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ABSTRACT

In the present investigation, the multi-phase equilibria relevant to ferrochromium refining and

stainless-steel making have been made in terms of gas-metal equilibria in alumina crucible and

gas-slag-metal equilibria in chrornium-oxxie crucible and silica crucible, elucidated by 73

figures in forms of silicon distribution, sulphur partition and chromium distribution.

Gas-Metal Equilibria

The relations among carbon content, silicon content and the partial pressure of carbon

monoxide in the CO/Ar gas :)hase annotate that carbon content increases in the alloys with the

ascent of silicon content and the partial pressure of carbon monoxide. Within 0.0 to 0.15 atm

of the partial pressure of carbon monoxide, the carbon content elevates up very quickly.

Silicon content expedites the increase of carbon in the alloys. The carbon content of the alloys

increases with the increase of silicon, when CO exists in the gas phase. On the contrary, metals

can not pick up carbon if there is no carbon monoxide in the gas phase. The results are

expressed in a 3-dimensiollal diagram and 5 ligures.

Silicon Distribution in Gas-Slag-Metal Equilibria

The effects of slag's composition, metal's composition and the partial pressure of carbon

monoxide on the equilibrium partition of silicon between slag and metal phases, expressed by

the ratio of [Sil/(Si02) by mole fraction have been scrutinized. In general, as the content of

chromium in the slag phase increases, the ratio of [Sij/(Si02) decreases. Silicon equilibrium

partition increases when the partial pressure of carbon monoxide decreases.
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There IS a threshold for certain partial pressure of carbon monoxide. When chromium is

higher than the threshold content, chromium content in the slag phase decreases very fast with

a very little increase of silicon ratio, and after the threshold a substantial increase of the

silicon ratio can only reduce very little chromium from slag phase to metal phase. A lower

partial pressure of carbon monoxide will help to lower the threshold content of chromium

with a lower ratio of silicon. The increase of alumina content in the slag phase enlarges the

equilibrium distribution of silicon. With Cr-oxide crucibles, the increase of Ah03 content and

the partial pressure of carbon monoxide do not effect the silicon partition remarkably The

equilibrium distribution of silicon is proportional to the content of silicon in the metal phase.

TI1e partial pressure of carbon monoxide and the crucible materials do not make the results big

difference. The effects of carbon content on the distribution of silicon demonstrate that

carbon content enhances the equilibrium distribution of silicon between slag and metal. A

higher silicon distribution can be acquired at a lower partial pressure of carbon monoxide

when the content of carbon in the metal phase excesses 0.14 mole fraction. The effect of

carbon content on the ratio of [Yc)"/[Ysd has been computed.

Sulphur Distribution in Gas-Slag-Metal Equilibria

The equilibrium distribution of sulphur between slags and metals in terms of (S)i[Sl by molar

traction has been investigated at O.034atm, O.05atm and 0 83atm of partial pressure of carbon

monoxide in Cr-oxide crucibles at 1500"C and silica crucibles at 1580"C. It is shown that

sulphur transfer from metal phase to slag phase increases with lowering partial pressure of

carbon monoxide, increasing MgO content, decreasing Si02 content, dwindling AhOJ

content, and declining chromium oxides in the slag phase.

It also demonstrates that sulphur transfer from metal phase to slag phase increases with

enhancing carbon content of the metals: decreasing chromium content of the metal phase:
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declining sulphur content in the metals; dwindling silicon content of the metal phase in the

range of n.005 to 0.02 molar fraction; and particularly lowering partial pressure of carbon

monoxide in the gas phase. While the partial pressure of carbon monoxide seems no

pronounced e!iects on the sulphur partition when carbon content in the metals is less than 0.15

of molar fraction.

The impacts of partial pressure of carbon monoxide, combmed with carbon content of metal

phase are influenced greatly by means of silica content in the slag phase. The relations between

MgO and sulphur capacity, the effects of silicon on [Ysi]'I2/[YsJ and [Usi]II2/[yS], and the

influences of silicon, carbon, chromium and sulphur on the activity coefficients of sulpuur and

carbon and on [Ys][yc] have been computed and used to interpret the experimental results.

Chromium Distribution in Gas-Slag-Metal Equilibria

By contemplating formula 'In Lo = xln] [%C]lPco} + K', which is linear with slope x and

intercept K, the graphics by using the experimental data have been plotted for three series of

experiments. The slopes are 1.125, 1.10 and 1.07, which represent that the ran» 0,'

(CrO/(CrO+CnOJ)) in the slag phase is 75 per cent; 80 per cent and 86 per cent respectively.

The experimental conditions for the above 3 slopes are: (1) at 1500°C in Cr-oxide crucible

under the atmosphere of carbon monoxide; (:2) at O.05atm of partial pressure of carbon

monoxide in Cr-oxide crucible at 1500°C and (3) at 0.034atm of partial pressure of carbon

monoxide in silica crucible at 1580°C respectively.

A higher percentage of CrO exists in the slags when a lower partial pressure of carbon

monoxide is imposed. The percentage of CrO in slags higher in silica crucible, compared with

that in Cr-oxide crucible. The content of chromium in the slags increases with increasing

chromium in the metal phase. A lower chromium content in the slags is procured by utilizing

a lower partial pressure of carbon monoxide in the gas phase. The chromium in slags

decreases with increasing SiO~,
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The reSI\i)l'.achit,,~d in Cr-crucibles at 1500°C and O.83atm of the partial pressure of carbon

monoxide, arl" < rpressed in SiOz-(AhO.l+CaO+MgO)-(Crz03+Fe203) ternary diagrams by

means of iso-concentration lines for carbon and chromium.

Based upon the measuring compositions of alloys in equilibrium with the slag phase, the

activity coefficients and the activities for carbon and chromium in the metal phase are

computed and plotted in the Si02-(Ah03+CaO+MgO)-(Crz03+Fe203) ternary diagrams by

means of iso-activity coefficient lines for carbon and chromium and iso-activity lines for

carbon and chromium.
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Chromite varies in colour from dark brown to jet black and usually occurs in a IT. .ve

form with a granular structure, although individual crystals are octahedral. The interstitial

material usually consists of magnesium silicates. Compared with most other minerals it is

fairly soft, its hardness being 5.5 on Moh's scale. Its density ranges from 4.6 for high grade

ores to 4.0 for low grade ores. Its melting point varies with its composition in the range

1545 to 1730 °c. It has a lustre approaching to that of metals and it is almost insoluble in

acids[3].

1. INTRODUCTION

1.1. CHROMIUM RESERVES

1.1.1. Chromite and Its Properties

The mineral chromite has the theoretical composition FeO.Cr203 with a theoretical content

of (i8 per cent Cr203 and 32 per cent FeO by weight. It is one of a group of isomorphous

cubic minerals known as spinels which can be represented by the general formula XO. Y203

where X is a divalent metal ion usually Iron, calcium, magnesium or manganese and Y is a

trivalent metal ion usually iron, chromium or aluminium. The spinels have a wide range of

mutuai solid solubility. In natural chromite the replacement of chromium and iron by other

elements always occurs to some extent. The chromium is replaced mainly by aluminum and
the iron by magnesium, which are the main reasons why the commercial chrome ores rarely

contain more than 50 to 55 per cent Cr203 and some contain up to 20 per cent of both
Ah03 and MgO. Analyses of typical chromite ores from various deposits are given in table

1.1[1.21•
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South Africa

1.1.2. Chromite Ore Reserves of the World

Lead chromite (PbCr04), an orange -red mineral found in the Beresof Mine on the eastern

slopes of the Ural Mountains in 1766, was the first known and mined source of chromium.

Sixty years later, a deposit of the black mineral chromite W~ s found in Maryland in U.S.A.

in 1827, and this deposit was the only available source of chromite ore in the world for

about twenty years. In 1848 high-grade chromite deposits were discovered in Turkey, and

these constituted the rrain source of supply until the discovery of chromite ore in India and

Rhodesia in about 1906[21• Chromite ore is obtained from major sources in ten different

countries, but about 98 per cent of world's chromite reserves are found in the Republk: of

South Africa (68%) and Zimbabwe (30%)[41
•

Of the world's total reserves of chromitc ore, which amount to 3330 Mt, 68 per cent or

2270 Mt are in the Republic of South Africa and 30 per cent or 1000 Mt in Zimbabwe. The

vast reserves of chromite in South Africa are all situated in the Transvaal and form a

mammoth geological intrusion termed the Bushveld Igneous Complex, said to be the largest

igneous rock complex in the world. This geological phenomenon enables South Africa to

lay claim to the world's largest known reserves of andalusite, vanadium, platinum, platinum-

group .netals and chromite. To facilitate a true appreciation of the magnitude of South

Africa's chromite resources, an interesting analogy may be drawn. If chromite were to be

represented by crude oil, then, on the percentage basis, the country's contribution to world

res'i!rves would be slightly more than the combined reserves of Canada, the United States,

Western Europe, Eastern Europe and the entire Middle East[4
1
•

2
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Table 1.1. Analyses of Various Chrome Ores[l]

rountry type cruse c"o. reo Aho. MgO CaO SiO, C,/Fe

South AfriC41 Standard Friable 44.50 24.71 Ism 10.,15 0.31 ~.86 1.58

South Africa Hardlump 42.41 24.80 15.95 8.35 0.36 6.27 1.50. -
South Africr High grade 48.40 22.S.~ 13.94 10.72 0.20 2.55 1.86-
Zimbabwe Selukwe 49.70 14.3" I IJ.I0 13.06 0.46 6.17 3.05

Zimbabwe Selukwe 47.00 11.93 12.05 15.46 1.77 5.71 3.47

Zimbabwe Selukwe Refractory 42.63 15.65 13.80 15.77 i 0.32 8.59 2.40

Zimbabwe Great dyke 50.73 16.38 13.01 13.23 0.75 4.33 2.73

Zimbabwe Great dyke 47.00 16.00 10.00 18.00 '1.50 8.50 2.70

Cuba Cermguey 30.84 13.18 29.03 18.92 0.')1 5.33 2.08

Cuba MOilDa.y 36.00 14.51 27.50 16.53 O.4~ 1.85 2.19

Philippines Masinlcc 32.21 12.27 30.20 18.06 0.44 5.00 2.21

Philippines Acoje Concentrate 49.32 18.80 11.37 15.85 ... 3.50 2.3~

Turkey Metallurgical 48.26 14.11 13.03 16.85 0.96 5.08 3.02

Turkey Kefdag 42.44 12.50 16.75 1".)2 0.25 6.21 2.97
I

Turkey Refractor; 37.10 13.94 24.35 17.74 0.22 4.34 2.36

New Caledonia Metallurgical 51.10 14.15 11.16 16.96 0.10 5.75 3.20

Russia Metallurgical 53.87 12.56 9.63 13.27 1.06 5,822 3.77

Russia Refractory 39.08 13.98 17.35 16.07 o.ss 9.3S 2.46

Yugoslavia Metallurgical 49.73 15.16 1O.41l 15.90 0.422 5.% 2.90

India Orissa 49.90 13.85 10.85 1S.26 0.17 6,25 3.17

India Mysore.Refractory 41.53 22.41 13.40 12.34 0.06 6.91 1.63

Greece Tsagh Nc.I 45.18 15.16 17.08 15.82 0.35 3.80 2.60

Greece Domckos 35.80 16.30 22.12 14.50 fl.;'4 5.96 1.92

United States Stillwater 38.S0 13,20 15.45 13.43 - 6.00 1.47

Pakistan BnluchisUln 48.40 15.20 10.80 16.37 0.30 4.98 2.82

Sierra Leone KambulHllis 42.00 14.08 21.23 16.16 0.05 4.81 I ~.53~
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The Bushveld Igneous Complex in South Africa, an enormous saucer-like intrusive igneous

mass, extends for about 400 km from east to west, and roughly the same distance from

north to south, and is located in the central and slightly western portion of the Transvaal.

The Complex is highly mineralized, comprising deposits of fluorspar and tin in the acidic

phase, platinum group metals and chromite (which are associated with nickel, copper, and

cobalt sulphide), and magnetites, which occur together with vanadium and titanium in

discrete layers. The major reserves of platinum group metals occur in the UO-2 Reef and

Merensky Reef. which constin..te the h'rgest known deposits of chromium, vanadium, and

platinum in the world, The four major areas in which chromite are is mined are the eastern

chrornite belt, the western chromite t'.Jlt, the Zeerust district, and the area south of

Potgietersrus.

The deposits in the Zeerust and Potgietersrus areas, where the resources are limited, have

the highest Cn03 content (52 to 57 per cent) and the highest chromium-to-iron ratios (2.0

to 2.9). The major deposits are in the western and eastern Bushveld, where the resources

are vast but are oflower grade (45 per cent Cr203) and have chromium-to-iron ratios of 1.5

to 1.6. Other deposits have slightly lower Cr203 contents and lower chromium-to-iron

ratios( about 1.4). In all, 21mines have been established in these areas. Chromite ores from

Zimbabwe and Turkey have a higher chromium-to-iron ratio of 3.0 and 3.5 respectively.

The chromite ores mined fall basically into two categories -- the hard lumpy variety and :ile

friable type. In the vast chrornite reserves of South Africa, 70 per cent is classed as lower

grade chromite ores and only 30 per cent can be high grade chrornite (chromium-rich, high

chromium-to-iron ratio, hard and lumpy). These are both derived from underground mining

operations as the nature of the deposits precludes the use of open-cast mining. Most of

these ores then undergo an up-grading operation in beneficiation plants, which

characteristically use simple screerung and hand-sorting operations. In some cases, complex

heavy-medium, magnetic, gravity separation tecbniques may be necessary. Intermediate and

more widely used operations comprise crushing, washing-screening, hand-sorting or

crushing, and washing-grinding-gravity separation. For gravity separation, mainly spiral

concentrators are used although shaking tables are used in a few instances. The up-graded

4
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ores, which generally have chromium-to-iron ratios of 1.3 to 2.4, are then either railed for
. lants f .. C hromi [4]export or sent to smelting p ts lor conversron into rerro-c ormum .

Zimbabwe[4,5]

Zimbabwe is the largest known source in the world of the high-chromium ores with

officially published figures giving reserves of 560 Mt or about 86 per cent of the total

world's reserves of the high-chromium ores and a similar additional amount as potential

further reserves. Reserves of high-chromium ores for the remainder of the world, including

South Africa and Eastern Europe, have been estimated at approximately 90 Mt (about 14

per cent of the total world's reserves). With a potential of a further 87 Mt, Southern Africa

sub-continent holds 98 per cent of the presently identified reserves of chromite ores in the

world.

The chromite ores of Zimbabwe can he classified into two main types: the seam deposits

occurring in the Great Dyke and the alpine or podiform deposits. The Great Dyke deposits

comprise the major part of the known reserves of Zimbabwe chromium ores. In the alpine

deposits chromium occurs as isolated occurrences in ultrabasic intrusions, not associated

with the Great Dyke.

For many years, the ores from the podiform deposits in Zimbabwe, which are hard and

lumpy and have a chromium-to-iron ratio of 3.0 and higher, were the principal raw material

used by the ferro-chromium industry of the Western World. The depletion of these

resources led to the exploitation of the chromite ores from the Great Dyke, which currently

contains the entire reserves of chromite ore in Zimbabwe. The chemical compositions of the

both ores have been listed in table 1.1. The ore from the Lower Group seams of the Great

Dyke is of high grade, 43 to 54 per cent of Cr203 with chromium-to-iron ratios of 2.6 to

3.5, but is much more friable than the ore from podaorm deposits, and is not readily

amenable to mechanised mining. The chemical variations between the different podiform

ores are complex and they cannot be characterised as simply as the seams on the Great

Dyke. The range in CrZ03 content of podiforms ores is very similar to that of the Great

Dyke ores, the mean of 44% Cr20J is slightly less than the mean of 47% CrZ03 for the

5



Great Dyke ores. The mean chromium-to-iron ratio is somewhat greater than 2.9 (ranging

from 1.9 to 4.1), compared with 2.7(ranging from 2.0 to 3.5) for the Great Dyke ores. This

is due to the generally lower content of approximately 12% FeO in the podiform ores,

compared with approximately 16% FeO in the Great Dyke.

The Fonner U.S.S.R. and the Eastern Bloc

The reserves of chromite ores in the former USSR appear to be fairly substantial and are

located almost entirely in the Ural Mountains, where the first chromium-containing mineral

was discovered. An early Roskill report estimated the reserves at only 43 Mt. However,

carefully sifting of the available evidence from German and U.S.A. sources indicates that

the reserves may be much larger, amounting to over 200 Mt of proven reserves and 180Mt

of potential reserves, i.e, about one-sixth of those in South Africa. On average, the proven

resources appear to contain about 50 per cent CrZ03 and to have a chromium-to-iron ratio

between 2.8 and 3.0.

Albania emerged comparatively recently in the production of chromite ore. The deposits,

which are located in the Dinaric Alps, have estimated reserves of22 Mt of massive hard ore

with an average CrZ03content of 43 per cent and a chromium-to-iron ratio of 3.0. Most of

the ore is suitable for metallurgical and refractory usage, but a substantial proportion of the

run..of-mine ore appears to be subjected to beneficiation processes, p.obably to produce

concentrates for the production of chemicals.

1.2. USAGE OF CHROMIUM ORES

The three main areas for the first-use consumption of chromium ores are the metallurgical

industry (ferro-chromium alloys and chromium metal), the refractories industry (refractories

and foundry sands), and the chemical industry.
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The metallurgical use results from the addition of chromium to improve the strength,

corrosion and oxidation resistance of Iron, nickel and other metals. For addition to ferrous

alloys, chromium is usually produced as a ferro-chromium alloy containing approximately

70 per cent chromium.

In order to be suitable for the production of ferro-chromium, chrome ore should contain a

minimum of 48 per cent of Cr203 with sulphur and phosphorus contents each less than 0.1

per cent and the ratio of chromium to iron preferably not less than 2.8. Silica is an

undesirable constituent and the combined content of alumina and magnesia is preferably

below 25 per cent. The minimum value of 48 per cent Cr203 is commonly taken as a basis

for price evaluation.

Chromite ores are used extensively for refractory purposes. It differs from most other

refractories in common use in that it is chemicaD.y almost neutral and consequently it resists

attack by both acids and bases at high temperatures. Although pure chromite has a high

melting point, the ore consists of chromite embedded in a matrix of magnesium silicates

which have a lower softening temperature. For the best quality chromite refractories,

therefore, it is desirable to have an ore with as low a silicate content as possible and it is

desirable to keep this as low as 5 per cent if possible. The refractoriness also decreases with

increasing iron content. For refractory purposes, therefore, an ore is required to have high

contents of Cr203, M03 and with low silicate and iron oxide contents. The combined

content of Cr203 and M03 is usually 57 to 63 per cent.

The chemical use of chrornite is almost entirely for the primary production of sodium

dichromate. For this purpose the chromite should contain a minimum of around 45 per cent

Cr203. The iron content can be much higher than for metallurgical or refractory use and a

common chromium-to-iron ratio is 1.6. Silica should be less than 8 per cent and sulphur

must be at a low level. The large chemical use of chromne is for tanning and for the

production of pigments. The tanning industry employs chrome alum and dichrornates while

the chrome pigments are usually produced from lead chromate. Chrome oxide green is 97-

99 per cent chromic oxide, Guignets green is a hydrated ch, omie oxide, while chrome

yellow and zinc chrome are lead and zinc chromates,

7



Another important chemical use of chromite is for surface treatment of metals in which a

sodium dichromate dip is used for cleansing and pickling prior to galvanizing steel and for

brightening the surface of brass. Chromium electroplating for wear resistance and for

decorative finishingis also an example of chemical use of chrome ores since it is carried out

in a chromic acid bath, the chromic acid being prepared from sodium dichromate. Finally,

chromite and other chromium compounds are used extensively as colouring agents in

ceramic glazes and in glass making.

1.3. BENEFICIATION OF CHROMITE ORES

The stable structure of chromite ores implies their beneficiation is limited to those capable

of removing the physically associated gangue minerals, gravity-concentration processes

normally being applicable. Some degree of beneficiation treatment is applied to the ore from

most of the deposits in the world. The milling cost in Zimbabwe are possibly the lowest in

the world because of the nature of the ore, but the mining and freight costs are relatively

high. South Africa chromite ores all undergo at least rudimentary beneficiation. Several

methods are employed, the choice depending to a considerable degree on the type of

product desired. Simple screening and hand-sorting operations may be adequate in some

cases, but complex heavy medium, magnetic, and gravity separation may be necessary in

others. Intermediate and more widely used operations comprise crushing, washing

screening, hand sorting or crushing, and washing-grinding-gravity separation. For gravity

separation, mainly spiral concentrators are used; although shaking tables are used in a few

insr ances

Recoveries are usually within 80 to 85 per cent but, with the limitation of the beneficiation

process, The Cn03 grade can be increased by only I to 4 per cent. The operating cost for

beneficiation are relatively low, probably in the range R3.50 to R12 per ton of feed, of

which the labour component accounts for 40 to 50 per cent. Precise data are not available

for the tonnages of ore treated by the various beneficiation processes employed. Only about

8
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30 per cent of the chromite ore mined in South Africa can be classified as 'lump ore' (a

production of just under 1 Mtla), most of which is used for the production of ferro-

chromium in submerged-arc-furnaces. At an 85 per cent recovery of the chromium in the

ore into the ferro-alloy, 2t of ore are needed to produce 1t of ferro-alloy, and about 2 Mt of

ore containing 44 per cent CnD3 are needed to produce 900 kt of alloy. Therefore, ferro-

chromium producers absorb a substantial proportion of the beneficiated ore and leave about

1 Mt of beneficiated ore for other purposes. A large proportion of the beneficiated ore is

too fine to be fed direct to submerged-arc-furnaces, and requires some form of

agglomeration before it can be used. Some of the concentrates from the grinding and

beneficiation processes constitute the starting materials for the production of chemicals,

refractories, and foundry sands.

1.4. PRODUCTION OF FERRO-CHROMIUM ALLOYS

1.4.1. Conventional Methods of Production

The largest use of chromium in metallurgical production is for the manufacture of

chromium steels. For this purpose, chromium may be used as an iron-chromium addition

alloy, which can be produced directly from the mineral chromite without the necessity for

any preliminary treatment to separate iron and chromium in the ore. Commercial ferro-

chromium contains 45 to 75 per cent chromium and is produced by the direct reduction of

chrome ore. The theoretical composition Cr2D3.FeD contains 68 per cent CnD3 and 32 per

cent of FeD by weight, which corresponds to a chromium:iron percentage proportion of

65:35. In practice, as noted before, due to contamination by oxides of aluminium,

magnesium and silicon the content of chromic oxide in the ore rarely exceeds 50 to 55 per

cent and is often less. For the production of metallurgical ferro-alloys, chrome are is

selected with a minimum chromic oxide content of 48 Pt.l c.:r..i.and with a chromium to iron

ratio as high as possible. Four types of ferro-chromium are commercially produced:

9



1. High carbon ferro-chromium (including charge chrome)

2. Medium carbon ferro-chromium

3. Low carbon ferro-chromium

4. Low carbon, high chromium

Each type of ferro-chromium is divided into two groups by phosphorous content, namely

normal P content with maximum P content of 0.05 per cent in the alloys, and low P content

with maximum P of 0.03 per cent. The compositions of the alloys are listed in table 1.2.

Table 1.2. The Chemical Composition of Ferro-Chromium Alloys

Type Cr% C% Si% S%

H-Carbon 45--75 4.0--10 Upt06 Up to 0.05

M-Carbon 45··75 0.5··4 Up to 1.5 Up toO.05

L·Carbon 45··75 Up to 0.5 Up to 1.5 Up toO.03

L.C,H·Cr 75·-95 Up to 0.5 Up to 1.5 Up toO.03
. .-

Note: maximum nitrogen content is 0.15% for the low-carbon alloy; and for the low-
carbon and high-chromium alloy, maximum N is 0.20% and maximum Ni 0.15%, maximum
Co 0.02%.

High Carbon Ferro·Chromium

The commercial production of high carbon ferro-chromium dated back to the first industrial

use of low chromium alloy steels in about 1760 to 1870. Small quantities had, however,

been produced at a much earlier date, usually by the rather simple method of heating the

oxides of iron and chromium mixed with powdered charcoc' ~,a crucible, a method first

proposed by P.Berthier in 1821[6]. This method continued to l . ".\ .:1 it was supplanted

by the direct reduction of chromite and chrome-ferrous iron ore 'Vv .Li, coke or coal in a blast

furnace, an innovation due to E. Fremyl7l. At first this method was used to produce ferro-

chromium with quite low chromium content, usually not more than 7 or 8 per cent. The

ferro-chromium went by the name of 'Tasmanian Pig Iron' derived from the fact it could be

10



produced by the direct reduction of the chrome-ferrous iron ore of Tasmania. To produce

higher chromium content required higher blast temperatures and the use of large quantities

of coke and it was not until 1870 to 1880 that ferro-chromium containing as much as 30 to

40 per cent chromium was in regular commercial productior . The first ferro-chromium, as

it is known today, containing 70 per cent chromium, was produced in Sweden and its

production was first described by E. O. Odelstjerna [8) in 1886.

The major improvement in the production of ferro-chromium came with the introduction of

the electric arc furnace instead of the blast furnace. To obtain even chromium content of 30

to 40 per cent in the ~'last furnace involved very high fuel costs. Since the furnace ran at a

relatively low temperature the carbon content, which was often as high as 10 to 12 per cent,

was much higher than that produced in the modem electric arc furnace process. Sulphur

and phosphorus also vere present in much larger amount than in the modem product.

Attempts were made to produce higher chromium content by increasing the temperature in

the blast furnace by means of an oxygen enriched blast but this process was much too

expensive to compete with the electric arc furnace process. The development of the electric

arc furnace and its application to the reduction of chromite ore is due to H. Moissan[9) and

has led to the modem commercial production on a very considerable scale of high carbon

ferro-chromium containing 67 to 71 per cent chromium and about 4 to 6 per cent carbon.

The electric furnace most commonly used for its production is the open top submerged arc

furnace, in which the arc occurs between electrodes submerged in the charge. The steel

furnace shell is lined with chromite or some other suitable refractory and the metal can be

taped as necessary during the reduction. The chromite used is of a selected grade containing

a minimum of 48 per cent Cn03 and a ratio of chromium to iron approximating to 3.0. The

content of silica in the chromite IS as low as possible. Coke is usually employed as the

reductant. The charge IS fed into the top of the furnace where it is continually rubbed to

prevent the accumulation of dangerous gas pockets, containing carbon monoxide which is

evolved as a consequence of the reduction reaction. The high carbon ferro-chromium

collects at the bottom of the furnace and is Lapped into ladles and cast into chill moulds.

When it is cool, it is broken up and sorted to remove adhering slag. It is graded according

to its carbon content and is sold in various grades.

11
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Low Carbon Ferro·Chromium

The changes in the production of stainless steel affected the consumption pattern of

chromium alloys :11 the past decades because about 79 per cent of the world's chrome

products are used for the production of steel and othe, special alloys. Low carbon ferro-

chromium was used to a large extent in the past, but high carbon ferro-chromium became

dominant as the conventional processes for stainless-steel production utilizing electric arc

furnace were replaced by oxygen-blowing processes, such as AOD, and VOD. Due to the

problems coming from tile use of high carbon chronuum and coming from the limitation of

steelmaking itself, certain amount of low carbon ferro-chromium, about 6 per cent of the

total ferro-chromium, has to be used to produce steels and other special alloys [101• For the

production of a low carbon alloy, the chromium oxides must be reduced by a non-

carbonaceous reducing agent like the silicon component of ferro-silicon or ferro-chromium-

silicon, The most common method employed for the production of low carbon ferro-

l.l::wmium involves the very vigorous mixing of a molten lime-chromlte slag with ferro-

silicon or ferro-chromium-silicon. The iron and the chromium are both reduced from the

spinel, and the chromium-to-iron ratio in the ore prevails in the ferro-chromium alloy. This

fact has a pronounced bearing on the economic aspects of ferrochromium production, since

the price of the product is determined by the contained units of chromium present. Former

specifications usually called for a chromium content of not less than 60 per cent, but this

vas waived as a result of the large tonnage of charge chrome sold by South Africa.

