 (B= 1.000) at temperatures 1450, 1500, 1550 

°C. At 1450 and 1500 °C, the distribution coefficient, Lg^, decreases with increasing 

antimony concentration of the alloy, while it shows an increase at 1550 °C. 

Equation 6.9 indicates that the distribution of antimony for varying alloy composition 

is effected by at a given temperature and slag basicity. Changes in [n^,] with 

increasing Sb concentration is negligible, and because the dissolution of antimony in 

slag is always small, [n~], 7/cl „ . and (nT) can be assumed to be constant. At very i (oou15; I 

low O2- concentrations, 7^q2)- is also constant. 

The binary system Fe-Sb, the phase diagram of which is shown in Figure 4.1, suggests 

that the activity of antimony exhibits negative departures from ideality, because com

pound formation occurs and the solubilities of Sb in Fe and Fe in Sb are negligible. 

When the activity of antimony shows a negative deviation, 7rcun tends to increase. 
Loo J 

According to equation 6.9, increase in Tj-g^-j yields a positive effect on the distribution 

ratio of antimony. This effect is seen at 1550 °C in Figure 6.23 

The concentration of free oxygen ion (Nq2_) is constant at a fixed slag composition. 

However, it increases with increasing temperature because an increase in temperature 

will accelerate the breakdown of the silica network (smaller NQ2- at lower tempera

tures). Increasing antimony concentration of the system may deplete the number of 

free oxygen ions. At 1450 and 1550 °C, the depletion of O2- ions may overcome the 

increase in This will, in turn, result in a decrease in Lg^. 



I l l  

0.35 0.50 0.65 0.80 0.95 1.10 1.25 

EQUILIBRIUM Sb CONTENT (wt%) of METAL 

Figure 6.23 Lg^ vs final antimony concentration of metal for slag basicity 

of 0.666 at (•) 1450, (•) 1500 and (A) 1550 °C. 
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The presence of carbon in the system may also have an effect. Solubility of carbon in 

iron increases with increasing temperature. Interactions between carbon and antimony 

may be one of the factors controlling the mechanism of antimony distribution. 

In Figures 6.24 and 6.25, Lg^ is shown in relation to the equilibrium antimony content 

(wt%) of metal for slag 1 (B=0.666) and slag 2 (B-0.818) at 1450, 1500 and 1550 °C. 

One should note the scale change in these figures. Fluctuations may be due to analyti

cal error. In the figures, Lg^ decreases with increasing antimony content at all tem

peratures. The concentration of O2- ions is smaller in these slags (lower basicity). The 

decreasing trend of Lg^ with increasing antimony content may be a result of the 

depletion of the free oxygen ions in the system. 



113 

0.20 

0.16 

0.12 

Sb 

0.08 

0.04 

0.00 

0.95 1.10 1.25 0.50 0.65 0.80 0.35 

EQUILIBRIUM Sb CONTENT (wt%) of METAL 

Figure 6.24 vs final antimony concentration of metal for slag basicity 

of 0.818 at (•) 1450, (•) 1500 and (•) 1550 °C. 
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Figure 6.25 Lg^ vs final antimony concentration of metal for slag basicity 

of 1.000 at (•) 1450, (•) 1500 and (A) 1550 °C. 
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7. CONCLUSIONS 

Experimental results of the influence of slag composition on the distribution of anti

mony between the slag and the metal suggest that antimony exists in an oxidic state 

(most probably as Sb203), and enters the network structure in the slag. At 1550 °C, the 

distribution coefficient for antimony, Lg^, is about 0.05 when the basicity of the slag 

is 0.666. The distribution ratio increases progressively as the basicity of the slag is in

creased. The distribution ratio reaches a value close to 0.7 when the basicity is 1. 

Higher ratios are expected for more basic slags. Thus, minimization of antimony con

tent of pig iron is possible by slagging in the iron blast furnace. The improved perfor

mance with more basic slags can be attributed to a consequent increase in a^Q2-j in 

the slags when the basicity is increased. 

The slag-metal distribution ratio for antimony increases with increasing temperature. 

To attain maximum elimination of antimony in the metal phase (maximum loss to slag), 

a high operating temperature is therefore advantageous. 