1.4.2. The }\~!ll!1dion Patterns of Ferrochromium AUoys in the World

Major attention has been given to South Africa, which is currently the largest producer of

ferro-chromium alloys in the world. It can be seen that the production of ferro-chromium

alloys by South Africa in the 1990s represented about one-third of the total production in

1.11"world. Up to thirty years ago, the chromite ores mined in South Africa were considered

12
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to be suitable mainly for use in the chemical industries since the high iron content is

beneficial in the production of sodium dichromate. Smaller quantities of ores with a higher

alumina content were used for the production of foundry sands. Almost all the chromite

mined up to 1960 was exported, although small quantities were used locally for the

production of sodium dichromate. The South Africa ores were not seriously considered for

smelting to produce ferro-chromium, mainly because of their low ratios of chromium to

iron (about 1.5). World ferro-chromium producers preferred to use the ores from

Zimbabwe and the former USSR, since those ores were hard and lumpy and had chromium-

to-iron ratios of 2.5 to 3. In addition, low carbon ferro-chromium was essential for the

manufacture of stainless steel.

Arter solving some problems, the low-grade ores mined in South Africa were used to

produce an alloy containing 50 to 52 per cent of chromium, 6 to 7 per cent of silicon and 6

to 8 per cent of carbon. This product was described as 'CHARGE CHl<.OME'.After some

aggressive marketing campaigns, this alloy was accepted by stainless-steel producers world

wide, which gave a great impetus to South African ferro-chromium industry. The

production of ferro-chromium in South Africa really began to escalate in the 1970s, rising

from 200 kt in 1973 to 1900 kt in 1995 (heing equivalent to about 35 per cent of the

worlds total).

In the U.S.A.

In the decade 1950 to 1960, U.S. imports of chrornite are reached a maximum of just over

1.5 MtJa or 65 per cent of the world exports of this commodity. In the decade 1970 to

1980, the imports of chromite ore were 1.06 MtJa or only 23 per cent of world exports.

South Africa was still the main supplier of chromite ore to the United States, accounting on

average for 44 per cent of all the U.S. imports of this commodity from 1977 to t980.
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The apparent consumption of ferro-chromium in the U.S.A. rose from 190 kt in 1970 to

293 kt in 1981. During ,hat period, the imports of ferro-chromium as a percentage of the

apparent consumption rose from 12 to 76 pel cent.



A recent calculation by the U.S. Bureau of Mines indicated that the weighted average cost

per pound of contained chromium in high carbon ferro-chromium smelted in South Africa

from local chromite ore is $0.32 f.o.b. Durban, whereas that for the same ore smelted in the

U.S.A. would be $0.43 f.o.b. Pittsburg. As transportation costs to the U.S.A. could range

from $0.04 to $0.12 pel' pound, the difference is not considered to represent a major

competitive advantage for producers in South Africa. However, the depreciation in the

recent exchange rate of the Rand versus the US dollar has undoubtedly contributed

materially to increased exports of ferro-chromium from South Africa.
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In Japan, which uses some of the most up-to-date and efficient metallurgical processes in

the world, the ~arHl;change in the ferro-chromium production is becoming evident. Japan's

imports of chromite are ranged from 962 kt in 1979 to 645 kt in 1983, with those from

South Africa remaining fairly constant at 42 to 47 per cent of the total. The respective

production of ferro-chromium in Japan in 1977 and 1983 fell from 380.2 to 297.77 kt,

whereas the imports rose from 104.1 to 297 kt. The local production was equivaicnt to 90

per cent of the consumption in 1977, but fell to 56 per cent in 1983. Except for the low

figures for 1982, the production of stainless steel in Japan in this period was fairly constant,

being within the range 1.75 to 1.84 Mt/a.

There appears to be little doubt that the production of ferro-chromium in Japan will

continue to fall, since three plants were closed down in 1983/1984. Increased costs of fuel

for the generation of electrical energy, possibly aggravated by the imposition of stringent

regulations for the cr ntrol of atmospheric pollution, have resulted in an average production

cost in Japan of at least $0.45(U.S.) per pound of contained chrom, .1, compared with a

c.i.f cost of around $0.40(U.S.) per pound of imported alloy.
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In the fonner USSR and the Eastern Bloc

In addition to the dominant position of South Africa among world producers of ferro-

chromium, the increasing influence of the former U.S.S.R. and the countries in the Eastern

Bloc has to be highlighted. The production of ferro-chromium in those countries was less

severely affected by the world recession in the steel industry than it was in the Western

World, and that those countries accounted for about one-third of the total world production

in the very early 1980s. China is an unusual country: it appears to have produced up to 90

kt of ferrochromium hut has only minute known reserves of chromite ores. Unti11978 most

of the ore required by China was obtained from Albania, but, after a breakdown in relations

between the two countries, China has to obtain ore from various alternative suppliers, one

of which is reported to be Zimbabwe, which also supplies China Veithferro-chromium.
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1.5. TECHNOLOGICAL TRENDS IN CHROMIUM ALLOY PRODUCTION

AND SUPPLY

The production of ferro-chromium alloys is dominated by the submerged-arc-furnace.

Submerged-arc smelting of ferro-chromium, according to D. Slatter[1!],is now a mature

teclmology where improvements to decrease costs are becoming increasingly difficult, As a

result, some ferro-chromium producers are introducing new technologies to be more cost

effective and to produce better products. These developments included are D.C. plasma

smelting, pre-heating and pre-reduction processes, and processing units such as the rotary

kiln, rotary hearth furnace and fluid-be 1 reactor. Finally, the question of 'direct stainless

steel' is discussed with its implications for the future's supply of ferro-chromium.



1.5.1. Features of Submerged- Arc-Fum ace Technology

2. High cost coke is required as a reductant mainly to achieve correct electrical resistivity

in the burden. Coal can be used in part to adjust resistivity but there may be problems

with evolution and combustion of volatiles above the burden, with consequent

overheating of the furnace superstructure;

Strength§

The major advantage of the submerged-are-furnace for smelting chromite may be described

as:

l. Relatively easy to control provided the charge is well classified to maintain a permeable

overburden and allow escape of reduction gases, and provided also that the charge

composition is well calculated and remains constant to maintain steady state of electrical

conditions and target slag composition;

2. Self regulating, with power input determining rate of consumption of overburden;

3. Some preheating and pre-reduction of the overburden by the hot, ascending reaction

gases.

W'!aknesses

The shortcomings of the submerged-arc-smelting technology for ferro-chromium

production can be noted as:

1. Requires lump ore or agglomerated ore fines for maximum operating efficiency and

maximum chromium recovery. This is an important factor, for example, in South Africa

where approximately 70 per cent of the chromite mined is produced as fines.

Agglomeration by pelletising or briquetting is costly and may not be entirely effective in

furnace operations.
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3. Furnace operation and metallurgical control is dictated by the quality and physical form

of the charge, and by the slag composition;

4. Slow and diluted response to deliberate changes in charge composition;

5. Chromium recoveries range from poor (65%) with high fines usage, to moderate

(80%);

6. Waste-gas utilisation not practical unless the furnace is closed.

There have, however, been some recent developments to improve the efficiency of

submerged-arc-furnace. These include:

1. Computerised control to optimise power inputs;

2. Closed top operations with utilisation of off-gas energy;

3. Pelletised «nd pre-oxidiscd fines feed;

4. Optimismg slag compositions for maximum chromium recovery.

For example, minimising MgO:CaO ratio in the slag improves chromium spinel dissolution

thus enabling more complete chromium reduction and improved chromium recovery.

Similarly, changing from basic to acid slag practice also increases spinel dissolution and

chromium recovery but there are penalties in the contrul of silicon and sulphur in the alloy,

and in decreased taphole refractory life.

1.5.2. DC Arc or DC Plasma Technology

Various organisations have carried out developmental work in the use of D.C. arc or D.C.

plasma technology for smelting chromite to ferro-chromium. In U.K, for example, non-

consumable electrode was useJ [121. In Sweden SKF with their non-transferred arc heaters



• operation with ore fineswithout prior agglomeration;

• use of cheaper reductant such as anthracite or coal, which allows a wider choice of

reductant so that sulphur and phosphorus inputs can be minimised;

• achievement of higher chromium recoveries (>85%);

• changes in charge composition are reflected rapidly in slag and/or metal composition;

• great freedom in metallurgical control; for example, because slag resistivity is no longer

a limitation, high CaO slags, with conductivities too high for submerged-arc-furnace

operation, can be used for production of extra low sulphur alloys;

o closed top operation is simplified with single electrode only, and collection and

utilization of waste-gas energy becomes a better proposition;

• better control of, and greater range in, product composition: for example, alloys with

ultra low contents of S and P (by reductant choice and slag-composition control) and

silicon levels from less than 1% to 3-4% can be produced on request.

was incorporated in their Plasmamelt Process which became a commercial operation in

Malmo but unfortunately only operated for a short time before being closed down as a

result of the recent decline in the ferro-chromium market[131•The transferred arc with

hollow graphite electrodes was developed by the South Carolina Research Authority,

SCRA, a joint development with Macalloy in the United States[141•The most successful

development ill tills field has been the collaborative programme between Mintek and the

Former Middleburg Steel and Alloys (MS&A)[1l.151•This commenced in the late 1970s,

accelerated rapidly in the early 1980s and resulted in the world's first commercial D.C. arc

furnace in 1984[161•The furnace was rated at 16 MVA and operated until 1988 when it was

reconstructed and uprated to 40 MYA. It is still the only D.C. arc furnace in world

producing ferrochromium alloys. The furnace's main features are shown in figure 1.1. These

include: single central hollow graphite electrode; DC transferred arc from the graphite

electrode (cathode) to the copper bus lube (anode) at the base plate of the furnace via a

conducting refractory hearth; fine materials feed though the hollow electrode; open-bath

smelting operation; closed furnace with single gas off-take.

Many of the weaknesses of the submerged arc furnace are the strengths of the D.C. arc

furnace, such as:
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Figure 1.1. Cross section of DC-plasma furnace [15]
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The D.C. arc furnace also has the ability to produce chromium-bearing alloys other than

high-carbon ferro-chromium or charge chrome. For example, selective reduction of low

Cr:Fe chromite ores can be carried out to produce a low chromium high iron (but high

sulphur) alloy and a slag with an increased Cr:Fe ratio. This slag may be subsequently

processed to high carbon ferrochromium with a greater chromium content that was

impossible with the original ore. The production of medium-carbon ferro-chromium (0.5-

4.0% C) can be made by reacting charge chrome fines with chrornite ore fines, the ore being

reduced by the silicon and carbon contained in the charge chrome. The by-product is a low-

grade chromium slag with a high Cr:Fe ratio for processing to high chromium alloys.

1. Strict operation control is necessary requiring reliable and comprehensive

instrumentation, data logging and process control systems. For example, the feed.power

balance is critical; excess power(or insufficient feed) leads to superheating of the bath

with grave implications for refractory and furnace integrity, while insufficient power(or

excess feed) causes freezing of the bath, electrode blockages and tapping problems;

There are, however, some important control factors to be considered and some

disadvantages in D.C. arc operation:

2. Stray arcing can be a problem;

3. Taphole maintenance is more critical than in a submerged-arc-furnace;

4. Lower thermal efficiency than a submerged-are-furnace due to greater

radiation loss from the open-bath operation and higher-temperature gases

leaving the system.

The most important area for development work on the D.C. arc furnace is to improve its

thermal efficiency by using the energy in the furnace off-gases. This has to lead to the next

technological improvement, which is discussed in the following section.
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1.5.3. Preheating Technology

Some preheating is inherent in submerged arc furnace operation with the hot furnace gases

ascending through the overburden. In addition, Outokumpu have incorporated a degree of

preheating by directing the hot off-gases through overhead bins containing the charge and

by using the furnace gases to preheat a pelletised chromite feed. The most effective

application of pre-heating is, however, likely to be linked to the D.C. arc furnace[ll].

Because the charge to the D.C. arc furnace consists of fine materials, it appears logical to

use a f1uidised-bed system as the pre-heater. Experimental test-work was carried out by

MS&A with Mintek and the development has been conducted by Samancor. In 1994, a

large pilot operation was successfully completed and the process is ready for commercial

application. It is estirnated that preheating of the charge to the D.C. arc furnace in this

manner will decrease the electrical energy requirement by approximately 1 Mwhlt alloy and

increase furnace throughput by approximately 30 per cent. The effective use of off-gas

energy in prehe ..ting the charge is a step towards decreasing the use of electric energy, a

high cost component in the production of ferro-chromium in many countries. A further step

in decreasing the electrical energy component is to pre-reduce the chromite using cheaper

sources of energy prior to final electric smelting.
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1.5.4. Pre-Reduction Technology

Significant developments in pre-reduction have already been made and others are in

progress or will undoubtedly be made in the future, as this is an area in which substantial

cost savings may be realised. The following is a brief survey of existing or potential pre-

reduction processes't",

SDK/eMI Process

Developed and used originally by Showa Denko (SDK) in Japan and subsequently installed



of ore fines.

by Consolidated Metallurgical Industries in South Africa in the mid-1970s. This was the

first commercial pre-reduction process for chromite. In the process, chromite ore fines are

milled finer, pelletised with coke as reductant, and fuel ;'1 a rotary kiln to approximately

1400 °C. The kiln is heated by pulverised coal burner. The pellets achieve approximately 60

per cent total metallisation of chromium and iron, and are discharged into a submerged arc

furnace for final smelting.

The major advantages of the process include:

• decrease electrical energy requirement (approximately 2.2 Mwhlt alloy versus 3.8

Mwhlt alloy for submerged arc smelting);

use oflow cost coal-based energy;

greater flexibility in furnace slag composition with respect to electrical conductivity due

to the decreased proportion of reductant in the charge, thus the CaO content of slag can

be higher for desulphurisation of the metal;

" higher chromium recoveries than in submerged arc furnace smelting; and the utilization

•
•

The major disadvantages, meanwhile, of the process are: costs incurred in milling and

pelletising the ore fines; requirement for coke in the pellets; only moderate levels of

metallisation, mainly the iron component which is more easily reduced; relatively high

carbon content in the final alloy; accretion formation in the kiln.

CDR Process

To address some of the apparent weaknesses of SDK Process, Krupp commenced

development of a rotary kiln pre-redu.ction process in 1984, based partly upon their earlier

experience of the Krupp CODIR Process for DRI production. MS&A and Samancor were

jointly involved in batch trial and pilot trial on the process. A commercial piant was installed

at the Middleburg Ferro-chrome plant in 1990 and named CDR for Chrome Direct

Reduction.

22

-------------------- ~u..__ .....



Amongst the advantages anticipated for this process over, for example, the SDK Process,

are: direct use of un-agglomerated chromite fines; self agglomeration of the fines in the high

temperature zone (approximately 150(tC) where the charge becomes pasty; use of low cost

coal for both the energy source and the reductant; riga degree of metallisation (80% to

>90%); further decreases in tr electrical energy required for final smelting to

approximately 1.6Mwh/t alloy for cole.charging and 1.2Mwn/t for hot charging.

Difficulties associated with the operation and which are receiving attention include:

accretion formation and its prevention or elimination; determining the most suitable

refractories, particularly in relation to accretion forming tendency; effective temperature

measurement withm the kiln along the reaction zone maintaining a constant degree of pre-

reduction and agglomeration.

The commercial plant has had some developmental difficulties but these are being

progressively resolved and already many of the perceived advantages have been realised.

With the high levels of metallisation, which are attained, the fiml furnace treatment becomes

mainly a melting rather than a smelting operation. A dedicated furnace for treating the kiln

product may be either a si.ornerged arc furnace operating as a slag resistance furnace or a

D.C. arc furnace.

Rotary Hearth Furnace

The rotary hearth furnace is potentially capable of pre-reducing chromit.e and pilot tests

have been conducted to investigate it for this application. The chromite fines are pelletised

with coal as reductant, charged as a stationary monolayer onto the moving rotary hearth

and discharged after one revoluuon. Potential advantages include: low cost pellets due to

low pellet strength requ ern; use of coal in the pellets for the same reason; rapid

metallisation (15 to 20 minutes) to high levels (80%) at temperature of 1450°C; low

maintenance cost compared with rotary kilns; no accretion formation. The pilot tests,

however, demonstrated that there is a strong tendency for the pellets to re-oxidise rapidly

due t" difficulties in maintaining a sufficiently low P02 in the pellet monolayer. Further

development work is necessary.
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If the fluidised bed can be used as a pre-heater for chromite why not a pre-reducer as well?

The reason is that pre-reduction of chromite requires temperatures of at least 1300°C,

preferably l350-1400°C. At those temperatures, with carbonaceous reductant and,

therefore, ash components present, incipient fusion and clinxcring occurs, resulting in

breakdown of the fluidised-bed operation. If the pre-reduction temperature of chromite

could be lowered significantly, the fluidised bed may become an effective unit for this

purpose. In this respect, work which may be of great significance has been carried out by

Kawasaki(17) and by MS&A and Samancor into the use of hydrocarbons as reductant.

Kawasaki tested methane. MS&AlSamancor have investigated other hydrocarbon-bearing

Gases, and more significantly, coal volatile as a hydrocarbon source. These tests have

shown that hydrocarbons have a remarkable effect upon lowering the reduction temperature

of chromite, particularly if the chromite has been pre-oxldised. For example, at l100°C ~

total metallisation of 52 per cent (71% Fe met. and 40% Cr met.) has been achieved with

liquid petroleum gas (LPG) whereas with coke as reductant but under otherwise similar

conditions, only 5 per cent total metallisation is achieved (6.5% Fe met. and 1.0 Cr met.).

The Mechanism by which this low-temperature reduction takes place is not fully understood

and requires deeper investigation. However, if this reaction can be engineered on a large

scale usmg coal volatile, the implications for chrornite pre-reduction processes could be far

reaching.

Fiuidis"',d-Bed Tcchnol0l::Y

1.5.5. Direct Stainless Steel

It is undoubted that the changes in the technique of stainless steel production will affect the

consumption pattern of chromium alloys, as it happened in the past decades, because about

79 per cent of the world's chrornite products are absorbed mainly for the production of the

steel, An alternative approach for the stainless-steel producers is to consider tl,e supply of

chromium units by some other means, which may he more cost effective. This leads us into
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the realm of the so-called 'direct stainless sv"n

What is direct stainless steel? The terminology is, based upon D. D. Slatter's opinion [11],

subject to widely differing interpretations. It ranges from simple hot transfer of molten

ferro-chromium to the steel smelt-shop, to direct smelling of chromite and oxide nickel ores

to produce a molten stainless steel 'pig', with various other options between these two

extremes. One of the definition of a direct stainless steel process is: " a process for

producing liquid iron, chromium (and nickel) units directly from their ores and converting

these to stainless steel with no production of intermediate solid forms". It should be noted

that the term 'direct stainless steel' and the definition given, make no statement about how it

is to be made. It is rather a statement of a differed approach or philosophy to chromium

(and nickel) units supply and may use existing or anticipated smelting and pre-reduction

units. The critical feature, whatever process operation is used, is that it must by definition

take place at the stainless steel plant itself. In this sense the concept is a threat to all ferro-

chromium producers and those not associated with a steel plant. A wide variety of

processes, or combinations of processes, may be suitable for 'direct stainless steel' and

stainless steel producers who embark upon this route, are likely to each have their own

preference best suited to individual conditions or requirements. Other than the direct

transfer of liquid ferrochromium to the smelt-shop, various possibilities arise:

1. The chromium and iron (and nickel) units must be combined as the ores from the

start in the correct proportions for the stainless steel grade, and co-smelted by

various alternative process operations. For example,

rotary kiln nre-reduction I 8$ I smelt;] m$ converter

2. The ores may be reduced and smelted separately, and then combined at the

converter, such as

Cores (or simib,r) plant for iron ~ I converter~ mixer
Pre-reduction kiln and smelter

for chromium
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3. Pre-reduced chrornite (via CDR or SDK-type : .;...esses) may be added directly to the

iron melt where the carbon and silicon will reduce the most of the balance of the

unreduced chromium. Supplemental energy for final reduction and mczting will be

required Such a process has been carried out by Kawasaki Steel where the pelletised

pre-reduced chromite from a rotary kiln is charged to molten iron in a converter. The

supplemental heat is supplied by injection and combustion of coke with oxygen.

4. Direct addition of chromite ore to the iron melt allowing silicon and carbon to reduce

the chromite. This has been investigated by various producers including NKK, Kobe

Steel and Krupp. Potential disadvantages of the processes such as these include extra

slag volumes from the chromite gangue and a probable poor chromium recovery from

the chromite due to the preferential reduction of iron in the chromite.

It has been reportec'"! that Kawasaki Steel will start to produce stainless steel using a direct

chromium ore smelting and reduction process in which chromium ore and ferro-chromium

are fed directly to a converter containing liquid iron.

1.6. Motivation of the Investigation

The changes in the technique of stainless steel production considerably affected the

consumption pattern of chromium alloys in the past decade because about 79 per cent of

the world's chrome products are used for the production of the steel and other special

alloys. Low-carbon ferrochromium was used to a large extent in the past, but high-carbon

ferrochromium becomes dominant as the conventional stainless-steel making processes

utilizing electric arc furnace are replaced by oxygen-blowing processes, such as AOD and

VOD.

The problems, however due to the use of high-carbon ferrochromium, such as long refining

time, high slag volumes, high refractory consumption, and high consumption of oxygen in
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steelmaking processes, may result in a tendency to increase the use of medium-carbon

ferro chromium refined from high-carbon ferrochromium.

The demand for refining of high-carbon ferrochromium may also increase in the future

because high-grade chromite (chromium-rich, high-ratio, hard and lumpy) reserves are

declining fast [[(11. There are about 2270 Ml of chromite ores (about 68 .,cr cent of the

world'reserves) in South Africa but only 30 per cent of the reserves can be classed as high-

grade chromite ores.

Upgrading techniques and agglomeration techniques, consequently, have to be employed

for the conventional production of ferrochromium in submerged arc furnaces, which will

make the alloy several percentage points higher in carbon and silicon than that produced

from hard, lumpy, high-grade chrl)mites[19.20].

The alloy produced from low-grade chromites, called "charge chrome", usually contains

above 6 per cent of carbon and above 2 per cent of silicon with chromium content below

58 per cent. Low-grade chromites can not be converted to 10w-carbon(C<0.5%) or

medium-carbon(C 0.5%-4%) ferrochromium via the conventional silicothermic ore/lime

reduction under economically feasible conditions[4).

Decarbonization of charge chrome by oxygen-blowing processes may suggest a production

path to a lower-carbon, lower-silicon. high-quality ferrochromium, which could be utilised

more efficiently by steelmakers.

Oxygen-blowing processes by top-blowing, bottom-blowing and by the combination of the

both have been used on an industrial scale [2.2(>,,36]. A new attempt to increase

decarbonization of the metal by adding nickel was investigated recently by W.Dresler[21.22].

The knowledge of the gas-slag-metal equilibrium without carbon saturation is of

fundamental importance to understand the pyro-metallurgical processes of ferro-chromium

refining and stainless-steel production, Furthermore, it is also very essential to handle with
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the problems, which occur in the processes during the uecarbonization of liquid alloy, such

as losses of Cr and Fe from alloy to slag, Si transfer from slag to alloy, elimination of S and

P from alloy to slag.

A lot of efforts, up to now, has been made on the slag-metal equilibrium and the

distributions of some elements. Investigations, particularly in the system of Cr-Fe-Si-Ca-

Mg-AI-C-O conducted under the condition of carbon saturation[23-331, has displayed great

signillcance to the production of high carbon ferro-chromium alloy. The inadequate

knowledge of the gas-slag-metal equilibrium without carbon saturation in the concerned

system, the utilisation of the vast reserves of lower-grade chromite in South Africa, and the

practical demand from ferro chromium refining and stainless-steel production stimulated

the project.

Domains of the Investigation

The project has been conducted towards the following three aspects:

1. Complete 3-phase-gas-slag-metaI equilibrium in Cr-Fe-Si-C-S alloys, A]z03-CaO-

CrOy-FeOx-MgO-SiOz-S slags, and COlAr gas. The carbon content in metal phase

could vary from zero to about 8 per cent pertinent to the requirement of ferro-

chromium refining. The partial pressure of CO in COlAr gas phase could change in the

levels ofO.83atm, O.05atm, and O.034atm related to the conditions of AOD and VOD.

2. Equilibrium distributions of Cr, Si, and S between slag and metal phase in Cr-oxide

crucible and silica crucible under different partial pressures of carbon monoxide, which

are relevant to the conditions of the production processes.

3. Systematic design of all experiments and systematic treatment of all experimental data,

in order to achieve systematic and complete results, which would help to understand

better the production processes and would be easily utilised by the industry.

28



2. LITERATURE SURVEY

z.r, GENERAL CONSIDERATION

Pyre-metallurgical processes are complex heterogeneous reactions commonly involving the

coexistence of a number of crystalline and liquid phases, both metallic and oxidic, at

elevated temperatures. Furthermore these condensed phases (crystalline or liquid) have

important interactions with gaseous species, particularly with oxygen.

Reactions involved between slag and metal are redox exchange reactions which are

accompanied by an exchange of electrons between the reacting species as they are

transferred to and from non-polar metallic phase and ionic molten slag. These reactions are,

in principle, identical to gas-slag reactions with regard to the exchange of electrons. Inmost

cases the transfer of a reactant from metal to slag is an oxidation process, such as:

(2.1)

(2.2)

Slags are capable of dissolving small amounts of neutral metal atoms, presumably lodged in

the holes in the slag structure. They can also dissolve water in some form, probably

dissociated; and can pass either oxygen or hydrogen or both from a furnace atmosphere

through to a melt below[341. The transmission of oxygen is very easy in the case of a slag

containing iron oxide, or the oxide of any other metal which can display more than one

valency.

Although the reactions as formulated above are accepted, their equilibrium constants cannot
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be evaluated because the thermodynamic activity or activity-coefficient of an individual ion

cannot be determined experimentally, for the same reasons which precluded the

determination of activities of ions in concentrated aqueous solutions [35
1• Although the

derivation of reaction-equilibrium relations from an ionic structural model is of theoretical

interest, their application to slag-metal reaction equilibria in multi-component systems has

not been particularly rewarding when compared with the much simpler conventional

methods of representing the slag-metal equilibria in terms of the measured thermodynamic

quantities.

When a slag is involved in chemical reactions, the knowledge of the activities of its

constituents would always be useful. Values of these act.ivitieshave been difficult to obtain,

because their determination requires difficult high-temperature experimentation and very

accurate chemical analyses. The range of interest lies often between the Raoult's law and

Henry's law ranges, and suitable standard states are not always easy to specify in such

"strong" solutions. Because of lack of activity data for multi-component slags, the slag-

metal equilibrium relations are often represented in terms of concentrations of reactants and

products by invoking the mass-action law. The isothermal equilibrium constant K thus

expressed varies with the slag composition, when the activity-coefficients of oxide reactants

and products in the expression of the equilibrium constant are omitted.

The determin...don of phase-relations in quaternary systems, and the representation and

interpretation of quaternary phase diagrams, is usually more complicated than for binary and

ternary systems. The complications arise not because the application of the phase rule to

four component systems is more difficult than in cases with less cornponez IS, but because

the relations are more difficult to represent geometrically with the introduction of one more

component. One additional composition variable must be accounted for, and four

composition axes are necessary in order to represent the equilibria adequately. The

geometrical figure commonly used to represent four component systems is a regular

tetrahedron, with one component at each apex. Thus all three dimensions of space are

expended in expressing composition variables, and there IS no axis in these quaternary

diagrams along which temperature is shown explicitly. Instead, temperatures are illustrated
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by indirect methods. It is much easier, however to analyze these systems by making

systematic sub-divisions of the tetrahedron into smaller units in order to obtain meaningful

data and to present them in a clear manner. One of these methods is to choose planes

representing compositions of mixtures having a constant content of one of the components.

Such planes are parallel to one of the faces of tetrahedron used to represent the quaternary

system. The state of equilibrium in metallurgical reactions involving three or more phases

cannot be evaluated accurately without giving due consideration to interrelations among

different reactions occurring simultaneously. Also, the formation of volatile reaction

products may impede the ultimate approach to equilibrium, because of continuous loss of

material from the system. This should be kept in mind when evaluating the data.

For a better understanding of how reaction took place and how equilibrium was achieved,

a number of kinetic studied were analyzed. In such studies, in order to determine the rate of

slag-metal reactions, the change in concentration of a particular element either in slag or

metal phase has to be determined with time either directly or indirectly. The results can be

examined in terms of the various rate equations for chemical reaction control mechanisms

or mass transport control, in order to establish a unique rate controlling process for the

particular experimental conditions. In most of these kinetic studies the slowest reactions

taking place in particular systems and their rates are studied, which provides useful

information for determining the equilibration time for the present system.

Chromium in slags, like any of the transition metal ions, can respond to such changes in

the oxidation conditions by changing its valency. Itmay also change its structure role, for

example by acting as a network modifier under reducing conditions, but as a network

former when the slag is oxidised. The nature and behaviour of chromium in SiOz-CaO-

Alz03-FeO-CrOx in equilibrium with Fe-Cr-Si alloys was determined by Rankin and

Biswas[36) by means of thermodynamic analysis of the equilibrium data. The experiments

were conducted at 1600°C in alumina and silica crucibles, The data were analyzed in terms

of the equilibria:

(CrOx)+ xFe =Cr + x(FeO) (2.3)
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log[(%Cr)/(%Cr)] = xlog[(%Fe)/(%Fe)]

+log[("fF<o)"f-!CI)/( ~ ,,(\crO)Kz.s)] (2.9)

Kz.3 = (a"(Feo)ag.)/(~aox) a"~) (2.4)

and

2(CrOx) + xSi = 2Cr + x(Si02) (2.5)

.Kzs = (a2£!,a\si02»)/(a"ma
2
(crOx») (2.6)

These constants were defined as

K'2.3= «%Fe)X %Cr)/«%Cr)(%Fe)X) ~2.7)

K'2.S= (%Cdl«%Cd(aSi)X) (2.8)

inKzs the silica term was omitted, since it was approximately constant for each group of

runs (silica saturation).

These expressions may be rewritten in terms (1f activity coefficient multiplied by

concentration for each activity. Finally, by taking logarithms and rearranging, the following

equations were obtained:

log[(%Cr)/(%Cr)] = -(xl2)log(~)

+log[("fFeO)"f-!'C2)/( ~ ,,(\crO)KZ.3)] (2.10)

where CI and C2 are the constants representing all constants for converting mole fractions
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to mass percentages. For the first series of experiments in alumina crucibles in the study,

Rankin and Biswas found the average value of the x to be 1.07. This meant that 86 per cent

of chromium present in the slag was in the form of Crz+ ions and the balance was Cr3+. For

the second series of experiments under silica saturation (silica crucibles), the average value

of x for all groups was found to be 1.04. This corresponds to a value of 92 per cent of cl+
ion in the slag, the balance being Cr3+. The apparent equilibrium constants of reaction 2.3

and 2.5 at 1600°C for the slag-metal system were constant at each CaO:Si02:AhCh ratio.

&.3' increased markedly with an increase in CaO:Si(h ratio at constant Ah03 content, and

increased slightly with an increase in Ah03 content at constant CaO:SiQz ratio.

Spectroscopic analysis can provide data about the electronic and physical configuration, and

hence can supply the structural role of transition metal ions in slags. Such studies can also

provide information about the slag matrix. An investigation ofCr(ll), Cr(llI), and Cr(VI) in

silicate slags has been made recently by H. Marston and B. B. Argent[37J• They used

spectroscopic and chemical analyses to investigate the behaviour of chromium in four

vitreous lime-silicate slags produced under reducing and oxidising conditions. The slag

composition is in the range of CaO 30% to 37%, MgO 0% to 7%, Ah03 0% to 16%, SiQz

40% to 60%, Crz03 0.05% to 3% by mass at temperature between 1550 °c to 1600°C. In

the slags equilibrated at P02 = 1.6* 10.9 bar, 71 per cent of chromium is present as Cr(ll),

reducing to an average figure of 14 per cent at P02 = 1.1* 10.5 bar. At P02 = 0.1 bar, 14 per

cent is Cr(VI). In each case, the balance is Cr(IIl). Spectroscopy provided evidence of

CrCIII) in all slags. TnI'" varying quantities of CrCII) and Cr(VI) were detected, but not

simultaneously in the same samples. Within the compositional range studied, no consistent

effect of the chromium level. the slag basicity or the presence of MgO or AlzCh on either

the chromium distribution or the molar absorptivuy could be discerned.
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2.2. KINETIC STUDIES

A number of papers on the mechanism of chromium reduction have been published in

recent years [38-49).There are two main viewpoints on the reduetior nechanism. One is

based on liquid-solid phase reaction. It is considered that the ore may melt and reduction

may take place in the slag. The other is based on most reduction occurring in the solid state.

The first mechanism suggests that appropriate additions of flux and the quick formation of

slag may assist smelting. The second, however, advocates that pre-reduction of chromite

ore is an essential way to improve production.

The kinetics of the reduction of iron and chromium from high-carbon ferro-chromium slags

was studied by Boronenkov et al[38)by using thermogravimetric analysis (TGA). Graphite

or alumina crucible was used with carbon-saturated ferrochromium. At high chromic-oxide

content of the slag (more than 6 per cent), the reduction of chromium from slag is

cont. illed by the process of carbon oxidation and desorption of the carbon monoxide from

the system. Whereas at lower concentration of chromic oxide in the slag (less than 2 per

cent), the reaction is retarded by the diffusion of chromium ions in the slag.

R. C. Urquhart[39) investigated the reduction of Transvaal chromite ores in high-carbon

ferro-chromium ny using the technique of stationary charge in controlled environment

(SCrCE). It shows that at temperatures up to 1500 °c, reduction of the chromite ore is

controlled by the diffusion . m and chromium ions in the chromite spinel. At 1500 °c,
the reduction rate of chromium from the chromite spinel is increased by the fluxing reaction.

In the presence of slag, at temperatures higher than 1500 °c, the reduction of chromite ore

by carbon is quite rapid. The reduction of iron from the chromite ore satisfies an expression

that described a topochernical reaction starting simultaneously on the surface of the cubic

crystals. However the reduction of chromium from the ore does not follow a unique

mechanism over the temperature range investigated. Examination of the dissolution of

chromite ore in the slag as part of the reduction process was done. The results showed that

the dissolution of iron and chromium ions from the chromite ore into the slag is controlled
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by the diffusion of iron and chromium ions, away from the interface into the bulk of the

slag. The rate of reduction of iron and chromium from the slag is greater than the rate of

dissolution of the oxides into the slag. That means that the mechanism of dissolution may

change from a first-order process to one of higher order owing to the stirring motion

caused by gas evolution during the reduction of the oxides. For the condition of the

dissolution, Bird et ai40) expressed the diffusion equation as:

where C~ represents the concentration of iron or chromium ions in the

slag in (g em");

D~S represents the diffusion coefficient for iron or chromium ions
. th la . ( 2 .1)m es gm em s ;

represents time in (s).

S· .~ 2+ D 3+ C 2+ d C 3+ all b . th la the i . illbe desi edmce re ,re , r ,an r can e present m e s g, e iron ions w esignat

FeD+ and the chromium ions Cr.The equation (2.11) is commonly known as Ficks second

law and valid for diffusion-mass transfer exclusively. The boundary conditions in these

experiments (figure 2.1.) are such that the equation can be rewritten as:

(2.12)

(2.13)

where ~ refers to Fe or Cr ions expressed in grams and A is the surface area of the cube

under consideration in em',

The data [39) obtained by simultaneous dissolution of a chromite ore into slag and reduction

of the dissolved iron and chromium oxides with carbon are shown in figure 2.2, 2.3, 2.4,

2.5. It is evident that the rate of reduction of iron and chromium from the slag is greater

than the rate of dissolution of the iron and chromium oxides into the slag.
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Figure 2.2. Dissolution of iron oxide from the chromite-ore cube into the slag [39J
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Figure 2.3. Dissolution of the chromium oxide from chrornite-ore cube into the
slai39J
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Figure 2.4. Reduction of iron oxide from chromite-ore cube in molten slag in
graphite crucible[39j
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Figure 2.5. Reduction of chromium oxide from chromite-ore cube in molten slag in
graphite crucible [39j
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The kinetics of chromite dissolution in liquid slags has been studied by O.Demir and R. H.

EriC[41].In their study rotating cylinder technique was used, where chromite cylinders were

immersed in the slag phase, to study the dissolution behaviour of chromite in Si02-Ah03-

MgO-CaO slags in the temperature range of 1535°C and 1700°C in graphite crucibles. The

data for the rate of dissolution is obtained by sampling the slags at predetermined intervals,

designed by a statistical procedure. The experimental work conducted hitherto illustrates

that the dissolution of chromite in liquid slags contained in graphite crucibles takes place

parallel with the reduction of iron oxide and chromium oxide at the crucible walls. The

complete dissolution takes place comparatively fast. When the chromite cylinder dissolves

the chromium and iron contents of the slag together with other contents, which form the

chromite phase, increase to a maximum, then a certain amount of iron and chromium

removal occurs via the reduction of FeO and Cr20.3 by carbon supplied by the graphite

crucible. The reduction of the oxide phase taking place at the crucible walls indicates the

transport of oxide phase through the liquid slag phase to the reaction site.

The kinetics of reduction of iron oxide and chromium oxide from slags by carbon or/and

silicon dissolved in liquid iron have been studied by many investigators because of their

prime importance in steelmaking. Chromium transfer between carbon-saturated Fe-Cr alloy

and Cao-sidca-alumina slugs was studied by McCoy and P. "lbrook[42]in the temperature

ranged from 1500 to 1600 °c and in the slag-basicity range from 0.6 to 2.5 in terms of

lime.silica ratio. The reduction of chromium oxide from these slags was found to be first

order with respect to chromium. The reaction rate was lxlO-3 g Cr min-1cm-\pct Croll, and

was substantially independent of temperature and basicity in the range studied. They could

not obtain a constant slag:metal distribution ratio for chromium due to simultaneous

reduction of silica from the slag. This was explained by the slowness of the reduction of

silica from slag to metal, which was about 20 to 60 times slower than chromium reduction

under the conditions studied.

The reduction behaviour of chromium oxide from a basic steelmaking slag (45% CaO, 35%

silica, 10% MgO, 10% alumina) by silicon dissolved in liquid iron was studied by Robinson

and Pehlke as cited by H. Cengizler[43].The experiments were carried out under Ar
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(2.l4)

atmosphere, with the slag and metal phase held IH .' rcunia crucibles. In the study, the
,

reduction of chromium oxides from the slag was analyzed in two distinct processes: an

initial period where trivalent chromium was rapidly reduced according to the reaction:

and a following period when the divalent chromium was reduced to chromium in the metal

phase according to the reaction:

(CrO) + 1I2Si = 1/2(Si02) + Cr (2.15)

Both reaction were rapid, equilibrium being attained with two hours at 1575°C. From the

effects of changes in composition, stirring rate, and temperature, the rate limiting step was

found to be the transport of trivalent chromium from the bulk slag to the slag-metal

interface.The reduction of divalent chromium was not sensitive to variations in stirring rate

or silicon content of the metal, but the effect of change of temperature was large. The rate

of divalent chromium reduction was found to be determined by an interfacial chemical

reaction which was first-order with respect to divalent chromium in the slag.

The effect of flux addition on the kinetics of chromite-ore reduction with carbon was

investigated thermo-gravimetrically oy Healy et al [44J Neuschutz et al[45]with the addition

of graphite powder and different fluxes composed of silica, CaO, alumina, MgO, and CaF2.

The reduction is always accelerated by the addition of fluxes. Furthermore, samples

containing a flux shows two stages of acceleration with temperature, the first one startmg at

1020 to 1120 "C, the second one at 1200 to 1320 "C, while fluxless samples only exhibited

the first stage which did not start before 1200 °c. The first acceleration effect is therefore

attributed to the solid-state formation of ternary oxides, which apparently lear' to surface

roughening and to more frequent micro-cracking Jf the chromite grains, thus faciritating

metal phase nucleation. The second effect is attributed to the formation of liquid slags. They

enhance the reduction by dissolving part of the MgO.Ab03 surrounding the unreduced

chrornite and by accelerating the transport of Cr ions to the reductant. By the addition of
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fluxes the temperature for 90% reduction of Lebowa chromite fines was lowered by up to

1S0°C.

The solid-state reduction belu, )ur of Bushveld Complex chromites by carbon in the

presence of silica flux was investigated by P. Weber[461. Their results shows that the addition

of silica together with a graphite reductant did not promote the reduction of chromite at

temperatures below 1400 °C. At temperature above 1400 °c the addition of silica with

graphite, or using char as the reductant, results in a considerable enhancement of the

reduction rates.

The kinetic measurements on the reduction of chrornite ore from a lime-silicate slag by

carbon dissolved in a high-carbon ferro-chromium bath were conducted by Fujita,

Tsomondo et al!47]and Dai[48] at temperatures between 1S00 and 16S0°C. The results show

that for chromium-oxide saturated slags, the rate of oxidation of carbon is independent of

the oxide content. Carbon diffusion from the bulk alloy to the alloy/slag interface is

envisaged to be rate controlling in the initial instance. Later, the reaction appears to exhibit

mixed control kinetics.

The mass transfer rate of chromium oxide in molten slag phase has been studied by Shin-

ya Kitamura et al[49]by the analysis of Cr-ore reduction rate in combined blowing

converter, Using a 600 kg scale experiment and a lOOt scale industrial furnace (LD-OB),

the influences of temperature (T), stirring energy (Es), [%Cr], diameter of furnace(L),

amount of carbon for reduction(Wc) and characteristics of Cr source on the reduction

behaviour were clarified. Assuming the transfer of Cr oxide in molten slag phase to the

carbon-slag and metal-slag interfaces was the rate-controlling step, the reduction rate can

be expressed by the following equation:

-d(Cr oxide)/dt = {4.78(1O.0203[%Cr])(S/Ws)+0.45(Wc/Ws)}*

(Es/Eso) II:!{exp( -QlRT)/exp( -QIRTo)}(ULi'J (2.16)
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where,

• S -- the geometric surface area of molten iron,

• Ws -- the weight of the slag,

• Q -- the activation energy,

Subscript" 0" -- the standard state of the experiment,

Es - the stirring energy,

L - the diameter of furnace,

Wc - the amount of carbon as reductant.

•
•
•
•

From the studies mentioned above, the kinetics is fundamentally important to understand

the mechanism of the reactions relevant to the ferro-chromium production and refining.

The knowledge of the reaction mechanism, the reaction rate and the all factors which are

pertinent to the chromite reduction, is essential for the thermodynamic investigation. It can

be very useful in the following aspects:

• Selection of the reaction system, including slag, metal, gas and crucible,

• Experimental design,

• Determination of the equilibrium time,

• Analysis of the experimental results.

The knowledge of the kinetics mentioned above is utilised with the thermodynamics

available so far to help conduct this research project.
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2.3. EQUILIDRIUM STUDIES

A number of investigations on phase equilibria, thermodynamic activities, and on slag-

metal equilibrium distribution of some elements pertinent to some parts of the present

system have been done in the past. The equilibrium between slag and metal phases at a

given temperature is mainly controlled by the compositions of gas, metal and slag phases

individually.

2.3.1. Meta! Phase

Griffing et alISO],investigated phase equilibria for C-Cr-Pe alloy compositions in which the

chromium content ranged from ° to 94 per cent and the carbon content from 1.4 to 11.7

per cent at temperatures of up to l800°C. The derived ternary liquidus surface is shown in

figure 2.6, where solid lines represent the liquidus isotherms. The broken lines and the

binary edges are the liquidus field boundaries of the primary crystals. The solubility of

carbon in C-Pe, C-Cr and C-Cr-Pe alloys is shown as a function of chromium content in

figure 2.7. It can be seen .hat as the chromium content of the alloy increases the carbon

solubility increases.

The phase equilibria in the Pe-Cr-Si-C system were investigated by J.C.M. WethmarI51.52].

In this study the composition of the alloys were so selected that the quaternary system

could be divided into five pseudo-ternary sections at carbon levels of 4, 5, 6, 7 and 8 per

cent. Alloys representative of three levels of silicon concentration, viz. 0, 5 and 10 per

cent and four specified Cr:Pe ratios were selected at each carbon level. Molten samples

were kept in alumina crucibles under a protective atmosphere of purified argon. After the

alloys had been homogenized by holding them at temperatures above the estimated

liquidus temperatures, the ;lUOYsamples were quenched down to room temperature and

analyzed both chemically and metallographically, The results, illustrated in figure 2.8,
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show that the liquidus temperatures of the alloys increase with an increase both in carbon

content and in ratio of chromium to iron. The primary phase is (Cr,Fe)7~ for the entire

range of alloys investigated. The temperature interval over which this primary phase

crystallized increases with an increase in carbon content and the chromium to iron ratio

and with a decrease in silicon content

Studies on the solubility of carbon in Fe-Cr-Si alloys were of great help in determining the

initial alloy compositions and in analysing the results of the present system. Lucas and

Wentrupl531studied the solubility of carbon in synthetic Fe-Cr-Si alloys under laboratory

conditions, ensuring fairly reliable saturation of the alloy with respect to carbon, and

determined the carbon content. An increase in chromium content causes an increase in the

solubility of carbon, but this effect can be neutralised by a simultaneous increase in the

silicon content. A number of studies on the Fe-Cr-Si-C quaternary system have been done

by Petrushevskii and Gel'dl51,5S,56Jat 1700 'c in the range of 0 to 35 per cent silicon, 0 to 100

iron, 0 to 93 chromium. Their results are summarised in figure 2.9 in the form of

parametric graphs plotted for various values of the Fe-to-Cr ratio. The solubility of carbon

in these alloys decreases steadily with increasing silicon and iron contents. The effect of

silicon, as can be seen from the figure 2.9, is particularly strong.

Most recently, Kossyrev and Olsen'" investigated carbon solubilities for Cr-Si-C and Cr-

Fe-Si-C alloys (Cr/Fe=4, 1.5, 0.25) in a resistance furnace at 1600°C in Ar atmosphere

with graphite crucibles. The metal samples were analyzed for carbon and silicon and some

samples and crucible/metal interfaces were investigated by electron microprobe analys is.

The silicon carbon relation measured in Cr-Fe-Si-C alloys with different Cr/Fe ratios are

presented in Figure 2.10. For chromium rich alloys, the carbon content increases initially

with increasing silicon content in the metal. Study of the metal and the crucible/metal

interface in the electron microprobe shows that the solubility curve representing iron free

Cr-Si-C alloy shows two breaks, dividing the system into three areas. In the first area,

carbon increases with increasing silicon content. After silicon reaches a critical value,

carbon content decreases with increasing silicon content. The critical silicon value

decreases when Cr-to-Fe ratio reduces. The critical-silicon value disappears when the
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ratio of C'r to Fe is less than 1.5. In the first area, the primary crystals in the metal are

Cr7C,; in the next area the primary crystals are Cr,C~;and in the third area only SiC.

With increasing silicon content the stable carbide phases are Cr7C" Cr.C, and SiC. For

alloys with CdFe=4 there seems to be a fourth area between 10 and 15.5% Si.

Metallographic observations indicates absence of any additional carbide phase between the

graphite crucible and the metal in this area which means that graphite is a stable phase

between the Ml~ (M=Cr+Fe) SiC stability areas. Further, there is no area of M,C3 stability

in alloys with Cr/Fe= 1.5 and there is no area of M3CZ stability with Cr/Fe ratio less than

approximately 1.2. The resulting phase diagram of the Cr-Fe-Si-C", system and lines of

iso-carbon concentrations at 1600 "C are sketched in figure 1..11, projected from the

carbon comer to the Cr-Fe-Si triangle. The symbol C"" is used for all carbon saturated

melts, regardless of whether the coexisting phase is graphite or some carbide.

Activities in the liquid Cr-Fe-C system above 1600°C was studied by G. W. HealylSSI.In

this study lnyerwas obtained by Gibbs-Schuhmann integration of an analytical expression

of lny" which was calculeicd using data from the literature. Maps of activities of carbon

and chromium at 1600, 1800, and 2000°C are presented. Dresler'" investigated the

activities of silicon and carbon in liquid iron-silicon-carbon alloys. Activity functions for

silicon and carbon were determined based upon dilute solution data for silicon and carbon

and saturation data for carbon in the presence of silicon, applying the Gibbs-Schuhmann

integration. Carbon and silicon activities were described with mathematical relationships

in the ternary system iron-silicon-carbon higher than 1.5 in the metal between () and 26 per

cent silicon and carbon saturation. The effect of carbon content on the partial molar

enthalpy of mixing for silicon was shown to be fairly small.

Another work of thermodynamic model, applicable to computer modelling, developed by

W. Dresler1dlj is capable of predicting carbon content for the liquid system Fe-Cr-Ni-C-Si

with the temperature range of 15D{) to 1800°C. The model was successfully applied to

experimental results of FeCr alloys, FeCtNi master alloys, and stainless steel.
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Futhermore, the kinematic viscosity and the electrical resistance of iron-chromium alloys

over the range 0-80% Cr at 1400-1850°C was undertaken by Pavars et al[611The kinematic

viscosity of iron-chromium melts varies with composition, reaching a maximum at N" =

Nr;,.The isotherms for activation energy, free energy, and entropy of activation of viscous

now are similar in shape. The non-monotonic variation with composition in the

fundamental characteristics of internal friction is explained by the energetic non-

equivalence of the inter-particle interactions and also by the greater rigidity of the bonds

between like atoms.
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2.3.2. Slag Phase

From the thermodynamic standpoint, the reactions in certain atmosphere between slag and

metal control the chromium recovery in the processes of ferrochromium production. In

order to evaluate the equilibrium distribution, to optimize the process for a higher

recovery of chromium from the minerals, and further to evaluate slag modelling, the

solubility of chromium oxides in slags, the thermodynamic activities of chromium oxides

(and generally Si02 as well) are generally required.

Activities of chromium oxides in several multi-component slag systems and in the quasi-

binary system Si02-CrOx were recently studied by Y. Xiao and L. Holappa[6l63l.A LaCr03
resistance furnace, oxygen probe, and Cr-Ag alloy were used for the measurement of

activities in chromium oxide-silica slag[63I•The isostatically-pressed zirconia solid

electrolyte crucibles were supplied by Nippon Kagaku Togyo Co. The solid electrolyte

oxygen probe, Mo/Cr+Cr20jZrOiMgO), consisted of a 9 mol% MgO stabilized zirconia

crucible as an oxygen conductive electrolyte, and a mixture of 4 parts Cr and 1 part CrP3

by weight as a reference electrode. The probe was sealed with ~03 cement. A

molybdenum wire of 0.5 mm in diameter was used as an electrical lead. Electrical contact

to the outer surface of the zirconia probe was accomplished by a Cr-Ag alloy equilibrated

with the slag, and a Zr02-Mo cement rod welded to a Mo wire in order to reduce tile

reaction between the electrical lead and the slag/alloy melt In analogy with iron oxide

containing slags, the chromium oxide slags have the same problem of varying oxidation

state of chromium or non-stoichiometry of CrOx in slags depending on temperature, slag

basicity and even total chromium oxides content in the system equilibrated with metallic

chromium. When CrO,.5 is mixed with other slag-forming oxide components at high

temperatures in contact with metallic chromium, the following equilibrium of chromium

oxides can be expected in the slag-metal reaction system under the experimental

conditions:
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2(CrO,s) + Cr = 3(CrO) (2.17)

!),GO = 25690 - 13.36T (cal/mole) (2.18)

Chromium is therefore distributed in the slag as both divalent and trivalent states in

different fractions, depending on the experimental conditions. In their studiel,1.6J1 by using

chromium crucible, the activity of metallic chromium is unity, the activities of chromium

oxides have the relation of UcrO= O.94(Uc,Qls)'I.l. The experimental results of the activities of

CrO and CrOls and the oxidation state of chromium in the Si02-CrO, slag system are

shown in figure 2.12. The activity of Si02 were calculated by the Gibbs Duhem equation.

The activities of CrO and CrOI_s increase with increasing concentration of total chromium

oxides, but the divalent chromium fraction decreases slightly. The explanation could be

that the higher chromium oxide content will raise the system's oxygen partial pressure and

may also slightly increase the slag basicity. The higher the slag basicity, the lower the

divalent chromium fraction, and the higher the activities of chromium oxides. Based upon

other activity data and the regular solution model. the iso-activity lines of CrO and CrOls

in the CaO-Si02-CrO, quasi-ternary system at equilibrium with pure metallic chromium

were calculated and shown in figure 2.13.
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The solubility of chromium oxide in slags is also a very interesting field of study as it is

one of the most important aspects of smelting reduction of chromium ore in order to

increase the chromium yield by decreasing the undissolved chromite particles in the slags.

Morita and Sano(61]investigated the solubility of MgO.CrP3 in MgO-AlP3-Si02-CaO

melts at l600°C. In air the solu' Iity of MgO.CrP3 was found to be 1.1 to 4.5 per cent of

Cr203 for MgO-Si02 melts. When ~03 was added to the melts, the solubilio ..ecreased to

less I per cent of Cr203, and Cr in the coexisting MgO.Cr203 was replaced by Al in

proportion to ~03 content in the slags. For MgO-CaO melts the solubility substantially

rose to as much as 40 to 55 per cent of CrO., although more than 50 per cent of chromium

was Cr6+ in the air. For MgO-Al203-Si02-CaO melts, which are typical for smelting

reduction of chromium ore, the solubility decreased with increasing MgO and ~03

contents. The effect of CaO/Si02 ratio on the solubility in the melts was found to be

unexpectedly small as long as CaO was present. When 22.1 per cent BaO was added to

20%MgO-20%AlPr30%Si02-30%CaO melts, an increase in the solubility from 1.1 per

cent to 4.4 per cent Cr203 was observed in air.

Under reducing conditions, for MgO-SiOz melts saturated with Si02 however, the CaO

addition had no effect on the solubility of MgO.Cr203 at P02 = 2.37xlO·ll atm. For

20%MgO-~03-Si02-CaO (CaO/SiOz = 1) melts, the solubility decreased with increasing

AlP3 content at P02 = 2.73xlO·1O atm. Tins trend is consistent with that in air, though the

solubility was twice as much as that in air. They thought in the conclusion that careful

adjustment of slag composition, mainly by lowering MgO and Al203 contents, is

recommended to enhance the dissolution of MgO.Cr203 for promotion of the reduction of

chromium ore, and that the strongly reducing condition on smelting reduction also

functions favourably for the dissolution of chromium ore into molten slags through the

appearance of CrO.