Total antimony content of the alloy has an effect on the partition of antimony between 

the metal and the slag. For slag 1 (B=0.666) and slag 2 (B=0.818), the distribution coef

ficient decreases with increasing Sb content of the alloy. For slag 3 (B= 1.000), the dis

tribution ratio of antimony shows a small increase at 1550 °C and a small decrease at 

1450 and 1500°C with increasing antimony content of the alloy. Therefore, ore selec

tion may also be an important factor in controlling the antimony content of the blast 

furnace pig iron. 
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8. RECOMMENDATION FOR FUTURE RESEARCH 

Minimizing the antimony content of the blast furnace pig iron is proven possible by 

controlling the operating parameters of the furnace. The present paper intends to dem

onstrate the effects of slag composition, temperature and total antimony content on the 

distribution of antimony between Ca0-Mg0-Si02-Al203 slags and iron. The absence of 

the thermodynamic data makes it impossible to discuss these effects accurately. The 

importance of the problem was made clear in the introduction. For a better under

standing, effort should be made to accumulate the thermodynamic data on the Fe-Sb 

system. 
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APPENDIX A 

MASS BALANCE OF EXPERIMENTAL SLAGS 

(2 g Slag (2 g Slag 
3 g Metal) 3.2 g Metal1) 

Total Sb Initial Total Sb end Sb loss Sb loss 
No (g) (g) (g) (%) 

1 0.0300 0.0150 0.0150 50 
2 0.0375 0.0282 0.0093 25 
3 0.0450 0.0334 0.0116 26 
4 0.0525 0.0343 0.0182 35 
5 0.0300 0.0194 0.0106 35 
6 0.0375 0.0238 0.0137 36 
7 0.0450 0.0243 0.0207 46 
8 0.0525 0.0388 0.0137 26 
9 0.0300 0.0158 0.0142 47 

10 0.0375 0.0189 0.0189 50 
11 0.0450 0.0212 0.0238 52 
12 0.0525 0.0285 0.0240 46 
13 0.0300 0.0207 0.0093 31 
14 0.0375 0.0237 0.0138 37 
15 0.0450 0.0267 0.0183 41 
16 0.0525 0.0359 0.0166 32 
17 0.0300 0.0199 0.0101 34 
18 0.0375 0.0249 0.0126 33 
19 0.0450 0.0284 0.0166 37 
20 0.0525 0.0373 0.0152 29 
21 0.0300 0.0253 0.0047 16 
22 0.0375 0.0208 0.0167 44 
23 0.0450 0.0211 0.0239 53 
24 0.0525 0.0142 0.0383 73 
25 0.0300 0.0235 0.0065 32 
26 0.0375 0.0301 0.0074 20 
27 0.0450 0.0356 0.0094 21 
28 0.0525 0.0405 0.0120 23 
29 0.0300 0.0185 0.0115 38 
30 0.0375 0.0269 0.0106 28 
31 0.0450 0.0256 0.0194 43 
32 0.0525 0.0320 0.0205 39 
33 0.0300 0.0176 0.0124 41 
34 0.0375 0.0206 0.0169 45 
35 0.0450 0.0236 0.0214 47 
36 0.0525 0.0336 0.0189 36 

because of the dissolution of carbon and the other elements, the final amount of metal 
is increased to 3.2 g. 



APPENDIX B 

TOTAL MOLE NUMBERS OF THE SLAGS AND METAL 

Total mole Numbers of the Slags 
(100 g slag) 

Component Mol % Number of Moles 

Slag 1 CaO 26.01 0.4458 
B=0.666 MgO 21.71 0.3721 

Si02 43.70 0.7490 
AI2O3 8.58 0.1471 

100.00 (nT) - 1.714 

Slag 2 CaO 35.84 0.6063 
B=0.818 MgO 16.13 0.2729 

Si02 39.34 0.6657 
A1203 8.69 0.1471 

100.00 (nT) = 1.692 

Slag 3 CaO 46.23 0.7846 
B= 1.000 MgO 8.77 0.1489 

Si02 39.22 0.6657 
AI2O3 5.78 0.0981 

100.00 (nT) - 1.697 

Total Mole Number of Metal 
(100 g metal) 

Temperature Mol% Fe npg Mol% C1 [n^] 

1450 0.8001 1.6993 0.1999 0.4246 2.1239 
1500 0.7968 1.6975 0.2032 0.4329 2.1304 
1550 0.7935 1.6957 0.2065 0.4413 2.1370 

1 Values taken from Fe-C Phase diagram (34). 
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