The physicochemical properties, viscosity, electrical conductivity, of slags in the system

MgO-Al203-SiOz and their application to the technology of ferro-alloy smelting were

studied by Johnston, Johchens and Howat (65]. At constant Si02 concentration, the viscosity

increases with a decrease in the ratio of MgO to ~03' The order of change is
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approximately the same for the various levels of Si02 concentration. At constant MgO to

Al203 ratios, the' . osity values increase with increase in the concentration of Si02•

Increases in the I>JllC". .itent bring about a very marked increase in the viscosity of all

slags. The same effect was observed at all temperature levels and at all MgO to ~03

ratios. The character of the change of viscosity with composition does not vary much from

one temperature to another, indicating a regular disruption of the anionic lattice. The

specific electrical conductivities (in S m'') of slags increase with increasing MgO-tO-~03

ratio at constant Si02 composition and increase with decreasing Si02 composition at

constant MgO to AlP3 ratio. In all instances, the values of specific conductivity are

sufficiently high to permit the assumption that the mechanism of conduction is ionic.



2.3.3. Slag Models

It is very well known that slags have a very important role in most pyre-metallurgical

operations. In spite of this major role, precise information about their properties and

behaviours is incomplete. Furthermore, when the experimental difficulties are concerned

in determining their thermodynamic properties, the estimations obtained by using slag

models are rather considered as reliable information. The most successful estimations such

as the ones developed by Flood-Grjotheims'" model, are limited to highly basic

steelmaking slags. Elliot and his co-workers'" revised this application due to an error in

the use of free energy. Grjotheim and Brun'" applied this model to the experimental

results investigating phosphorus and manganese distribution between slag and molten

metal.

The most fundamental structural-based slag models have been developed by Toop and

Samis'" and Masson)7o.71.72).Toop and Samis developed a theoretical treatment which

allowed the most probable number of anions in any acid or basic silicate slag to be

calculated in terms of an equilibrium constant for the equilibrium between singly bonded

oxygen=O', doubly bonded oxygerr-O", and free oxygen=O", ions in the slags as

described by:

0° +0:'=20' (2.19)

In this approach, for binary silicate systems, the equilibrium constant was assumed to be

characteristic of the cation.

Masson expressed the distribution of anions in terms of ionic fraction rather than

concentration of reactive groupings. Although this allows more specific conclusions to be

reached regarding the concentration of polyionic species, the treatment is limited to melts

of XS102 < 0.5. In Masson's "pproach, two cases were considered: one in which the Si04'~

ion is considered to be a bifunctional mer unit and the other in which the sio,' ion is
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considered to be a tetra functional mer unit.

In the former case, only two of the Si-O' groups on any sio,' ion can react to form poly-

silicate ions. Therefore, onlv linear chain ion formation is possible. L'1the latter case four

of the Si-O' groups on a Si04
4
• ion may react, thus permitting the formation of branching

chain ions. By making use of the vast experience in the studies of polymerization

processes, Masson made some assumption in his model:

ion fractions are related to thermodynamic activities by the Temkin equation:

(2.20)

The first assumption implies that the silicate ions consist exclusively of linear and

branched chains of general formula Si,,03>+1Z\'·I)-. Tho distribution of anions in such a system

is considered in terms of the equilibrium constant for the reaction between the Si044- and

any species of chain length x to yield the next higher number and free oxygen ion. Thus

the depolymerization reaction can be written as:

(2.21)

,.

When the constitution of binary silicate melts is considered in terms of lineal' chains alone,

the equilibrium ratio, K1.,. for the reaction (2.21) is assumed to be independent of x. The

chain growth by addition of mOn0111ercan occur at only two sides, namely, the ends of the

chain, in linear chains. Similarly, depolymerization of monomer from the chain can also

occur at two locations. Therefore the equilibrium constant for the reaction (2.21) is

independent of chain length. Denoting the equilibrium constant for the reaction to be K,

the sum of the ion fractions of silicate anions is obtained as:
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Substituting for the individual ion fractions, the summation reduces to

(2.23)

If silicate and oxygen are considered to be the sole ionic species in the melt,

(2.24)

Substitution of which into equation (2.23) will give

(2.25)

The mole fraction of silica in the binary melt was expressed in term of N.;;Q.I und No~.,and
using equation (2.19) and the Temkin's equation:

(2.26)

Masson derived the following expression:

The size distribution of silicate poly-ions \.JS given by:

The value of K for various binary system was obtained by curve fitting of

experimentally-determined +tivity-composition relationships.
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N, = (3x!)(2aJ3),,'II(l-2aJ3f"+I'(l-No;)/[(2x+I)!x!] (2.29)

Whiteway, Smith and Masson'" derived the following theoretical equations for the size

distribution of the poly-ions:

N, is the ion fraction of x-mer, a is the fraction of Si-O" groups present in the completely

depolymerized state which h,\.f' reacted to form doubly-bonded oxygen and free oxygen

ions, and N02-is the ion fraction of free oxygen. From this distribution function and the

Temkin equation, the activity of basic oxide expressed by a~lOwas expressed in terms of

mole fraction of SiOz and KI,I the equilibrium ratio for x= 1, as:

and the size distributions were obtained by

N, = (3x)! {1/[ 1+3aMC/[KI.I(l-a~lO)}"'II{ 1/[ 1+Ku(l- a\lo)/(3a~1O)]}'~+1)(l-a~1O)/r(2x+l)!x! I
(2.31)

The distributions closely resemble those calculated previously using linear chain model.

Masson, Sommerville and Sosinsky" also extended the polymer theory to ternary silicate

melts, They calculated the optical basicities of mixtures in the two ternary system which

are FeO-CaO-SiOz and FeO-MnO-SiOz and the values of KII by interpolation. Another

approach using oxygen and cation sub-lattices was introduced by Yokokawa and Niwa
1751

,

A similar model to this was developed by Kapoor and Frohberg". According to this

model, the properties of multi-component systems are represented by using binary

parameters.

Gaskelf7! has reviewed all these models and outlined the basics 01 the approaches used. In

Gaskell's review, additional to the models already mentioned above, another structural

slag model also outlined was of Lin and Pelton'{"!. According to this study, a structural

model is given for binary silicate systems having MO-SiOz type where MO is a basic
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oxide and silicate tetrahedra and oxygen bonds are considered as structural units. The

model considers the dependence of the enthalpy of the bonds on composition. One major

advantage of this model is that it permits to calculate the numbers of ions of arty

configuration as it is not restricted to consideration of CHain silicate ions.

A statistical model has been developed for complex slag systems by Gaye and Welfringe

and studies related to the same model have been carried out by Gaye anu other

investigatorl~J. Itwas extended from the model of Kapoor and Prohberg'" to represent

the properties of multi-component systems. The model is based on the description of the

liquid slag in terms of cells composed of an oxygen anion surrounded by two cations, and

makes use of .nly binary parameters (2 to 3 per binary system). the assumptions made in

this model were as follows:

• An anionic sub-lattice without vacancies filled with oxygen ions end a cationic sub-

lattice;

• The cationic sub-lattice is filled with tile cations in the decreasing order of their

charge;

• The structure is described in terms of symmetric (i-O-i) and asymmetric (i-O-j) cells (i

and j being two different atoms),in numbers Ru, ..2~J'" and the energy parameters

consist of parameters for asymmetric cell formation, and parameters of interaction

between cells.

~J refers to the fraction of i-O-j cells for a random distribution of cations on their sub-

lattice, Although it is an oversimplification of tile actual polymeric structure of the melt, in

tile CaO-Si02 system, a Si-O-Si cell represents a doubly bonded oxygen (OJ, a Si-O-Ca

cell represents a singly bonded oxygen (0) and a Ca-O-Ca cell represents a free oxygen

ion (0\ Thus, the computed numbers RSI-51 and 2Rs1.C!, of Si-O-Si and Si-O-Ca cells

reflects the degree of polymerization of the melt. The very complex equations developed

permit the calculation of the thermodynamic activities of the all oxide components and tile
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phase diagrams. In addition, experimental runs were done for systems containing up to six

components chosen among MnO-CaO-MgO-SiC.\-AlPJ-Fep,-FeO. A very satisfactory

agreement between the experimental data and calculated values was found in the studies

on thermodynamic activities of MnO in manganese slags and slag-metal equilibria by H.
• 1431Cengizler .

Regular Solution Model, originally proposed in 1961 by Lumsden''", has been applied to

the systems involving the following components: Al~03' CaO, CoO, Cup, FeO, Fe.O,

MgO, MnO, NiO, PPs' PbO, SiO~, TiO! and ZnO for thirty years by many researchers'T"

Xiao and Holappa'" most recently assessed the thermodynamic data on slags containing

CaO, SiO!, MgO, AlP" CrO and Crp, components by using the regular solution model

to mathematically describe the activities of chromium oxides in different chromium

containing slags. A group of middle parameters were obtained. The calculated activities of

chromium oxides were quite comparable to those experimentally measured. In the melts

with regular solution behaviour, the molecular/ionic species such as SiO~ or SiO;'" were

taken as "dissociated" ionic species consisting of sr: cations and 0:· anions. It was

assumed that the cations are almost randomly distributed among a three dimensional

matrix of oxygen anions (0"). The mixing energy of the system can be expressed in terms

of the binary interaction energies between cations and the mole fractions of the cations.

Due to the fact that there is not any restriction for choosing the standard state of the

activity, in order to calculate the activities of species, the hypothetical pure liquid oxides

with regular nature was taken as the standard states of chromium oxides. The conversion

energy from this hypothetical regular solution standard state (R.S.) to the conventional

standard statestpure solid or liquid) is necessary'". The general relations expressing the

excess Gibbs energy of the multi-component solutions based on regular model are listed as

follows:

(2.32)

(2.33)
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here, 3;) = ap' a, = <1n =~ = 0, and AGoonv is the conversion factor associated with the change

in the standard states. These parameters can be assessed by the experimental data. The

distribution of divalent and trivalent chromium in the slags equilibrated with metallic

chromium is very important in order to clarify the activities of chromium oxides in slags.

The quantitative relation between the oxidation state of chromium and their activity

coefficient can be derived from the thermodynamic relationship. The distributions of

divalent chromium and trivalent chromium can be obtained as follows:

CrOlsCs) =CrO(Iiq,) + 1/402 (2.34)

IJ.GO= -RTJn(Uc,oPozIl4/Uc,oI,s)

=52785 - 14.3 IT (callmole) (2.35)

The divalent to trivalent chromium ratio, a constraint in the assessment, can be expressed

as:

In(XOO1)Xero)= In(ycdYOOI,s)+ (l/4)1nP02

+ 265651T -7.199 (2.36)

In their present assessment workl621,multiple linear regression analysis has been used as a

quick and conventional method for determining the model parameters. The assessment

was processed from binary CaO-Si02 system to multi-component systems step by step.

The experimental data in CaO-Si02 system were taken from the literature. The activity

data for chromium oxides were based on the experimental data obtained in both of their

present and previous workI6~631over CrO-CrOI,s-Si02, CrO-CrOt,s-CaO-Si02, CrO-CrOI,s-

CaO-Si02-MgO, CrO-CI'0,,s-CaO-Si02-AI01,s, CrO-CrOt,s-CaO-Si02-MgO-Al01,s systems.

A group of interaction energy parameters were optimized mathematically, and are given in

table 2,1. Due to lack of thermodynamic data of chromium oxide complexes, the physical

significance of model parameters can not be discussed in the present stage.
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Table 2.1. Optimised interaction energy parameters, au(J), between cations in CrO-
• (63{

CrO!.S"CaO-SIOz-MgO-AIOI5 slags .

~cr2+ c-" CaZ+ st Mgz+ At

32710 -6140 ·60540 5520 -30285Cr2+ ......

Cr3+ 32710 ...... 44235 -48975 28085 -46210

CaZ+ -6140 44235 ..... -139100 -100420 -154810

Si# -605.:t: -48975 -13~~00 ...... -66940 -127610,_
Mg2+ 5520 28085 -100420 -66940 ...... -71130

AI:l+ -30285 -46210 -154810 -127610 -71130 .....

Because the chromium containing slags are not strictly regular solutions, the conversion

energies for changing the standard state of activity coefficients from the hypothetical

regular solution to the traditional pure solid or pure liquid were also optimized

simultaneously by the experimental data. The obtained conversion Gibbs energies for CrO

and CrOI.5 are recorded in table 2.2.

Based on the activity data by Sharma and Richardson et all92.%{, The activities of Si02 in

CaO-Si02 binary system have been evaluated by the quadratic mathematical formula

based on the regular solution model. The interaction energy parameters for CaO and Si02

were approximately derived, and the COl. .sion Gibbs energy of silica from pure solid to

hypothetical liquid with regular nature was also obtained as: 51346-l3.88T(J).

The calculated results based on the regular solution mod'! and the experimental results are

shown in figure 2.13. The comparison between calculated activities and those
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experimentally measured in Si02-CrO-CrOls, CaO-Si02-CrO-CrOls, CaO-Si02-CrO-

CrOls-MgO, CaO-Si02-CrO-CrOls-AlOls, CaO-Si02-CrO-CrOls-MgO-AlOls systems are

shown in figure 2.14. This figure expresses the assessed activities of chromium oxides in

all the related slag systems. The system containing Al203 had a larger deviation from the

regular solution behaviour.

Table 2.2. Conversion Gibbs energy of CrO and CrOtS in slags from the hypothetical

pure liquid with the regular solution nature to the traditional pure solid or liquid

standard state[63J.

Reactions Gibbs energy change (J)

CrO(liq) = CrO(R.S.) 77150·33.5T
f--

CrOts(s) = CrOts(R.S.) 74967·37.5T

CrOts(liq) = CrOIs(R.S.) 10152·12.6T

CrOt.s(s) = CrOt.s(liq) I 64815·24.9T I
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Figure 2.14. Comparation of activities of Cr oxides between calculation and

experiments, after Xiao and Holappa'"
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2.3.4. Slag-Metal Equilibrium

A number of investigations on slag-metal equilibrium distribution of some elements

pertinent to some parts of the present system have been done in the past. The equilibrium

between slag and metal phases at a given temperature is mainly controlled by the

compositions of the gas, metal and slag phases individually.

The equilibrium between the carbon saturated Fe-Cr-Si-C alloys and Si02-CaO-MgO-

~03-CrOx-FeOy slags was studied under argon atmosphere and carbon monoxide at

temperatures of 1500°C and 1600°C by M. Akyuzlu and R. H. EriC[33[.The investigation

deals with a complex slag-metal equilibrium involving eight components distributed

between the Fe-Cr-C-Si metal phase and the Si02-CaO-MgO-~03-CrOx-FeOy slag phase.

The metal and slag compositions and temperatures studied are relevant to actual

fcrrochromium smelting operations. Samples of selected metal and slag in equal masses

were placed in graphite crucibles and heated in a vertical molybdenum-wound resistance

furnace. At the end of the equilibration, the crucibles were quenched by dropping into

water. The equilibration time was determined after a series of metal-slag equilibria runs,

which were carried out at 1500°C at times varying from 3 to 14 hours but at the same

initial compositions. The approach to equilibrium was established by analysis of the

silicon content of the metal since the silica reduction is the slowest reaction in the system.
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It was found by preliminary experiments that a minimum of 10 hours was necessary for

equilibration at 1500°C. Both the reduction and oxidation of silicon were investigated;

reduction took 10 hours and oxidation being much quicker. The actual runs in their

studies, however, were conducted for 12 hours. It. -r equilibration and quenching, the

distinct slag metal phases were separated, cleaned ' 'I"', , .sary, and sent for analysis.

The carbon content of the metal was analyzed by a Leco analyzer and the other

constituents of the metal by the K'P method. The Alz03, SiOz, CaO and MgO constituents

of the slag were analyzed by X-ray fluorescence. and its iron and chromium content by



the o-phenanthroline colorimetric and fdiphenylcarbazide colorimetric methods

respectively. In addition, some Xsray diffraction analyses and metallographic

examinations were conducted on metal samples in order to detect the carbides. Over 150

experiments were conducted, from which 115 successful ones were selected for analysis.

The results were expressed in terms of silicon distribution and chromium distribution.

Distribution of Silicon

"Thesilicon content of the metal phase was directly proportional to the silicon content of

the slag with which it was in equilibrium. This is illustrated in figure 2.15. The increase of

silicon content in tl'>P. metal with increasing silica in the slag was more pronounced at

1600°C. This was explained by the increase in the value of the equilibrium constant of

reaction 2.37 as the temperature increases, shifting the reaction toward the right.

(SiOJ + 21:;= Si + 2CO(g) (2.37)

For example, for a chromium to iron ratio of 1.7 in the metal phase (not illustrated in

figure 2.15), as the silicon content of the slag increased from about 3'" to 40 mass per cent,

the silicon content in the metal increased dramatically from 1.5 to 8.0 mass per cent. The

effect of the CaO ..to-Al20) ratio on the silica reduction is illustrated in figure 2.16. In

general, as the ratio increases, the silicon content of the metal decreases. This indicates that

as lime replaces alumina in the slag, the activity of silica in the slag decreases, in

accordance with the network modification power of CaO. The higher the content of CaO

in the slag, the more will it break the silica network, releasing free oxygen ions and

resulting in an increase in metal oxide activities and a decrease in silica activity. As ~03

was replaced by lime in slags of low silica content, the equilibrium silicon content in the

metal increased. In the case of tigh-silica slags,(containing more than 20 per cent of

silica), the opposite effect was observed, which is in agreement with the study made by

Rein and Chipman'",
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In the study hy Akyuzlu and EricllJ1, the chromium and iron contents of the slag were very

low. The slags usually contained less than 0.5 per cent of CrP3 and 0.3 per cent of Fe.O,

by mass. Even when those two oxides were initially added up to 10 per cent to the charge

in a number of the experiments, they were reduced to their equilibrium values indicated

above. This was mainly due to the highly reducing conditions prevailing in the

experirnents. The effect of basicity on the chromium content of the slags is shown in

figure 2.21 and 2.22. At low basicities, the chromium content (calculated as Cr) of the slag

decreased rapidly as the basicity increased from 0.4 to 0.8 at isorc for both argon and

carbon monoxide atmosphere and from 0.7 to l.O at 1600°C for carbon monoxide

atmosphere. Thereafter, once the threshold value had been passed, the basicity did not

dramatically affect the chromium solubility in the slag, which tended to a constant value

around 0.15 per cent by mass. This behaviour proves that operation with high basic slags

The effect of the Mgo-to-CaO ratio on the partition ratio of silicon (% Si in slag I % Si in

metal) is shown in figure 2.17. It was observed that, as the ratio of MgO to CaO increased,

the partition ratio decreased. This is an Indication of the fact that, as MgO replaces CaO in

the slag, the activity of silica in the slag increases, resulting in an increase in the silicon in

the metal. By using the activities of silica from Rein and Chipman's studl
5J
, and by using

the equilibrium constant for the reaction (2.37), K = 0.2184, activity of carbon is unity,

Pco=1.0 atm at 1600°C, the activity of silicon: (with pure liquid silicon as the standard

state) was calculated in some of the carbon saturated Fe-Cr-Si-C alloys. The results,

shown in figure 2.18 within the dilute range studied, have considerable negative dr' ",.ion.

The figure 2.19 illustrates the change in activity of silicon with increasing silicon and

carbon contents by molar fraction. The influence of molar fraction of silicon and carbon

on the activity coefficient of silicon in the Fe-Cr-Si-C"" alloys at 1600°C is indicated in

figure 2.20.

Distribution of Chl.·omiUll1
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just below the threshold value is one of the means of to lower chemical chromium losses

to the slags. TI1eeffect of FeO in the slag on its chromium content is illustrated in figure

2.23 and 2.24. Those typical diagrams are for the experiments done at 1500 and 1600"C.

There is direct proportionality between the chromium and iron contents in the slag. Such

behaviour can be explained by the phenomenon of oxygen transfer from the slag phase to

metal phase by means of FeO; that is, FeO in the slag oxidizes chromium in the metal

phase at the slag-metal interface. Thus, the more FeO the slag contains, the more will be

its chromium content.

logys.= O.444Ns, - 0.706 (2.38)

Kossyrev and Olsen'" studied the distribution of silicon between slag and metal in the

SiO~-MgO-AlP, and Cr-Fe-Si-C~, system in graphite crucibles at 160{)"C in CO

atmosphere. The silicon content of each alloy depended on the silica activity in the slag

and on the iron content of the metal at given conditions. TI1eequilibrium content of silicon

for various Cr-Fe-Si-C,,, alloys dependent on the silica activity in SiOz-MgO-Al~O,slags is

illustrated in figure 2.25. Figure 2.26 shows the equilibrium silicon content in Cr-

Fe(20% )-Si-C"l (solid curves) and Cr-Si-C; (dashed curve) alloys equilibrated with SiO~-

MgO-AlP, with different MgO/Al~O, ratios at CO atmosphere. It is possible to calculate

the distribution of silicon between the slag system and the various Cr-Fe-Si-C" alloys as

well as between Cr-Fe-Si-C; alloys and other slag systems where the silica activities arc

well known. Based upon the activities of SiO~by Richard and Chipman'", the activity and

activity coefficient of silicon can be calculated. TI1e calculated results indicate that the

relation between logy~ and N, shows a linear character in the investigated alloys of N"

0.22 to 0.32 (5%Cr or 25%Cr, and 20 1('Fe), as described by the following correlation

equation:

TI1ecalculated silicon distribution between the alloys of Fe-Si-Cj; Fe-Cr(5% )-Si-C,,,, Fe-

Cr(25%)-Si-C,,,, Cr-Fct20%)-Si-C,1l, and Cr-Si-C; with SiO~-MgO-AlP, slags in CO

atmosphere are shox 'n in figure 2.27 and figure 2.28.
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Morita, Maeda and SanQ(61·97)made a study of the thermodynamics of chromium oxide in

molten CaO-MgO-Al20::-S~02 slags coexisting with solid carbon. In this study chromium

in the slag was found to exist as CrO in equilibrium with (solid) Cr3C2, solid carbon and

one atmosphere of CO. The equilibrium concentration of chromium in the slags were

determined at 1500 and 1600 DC, as illustrated in figures 2.29, 2.30 and 2.31. The activity

coefficients of CrO were calculated from the determined concentrations and is shown in

figure 2.32. In the CaO-AlpJ-SiOz melts, Al203 was observed to increase the activity

coefficient of chromium in the region where chromium oxide behaved as a base.

Therefore the equilibrium concentration of chromium in slag phase decreases with

increasing AlP3 at constant ratio of CaO:Si02. The results shown in figure 2.33, illustrate

that when alumina=20% and (CaO+MgO)=30%, 40%, 50% in the slags, chromium in the

slag increases with the replacement of CaO by MgO in the range of MgO less than 20 per

cent by mass.

When studying metal-slag equilibrium, activity of silica in the slags is widely used to

calculate the activity of silicon in the metal phase. The most popular results were from the

study done by Rein and Chipman'". In their study, the activity of SiOl in the entire liquid

system Si02-CaO-MgO-AlP3 at 1600°C was calculated from the distribution of silicon

between those slags and Fe-Si-C alloys saturated with either graphite or silicon carbide,

the activity coefficient of silicon in those alloys, and the requisite thermodynamic data.

The activities of other components in the ternary systems Si02-CaO-AlPJ' Si02-MgO-

CaO, Si02-MgO-AlPJ were computed from these data by the Gibbs-Duhem equation

with the aid of known free energies of several of the inter-oxide compounds and the

accepted phase diagrams. In the distribution experiments, silica reduction proceeded to

equilibrium according to either of the follov-ing reactions, the second being applicable

when the silicon content of the metal exceeded 22.0 or 22.4 per cent by weight at 1550 or

160()"C.

SiOz (in slag) + 2C (graphite) =.fu (in Fe-Si-C alloy) + 2CO(g, 1atm) (2. ~9)

f'j,GO = 17(),300 - 87.9T (cal/mole) (2.40)
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SiOz (in slag) + 2SiC(b) = 3Si (in Fe-Si-C alloy) + 2CO (g, latm)

(2.40

L.\GO=225,IOO-105.7T (cal/mole) (2.42)

Tne activity of SiOz in the slag is readily obtained from the equilibrium composition when

the standard free-energy cnange in the reaction and the activity coefficient in the metal are

known. In their calculation, the pure solid phase which is stable at the experimental

temperature is selected as the standard state for each component, specifically cristobalite

for silica. The uncertainty of reaction (2.39) is established to be ±O.5 Kcal. For reaction

(2.41), it may be larger sinee this depends on SiC as well as on SiOz and C. However,

since the free energy of SiC was determined by means of these reactions, its application to

the problem of SiOz activities was unlikely to entail large errors. The activity of silicon in

the alloy is ,,(slNsl and the values of "(SI was taken from the work of Chipman and

Baschwitz'", A slight modification of the curves of Chipman and Baschwitzz is required

in order to avoid activities of silica greater than unit in the saturated solution. A downward

adjustment amounting to 0.04 in logy,; at N, = 0.42 was applied without changing the

curve below 0.38. The resultant curves shown in figure 2.34 are less severely curved in the

region of NSi = 0.5 to 0.7. The over-all uncertainty in logys; would appear to be less than

±O.l. Activities of SiOz in SiO,-CaO-Alp, slags at 1550 and l600"C. in SiO,-CaO-MgO

slags at 1600°C, in SiOz-MgO-AlPl slags at 1600"C, and in SiOz-CaO-MgO·AlP. slags

with 10% MgO, 20% MgO and 30% MgO are illustrated in figures 2.35, 2.36. 2.37, 2.38,

and 2.39.
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Although it appears that a substantial amount of information has been

available on chromium-containing systems of both slag phase and metal

phase, the majority of these are related to the conditions of high carbon

ferro-chromium production. The conditions are the saturation of carbon

in the metal phase, and atmosphere of carbon monoxide in the gas phase.

There are very few studies on the thermodynamics and gas-slag-metal

equilibria under the condition of either un-saturation of carbon in the

metal phase or lower partial pressure of carbon monoxide in the gas

phase, wblch are pertinent to the refining of ferro-chromium alloys and

the making of stainless steel by means of oxygen-biowlng methods

comblned with argon blowing or/and vacuum treatments, such as von
and AOD used widely in industries. This Investiganoa, therefore is

directed to fill in some of these gaps.
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Figure 2.15. The effect of the SiOz content of the slag phase on the Si content of the

metal phase (Cr:Fe=1.3 in the metro). After M. Akyuzlu and. R.H. EriC(ll)
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the metal phase (Cr:Fe=l 3 in the metal). After M. Akyuzlu and R.H. Ericl.\Jl
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Figure 2.17. The effect of the MgO-to.CaO ratio on the silicon distribution (Z5%

alumina, 39.2% silica). After M. Akyuzlu and R.H. Eric [J3]
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Figure 2.19. The change in silicon activity with increasing (XS1+Xc) (1600°C) in Fe-

Cr-Si-C"" alloys. After M. Akyuzlu and R.H. Ericl.l31
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Figure 2.21. The effect of basicity on the chzomium content of the slags at 1500uC

under CO atmosphere. After M. Akyuzlu and R.H. EriC(33(
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at lSOO"C. After M. Akyuzlu and R.H. Eric (33)
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Figure 2.27. Iso-activity lines for silica[1oo)and corresponding Si content in Cr-

Fe(20%)-Si-C ... alloys in equilibrium with Si02-MgO-AI203 slags at 1600·C . After
)S7)

Kossyrev and Olsen
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Figure 2.28. Distribution uf silicon between Cr-Fe-Si-C"" alloys and SiOz-MgO-Alz03

slags at 1600°C in CO gas. After Kossyrev and Olsenl57J
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Figure 2.29. Contour lines of (Cr)"1 in CaO-MgO-AI20J-SiOz melts (1500°C). After
Maeda and Sano [641
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Figure 2.30. Contour lines of (Cr"l) in CaO-MgO-AI20J-Si02 melts (1500°C). After

Maeda and Sano [641
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Figure 2.31. Equilibrium concentrations of chromium in CaO-MgO-Alz03-SiOz melts
o [64[

(1650 C). After Maeda and Sano
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Figure 2.35. Activity of SiOz in SiOz-CaO-Alz03 slags at 1550°C.After Rein and
Chipman(95J

96



5;°2

CaO
X AIO, .s AIO,•
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Figure 2.37. Activity of Si02 in Si02-CaO-MgO slags at 1600°C.After Rein and
Chipman[9S]
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Figure 2.38. Activity of SiOl in SiOl-MgO-AlzOJslags at 1600°C.After Rein and

Chipmanl95J
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3. EXPE~ENTALPROCEDURE

3.1. EXPERIMENTAL SET·UP

All experiments were conducted in a molybdenum wound resistance furnace. The

molybdenum heating element was protected by cracked ammonia gas. The ancillary

equipment included facilities for temperature measurement and control, gas purification

and partial-pressure control

3.1.1. Furnace Assembly

A gas-tight vertical molybdenum wound resistance furnace heated electrically was

assembled and employed for the equilibrium experiments, Figure 3.1. and 3.2. show the

reaction furnace and the complete set-up used for the experimentation. Although the

figures are self-explanatory, it is worth commenting further on the construction and

operating characteristics of the experimental system.
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The steel-made furnace shell of 460mm in both length and diameter is water-cooled at

the top and bottom. A re-crystallized alumina tube with 50mm inner diameter, 60mm

outside diameter and lOOOmmlength was used as the work (reaction) tube. The work

tube was water-cooled at both ends with brass plates and tubing. Bostik silicon seal was

used as a sealant for the body of the furnace. The work tube was fitted to the steel shell

at the top and bottom with two compressed O-rings, which ensured gas-tight conditions.

The top edge of the furnace was also additionally water-cooled with tubing in order to

prevent the burning of silicon sealant due to the high temperature involved. An



extension bellow was connected at the top of the furnace which allowed to release the

stress produced by the thermal expansion of the work tube.

Another alumina (heating) tube of 500mm in length, 80mm in inner diameter was

assembled around the work tube within the shell of the furnace. The molybdenum wire

was wound onto the heating tube and was protected from oxidation by a reducing

atmosphere provided by anhydrous ammonia which decompose into hydrogen and

nitrogen at temperature above 7oooe. The decomposition of anhydrous ammonia at

higher temperatures (15OO-16OO°C)yields enougn hydrogen to keep the oxygen

potential below the equilibrium level needed for MoO formation.

The anhydrous ammonia gas was introduced from the bottom end of the furnace though

the "romonia inlet and, after passing through the furnace shell, was vented to the fume

hood through the ammonia outlet at the top of the furnace shell Similarly, the gas or gas

mixture with which the work tube was continuously purged during operation was

introduced from the bottom end of the work tube through the gas inlet which is on the

bottom brass plate and, after passing through the reaction tube, was vented to the fume

hood through the gas outlet which is on the top brass plate. For this reason and also to

avoid thermal shocks, the furnace was kept at 9000e and above when not in use.

The molybdenum wire was covered by alumina cement for protection and embedded in

a pool of spherical alumina bubbles (diameters in the range of lmm to 3mm) which

served as thermal insulators. All this assembly, including the alumina bubbles was placed

in a tabular alumina tube of 230mm inner diameter. The space between the steel shell

and the tabular alumina tube was filled with insulating wool. Two electrically insulated

gas-tight terminals connected the windings to the electrical power cables at the bottom

of furnace shell

A special winding technique was used to obtain the desired temperature, and

temperature profile, which provided a 20mm hot zone inside the work tube with ±l De at
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160(tC. Approximately 16 meters of molybdenum resistance wire, 0.9mrn in diameter,

were used for the winding. The overall resistance was 0.65 to 0.7 ohm at room

temperature. The normal current in the circuit was about 17 amperes when the furnace

was operating at 1500°C. The same winding technique was used for the experiments at

1580°C. When the molybdenum wire is longer(the resistance higher than 0.9 ohm at

room temperature), the temperature in the hot zone could not reach 1500°C even with a

maximum current of the furnace.
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Figure 3.1. A cross-section of the vertical molybdenum wound resistance furnace.
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3.1.2. Control of Partial Pressure of Carbon Monoxide

The ancillary equipment for control of partial pressure of carbon monoxide gas involved

gas purification, measurement of gas flow rates, and mixing of Ar and CO gases.

All gases, before mixing, passed over drying columns of silica gel, anhydrous magnesium

perchlorate and ascarid. For all experiments, the total pressure in the system was equal

to the ambient pressure, which is O.83atm in Johannesburg. Two tri-flat flow meters

were used to measure the flow rates of argon and carbon monoxide. The tri-flat flow

meter consists of a tapered glass tube with axis vertical and smaller end at the bottom.

Inside the tube is a spherical float of a diameter such that it fits the diameter of the tube

at the bottom, but it free to move vertically. At any flow rate within the range of the

meter, gas entering the bottom of the tube raises the float, increasing the area between

the float and tube until the upward hydraulic forces are balanced by the weight of the

buoyed float.

Flowrate, therefore, is indicated by the position of the float on the graduated scale etched

in the glass tube. The scales can be supplied by factory, calibrated to read directly in

terms of flowrate for a given fluid under stated operating conditions. Under common

circumstances, however, the scales on the tube do not indicate Ilowrate directly, but

readings. can be converted to flowrate for a variety of fluids, such as CO and Ar gases,

by methods of conversion equations. With a given size of meter and float material, the

calibration is calculated using the following practical equations:

(J.l)

W = CB[(Pr- Popt)Popt]12 (3.2)

where:
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N, viscous influence number;

A, size factor (from Tabit.; 7i~9J;

Pr, float density, glcc;

Papt, gas density at Operating Temperature, glcc;

Vapt, fluid viscosity at Operating Temperature, centipoise;

W, flowrate at OPT, glmin;

I' flow coefficient;

H, size factor (from Table 7)[99J;

Using these equations with the appropriate Float Characteristic Curve, the flowrate via

the Tri-flat meter for the given gas at the operating temperature (OPT), and the

operating pressure (OPP), can be calculated.

Altho: .' h the flow rates of the Ar and CO gases can be calculated, they are not accurate

enough because of several reasons, such as the inaccurate data, reading from the figures

in the handbook[99J at low flowrate, the contamination of the meters, and the wear inside

the meters, etc. It is necessary to make sure what are the actual flow rates of Ar and CO

via the meters. A 50m! Bunson Tower was used to calibrate the two flowmeters. The

results can be seen in figure 3.

Partial pressure of carbon monoxide in (CO + Ar) gases at total pressure of 0.83 atm (

the ambient atmosphere in Johannesburg), can be calculated:

Pco/0.83 = Flowrate(CO)/[flow' tte(CO + Ar)] (3.3)

When CO flowrate takes 5, 6, 3, 2, 1 and Ar flowrate takes 0, 3.38,5.04,4.78, 5.18

respectively (cc/min), the Pco L~0.83, 0.498, O.IL.l, 0.059, 0.046 atm. respectively.

When Peo is very low, such as, 0.02 and 0,01 atm, the CO flowrate must be maintained

at the level as low as possible. The results can seen in table 3.1.
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It is essential to calibrate the flowrates of both CO and Ar gasses at the certain scale

readings frequently, to have accurate control of Pen.

Table 3.1. Pco Control by Ar and CO Flowratesnos- CO ArS, ~ Ar Pco
Readings Flowrate Reale _ "s Flowrate atm.

cds cds

5.0 0.4145 0.00 0.0000 0.830

6.0 0.6471 3.38 0.4359 0.498

3.0 0.1478 5.04 0.8667 0.121

3.0 0.1478 5.18 0.9336 0.113

2.0 0.0649 4.78 0.8501 0.059

2.0 0.0649 5.00 0.8665 0.058

1.0 0.0543 5.18 0.9336 0.046

},O 0.0543 5.53 1.0684 0.040

1.0 0.0543 6.00 1.2241 0.035

1.0 0.0543 7.00 1.6392 0.032

1.0 0.0543 9.00 2.5742 0.017

1.0 0.0543 10.00 3.0408 0.015

1.0 0.0543 1i.OO 3.5630 0.012

1.0 0.0543 13.00 4.6512 0.010
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Figure 3.3. Flow rate of argon and carbon monoxide via tri-flat flowmeter,

calibrated by Bunson Tower.
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The specifications of all gases used in the experiments, namely carbon monoxide, argon,

nitrogen, are listed in table 3.2.

Table 3.2. Specifications of gases

Gas Grade Impurities Suppler

CO Chemically o, < 10 ppm AFROX
pure HzO< Sppm

Nz < 70ppm
CO >99.959% COz< 20 ppm

CH4<100ppm
Hz <300ppm
Ar < 3ppm

Ar HP thO < 3 ppm AFROX
02 < 3 ppm

Ar>99.998% Hz <1Sppm
total <20 ppm

Nz Nz>99.995% H20 < 3 ppm AFROX

I
Os < 3 ppm

:1

hydrocarbons

I I <1ppm

3.1.3. Temperature Control and Temperature Profile

Actual hot zone temperature in the furnace was measured with a Pt-6%RhlPt-

30%Rh(B-type) thermocouple, which was calibrated against a standard thermocouple of

the same type. The standard thermocouple was calibrated according to the melting point

of silver and gold. The temperature of the system was checked every run by lowering the

thermocouple from the 1200°C zone to the hot zone. This was done because the

thermocouple held at 1500/1580°C for prolonged period, failed due to excessive

temperature. The power unit of the furnace was a type 0703 25 A, 220 Y, Eurotherm
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thyristor power pack which was connected to the furnace with a B-type thermocouple

placed adjacent to the middle of the external surface of the heating winding. The unit

was set according to the actual temperature readings registered by the previously

mentioned thermocouple,

The temperature profiles at 1550 °c and 1600 "C can be seen in figure 3.4. At 1600 DC,

there is a 2 em space inside the furnace with the temperature change of ±1 DC,which can

be used as constant temperature area, as called Hot Zone. All metal and slag inside a

crucible must be put precisely within the hot zone, in order to maintain experimental

temperature accurately. When the temperature in the hot zone is less than 1600 °c, the
length of hot zone increases. It is worth noting that the temperature distribution inside

the furnace must be re-measured every time when the furnace has to be adjusted, such as

change of the heating element, and replace of th alumina-working tube, etc.

The slag samples for experiments were prepared as a homogeneous mixture made from

pre-melted master slags. All oxides, namely Ah03, CaO, Cr203, Fe203, MgO, Si02, and

S are chemically pure, supplied by SAARCHEM. Individual oxides, kept in a vacuum

desiccator, were added to master slags according to the different needs of experiments.

Four master slags were pre-melted in graphite crucibles and crashed in an agate mortar

after cooling. The compositions of the master slags are listed in table 3.3. The oxides

used in the preparation of master slags, namely, Ah03, CaO, MgO and Si02 were also

chemically pure grades.
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Tahle 3.3. The compositions of master slags by mass %

Number Ah03 CaO MgO Si02

MSI 37.00 2.00 27.00 34.00

MS2 20.00 2.00 36.00 42.00

MS3 25.00 5.00 18.00 52.00

MS4 15.00 5.00 ts.oo 65.00

3.1.5. Preparation of Cr-Fe-C-Si-S Alloys

The metal charges were prepared by using chemically pure powder of chromium, silicon,

sulphur and extra pure iron. Nineteen alloys in three groups were used in different

experiments. Their compositions are shown in table 3.4, 3.5, and 3.6. The former two

groups of metals were used for the investigation pertinent to ferro-chromium refining.

The third group of alloys were used for the study related to stainless-steel making.

Table 3.4. Composition of group-I alloys by mass%

No. Cr C Si S Fe

Ml-l 65.00 15.00 5.00 0.50 14.50

Ml·2 65.00 10.00 3.00 0.50 21.50

MI-3 65.00 12.00 3.00 0.50 19.50

MI-4 65.00 8.00 2.00 0.50 24.50 ._
Ml-5 65.00 5.00 2,00 0.50 27.50

MI-6 65.00 3.00 2.00 0.50 29.50
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Table 3.5. Composition of group-Z alloys by mass%

No. Cr C Si S Fe

M2-1 65.00 15.00 1.00 0.20 18.80

M2-2 65.00 10.00 1.00 0.20 23.80

M2-3 65.00 12.00 1.00 0.20 21.80

M2-4 65.00 8.00 1.00 0.20 25.80

M2-5 65.00 5.00 1.00 0.20 28.80

M2-6 65.00 3.00 1.00 0.20 30.80
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Table 3.6. Composition of group-S alloys by mass%

No. Cr C Si S Fe
1--

M3-1 20.00 2.50 0.00 0.10 77.40

M3-2 20.00 2.00 0.00 0.10 77.90

M3-3 20.00 1.50 0.00 0.10 78.40

M3-4 20.00 1.00 0.00 0.10 78.90

M3-5 20.00 0.50 0.00 0.10 79.40

M3-6 20.00 0.20 0.00 0.10 79.70

M3-7 20.00 0.10 0.00 Q.10 79.80



-

3.2. PREPARATION OF CHROMITE AND CHROl\lIIUM OXIDE

CRUCmLE.~

According to the technique and procedure used by T.R. currl100J and O. DeItlif4IJ,

chromite crucibles and chromium oxide(Crz03) crucibles were manufactured,

considering the factors like binder, sintering-temperature, sintering-time, sintering-

atmosphere, and even the heating-temperature after sintering and drilling. The procedure

is listed as the following:

1. Making chromite cylinders and Cr-oxide cylinders by pressing chromite powder

and Cr oxide powder respectively, mixed with 3% of 25%-sodium silicate solution

or 3% of water with a 2-ton hydraulic press using a special tool steel mold;

2. Sintering/heating in air, N2 or CO gas at 1200-1520°C;

3. Drilling a hole into cylinder, finished with a bottom of 5 mm thickness.

The details of crucible fabrication are highlighted in table 3.7. Chromite used was from

the BushveId LG-6, and Cr-oxide was chemically pure Cr203 powder supplied by

SAARCHEM. Cr-oxide crucibles were proved to be strong enough to hold slag and

metal for the studies of gas-slag-metal equilibrium. Sintering atmosphere does not make

apparently different to make hard and strong cylinders. Sintering temperature plays a

great role to make cylinders hard. It is better to heat cylinder to 1200°C first to get the

cylinder easily drilled and then reheat to 1420°C or 1520°C to make the crucibles drilled

from the cylinder harder and stronger.
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Table 3.7. Fabrication parameters of chromite and chromium oxide crucibles

No. Binder Sintering sintering Sintering- Sinter-temp

3% by
TempoC time,h atmosph- "C after

ere drilling
mass

001 25%NaSi 1200 15 air

002 water 1200 15 air

003 water 1420 6 air

004 water 1520 15 CO

005 water 1520 24 air

006 7.5%NaSi 1200 6 air 1520

007 water 1200 6 N2 1520
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3.3 EXPERIMENTAL PROCEDURE

Four groups f experiments have been conducted to investigate the gas-slag-metal

equilibria related to the refining of ferro-chromium and the r• .uJng of stainless steel, The

four groups are:

1. gas-metal equilibrium in alumina crucible;

2. gas-slag-metal equilibrium in Cr-oxide crucible under CO atmosphere;

3. gas-slag-metal equilibrium in silica crucible;

4. gas-slag-metal equilibrium in silica crucible for stainless-steel making.

Group 1 to group 3 are relevant to ferro-chromium refining and group 4 pertinent to

stainless-steel making.

3.3.1 Gas-Metal Equilibrium in Alumina Crucible

All materials used in the experiments were of chemically pure grade. The metals used

were in powder form. The experiments started with the alloys containing 65%Cr, 0-

5%Si, 0.01 and 0.1 %S and Fe as the balance, as usted in table 3.8. Alumina crucible of

40 mm in height; 25 mm in inner diameter and 28 mm in outer diameter was charged

with metal powder and was located in the 20 mm hot zone of the molybdenum wound

resistance furnace at 1500 0c. Equilibration was conducted at different partial pressures

of carbon monoxide, which made the alloys pick up Cat .ion by reaction with the gas

phase. The crushed alloys were sent to MINTEK for chermcal analysis. The equilibration

time was determined experimentally as 20 hours (see Section of equilibration for the

details).
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l'ABLE 3.8. Starting Composition of Metal by mass%

No. Cr Si S Fe

M1 65.00 0.00 0.10 34.90

M2 65.00 0.50 0.10 34.40

M3 65.00 1.00 f).10 33/'{}

M4 65.00 2.00 0.10 32.90
r---'

M5 65.00 S.M 0.10 29.90

M6 65.00 O.(~;, 0.01 34.99

M7 65.00 0.50 0.01 34.49

M8 65.00 1.00 0.01 33.99

I
M9 65.00 2.00 0.01 32.99. ,

MlO 65.00 5.00 0.01 I .2.9.99 I
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3.3.2. Gas-Slag-Metal Equilibrium in Cr-oxide!Alumina crucibles

Experiments started with 2-3g of metal, 3-5g of slag in pure Cr20J crucibles of J 8mm in

height; 25mm in inner diameter; and 30mm in outer diameter. Different amount of Cr203

was added into master slags. Three master slags and group-l and group-2 of metals

wert' used for the experiments in Cr-oxide crucibles.

About 50 per cent of experiments failed due to the cracking of the crucibles. In order to

prevent the crucibles from cracking by thermal shock, very slow speed of locating the

crucible from temperatures below 200°C to the hot zone, taking 20 minutes, 30

minutes, even 60 minutes was employed. But it did not release the cracking problem.

Alumina cement was dressed thickly outside a Cr-oxide crucible to form a strong cement

crucible outside in order to increase the strength of the Cr-oxide crucible. An alumina

crucible, or a zirconia crucible, or a molybdenum crucible were nlaced outside a Cr-

oxide crucible, filling the space between two crucibles with Cn03 powder. The cracking

still frequently happened because the space between Cr-oxide crucible and the outside

crucible increased during the experiments, which seems that Cr-oxide crucible increases

volume fairly lite:: at the elevated temperature.

Molybdenum wire of O.7mm in diameter was used to make a net fitted outside a Cr-

oxide crucible as tight as possible (the net will break the crucible if fitted too tight).

Since the molybdenum net was used to support the Cr-oxide crucible, the cracking was

finally under control. Silica crucibles of the same size as Cr-oxide crucible were used to

conduct experiments at lower partial pressure of carbon monoxide in ferro-chromium

system and in stainless-steel system.

The charged crucible with metal and slag was located to the hot zone slowly, and then

was quenched by being dropped into water after being held for the period of 13 hours
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determiner' 'xpenmentallyas the equilibration time. The distinctive metal phase and slag

phase were separated very carefully, cleaned when necessary. crushed, and sent to

MINTEK for chemical analysis.

3.3.3 Determination of Equilibration Tire

The term of equilibrium refers to a state, in which all reactions reach to an end and no

change will take place at alL In the studies on gas-slag-metal system, the term means

multi-phase chemical zquilibrium, in which all chemical reactions remain constant in the

system, including (CO/Ar)gas phase, slag phase, metal phase and crucible phase. No

change in compositions of all phases will occur and system becomes independent of

time. As far as the experimental work is concerned, the equilibration time, which is the

minimum time used to acquire the equilibrium for the system is very important. It is,

unfortunately, not as clear as its definition. It is actually varied dependent on different

investigators from few hours to more than 20 hours, according to the size of crucible,

amount of slag/metal, temperature, etc.

Equilibration time was determined by two series of exper' us for gas-metal

equilibrium in alumina crucibles and for gas-slag-metal equilibrium in Cr-oxide crucibles.

Ingas-metal equilibrium, experimental runs started with 3g metal of same composition at

150{tC at 0.05atm of partial pressure of carbon monoxide. After certain period of time,

samples cooled by quenching into water and prepared for chemical analysis. Only carbon

content of the alloys was analyzed because the carbon content only can come from gas

phase which is a mixture of argon and carbon monoxide. The experimental time ranged

from 2 hours to 72 hour. Figure 3.5 shows that carbon content of the metal phase

increases very quickly until 8 to 10 hours and after 20 hours the carbon content hardly

changes with experimental time, up to 72 hours. Therefore, 20 hours was determined for
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the equilibration time for the gas-metal studies. 111e same size of crucibles and same

amount of metals were used for the subsequent: xperiments. Under the circumstances of

those experiments with partial pressure of carbon monoxide higher than 0.05atm, the

equilibration time of 20 hours was still used even though a shorter time could be used for

those experiments, due to the easiness and quickness of picking carbon [rom the gas

phase with higher carbon potential

In gas-slag-metal equilibrium, experiments were run with 3g of metal and 4g of slag in

Cr-oxide crucibles at 1500°C unde-r carbon monoxide atmosphere. The sample was

cooled by being quenched into water, after being kept for certain experimental time,

ranging from 2 hours to 15 hours. The equilibration time was determined in terms of the

changes of all components of slag, namely Ah03, CaO, Cr203, Fe203, MgO, S, and

SiD2. The results are shown in figure 3.6, and it was established that a minimum of 13

hours was necessary.
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Related experimental measurements were conducted by Fulton and Chipmanl106] in their

study on the reduction of silicon from blast fumace-type slags by carbon saturated iron-

carbon alloys at temperatures of 1425 to 1700°C, for slags containing up to 20% Ah03.

The experiments were carried out under CO atmosphere. At 1600°C under the

conditions of rapid stirring, the approach to equilibrium required more than eight hours.

In a study similar to present equilibrium system by Akyuzlu and EriC[38],The

equilibration time was determined by a series of metal-slag equilibria experiments in

graphite crucible charged with about 4 grams of metal and 4 grams of slag, which were

carried out by varying the time from 3 to 14 hours while keeping initial compositions the

same. The approach to equilibrium was established by analysing the silicon dissolved in

the metal as a parameter. Both the reduction and the oxidation of the silicon was

investigated, even though it was stated that silicon oxidation is four times faster than

silica reduction at 1525°C. 'rhe oxidation behaviour was studied at low silica contents of

slags. It was found that a minimum of 10 hours was necessary.
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3.3.4. Chemical Analyses

The analytical work was done at MINTEK's analytical laboratories. The carbon of the

metal was analyzed by means of a Leco analyzer, the other constituents of the metal by

the I.C.P. method. The basic constituents of the slag were analyzed by means of the X-

ray fusion method, its Fe and Cr contents by means of the O-phenanthroline colorimetric

and F-diphenylcarbazide colorimetric methods respectively,

In addition, some X-ray diffraction analyses and metallographic examination of the slag

samples and crucible samples were carried out, in urder to detect metal in slag and detect

the interface of slag and crucible. No metal particles were found inside the quenched slag

phase. The study on the interaction between slag phase and Cr-oxide crucible is

conducted and can be found in the following part.
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Figure 3.5. Determination of gas-metal equilibration time at 1500°C, O.05atm

Peo with metal of60·64%Cr, 32-34%Fe, O.S-1.3%Si and 0.1%s.
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4. RESULTS AND DISCUSSIONS

Results of the experimental work with relevant discussions are gathered in four

subsections of this chapter:

1. Equilibrium relationships between C, Si and Pco in the gas-metal system;

2. Equilibrium distribution of silicon in the slag-metal system;

3. Equilibrium distribution of sulphur in the slag-metal system;

4. Equilibrium distribution of chromium in the slag-metal system;

Each section contains the results related to both ferrochromium alloys and stainless

steel (which contains about 15 to 25 per cent of chromium by mass). Samples from 168

experiments were chemically analyzed at MINTEK. Among them, 51 metal samples

were from gas-metal equilibrium experiments and 234 samples of slag and metal were

from 117 successful gas-slag-metal experiments in which about 50 experiments were

from those conducted in Cr-oxide crucibles,

It is worth mentioning some of the problems and difficultiesoccurred in the experimental

work. The major problems come from the choice of crucible materials and the highly

frequent breakdown of experimental furnace. The cracking of the Cr-oxide crucibles was

the biggest difficulty in the experiments. In addition, the behaviour of the Cr-oxide

crucibles is necessary to explain the major reasons that these crucibles can be employed

for the investigation.



Problems and Difficulties

The crucible material is the first major problem to be handled in the present investigation.

The crucible materials must be very stable so that no reaction takes place with the slag

phase and metal phase or the reactions with the crucible materials must be much slower

than the reactions between slag and metal so that the reactions with crucible can be

ignored. On the laboratory scale, very little work has been done in the domains of gas-

slag-metal equilibrium without carbon saturation in the metal phase, primarily because

of the problems confronted in attempting to contain liquid slags and metals in laboratory

crucibles at the experimental temperatures. Since graphite is an ideal crucible material for

the slag-metal experimental studies, most investigations have been carried out under

carbon saturation. For studies where CaO-Si02-MgO-AhOJ-FeOx-CrOy slags are used,

CaO crucibles, silica crucibles, MgO crucibles and alumina crucibles can be used on slag-

metal equilibrium by saturation of the slag phase with the corresponding oxide of the

crucible. In the present investigation, chromium oxide (Cr203) is used to manufacture

crucibles and they have been utilised for the gas-slag-metal equilibrium studies pertinent

to ferrochromium refining and stainless-steel making. However, they were prior to

cracking.

In order to prevent the crucibles from cracking by thermal shock, very slow speed of

locating the crucible from temperatures below 20(tC to the hot zone, taking up to 60

minutes, was used. Furthermore, the crucibles were pre-heated to 1400°C in a

electrically heated muffle furnace before they were very slowly put into the Mo-

resistance experimental furnace, which improved no difference. Alumina cement was

dressed thickly outside a Cr-oxide crucible to form a strong cement crucible outside in

order to increase the strength Of the Cr-oxde crucible. An alumina crucible, or a

zirconia crucible, or a molybdenum crucible ,. a, placed outside a Cr-oxide crucible,
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fillingthe space between two crucibles with Cr2Chpowder, pre-heated to 1400°C in the

muffle furnace for the same purpose. The cracking still frequently happened until

molybdenum wire of O.7mm in diameter was used to make a net fitted outside a Cr-

oxide crucible.

The behaviour of Cr-oxide crucibles in the run,.slag-metal system

The behaviour of the Cr-oxide crucibles can be used to explain the major reasons that

the molten slags and liquid metals can be held in the Cr-oxide crucibles for the period

of time long enough for the equilibrium experiments. In the investigation of the

behaviour of the Cr-oxide crucibles, chemical analysis, microscope, scanning-electro-

microscope (SEM) with EDAX and X-ray diffraction are utilised.

A layer is found 011 the inner wall of the crucibles, which appears brighter and denser

than the matrix of the cnr.ibles. By the use of scanning-electro-microscope with

EDAX, the composition in the middle and on the internal and external sides of the layer

is measured and illustrated in table 4.1.

Table 4.1. Composition of the layer on the inner wall of Cr-oxide crucible by
SEM-EDAX by mass percentage

Position CrZ03 FeZ03 Ah03 CaO MgO sio,

inside 92.96 1.05 2.62 0.15 2.43 0.79

middle 93.26 1.17 2.38 0.19 2.40 0.60

outside 93.18 0.95 2.29 0.26 2.62 0.70
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A very high homogeneity of the composition is displayed inside the layer. X-ray

diffraction analysis was taken on the layer and on the inner wall of the crucible above

slag phase. The major oxide inside the layer and inside the wall is Cr203. Very little o

MgAlCr04, MgCa1.5Cro.s04,and (Cr,Fe)203 exists in the layer. Chemical analysis has

also been made and the chemical composition is listed in table 4.2. The contents of Si02,

CaO and Fe203 are very low, not more than 1 per cent by mass. The major consuruents

of the layer are Ah03, MgO and Cr oxides analysed in terms ofCr203. They are 5.87,

7.61 and 84.57 per cent respectively.

Table 4.2. Composition of the layer on the inner wall of Cr-oxide crucible by
chemical analysis by mass percentage.

Crz03 Fez03 Ah03 CaO I MgO SiOz
II

84.57 0.82 5.87 0.37 I 7.61 0.76 II

The composition obtained by chemical analysis and scanning-ele.ctro-microscope(SEM)

with EDAX. is quite consistent, besides the fact that the results from SEM-EDAX.

elucidates a higher content of chromium in the layer of the Cr-oxide crucibles. The

reason may be the Cr contamination (from the bulk of the crucible) of the surface of the

layer during grinding and polishing of the specimen. By analysis of the Cr203-MgO-

Al203 ternary diagram, seen in figure 4.1, the liquidus temperature of the layer increases

from about 2047°C of the melting temperature of the pure Cr203 to about 2070 °c with

increase ofMgO from 0 to 7.61 and Ah03 from 0 to 5.87 with a ratio ofMgO to Ah03

7.61/5.87, as illustrated by the straight line in figure 4.1.
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The layer, formed by the reactions between Cr-oxide crucible and slag, may play an

important role in holding the slag and metal stable for the experimental investigation of

the gas-slag-metal equilibrium. The Cr-oxide crucibles and the crucibles with the Mo-

wire net are pictured and can be seen in figure 4.2. Figure 4.3 shows the metal and the

slag diverged from the Cr-oxide crucibles after the equilibrium experiments.

About 200 experiments have been conducted. 170 successful ones were selected for

chemical analysis at MINTEK The failure of the unsuccessful experiments was mainly

due to the cracking of Cr-oxide crucibles. In a few occasions, it was due to the

inadequate amount of slag remained in the crucible for analysis. The analysis results are

shown in Tables 4.3 to 4.11.
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Figure 4.1. MgO-Ah03-Cn03 ternary phase diagram with liquidus temperature
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Figure 4.2. Cr-oxide crucibles and the crucibles with Me-wire net before and after
equilibrium experiment Two crucibles on the lift side of the photograph are
unused.
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Slag Sample

Metal Sample

Figure 4.3. Metal sample and slag sample diverge" ftow Cr~oxio1l!t:ruclbles.



Table 4.3. Composition of metal phase from Gas-metal equilibrium at lSOO°C in
mass%.

No. %Cr %Fe %8i %8 %C Pco
atm

39-1 58.27 38.80 0.23 0.10 2.60 0.83

39-2 58.80 39.00 0.52 0.10 1.58 0.50

39-3 62.22 35.40 0.73 0.10 1.55 0.10

39-4 61.45 36.40 0.68 0.10 1.37 0.10-
39-5 1;3.76 34.00 0.81 0.10 1.33 0.05

39-6 51.43 38.60 1.07 0.10 0.80 0.01

39-7 60.58 37.60 0.97 0.10 0.75 0.01

39-8 65.:16 32.80 0.87 0.10 0.67 0.01

39-9 65.00 33.90 1.00 0.10 0.00 ~.OO

42-1 65.40 35.20 1.()6 O.!..' 0.64 0,01

42-2 62.60 32.70 0.93 0.01 0.45 0.01--
42-3 64.60 32.90 (}.98 0.01 0.44 0.01

42-4 66.10 30.70 0.90 0.01 0.36 0.01

42-5 58.50 34.50 0.85 0.01 0.36 0.01

42-6 59.00 34.80 0.82 0.01 0.29 0.01

42-7 53.20 44.90 0.09 0.01 0.10 uor
42-8 70.20 25.50 0.79 0.01 0.36 0.01

42-9 94.00 2.72 1.31 0.01 0.21 0.01

42-10 40.60 57.20 0.4 0.01 0.13 o.oi-_. -
42-11 40.40 56.30 0.39 0.01 0.84 (1.01

42-12 62.50 35.60 0.29 0.01 1.17 0.83
I--
42-13 60.90 34.80 0.38 0.01 2.39 0.10
t--
42-V 62.20 35.30 0.30 0.01 1.31 nnr
42-15 67.60 31.90 0.30 0.01 0.78 0.05
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Table 4.3. Composition of metal phase from Gas-metal equilibrium at 1500°C in
mass% (continue).

No. %Cr %Fe %Si %S %C Pco
atm

42·16 64.60 ~\4.50 0.38 0.01 0.93 0.05

42·17 64.20 34.70 0.39 0.01 0.96 0.10

42-18 67.30 31.90 0.36 0.01 0.21 0.10

42·19 61.10 33.40 0.44 O.O} 3.55 0.83
r--
42·20 80.40 13.60 3.00 0.01 7.10 0.83

42·21 80.40 6.20 3.18 O.Ot 7.07 0.50

42·22 79.50 6.30 3.20 0.01 5.23 0.50

42·23 88.90 7.20 3.14 0.01 2.82 0.02-.
42·24 93.20 5,00 2.119 0.01 2.07 0.01

<13·1 59.40 35.80 0.50 0.01 3.43 0.83

43·2 58.80 37.20 0.91 0.01 1.22 0.10

43·3 59.10 37.40 0.89 0.01 1.20 0.10

43-4 29.70 68.20 0.167 0.01 0.61 0.111

43·5 76.90 14.10 0.76 0.01 4.08 0.10

43·6 74.00 IS.S0 0.78 0.01 4.63 0.10

43·7 64.00 28.80 0.87 0.01 2.48 0.10

43·10 63.30 34.60 0.78 0.01 0.76 0.10

43·12 63.80 34.10 0.78 0.01 0.72 0.83

43·13 61.80 33.10 0.87 0.01 0.91 0.83

43·14 60.00 34.50 1.12 0.01 1.12 0.01

1
43
•
15 57.80 29.20 3.13 0.01 0.80 0.01_.

4316 61.20 29.40 *.16 0.01 1.22 0.01

43·17 60.80 28.90 4.00 0.01 1.00 0.01

43-18 43.50 53.20 0.38 0.01 1.03 0.50

43·19 43.50 50.20 0.83 0.01 1.04 0.50
'=
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Table 4.4. Metal composition from gas-slag-metal equilibrium at 1500"C under
CO atmosphere in Cr-oxide crucibles in mass%.

Number %Cr %Fe %Si %8 'Y'oC

48-1 52.80 41.80 0.33 0.03 3.17

48-2 52.70 41.90 0.31 0.03 3.18

48-3 49.40 48.40 0.51 0.18 2.12

48-4 41.90 58.10 0.37 0.11 1.68

48-5 27.50 70.30 0.27 0.10 0.68

48-11 58.90 37.40 0.34 0.11 3.78

48-12 23.30 74.60 1.01 0.11 3.77

48-13 45.20 51.83 0.37 0.11 2.50

49-1 44.20 53.30 0.32 0.13 2.12

1
49
-
2 46.90 47.70 0.24 0.14 1.92

55.30 37.60 0.20 0.10 2.1149-3

49-4 19.70 76.80 0.20 0.23 0.42

49-5 42.30 48.50 0.26 0.14 0.32

49-6 55.40 37.90 0.20 0.07 2.09

49-11 64.10 28.00 0.22 0.29 3.93

49-12 56.00 32.80 0.20 0.28 1.15

49-13 56.70 36.00 0.20 0.24 0.79

49-14 40.10 58.00 0.26 0.30 1.83

49-15 57.90 30.50 0.60 0.16 3.99

49-16 49.15 33.00 0.20 0.23 0.42

49-17 56.70 42.45 0.20 0.23 0.42
~.,
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Table 4.5. Met nl composition from gas-slag-metal equilibrium at 1500°C under
0.05atm ofPco in Cr-oxide crucibles in mass%.

Number %Cr %Fe %Si %S %C

52-1 50.90 34.40 0.37 0.04 3.84

52-2 66.90 26.60 0.45 0.05 2.57

52-3 60.20 28.10 0.67 0.11 2.19

52-4 57.20 35.20 0.26 0.01 5.22

52-5 50.10 44.20 0.28 0.13 3.21

52-6 51.50 40.20 0.53 0.13 5.15

52-9 54.20 36.80 0.20 0.04 3.81

52-11 50.50 38.70 0.21 0.06 4.62

52-12 23.56 75.42 1.02 0.10 5.82

52-13 49.10 46.40 0.28 0.04 3.27

52-14 32.27 61.62 0.29 0.04 5.78

52-15 48.40 46.50 0.27 0.04 3.29

52-17 42.30 52.82 0.27 0.04 4.57
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Table 4.6. Metal composition from gas-slag-metal equilibrium under O.034atm of
Pco at 1580"C in silica crucibles in mass%.

Number %Cr %Fe %Si %S %C

53-8 48.40 46.50 0.27 0.04 3.29

57-1 57.60 36.40 4.73 0.14 0.06

57-2 61.10 33.30 4.05 0.34 1.61

57-3 66.10 25.70 1.07 0.01 6.54 -~
57-4 66.10 25.60 1.83 0.01 6.03

57-5 63.00 28.50 2.46 ().I)1 5.42

57-6 58.20 34.80 5.21 0.29 0.97

57-11 63.80 28.00 1.59 O.(H 6.54

57·12 65.20 27.40 3.27 O.2B 3.85

57-13 56.90 35.50 5.57 0.35 0.50

57-14 63.20 28.90 1.86 0.19 5.37

57-15 62.50 29.50 4.37 0.26 2.46-
I 57-16 61.30 31.~n 3.45 0.25 2..89

57-17 61.20 31.50 5.06 0.26 1.70

57-18 60.90 31.40 5.14 0.32 1.34



Table 4.6. Metal composition from gas-slag-metal equilibrium under O.034atm of
Pco at 1580°C in silica crucibles in mass% (continue).

Number %Cr %Fe %Si %S %C

57-21 59.30 27.90 2.27 0.13 6.03

57-22 61.70 29.70 1.57 0.23 5.67

57-23 59.50 32.90 1.73 0.21 3.39

57-24 56.30 37.20 4.32 0.30 1.21

57-25 55.70 38.90 4.54 0.27 0.17

57-26 64.00 29.00 1.37 0.20 5.22

57-31 61.30 29.40 1.61 0.30 4.30

57-32 54.50 37.60 3.19 0.34 1.74

57-33 59.50 30.70 1.29 0.16 5.96

57-34 59.80 32.10 1.23 0.17 4.01

57-35 53.80 38.50 2.48 0.15 2.09
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Table 4.7. Metal composition from gas-slag-metal equilibrium pertinent to
stainless-steel making under O.034atm of Pco at 1580uC in silica crucibles in
mass%.

Number %Cr %Fe %Si %S %C

48·2 8.51 93.90 0.38 0.12 0.03

48·6 2.50 95.30 0.27 0.24 0.17

531 14.80 80.60 1.56 0.03 3.42

53·2 11.90 83.30 1.73 0.08 2.85

53·3 10.70 86.00 ().64 0.08 2.50

53·4 12.10 85.30 0.42 0.20 2.52

53·5 11.00 89.70 0.43 0.21 1.57

53·6 10.90 88.30 0.37 ().34 1.29.-
53·7 8.08 90.40 0.23 0.35 0.18

53·11 13.10 81.90 0.59 0.25 1.52

53·12 12.20 85.50 0.35 0.23 1.49

53·13 8.67 88.90 0.20 0.30 0.56

53·14 5.14 92.80 O.2() 0.41 0.61

53·15 12.30 85.90 0.20 0.41 I 0.28

53·16 8.90 89.20 0.20 0.30
I

0.44

53·17 8.82 89.60 0.20 0.27 0.74

53·19 4.20 95.0() 0.20 0.36 0.44

53·21 6.02 93.10 0.20 0.28 1.23



Table 4:7. Metal composition from gas-slag-metal equilibrium pertinent to
stainless-steel making under 0.034atm of Pco at 1580°C in silica crucibles in
mass% (continue).

Number %Cr %Fe %Si %S %C

56,1 16.20 79.80 1.42 O.21 1.73

56-2 15.50 80.60 1.45 0.14 1.50

56-3 18.40 77.80 1.51 0.43 0.43

56-4 16.60 80.10 1.19 0.39 1.27

56-5 7.82 90.50 0.45 0.34 0.49

56-6 16.00 SO.10 1.58 0.19 1.82
'--

56-13 16.80 81.80 0.33 0.01 0.21

56-14 16.60 83.10 0.81 0.08 0.30-
56-15 16.90 81.80 0.41 0.07 0.36

56-16 17.30 76.50 1.74 0.10 2.11

56-21 14.90 85.20 0.20 0.12 0.34

56-22 16000 81.10 1.39 0.27 1.17

56-23 18.30 77.10 1.73 0.04 2.96

56-24 19.30 78.20 1.15 0.28 0.73

56-25 16.90 80.70 1.11 0.40 1.63

56-26 20.30 76.30 0.54 0.45 2.14

56-27 3.73 94.80 0.20 0.50 0.92

56-28 20.20 77.10 0.66 0.35 1.61

56-29 21.40 74.90 0.52 0.44 1.68
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Table 4.8. Slag composition from gas-slag-metal equilibrium at 1500oC,
under CO atmosphere in Cr-oxide crucibles in mass%.

Number AIz03 CaO MgO Si02 Cr Fe S

48·1 19.20 1.54 12.30 44.10 14.64 0.30 0.01

48-2 19.50 1.51 12.60 43.80 22.28 0.28 0.03

48·3 20.60 L52 14.20 43.20 13.30 0.60 0.05

48·4 19.10 1.45 11.70 42.40 17.00 0.48 0.03

48·5 18.30 1.26 11.10 38.80 18.80 0.59 O.(}2- .-_
48·11 19.20 1.43 11.50 52.50 9.40 0.25 O.IS

48·12 16.50 I 1.37 11.30 62.10 4.90 0.81 0.01

48·13 17.03 1.17 11.03 33.32 23.76 1.21 0.08

49·1 J7.70 1.27 10.30 42.70 18.12 0.62 0.04-_ --
49·2 12.60 0.75 7.04 42.40 24.43 0.49 0.09

49-3 ll.70 0.74 7.35 46.60 21.48 0.43 1).08

49·4 10.90 0.64 6.21 54.90 16.97 0.71 0.06

49·5 6.41 0.32 3.67 46.60 26.96 1.42 0.09

49·6 ll.70 0.74 7.31 46.10 21.42 0.44 0.08

49·11 44.40 0.68 6.76 24.10 13.03 n.78 ~U)3

49·12 26.80 0.30 2.34 10.50 34.96 1.90 0.02

49·13 28.20 0.34 3.36 21.80 28.39 0.80 0.04

49·14 22.30 0.33 2.64 125.90 33.73 0.74 0.12

49·15 10.80 0.86 7.7'; 58.40 14.23 2.67 0.09

49·16 13.70 0.70 7.74 29.40 26.50 0.41 0.03

49·17 10.90 0.64 6.21 15.UO 16.97 I 0.71 0.06
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Table 4.9. Slag composition from gas-slag-metal equilibrium at 1500oC,
at 0.05atm ofPco i'n Cr-oxide crucibles in mass%.

Number Ah03 CaO MgO Si02 Cr Fe S

52-1 20.10 1.49 13.10 45.00 13.27 0.26 0.02

52-2 20.10 1.46 13.20 42.80 14.37 0.28 0.02

52-3 17.70 1.18 11.50 33.80 22.99 0.51 0.03

52-4 21.60 1.77 15.10 47.60 8.42 0.50 0.01

52-5 18.90 1.63 11.10 47.00 14.03 0.33 0.04

52-6 22.20 1.72 14.70 45.90 9.37 0.30 0.04 .-
52-9 15.40 1.43 10.30 59.80 5.75 1.55 0.02

52··11 13.60 1.05 9.48 61.50 7.46 0.52 0.03

52-12 16.57 1.38 11.35 62.35 4.91 0.79 0.01

52-13 17.03 1.17 11.03 33.32 23.76 1.21 0.08--
52-1-1 19.8<i 1.78 19.76 J5.41 6.22 0.82 0.08

52-15 19.00 1.80 11.70 47.40 10.54 0.97 0.01

52-16 19.78 1.37 17.20 38.22 9.86 0.87 0.04
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Table 4.10. Slag composition from gas-slag-metal equilibrium at lS80oC,
at O.034atm ofPco in silica-oxide crucibles in mass%.

Number AhOJ CaO M~O sio, Cr Fe S

53·8 14.40 0.R9 6.06 49.90 14.78 2.5.1 0.06

57·1 15.60 0.88 5.82 55.60 13.55 0.48 0.06

57·2 15.70 0.85 5.53 58.70 11.84 0.38 0.03

57·3 18.30 1.10 8.98 59.00 6.98 0.45 0.01

57·4 17.80 1.19 9.57 55.40 9.17 0.48 0.03

57·5 18.10 1.15 91(, 55.50 9.24 0.39 0.03-
57·6 17.90 0.60 5.71 57.30 10.63 0.68 0.05

57·11 22.50 0.94 10.80 55.20 5.43 0.36 0.02

57·12 17.20 1.02 7.69 58.30 8.83 0.41 n.04

57·13 18.90 0.93 '1.65 55.4n 10.61 0.32 0.04

57·14 21.10 0.87 10.00 54.20 8.21 0.29 0.1)5

57·15 21.30 0.&1 10.20 52.10 9.85 0.34 0.03

57·16 20.411 0.79 8.99 53.60 9.65 0.32 0.112

57·17 19.20 0.72 7.56 57.20 9.24 0.42 0.02

57·18 19.511 0.77 7.90 55.80 9.92 0.34 0.04

57·21 15.70 0.75 11.10 58.60 8.01 n.45 0.05--
57·22 15.60 0.77 11.90 56.110 9.78 0.39 11.06

57·23 14.90 0.73 10.00 57.80 10.61 n.44 11.114

57·24 14.50 0.61 7.05 60.00 11.49 0.39 0.115

57·25 14.00 0.59 8.05 55.10 14.79 11.37 11.04
.. ·...a·__ 1-----

51·26 12.20 10.40 10.40 59.40 11.91 ,).45 11.1)6---
57·31 12.10 10.90 10.90 55.10 14.03 0.47 <1.07

57·32 11.60 9.83 9.83 53.90 16.08 0.61 0.05

57·33 14.90 10.60 10.60 59.110 9.17 0.49 0.06 I

57·34 11.90 111.50 10.50 J 55.31l 14.71 0.52 0.06

57·35 11.90 9.40 9.40 154.~0 15.33 :).51 0.03
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Table 4.11. Slag composition from gas-slag-metal equilibrium at 1580oC,
at O.034atm ofPco in silica-oxide crucibles pertinent to stainless-steel making
inmass%.

I' Number I
Ah031 CaO I MgO

I
sto,

I
Cr Fe S

53-1 21.80 1.47 . 13.50 55.90 1.32 0.29 0.02

53-2 20.40 1.27 11.20 59.30 1.51 0.47 0.02

53-3 20.30 1.37 11.70 56.40 3.76 (),71 0.03

53-4 19.4() 1.24 11.00 55.70 5.25 0.85 0.02

53-5 18.00 1.12 9,28 55.00 7,32 1.22 0.02

53-6 17.10 1.02 8.35 52.80 9.72 1.72 ()'o3

53-7 16.00 0.97 7.31 52.70 11.56 1.77 0.04
I

53-11 15.00 0.98 8.55 I 61.40 6.51 1.74 0.03-
53-12 15.20 0.97 8.53 61.50 6.19 1.13 0.02

, -
53-13 13.50 0.86 7.42 57.70 11,84 2.02 0,03

53-14 12.40 0.65 4.63 57.4() 12.86 I 3.33 0.04

53-15 11.20 0.73 6.22 46.50 19.77 4,67 0.06

53-16 12.70 0.83 7.53 I 52.10 15.39 2.57 0.04

53-17 14.30 0.87 7,33 I 61.60 8.28 1.75 0.02

53-19 21.80 0.66 10.40 56.30 4.73 1.92 0,()2

53-21 23.50 0.71 10.70 56.50 3.36 1.43 0.02

56-1 21.70 0.75 9.57 I 55.80 5.316 0.63 0.01

56-2 23.00 0.81 11.00 54.50 4.12 0,78 O.O}

56-3 21.90 uss 11.20 I 49.S0 8.21 0,71 0.02

56-4 21.20 0.75 9,46 ,
54.90 6,01 0.57 ().02

I

56-5 19.60 0.68 8.34 1 54.90 7.94 1.71 0.02
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Table 4.11. Slag composition from gas-slag-metal equilibrium at 1580oC. at
1)'o34atm of Pco in silica-oxide crucibles pertinent to stainless-steel making in
ma.s:>%(continue).

Number Ah03 CaO MgO Si02 Cr Fe S

56-6 23.60 0.89 12.10 53.40 2.22 0.54 0.02

56-13 12.10 0.24 0.54 56.30 16.23 1.54 0.02

56-14 12.40 .022 0.10 61.80 13.34 1.,N 0.02

56-15 12.30 0.23 0.10 62.00 13.27 1.51 0.02

56-16 12.10 0.22 0.10 57.00 17.11 1.51 1).03

56-21 21.61) 0.76 9.19 57.10 4.63 0.51 0.02

56-22 23.60 0.88 11.00 53.90 4.00 1.09 0.01

56·23 24.70 0.90 12.30 55.00 1.92 0.38 0.03

56-24 23.70 i}.89 12.30 51.50 4.89 0.53 0.02

56-25 21.00 0.73 8.68 57.30 5.60 0.59 0.02

56-26 22.30 0.87 11.20 50.()0 7.94 1).57 0.1)1

56-27 21.30 0.79 9.33 53.60 5.11 3.64 0.03

56·28 21.80 0.91 10.50 49.60 8.76 0.74 0.02

I
I

II56-29 21.70 0.91 12.10 40.50 13.89 0.59 0.02
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4.1. EQUILffilUUM RELATIONSHIPS BETWEEN CARBON, SILICON

AND PARTIAL PRESSURE OF CARBON MONOXIDE

This part of the results was presented at the International Ferro Alloy Congress 1995

(INFACON 7) and published in the proceeding, June, 1995[101, with some of the results

from the gas-slag-metal equilibrium in Cr-oxide crucibles, which will be discussed late in

the section 4.4.

4.1.1. Equilibria in Oxygen-Blowing Processes

There are two types of equilibria in the oxygen-blowing processes, namely metal-gas

equilibrium ad gas-slag-metal equilibrium. When oxygen or oxygen and argon gas is

introduced into metal bath, the oxidation reactions take place at the interfaces of metal

and gas bubbles. The metal-gas equilibrium will be valid until the bubbles come up to the

interfaces of metal/slag on the top of the bath. Thereafter, metal-slag-gas equilibrium

takes over at the interfaces of metal and slag, involving CO or (CO+Ar) gas, as shown in

figure 4.1.1. The metal-gas equilibrium plays an important role in monitoring the carbon

content of the alloy. Meanwhile, the removal of sulphur. the loss of chromium and the

control of silicon would be more closely correlated to the gas-slag-metal equilibrium.
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The above results are expressed in a 3-dimensional drawing in figure 4.1.4, which

manifests the carbon pick-up of the alloys with the increase of Si content and the partial

pressure of carbon monoxide.

4.1.2. Equilibrium Between Carbon, Silicon and Peo

Relationship Between Carbon and Partial Pressure of Carbon Monoxide

The result shown in figure 4.1.2. illustrates that carbon content in the alloy which has no

Si increases from 0.0 per cent to about 2.6 per cent by mass when Pco rises from 0 to

0.83 atm. Carbon in the alloy containing 3 per cent of silicon ascends from 0.0 per cent

to about 7.2 per cent with the increase of the partial pressure of carbon monoxide from 0

to 0.83 atm. When Pco increases to 0.15 atrn, the carbon picked up from the gas is fast.

Silicon in the alloy promotes the increase of carbon in the alloys.

The result shown in figure 4.1.3 also demonstrates that carbon content of the alloys

increases with the increase of Si in the alloy, when CO exists in the gas phase. On the

contrary, metals can not pick up carbon if there is no carbon monoxide in the gas phase.

The carbon picked up in the alloys increases slowly with the increase of the partial

pressure of carbon monoxide when silicon content is comparatively low in the alloys.

The carbon pick-up is promoted by more silicon of the alloy phase, while the carbon

content increases with the increase of the partial pressure of carbon monoxide, even

when no silicon exists in the alloy phase.

It is also found in the current experiments that sulphur in the alloy does not change with

silicon content and the partial pressure of carbon monoxide.
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2[Cr] + [Fe] + 4CO = 4[C] + FeOCrz03 (4.1.5)

"i ~',eway carbon is pieked up from carbon-monoxide gas may be discussed by the

nllowing reactions:

LSi]+ 2CO = 2[C] + Si02 (4.1.1)

2[Cr] + 3CO = 3[C] + CrzO, (4.1.2)

[Cr] +CO = [C] + CrO (4.1.3)

[Fe] +CO = [C] + FeO (4.1.4)

Here [ ] refers to species in metal phase, There may be more reactions like reaction

(4.1.5), forming complex components. It is shown in figure 4.1.5 that reaction (4.1.1),

(4.1.2), (4.1.5), and (4.1.3) are the dominant ones causing the alloy to pick up carbon

from the gas phase, The calculation in figure 4.1.5 is based on the free-energy changes

of the reactions at 1500°(, for the alloy of 63%Cr, 3%Si, 34%Fe by mass, assuming that

pure oxides are formed.

The results from the current study are in good agreement with the work done by

Kossyrev and Olsen recentll7J,which shows that carbon solubility increases with an

increase of silicon content with 0 to 3 per cent of silicon.

They investigated carbon solubilities [or Cr-Si-C and O'-Fe-Si-C alloys (Cr/Fe=4, 1.5,

0.25) in a resistance furnace at 16(X)"Cin Ar atmosphere with graphite c.ucibles. Figure

2.10 presented the results. For chromium rich alloys, the carbon content increases

initially with increasing silicon content in the metal. Study of the metal and the

crucible/metal interface in th- electron microprobe shows that the solubility curve

148



representing iron free Cr-Si-C alloy shows two breaks, dividing the system into three

areas. In the first area, carbon is increasing with increasing silicon content. After silicon

reaching a critical value, carbon content decreases with increasing silicon content, The

critical silicon value decreases when Cr-to-Fe ratio reduces. The critical silicon value

disapperrs when the ratio of Cr to Fe is less than 1.5 in the metal phase. In the first area,

the primary crystals in the metal are Cr7C3; in the next area the primary crystals are

Cr3C2; and in the third area only SiC. With increasing silicon content the stable carbide

phases are Cr7C3, Cf3C2 and SiC. For alloys with CrIPe=4 there seems to be a fourth

area between 10 and 15.5 per cent of silicon by mass. Metallographic observations

indicates absence of any additional carbide phase between the graphite crucible and the

metal in this area which means that graphite is a stable phase between the M3C2

(M=Cr+Fe) SiC stable areas. Further, there is no area of M7C3 stability in alloys with

CrIPc=1.5 and there is no area of M3C2 stability with CrIPe ratio less than approximately

1.2. In our study, the ratio of Cr to Fe is over 2 and the results at CO atmosphere are in

good agreement with their results.

Lucas and Wentrup[S31 studied the solubility of carbon in synthetic Fe-Cr-Si alloys under

laboratory conditions, ensuring fairly reliable saturation of the alloy with respect to

carbon, and determined the carbon content. An increase in chromium content causes an

increase in the solubility oj carbon, but this effect can be neutralised by a simultaneous

increase in the silicon content. A number of studies on the Fe-Cr-Si-C quaternary system

have been done by Petrushevskii and Geltl[S4.SS.561at 1700 °c in the range of 0 to 35 per

cent silicon, 0 to 100 per cent iron, 0 to 93 per cent chromium.

The relationships of carbon, silicon and the partial pressure of carbon monoxide are

essential to determine the OJ}Ar ratio for the decarbonizat.ion processes via OJ}Ar

blowing. The reason is because that the contents of silicon and carbon in the alloys

correlated with the partial pressure of carbon monoxide in the bubbles of CO/Ar gas,

which comes from the reactions of decarbonization. In another word, anyone parameter

among carbon content, silicon content and partial pressure of carbon monoxide, will be

determined by the other two. For example, when silicon content and the partial pressure
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of carbon monoxide are fixed, the minimum carbon content. reduced by OJAr blowing,

can be predicted. On the other hand. when the contents of silicon and carbon in the alloy

are decided. the maximum ratio of OJ.!Ar. which can be converted from the maximum

partial pressure of carbon monoxide, should be used in the processes.
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Slag

Metal

02/Ar Gas

Figure 4.1.1. Demonstration of metal refining via blowing of oxygen/argon gas.

151



8

{

6

5
,0

o~

_. 4
c
(l)

C
0 30

~
2

..
•

.,.
.'••

-e- O.O%Si
-11-- O.4%Si
-ir- 0.75%Si
--T-- 2.0%Si
......... 3.0%Si

0.0 '].2 0.6 0.8
Pee. atm

152

Figure 4.1.2. Relationship between carbon content and partial pressure of carbon

monoxide for alloys of 61%Cr-Fe-S~-C by mass in CO/Ar gao:at 1500uC.
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Figure 4.1.5. Calculation of carbon content picked up from CO gas at 1500"C,

alloys of 63%Cr·34%Fe·3%Si·C by mass.
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4.h. SILICON DISTRIBUTION BETWEEN SLAG AND METAL AT

DIFFERENT PARTIAL PRESSURE OF CARBON MONOXIDE

The products tapped from a ferrochromium furnace. or from a refining furnace are an

impure ferrochrorniurn melt and a liquid slag. The ferrochromium alloy contains a high

proportion of carbon and it is even saturated with carbon in most instances. The other

solutes are silicon, phosphorus and sulphur in varying proportions. Silicon and

phosphorus are reduced from the burden coming mainly from the ore gangue materials.

while sulphur comes mainly from the coke. There is an equilibrium distribution of

chromium, iron, silicon, sulphur and phosphorus between slag phase and metal phase.

The «nncentrations of these elements in the metal phase. to some extent, are basically

controlled by the furnace operation in terms of slag forming and slag controlling.

The phosphorus content of ferrochromium depends only on the phosphorus content of

the ore charged. Virtually all the phosphorus charged inzo the furnace finds its way into

the metal since under the operating conditions in the ferrochromium furnace, like in iron-

making blast furnace. Slag is. in most operations. a solution of Ah03, CaO, Cr-oxide,

Fe-oxide, MgO and Si02 with small amount of P~05 and sulphur.

In the present work. the relationships between the equilibrium partitions of silicon,

sulphur and chromium have been investigated in silica and Cr-oxide crucibles at

temperatures of 1500"C and 1580"C. The CO partial pressure ofO.034atm. O.05atm and

O.83atm are used in the experiments. The results will be discussed in he following three

sections in terms of the distributions of silicon. sulphur, and chromium.
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A part of the SiOz in the burden is reduced to metal phase after it is dissolved in the slag

by the overall reaction of SiOz reduction, expressed by equation (4.2.1):

(SiOz) + 2[C] = [SiJ + 2 COIg) (4.2.1)

Where the round brackets refer to the slag phase and square brackets to the metal phase.

There are two major sources of SiOz in the production furnace: ore gangue and coke

ash. SiOz content in ores varies considerably, but those in coke ash are roughly similar,

about 50 per cent, although the ash content itself can vary SUbstantially from coke to

coke. The contribution of each is dependent on the kinds of coke and are, as well as

operational conditions.

The routes and mechanism of Si transfer from the burden to the metal have been a

matter of concern. Two routes have been recognized: from molten slag to molten metal

directly through the slag-metal reaction, and the indirect route where Si transfers from

slag or coke ash to the gas phase as SiO and then into metal. It is natural to believe that

the direct route is mainly responsible for Si02 reduction. Therefore silicon transfer

through the slag-metal reaction has been extensively studied as one of the basic reactions

of the processes for ferrochromium production.

Kinetic studies on slag-metal reactions have shown that the reduction of SiOz in slag

phase by carbon in the metal phase is a first-order reaction with respect to the activity of

SiOz and is very SIOW[lOl-l04,.The observed activation energies varied with slag basicity

and were fairly large in neutral and acidic slags, which means that the SiOz reduction rate

under usual conditions of the operation has a large temperature dependence.

From thermodynamic point of view, the phase diagrams for the CaO-SiOz-AhO.1 ternary

system. as well as the quaternary system with MgO. and the activities involved both slag
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their importance. They are extensively utilized presently with the equilibrium distribution

of silicon, sulphur, chromium and the activities of silicon, sulphur and chromium. From

the viewpoint of industrial application. the availability and the reliability of such data

have become of greater importance because of the need tor a higher rate for chromium

recovery, a higher rate for sulphur elimination and a higher degree of control in present

process technology.

4.2.1. Influence of Slag Composition on the Silicon Partition

The effect of chromium oxide in the slag phase expressed in terms of chromium content

of the s.ag on the equilibrium partition of silicon between slag phase and metal phase in

terms of the mole partition ratio of [Sill(SiOz) is illustrated in figure 4.2.1. As the

chromium content of tae slag phase increases, the ratio of [Si]/(SiOz) decreases and it is

more remarkable at lower Pco values. At O.05atm of partia, pressure of carbon

monoxide, the silicon partition between slag and metal decreases from 0.025 to 0.01!

with an increase of chromium in slags from 0.05 to 0.nS5 by mole fraction. A slow

decrease in the silicon partition ratio is clarified from 0.0 I to O.(){)9 with increasing

chromium in slags from 0.1 to 0.2. Under pure carbon monoxide atmosphere (Pco O.S3

atm due to elevation of temperature), the equilibrium distribution of silicon declines quite

fast from 0.026 to 0.017 when chromium content of the slags increases from 0.05 to 0.1.

The silicon partition does not decrease further when chromium content in the slag phase

is higher than 0.2 mole fraction.

The result also discloses that both silicon partition and the partial pressure of carbon

monoxide playa great role to achieve a high rate of chromium recovery from slag phase

to metal phase. A high silicon partition and a low partial pressure of carbon monoxide
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favour a high chromium recovery. There is a threshold for certain partial pressure of

carbon monoxide,

At 0.05atm of the partial pressure of carbon monoxide, the threshold cont. 1t of

chromium in the slags is 0.085 and the silicon partition ratio is about 0.011. Meanwhile,

at 0.83atm of the partial pressure of carbon monoxide the threshold content of

chromium in the slag is about 0.125 and the corresponding silicon partition ratio is about

0.015. When chromium is higher than the threshold content, chromium content in the

slag phase decreases very fast with a very little increase of silicon ratio, and after the

threshold a substantial increase of the silicon ratio can only 1'C:'0U';:C: very little chromium

from slag phase to metal phase. A lower partial pressure of carbon monoxide will help to

lower the threshold content of chromium with a lower ratio of silicon.

In practice, the silicon content in the metal must be taken into account with the silicon

oxide in the slag phase and the threshold with certain partial pressure of carbon

monoxide, when silicon content in the metal phase is used to discuss and control the

chromium content in the slag phase.

The effect of AhO] on the equilibrium partition of silicon is exhibited in figures 4.2.2 ~n:1

4.2.3. The results exhibit that the increase of alumina content in the slag phase increases

the equilibrium distribution of silicon. Figure 4.2.2 is from the experiments where the

metal phase contains 0.55 mole fraction chromium, using Cr-oxide crucibles and silica

crucibles. Figure 4.2.3 displays the results from those experiments where silica crucibles

were used with the metal phase containing 0.22 mole fraction chromium. With Cr-oxide

crucibles, the increase of Ah03 content and the partial pressure of carbon monoxide do

not effect the silicon partition remarkably. The equilibrium partition of silicon increas=

from 0.02 to 0.14 with an increase of alumina content from about 0.07 to 0.14 with t.,>

metal phase containing about 0.55 mole fraction chromium. The equilibrium partition of

silicon increase from 0.005 to 0.05 with an increase of alumina content from 0.075 to



0.15 with the metal phase containing only ('.22 mole fraction chromium.

The results are consistent with the study <1L ne by Fulton and Chipman[107], illustrated in

figure 4.2.4. Their experiments were conducted under CO atmosphere at temperatures

of 1425°C, 1500°C, 1600°C and 1700°C. They found that an increase in the Ah03

content caused an increase in the silicon content of the metal at 1500°C, 1600°C and

1700°C. At 1425°C, on the other hand, chis effect persists only in the more basic slags.

The influence of MgO on the partition ratio of silicon is elucidated in figure 4.2.5. In

general, the increase of MgO in the slag decreases the partition ratio of silicon. The

results from the experiments where Cr-oxide crucibles were used disclose very small

effect of MgO and the partial pressure of carbon monoxide on the silicon distribution.

However, the results from those experiments conducted in silica crucibles show a

substantial decrease of silicon partition ratio from 0.14 to 0.04 with an increase of MgO

molar fraction from about 0.1 to 0.17. While the result achieved in silica crucibles with

the metal phase containing 0.22 mole fraction of chromium demonstrates an

unremarkable effect of MgO on the silicon partition ratio, as seen in figure 4.2.6.

The effect of silica content of the slag phase on the equilibrium distribution of silicon is

illustrated in figure 4.2.7 and figure 4.2.8. The partial pressure of carbon monoxide and

the silica of the slag phase have little effect OP the silicon partition ratio, except the result

from the metals of 0.55 chromium in silica crucibles. The result is displayed in figure

4.2.7, which shows a remarkable increase of the silicon partition from 0.02 to about 0.13

with an increase of silica from 0.55 to 0.64. The results are in good agreement with the

results from M. Akyuzlu and R. H. Eric[33] in their studies on slag-metal equilibrium in

the smelting of high-carbon ferrochromium. Their results elucidated that the silicon

content of the metal phase was directly proportional to the silica content of the slag

phase with which it is in equilibrium. The increase of silicon content in the metals with

increasing silica in the slags was more pronounced at 1580cC. This can be explained by
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the increase in the value of the equilibrium constant of reaction (4.2.1), which increases

with the increase of temperature due to the endothermic nature of reaction (4.21).

(Si02) + 2[Cl = [Sil + 2 COlg) (4.2.1)

4.2.2. Effects of Metal Composition on the Partition of Silicon

The influence of the chromium content of the metal phase on the silicon partition is

illustrated in figures 4.2.9 and 4.2.10. In general. the increase of chromium in the metal

phase results in a little increase of silicon partition when Cr-crucibles are used. On the

other hand, the results from the experiments conducted in silica crucibles illustrate that

the silicon partition ratio increases from 0.04 to 0.15 with an increase of chromium in the

metal from 0.50 to 0.55 mole fraction.
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The effect of silicon content on the silicon partition ratio is illustrated in tigures 4.2.11

and 4.2.12. The results exhibit that the equilibrium distribution of silicon is proportional

to the content of silicon in the metal phase. The results from the metals containing about

0.22 mole fraction of chromium demonstrate that the silicon partition increases quite

quickly from 0.006 to 0.03 with the increase of silicon from 0.(}{)4 to om hut

thereafter the partition increases slowly from 0.03 to 0.05 with the increase of silicon

from 0.014 to 0.03 by mole fraction.

The effect of carbon content on the distribution of silicon is illustrated in figures 4.2.13

and 4.2.14. Carbon content enhances the equilibrium distribution ratio of silicon. A

higher silicon distribution ratio can be achieved at a lower partial pressure of carbon

monoxide when the content of carbon in the metal phase exceeds 0.14 mole fraction.



(SiOz) + 2[C] = [Si] + 2eo (4.2.1)

With an increase of carbon content from 0.14 to 0.22, the silicon partition ratio increases

from 0.01 to n.o 18 and 0.026 at 0.83atm and O.05frtm of the partial pressure of carbon

monoxide respectively, as seen in figure 4.2.13. The results from the experiments where

the metal phase contains 0.22 mole fraction chromium, as seen in figure 4.2.14, show

that the silieon partition ratio increases from 0.006 to 0.03 when carbon content

increases from 0.02 to 0.08 by mole fraction. A further increase of carbon content in the

metal phase does not effect the equilibrium partition ratio of silicon. The silicon partition

ratios shown in figure 4.2.14 are higher than those displayed in figure 4.2.13 with the

metal phase containing higher chromium content.

The reaction expressed in equation 4.2.1 plays a significant part in the relationships

among the silicon partition, the partial pressure of carbon monoxide, and the carbon

content.

[Si]/(SiOz) = KI.2.l {[adCYsi02)}/ {P"co['Ysi]}

(4.2.2)

As displayed in equation 4.2.2. a decrease of the partial pressure of carbon monoxide

will increase the silicon partition ratio. An increase of carbon content will also increase

the silicon partition ratio because the increase of carbon content increases both the IXc]

value and the ratio of [yd/['Ysi] due to the little change in the slag composition. which

leads little change in the value of (YSi02I. 111e relations between carbon content and the

['Ycf/[Ysi] ratio is plotted by using the data from the works[105.106I, as shown in figure

4.2.16. Due to the saturation of silica in the slags, the SiOz activity is unit in the slags

when the silica crucibles being utilized. which will absolutely result in tho! increase of

silicon partitions.
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Figure 4.2.1. Effect of Cr content in slags on silicon partition with metals of

O.55Cr-Fe-C-S-O.04Si and slags of O.OlCaO-FC203-MgO-Cr203-Si02-Ah03 in

mole fraction. AhOilVlgO=1.7. in Cr-oxide crucibles at 1580°C.

163



0.14

0.12

-. 0.1
C\lo....
[g 0.08
<,
r.:l
00.06

0.04

0.02

0.16
-./

/ silica crucibles
at 1580"C

/
._-

--7-
//~-

;; Cr-oxide crucibles
at 1500"C.-.

.:; :* '*' '""
_.

¥

I, ,o
0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24

A120~ content of slags, mole fraction

r=-= Pco=O.034atm + Pco=O.05atm '* Pco=D.83atm

Figure 4.2.2. Effect of Ah03 content in slags on silicon part- 011 with metals of

O.55Cr-Fe-C-S-O.04Si and slags of O.OlCaO-Ftl203-M:,-, ,Cr203-Si02-Ah03 in

mole fraction, AhOJ/'MgO=1.7, in Cr/Si-oxide crucibles at 1500"C!1580"C.

164



-i----------- ---"-.-------."----------i--

+----------------------------------------
_,---"------,"._-

•..

0.001+----.---,----,----r----r---.---~----r_~
0.07 0.08 0.09 0.1 0.11 0.1L 0.13 0.14 0.15 0.16

Al203 content in slags, mole fraction

Figure 4.2.3. Effect of Ah03 content in slags on silicon partition with metals of

0.22Cr·Fe-C·S-O.04Si and slags of 0.()1CaO.Fez03·MgO·Crz03·Si02·Ah03 in

mole fraction. AhO:Jl\<lgO=1.7. in Sl-oxide crucibles at 1580"C at 0.034 Pco.

165



...J;:;
~ 24
z
I-
Z
W
o
a:w
a.
l-
I:

Hj 8
$

64 72

SIUCA - WEIGHT PERCENT IN SLAG

Figure 4.2.4. Summary of silicon.reduction equilibrium. After Fulton and
Chipman [IG7].

166



0.16
I

0.14 L !
_- .--..---.-=-----=-.-----~silica crucibles
at 1580"C--------._ _.- .._ _.__ _._._---

0.12 -.--------"\

--- 0.1
~ ..... _j_------------4..,---~0.08
'S....
!;(J 0.06

0.04

o a 0.05 0.1 0.15 0.2 0.25
MgOcontent of slags. mole fraction

0.3 0.35

~ Pco=O.034atm + _P_co=D__ .O_5_a_tm__ i1'o_· _p_co_=O_.8_3_a_tm_.....J

Figure 4.2.5. Effect of MgO content on silicon partition with metals of O.55Cr-Fe-

C-S-O.04Si and slags of O.OlCaO-Fez03-MgO-Crz03-SiOz-AhOJ in mole fraction.

AhO:v'MgO=1.7, in CrlSi-oxide crucibles at 1500"C/15S0uC.
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Figure 4.2.7. Effect of Si02 content on silicon partition with metals of O.55Cr-Fe-

C-S-Si and slags of O.OlCaO-O.OO5Fe203-MgO-Crz03-Si02-Ah03 in mole fraction,

AhOMgO=1.7. in Cr/Si-oxide crucibles at 1500uC/1580°C.
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Figure 4.2.8. Effect of SiOz content on silicon partition with metals of O.22Cr-Fe-
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AhOMgO=1.7, in silica crucibles at 158{)"Cat 0.034 Pco.
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FeCr Alloys.
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Figure 4.2.10. Effect of Cr content of metal on silicon partition with metals of Cr-
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Figure 4.2.11. Effect of Si content of metal on silicon partition with metals of

O.55Cr-Fe-C-S-Si and slags of 0'«)] CaO-O.OO5FCl03-MgO.Cn03-SiOz-Ah03 in

mole fraction, AhO~lgO=1.7, in Cr/Si-oxide crucibles at 150()"C/158()"C.
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Figure 4.2.12. Effect of Si content of metal on silicon partition with metals of

0.22Cr-Fe-C-S-Si and slags of 0.01CaO-O.OOSFet03-MgO-Cn03-Si02-Ah03 in

mole fraction, AhOMgO=I. 7, in silica crucibles at 1580°C at 0.034 Pco,
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4.3. EQUILffi"'fUM PARTmON OF SULPHUR BETWEEN SLAG AND

METAL Al .~.' "lliNT PARTIAL PRESSURE OF CARBON

MONOXIDf..

With the increasing demand for low-sulphur steels, the requirement on ferro-chromium

of low sulphur content has been critical As an important raw material ot steel making

like that of LC FeCr and Simplex-FeCr alloys, HC FeCr is standing in a leading position

of the quality control A great effort has been made to reduce the sulphur content in

commercial production of HC FeCr alloy. Coke or coal used in smelting of HC FeCr is

the greatest source of sulphur.

From the economic point of view, desulphurization in the smelting process is more

important than choosing low-sulphur coke or coal to use, which are produced from

quite limited reserves. It is known that there are certain relations among sulphur content

and composition of both slag and alloy. The studies[108.109.1I01demonstrated that when

increasing silicon orland carbon in the metal phase or increasing CaO .ontent in the

slags, sulphur content of the alloy decreases. Sulphur. however, fluctuates in most cases.

In the smelting of this grade alloy and in the refining of HC FeCr to reduce carbon and

silicon. how to utilize other conditions to minimize sulphur content in the alloys is vital

to produce both He FeCr alloy and LC FeCr alloy with low sulphur content. When

refining FeCl' alloys by means of oxygen-blowing processes, the oxygen blown into the

metal bath reacts with carbon and produces carbon monoxide extremely fast, due to the

high temperature and the favourite conditions for mass transfer, The carbon monoxide

produced in the reactions actually plays an important role in the gas-slag-metal

equilibr-uion relevant to both FeCr alloy smelting and refining processes,
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In the practice, Ar/02 ratio is one of the control parameters used in the refining process.

TIle Ar/02 ratio can be set up, if the equilibrium partial pressure of carbon monoxide in

the Ar/02 gas phase is known.

In this study, the influences of the partial pressure of carbon monoxide, metal and slag

compositions on the sulphur behaviour have been investigated at l500°C and 158(}OCin

Cr-oxide crucibles and silica crucibles.

A presentation based upon this part of the results WaE made at the 5th International

Conference on Molten Slags, Fluxes and Salts '97 and a paper was published in the

proceedings of the conference [1111.

4.3.1. Influence of Slag and Metal Compositions on Equilibrium Distribution of

Sulphur

The relationships were invested between the sulphur distribution and the contents of the

most constituents in the slag and metal phases at different PCO and temperatures. The

sulphur distribution is expressed by the is)I[S] ratio by mole traction. where round and

square brackets indicate the slag and metal phase respectively. The slag contained 0 to

0.1 per cent of sulphur. 0 to 25 per cent of chromium. 10 to 6() per cent of Si02, 2 to 20

per cent of M~O, 10 to 30 per cent of AhO, and about 0.5 per cent of iron. TIle metal

composition related to ferrochromium alloys was in the range of 45 to 65 per cent of

chromium. 0 to 10 per cent of carbon. 0 to 5 per cent of silicon. 0 to 0.05 per cent of

sulphur. and the balance iron. The metal composition relevant to stainless-steel making

contained 10 to 20 per cent of chromium. 0.2 to 2.0 per cent of silicon. 0.04 to 0.4 per

cent of sulphur. 0.18 to 3.5 per cent of «nrbon and the balance iron.
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With the increase of MgO content in slags, shown in figure 4.3.1, the slags' capability of

desulphurization increases. The experiments in both Cr-oxide crucible at 1500°C and

silica crucible at 1580°C illustrate the same trend. The sulphur distribution ratio resulted

from using Cr-oxide crucible is higher than that from t;..! experiments conducted in silica

crucibles at higher temperature. The results from experiments in Cr-oxice crucibles

indicate that the distribution ratio of sulphur increases when the partial pressure of

carbon monoxide is reduced from 0.83atr.1 to O.05atm in the MgO raJI'. e of 0.17 to 0.35

by mole fraction. Figure 4.3.2 manifests the results. acquired from the experiments with

alloys containing about 0.22 mole fraction of chromium at ().()34atm of partial pressure

of carbon monoxide at 1580°C in silics. crucibles. The results show a similar influence of

MgO on the sulphur distribution ratio and have a higher distribution ratio. compared

with the result illustrated in figure 4.3.1 at 0.034atm of partial pressure of carbon

monoxide in silica crucibles.

(4.3.1 )

I

The slag-metal equilibrium in terms of sulphur and oxygen species can be written as:

where square and round brackets indicate the metal and slag phases respectively. MgO

in the slag will dissociate according to:

(4.3.2)

An increase in MgO content of the slag will increase free 01. anions in the slag resulting

in an increase of the activity of 01. anions. which will help to shift reaction(4.3.1) to the

right direction and assist sulphur remove from the metal phase.

The effect of MgO can also be explained in terms of slag basicity (B) and the sulphide
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log Cs = B/A + 2.28 - 13300rr (4.3.6)

capacity (Cs).The thermodynamics of sulphur dissolved as a sulphide ion in slags may be

expressed in terms of sulphide capacity of the slag, sulphur activity of the metal [a..1 and

oxygen activity ao at the slag-metal interface. according to Sharma and Richa.rdsonl<l2l:

(%S) = Cs[a..j/ao (4.3.3)

Cs was defined from reaction (4.3.4) and was represented by equation (4.3.5):

(4.3.4)

112
Cs = (wt%S)(P02iPS2) (4.3.5)

Cs is a function of several variables, such as temperature, slag composition, but mainly

temperature and basicity of the slag.

B h k[838485881 h follow' . b . dy t e wor "', teo owmg equation was 0 tame :

where:

B = 5.623%CaO + 4. 15o/t'MgO - 1.l52%Si02 + 1.457%Ah03

A = %CaO + 1.391 o/t:MgO + 1.867o/t:SiO, -! 1.65%Ah03

An increase in MgO content of the slag will increases the BIA and thus the sulphide

capacity Cs will increase as well The relation between Cs, BIA and o/cMgO is annotated

in figure 4.3.3 , for a slag containing 5o/cCaO, 20%Ah03, 45%Si02,O.5%Fe203, 5-25%
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MgO and balance CrzOJ.

The impacts of slag ba:;idty on the removal of sulphur from metal phase to slag phase

have been utilized in the production of ferrochrornium alloys by addition of lime or lime

stone. In the report11101, sulphur content in HC FeCr alloy is reduced from 0.045 percent

to 0.018 percent by adding CaO in the charge of a HC FeCr furnace from I percent to

to percent by mass. However, according to the studyfJl, chromium content in slags will

Increase when CaO content increases. which is one of the reasons that the addition of

lime or lime stone is limited in the production of ferrochrornium alloys. That is one of the

reasons that CaO content of the slag is not chosen to be experimental parameter is fixed

at a low level of I to 2 percent by mass.

The effect of chromium oxide in the slags on sulphur distribution ratio is shown in figure

4.3.4. In general, when chromium content decreases, sulphur transfer from metal to slag

declines.

This indicates that when chromium-oxide content increases in the slags. the portion of

CnO) in the slag increases, which increases the network fbrrner and consumes more free

oxygen (021 of the slag, according to the reaction:

(CrzOJ) + (MO) = (MOCn03) (4.3.7)

Same results have been reported recently by Xiao and Holappas work[62.6J,. In the

silicate slags containing chromium oxides. The higher the chromium oxide in the slags,

the lower the divalent chromium fraction and the higher trivalent chromium in the slags.

In addition. the results from the experiments conducted ill Cr-oxide crucible at 1500°C

illustrates higher sulphur content in the slags than that in silica crucible at l580°C. which
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even has more favourable condition for desulphurization according to the effect of

temperature Of. sulphide capacity expressed in equation (4.3.6). The sulphur partition

ratio, furthermore, is increased by decreasing the partial pressure of carbon monoxide.

The result achieved in the experiments with the alloys of 0.22 mole fraction of chromium

shown in figure 4.3.5 Iernonstrares that the sulphur partition between slag and metal

decreases from about 1.0 to 0.15 when the mole fraction of chrorn'um increases from

0.025 to 0.075 in the slag. The sulphur distribution ratio only decreases slightly with the

increase of chromium from 0.08 to 0.25. The sulphur distribution ratio of the alloys of

0.22 mole fraction has a h-gher values than that of the alloys containing higher chromium

shown in figure 4.3.4.

The effect of the Ah03 in slag on the partition ratio of sulphur is shown in figure 4.3.6.

The (S\I(SJ ratio decreases slightly with increasing AhD, content in the slags. It up pears

that part of the alumina in the slags acts as network former and reacts with oxygen ions

in reaction (4.3.8), which reduces the free oxygen in the slag.

(4.3.8)

The results obtained by using Cr-oxide crucibles have more sulphur in the slags than

those obtained by using silica crucibles. Changing the partial pressure of carbon

monoxide has little effect. A similar influence of slag's alumina on the sulphur

distribution has been obtained in the experiments conducted in silica crucibles with the

metals of 0.22 mole fraction of chromium at O.034atm of partial pressure of carbon

monoxide. as shown in t1gure 4.3.7. The sulphur distribution ratio is inversely

proportional to the mole fraction of alumina in the slag phase. A decrease of the sulphur

partition from <US to 0.045 takes place when the mole fraction of alumina increases
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from about 0.07 to 0.16.

The effect of silica content of the slags on the thermodynamic partition of sulphur is

shown in figure 4.3.8. The results from those experiments at O.83atm of the partial

pressure of carbon monoxide show a nearly constant ratio of sulphur when Si02 content

changes from 0.3 to 0.45 and an increase with increasing silica in the range of 0.45 to

0.6.

Moreover, results from the experiments at lower partial pressure of carbon monoxide in

both Cr-crucible and silica crucible illustrate a remarkable decline with the increase of

silica content in slags. In addition, the effect of silica on the sulphur partition, ill istrated

in figure 4.3.9, seems very little in the range of 0.54 to 0.66 of silica in the slags r,ymole

fraction.

From the view-point of basicity, the equilibriumdistribution of sulphur between slag and

metal, expressed by equation (4.3.9) from reaction (4.3.1), increases with increasing

activity of free oxygen ions 02. in the slags, or wi~'"decreasing activity of oxygen

dissolved in the metals.

(4.3.1)

(Xs)/[XsJ = K4.3.1 {(a02.)/[ao]}*{[yJ/('fs)} (4.3.9)

Increasing Si02 content of the slag results in decreasing oxygen ions by the reactions like

the one expressed in equation (4.3.10). More and more free oxygen ions will be

consumed by adding silica into the slags when the slags contain lower Si~(about 0.45

by mole fraction).
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(4.3.10)

When the slags possess more than 0.45 mole fraction of SiOz, the free oxygen ion in the

slag may reach a so low level that they do not change a lot wi.h the increase of Si02 in

the slags. Meanwhile, the silicon content and the oxygen cor tent of the metals increase

with increasing Si02 in the slags according to reaction (4.3.11).

1/2[Si] + [0] = 1I2(Si02) (4.3.11)

Increasing silicon content of the metal will increase the activity coefficient of sulphur in

metal phase( more details will be discussed in the next section) and will increase the

sulphur partition ratio. On the other hand, increasing dissolved oxygen in the metal phase

will help reduce the ratio of sulphur according to reaction (4.3.1).
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4.3.2. Influence of Metal Composition on Equilibrium Partition of Sulphur

The effects of the metal composition, namely C, Cr, Si, on the equilibrium partition of

sulphur are illustrated in figure 4.3.10, 4.3.11, 4 3.12 respectively. In general the (S)/[S]

ratio decreases with increasing chromium of metal phase. A lower partial pressure of

carbon monoxide helps to move sulphur from metal phase to slag phase.

Carbon is the only element that enhances the equilibrium distribution of sulphur with the

increase of its content in the metal phase, seen in figure 4.3.10. At high carbon content

(say higher than 0.15), the effect of carbon can be strengthened greatly by lowering the

partial pressure of carbon monox«...~ from O.83atm to 0.05atm. When slag phase

contains more silica due to the use of silica crucibles, the effects of carbon and partial

pressure of carbon monoxide on the sulphur partition dwindles. While at a low level of

carbon where carbon content is less than 0.15, the effect of partial pressure of carbon

monoxide on the sulphur partition diminishes.
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Figure 4.3.11 demonstrates that the sulphur partition decreases with the increase of

chromium content in the slag phase, specifically when chromium content of the slag is

less than 0.45 mole fraction. A lower partial pressure of carbon monoxide increases the

sulphur ration. Figure 4.3.12 shows the relationship between silicon and sulphur partition

ratio. In the range of less 0.02 molar fraction of silicon, the sulphur distribution

decreases when silicon content increases. A lower partial pressure of carbon monoxide

also increases the sulphur distribution ration.

Figure 4.3.13,4.3.14 show the influences of carbon and silicon of the metal phase on the

partition ratio of sulphur from those experiments, carried out in silica crucibles at 1580°C

at 0.034atm of partial pressure of carbon monoxide with the metals containing 0.15 mole

fraction of chromium. The results are quietly similar to those results illustrated in figure



According to the sulphur distribution between slag and metal, expressed in reaction

(4.3.1) and equation (4.3.9), the factors, which decrease the activity or the

concentration of oxygen and increase the activity coefficient of sulphur in the metal,

promote the partition ratio of sulphur between slag and metal. The content of carbon,

chromium and silicon are typical those factors for ferro-chromium alloys:

4.3.10 and 4.3.12.

In Ys= 6.45(Xc) + 7.76(XSi) - 3.3(Xs) -2.23(Xcr) (4.3.12)

(4.3.1)

(Xs)/[Xs] = KI.3.1 {(am._)/[ao])*{[yJ/(ys)} (4.3.9)

According to the equation of activity coefficient of sulphur and oxygen in terms of the

interaction coefficients E! [105.106), as expressed in equations (4.3.12) and (4.3.13), the

increase of carbon and silicon in the metals can lower the activity coefficient of oxygen

of the metals and can increase the activity coefficient of sulphur of the metals and in

contrary the contents of chromium and sulphur in the metal phase will reduce the

activity coefficient of sulphur.

inYo= -22(Xc) - 8.5(Xcr) - 17(Xs) - 15(Xsi) (4.3.13)

From reaction (4.3.1) and equation (4.3.9) and reaction (4.3.11), the following

expression could be drawn:

(S2-)![S] = {KI.3.1KA3.11}{ [yJ/(y,)} {[YS;]/(YSi02)}112 {[XSi]/(XSi02)}112 [nroz.i}

(4.3.14)
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When silicon content of metals (Xsi) increases, the activity coefficients of both silicon

and sulphur of metal phase increase, which results in an enlargement of the values of
([ysi]112[Xsi]1I2yS), as shown in figure 4.3.15 and 4.3.16. But the value of

([ysi]ll2[Xsi]lflys)increases extremely slow when silica content is less than 0.02 in mole

fraction, which means that the enhancement of silicon does not effectively increase

sulphur distribution at low silicon level

On another hand, when silicon of the metal phase rises, the silica content of the slag

phase in equilibrium with the silicon will increase as well, as shown in the work dune by

Fulton and Chipman[107]in figure 4.2.4. The increase of silica will decrease the free

oxygen (02
, in the slag dramatically, especially when silicon and silica are at a low

levels. For instance, when one mole of silicon enters into slags in the form of (SiOl), two

moles of free oxygen in terms of 02
• will be consumed by the following reaction at low

silica slags:

(SiOl) +2(02
, = (SiOl) (4.3.15)

The free oxygen in slag phase decreases tremendously fast with the increase of silicon

ions. It may reach a minimum level, on which the content of the free oxygen does not

change remarkably. More and more silicon ions reduce the number of oxygen they have

and share the fixed oxygen each other in the silicon network in the slags.
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Therefore, the comprehensive effects of slags and metals on the sulphur partition may

make the partition decline with the increase of silicon at low content level On one hand,

the effects of slags, caused by increasing silicon content, on the sulphur distribution will

become smaller at higher silica content, which may result in a promotion of the sulphur

distribution due to the contribution of silicon to increasing the term of ([ysi]ll2[Xsi]lI2yS)

in the metal phase.



[C] +[0] =CO (4.3.16)

On the other hand, the sulphur partition between slag phase and metal phase could

escalate extremely fast with the increase of silicon content. in the metal phase at high

level of silicon content, as a result of the increased value of (['ysi]If2[XsiJ1f2ys) and

insensitively changing the activity of free oxygen in the slag phase. It has been

recognised and utilised widely in the pr.oduction of ferrochromium alloys that more

effective removal of sulphur from ferrochromium alloys could be materiaIized to the

metals with a higher carbon content or/and a higher silicon content[llOl.

By the combination of reaction (4.3.1) and (4.3.16), the sulphur partition between slag

and metal is determined by the activity of free oxygen, activity of carbon and partial

pressure of carbon monoxide, as expressed by equation (4.3.17):

(4.3.1)

(Xs)/[Xs] = {KI.3.l(aoz-)}*{[yJ/~rs) }*{Ki.3.15[ac]IPCO} (4.3.17)

The effect of carbon content on the equilibrium partition ratio of sulphur can be

undertaken mainly by remarkably varying the activity of carbon and the activity

coefficient of sulphur in the metal phase. The activity coefficients of carbon and sulphur,

expressed in equation 4.3.18 and 4.3.12 in terms of interaction coefficients E? [105.1061,

can be increased by the increase of carbon content in the metal phase.

lnyc = -0.562 + 7.8(Xc) + 9.72(Xsi) + 6.45(Xs) - 5.1(Xer) + 11.l8(Xd

- 0.115(Xerl + (Xsi)2+ 3.06(XcXer) + (XcXsi) (4.3.18)

Despite the inadequate information about (ys) and tl· ; . c." ~ free oxygen ion in slags,

an increase of sulphur removal from metals to slags \;llil Ve achieved by enhancing the
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4.3.3. Influence of Partial Pressure of Carbon monoxide Phase

contents of carbon, combined with lowering the partial pressure of carbon monoxide in

the gas phase at certain temperature. In addition, the slag witn a high free-oxygen

activity, and the metal with a high carbon activity and high activity coefficient of

sulphur, can enhance the desulphurisation of metals. The activity of free oxygen ion and

the activity coefficient of sulphur in slag phase are related to the composition of slags,

largely dependent upon the basicity of slags determined commonly by a ratio of

network-breaker oxides to network-former oxides.

Higher content of carbon in the metal phase enhances the activity coefficients of carbon

and sulphur, leading to a higher sulphur partition, Higher chromium content reduces

activity coefficients of carbon and sulphur, resulting in a lower value of sulphur

distribution ratio.

All the experimental results discussed above illustrate that an increase of the equilibrium

partition ratio of sulphur can be achieved by means of reducing the partial pressure of

carbon monoxide in gas phase. The effect of partial pressure of carbon monoxide will be

more effective when combined with a higher content of carbon and a higher basicity of

slags.

The effect of partial pressure of carbon monoxide on sulphur distribution ratio is similar

to the treatment of vacuum. As far as the desulphurisation ,~ concerned, under vacuum

or in a gas phase where the partial pressure of sulphur is very low, sulphur will transfer

from metal phase to the gas, according to Sievert's law expressed by reaction (4.3.19)

and equation (4.3.20). The solubility of sulphur gas in metal varies with temperature, and

metal composition.
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[S] = 1/2 S2(gas) (4.3.19)

(4.3.20)

[C] + [0] =CO (4.3.16)

When reducing the partial pressure of carbon monoxide, the concentration of elements in

both metal phase and slag phase changes, particularly oxygen and ell"' ..11, silicon, and

chromium, through the following reactions:

2[Cl + (Si02) = [Si] + lCO (4.3.21)

[C] + (CrO) = [Cr] + CO (4.3.23)

[C] + (Cr20J) -= 2(CrO) + CO (4.3.22)

[Si] -j. 2(CrO) = 2[Cr] + (Si02) (4.3.24)

The effect of the partial pressure of carbon monoxide on the equilibrium partition of

sulphur, as discussed above, is through by changing the compositions of both the metal

and the slag phase, which effect the activities of the free oxygen ion in slags and the

dissolved oxygen in metals, as expressed by reaction (4.3.1) and equation (4.3.9). In

the system involved With reaction (4.3.16), a decrease of partial pressure of carbon

monoxide will decrease the dissolved oxygen [0] content in the metal phase and in tum

it will increase the sulphur distribution ratio.
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--~---------.-.----.-----

(Cr01.5) = (CrO) + Y2 [0] (4.3.26)

In general those factors, which reduce the content and activity coefficient of dissolved

oxygen of the metals and reduce the activity coefficient of sulphur in the slags, and those

conditions, which help increase the content and activity coef:ficient of free oxygen ion in

the Jags and increase the activity coef:ficient of sulphur in the metal phase, will result in a

promotion of the distribution ratio of sulphur between slags and metals.

It can be shown that, by combining reaction (4.3.1), and (4.3.16), the (S)/[S] ratio is

proportional to the factor of ([yJ[Ye][Xc]lPco) at a given temperature with same slag:

(Xs)/[Xs] = K4.3.25*{[yJ[Ye][XC]lPco} (4.3.25)

Where K4.3.25is a constant, determined by temperatures and slag composition. Those

factors, which can increase the term of([yJhe]), will increase the equilibrium partition

ratio of sulphur, leading to an increase of sulphur removal from metal phase to slag

phase. The effects of chromium, carbon and silicon on the activity coef:ficients of carbon

and sulphur in terms of([yJ), ([Ye])and ([Ys][Yc])are shown in figure 4.3.17,4.3.18 and

4.3.19.

It is known that chromium in slags, like any of the transition metal ions, can change its

valency in accordanr ~ with the oxidation conditions and the compositions of slags. In

current study it is f md that a higher percentage of CrO exists in the slags when a lower

partial pressure of carbon monoxide is imposed in figure 4.4.4 (the details can be seen in

Section 4.4.1 entitled Chromium in the Slag Phase). The reaction at the slag/metal

interface can be expressed as the following:

Kl.3.26:: {[ao](a,'.o)/(ac.01.s)} (4.3.27)
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A higher portion of CrO in the slag due to a lower pa.tial pressure of carbon monoxide

means a lower oxygen activity in the metal phase, which means in turn a higher sulphur

distribution ratio between slag and metal according to the reaction (4.3.1) and equation

(4.3.2). The change in the activity coefficients of chromium in the slag for the above

reaction could be very small because no change in the slag composition takes place

except the ratio of CrO to CrOI.S.

As far as the practical desulphuration is concerned in the production processes, those

treatments combined with lower partial pressure of carbon monoxide, such as VOD and

AOD, are favourable to remove sulphur from metal phase to slag phase. It can be more

efficient with the slags of higher basicity at the beginning period of ferrochromium

refining by using the advantages of higher carbon content and higher silicon content. The

attention lays on the forming of h.gh-basicity slags as soon as possible in the initial

period of ferrochromium refining.
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4.4. CHROMIUM DISTRIDUTION BETWEEN SLAG AND METAL AT

DIFFERENT PARTIAL PRESSURE OF CARBON MONOXIDE

Chromium is a commodity of critical and strategic importance, imparting unique

qualities to the materials to which it has been added. The change in the technology of

stainless-steel production considerably affected the consumption pattern of chromium

alloys in the past decades because about 79 per cent of the worlds chromium products

are utilized to produce the steel and other special alloys mostly in the forms of high-

carbon ferrochromium and low-carbon ferrochromium. Low-carbon ferrochromium was

used to a large extent in the past. But high-carbon ferrochromium becomes dominant

owing to the replacement of conventional processes of electric arc furnace by oxygen-

blowing processes, such as argon-oxygen decarbonization (AOD), and vacuum-oxygen

decarbonization (VOD) , which permit decarbonization without significant loss of

chromium from metal phase to slag phase by oxidization.

High-carbon ferrochromium is produced by the smelting of chromium ore in a

submerged arc furnace with a carbonaceous reducing agent in excess of that required to

reduce the chromium and iron. The non-reducible oxides in the ore form slag and,

although a self-fluxing charge is sometimes possible, fluxes must usually be added to

make a slag with the desired characteristics.

One of the critical problems encountered in the processes of ferrochromium refining is

that the slags contain very high chromium, about 10 to 25 per cent of the slag in the

form of oxides, which must be re-treated before being discarded. Increasing chromium

recovery in both the production of high-carbon ferrochromium and the refining of

ferrochromium is a challenge to the producers.
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4.4.1. Chromium in Slag Phase

Chromium in slags, like any of the transition metal ions, can respond to the changes in

the oxidation conditions and in the compositions of slags and metals by changing their

valency. They may also change their structure role, for example by acting as a network

modifier under reducing conditions, but as a network former when the slag is oxidised.

Spectroscopic analysis can provide data about the electronic and physical configuration,

and hence can supply the structural role of transition metal ions in slags. Such studies

can also provide information about the slag matrix. An investigation of Cr(II), Cr(lIl),

and Cr(VI) in silicate slags has been made recently by H. Marston and B. B. Argent[36J•

They used spectroscopic and chemical analyses to investigate the behaviour of

chromium in four vitreous lime-silicate slags produced under reducing and oxidising

conditions. The slags' composition is in the range of CaO 30% to 37%, MgO 0% to

7%, Ah03 0% to 16%, Si0240% to 60%, Cr203 0.05% to 3% by mass at temperature

between 1580 to 1600 0c.

In the slags equilibrated at P02 = 1.6*10-9 atmosphere, 71 per cent of chromium is

present as Cr(Il), reducing to an average figure of 14 per cent at P02 = 1.1* l(r5

atmosphere. At P02 = 0.1 atmosphere, 14 per cent is Cr(VI). In each case, the balance is

Cr(IIl). Spectroscopy provided evidence of Cr(ill) in all slags. The varying quantities of

Cr(II) and Cr(VI) were detected, but not simultaneously in the same samples, Within the

compositional range studied, no consistent effect of the chromium level, the slag basicity

or the presence of MgO or Ah03 on either the chromium distribution or the molar

absorptivity could be discerned. Under the circumstances of our present investigation,

the partial pressure of oxygen can be calculated by the following reaction and its free-

energy change:
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[e] + 1/202 =CO (4.4.1 )

(4.4.2)

(4.4.3)

Under the particulars of present experiments and the calculated carbon activity, The

value ofP02 is about 8.4308x104 to 7.8775xlO-5. Therefore, the chromium oxides must

exist only in the forms of CrO and Cr01.5 according to the study above done by H.

M; ')0 and B. B. Argent[36J. The activity of carbon used in the calculation is in the

rmge of 0.025 to 0.1172, calculated with the metals containing 0.02S-0.2e, 0.5Ser,

O.OCI1:', 0.OO5Si and Fe in balance by using the formula expresser in equation (4 ..3.18):

lore = -0562 + 7.8(Xc) + 9.72(XSi) + 6.45(Xs) - 5.1\

+ 11.18(Xc/ - O.1l5(Xcr)2 + (Xd

+ 3.06(XcXc r) + (XCXSi) (4.3.18)

The nature and behaviour of CrO and CrOl.5 in the slat!

in equilibrium with Fe-Cr-Si-C alloys at certain partial,' _I su . .:! )': c: 1.~.1 monoxide C(Ul

be determined by means of thermodynamic analysis ,,1' the el. .' .•<!"': data. A slag-

metal reaction can be written between carbon and chromium oxides:

(CrOx) + x[C] = [Cr] -:-x(CO) (4.4.5)

K!.4.5 = {(Pco)'[acr]}/{(ooOx)[ac)'} (4.4.6)

215



By taking logarithm, equation (4.4.6) can be rearranged in terms of activity coefficient

multiplied by concentration for each activity:

In {[%Cr]/(%Cr)} =xln{(%C]/Pco}

(4.4.7)

Where C'is a constant representing all constants for converting mole fractions to mass

percentages. If the partition ratio is defined as Lo = [%Cr in metal]/(%Cr in slag), and

K4.4.5 = In{K4.4.5C'(yr)["fll[ycrl}, equation (4.4.7) can be re-arranged for the sake of

simplicity:

In Lc- = xln{[%C]/Pco} + K4.4.5 (4.4.8)

Equation (4.4.8) is linear with slope 'x' and intercept K4,4.5. Graphs were plotted for all

three series of experiments, which were conducted at 1500°C in Cr-oxide crucibles at

0.83atm and 0.05atm of partial pressure of carbon monoxide, at 1580°C in silica

crucibles at 0.034atm of partial pressure of carbon monoxide. The results are shown in

figure 4.4.1, 4.4.2, 4.4.3. The data are scattered due to the huge influences of metal

composition and slag composition on the intercept K4,4,5 in terms of {(ycr)['}{'f/[ycr]}.

The slopes are 1.125, 1.10 and 1.07, which represent that CrO in the slag phase is 75

per cent of chromium oxides under the atmosphere of carbon monoxide in Cr-oxide

crucible at 1500°C, 80 per cent at 0.05atm of partial pressure of carbon monoxide in Cr-

oxide crucible at 1500°C and 86 per cent at O.034a,m of partial pressure of carbon

monoxide in silica crucible at 1580°C respectively. The balance is CrOI.5. The results are

illustrated in figure 4.4.4.

A higher percentage of CrO exists in the slags when a lower partial pressure of carbon
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monoxide is imposed. The percentage of CrO in slags increases in silica crucible,

compared with that in Cr-oxide crucible, which is consistent with the results from the

study on thermodynamics of slags containing chromium oxides made by Y. Xiao and L.

Holappa[63J: the divalent chromium fraction decreases and the trivalent chromium

increases with the decrease of silica in the slags of Si02-CrO-Cr01.5. The higher the

slag's basicity, the lower the divalent chromium fraction and the higher the activities of

chromium oxides.

When the reaction (4.4.8) is considered:

(CrOI.5) + 1/2[C] ::::(CrO) + 1/2CO (4.4.8)

L1G0 = 36,722.22 - 22.79T (J/mol) (4.4.9)

} InK4.4.8 = ((ac.o)/(aOQl.5) {(Pco)/[ac]) (4.4.10)

The equation can be re-written into:

(XOO)/(XOO1.5)= K44.8{ CTr01.5)/(-),no)}{ [acj/Pco] 112 (4.4.11)

It is known that the partition ratio of CrO to Cr01.5 by molar fraction is correlated with

reaction temperatures in terms of K4.4.8, partial pressure of carbon monoxide. metals

composition in forms of activity of carbon and slag's composition in regards to activity

coefficients of divalent and trivalent oxides of chromium in the slags.

As far as the activity of carbon is concerned by means of metal's composition, as

described in equation/ 4.3.18), the contents of carbon, chromium and silicon are those

major factors, which change the activity of carbon significantly. The influences of metal's
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2(CrOx) + x[Si] = 2[Cr] + x(Si02) (2.5)

composition on the ratio of CrO to CrOl.5 are plotted in figures 4.4.5, 4.4.6, and 4.4.7

at 0.83atm, O.05atm and O.Q34atm of the partial pressure of carbon monoxide

respectively.

In general, the increase of silicon, sulphur and carbon in the metal phase increases the

value of the activity ratio (aciD)/(aCrOl.5).The activity ratio decreases when the chromium

content of the metal phase increases. The decrease of the partial pressure of carbon

monoxide increases the activity ratio.

Similar treatment and results were reported by Rankin and Biswas[37] in their study on

the slags of Si02-CaO-AhO,;-FeO-CrOx in equilibrium with Fe-Cr-Si alloys. The

experiments were conducted at 1600°C in alumina and silica crucibles. The data were

analyzed in terms of the equilibria:

(CrOx) + x[Fe] = [Cr] + x(FeO) (2.3)

&.3 = {(areonacr] }/{(actOx)[aFct} (2.4)

and

(2.6)

These constants were defined as

K'2.3= {(%Fd[%Cr])i{(%Cr)[%Fen (2.7)

k'2.5= [%Cd/{(%Cd[usl]') (2.8)
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In K'2.5the silica term was omitted, since it was approximately constant tor each group

of runs (silica saturation).

These expressions may be rewritten in terms of activity coefficient multiplied by

concentration for each activity. Finally, by taking logarithms and rearranging, the

following equations were obtained:

log{ (%Cr)/[%Cr]) = xlog{ (%Fe)/[%Fe]}

+log{ ('fcO) [.ycr]c,}/{['fe](roo)KZ.5} (2.9)

log{ (%Cr)/[%Cr]} = -(X/2)log(asi)

where Ci and C2 are the constants representing all constants for converting mole

fractions to mass percentages. For the first series of experiments in alumina crucibles in

the study, Rankin and Biswas found the average value of the x to be UY/. This meant

that 86 per cent of chromium present in the slag was in the form of Cr2+ ions and the

balance was Cr3+. For the second series of experiments under silica saturatinn(silica

crucibles), the average value of x for all groups was found to be 1.04. TIllS corresponds

to a value of 92 per cent of Cr2+ ion in the slag, the balance being Cr3+. The present

results are fairly consistent with their study.

In their study on slag-metal equilibrium in the smelting of high-carbon ft -rochromium,

M. Akyuzlu and R. H. EriC[33] utilized the same .herrnodynamic treatment and found the

slope is 0.86 at 1S00°C under an argon atmosphere, 0.62 at lS00°C, 0.73 at 1600°C

both under carbon monoxide. Normally the slope should be between 1 and 1.5, which

means that CrO is the only chromium oxide in the slags if the slope is unity and Cr01.5 is
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Figure 4.4.1. Variation in the In(partition ratio of chromium) with the in

(partition ratio of carbon to O.83atm Pco) at 1500°C in Cr-oxide crucible.
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Figure 4.4.2. Variation in the In (partition ratio of chromium) with the In

(partition ratio of carbon to O.05atro Pco) at 1500°C in Cr-oxide crucible.
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Figure 4.4.3. Variation in the In (partition ratio of chromium) with the in

(partition ratio of carbon to O.034atm Pco) at 1580°C in silica crucible.
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Figure 4.4.4. Formalisation or chromium in slags with partial pressure of carbon

monoxide. Case 1 at O.034atm Pco in silica crucible at 1580"C; case 2 at 0.83 and

O.05atm of Pco in Cr-oxide crucible at 1500°C.
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4.4.2. Variation of Chromium Content in slags

As discussed above, the chromium in slag phase changes its valency, responding to the

oxidation conditions, slag composition, metal cc. . isition and partial pressure of carbon

monoxide. Because no reliable and affordable method is available to be used to analyse

the contents of different chromium oxides in the slags, the chromium content of the slag

phase is expressed by means of chromium in the current study, instead of chromium

oxides.

The influence of chromium content of metdls on the content of chromium in slag phase _

"is shown in figure 4.4.8. The content of chromium in the slags increases with increasing

chromium of the metal phase. At a lower partial pressure of carbon monoxide (0.05atm),

the chromium content in slags is about 1 per cent lower than the results acquiring in Cr-

oxide crucibles at 0.83atm of partial pressure of carbon monoxide. Figure 4.4.9

demonstrates the relations between chromium of slag phase and the chromium in alloys

from the experiments carried out in silica crucibles with metals containing 0.06 to 0.22

mole fraction of chromium relevant to the situations of stainless-steel making. The

chromium in slags increases from 0.03 to O. I :; with {he increase of chromium content in

the h,L.al phase from 0.06 to about 0.22. The chromium content in the slag phase is less

than that with the metals of a higher chromium content, compared with the results in

figure 4.4.;;.

'The relations between chromium content of slags and carbon content of metals arc

elucidated in figure 4.4.10. Chromium of slags is quite low. shown from the results in

silica crucibles and the decreasing of chromium smoothly from O.1? to about 0.1 when

carbon content of metals increases from 0.005 to 0.225 by mole fraction. The results

carried out in Cr-oxide crucibles clarify a sharp decline of chromium in slags, from about

0.55 to about 0.1 when carbon content increases from 0.05 to 0.225 by mole fraction. A

lower chromium content in the slags is procured by utilizing lower partial pressure of
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carbon monoxide. The difference of chromium content between 0.05atm and 0.83atm of

[he partial pressure of carbon monoxide is about 0.05 mole fraction in the slags. Figure

4.4.11 illustrates the results from the experiments conducted in silica crucibles with the

metals of about 15 per cent of chromium by mass at 1580°C and at 0.034atm of the

partial pressure of carbon monoxide. The chromium content in slag phase is inversely

proportional to the carbon content of the metal phase. The chromium content in the

slags decreases from 0.25 to 0.016 when carbon content of the metals increases from

0.01 to 0.14.

The reasor..: why the reduction of chromium in slags can be promoted by increasing

carbon content, decreasing chromium of metals and lowering the partial pressure of

carbon monoxide in the gas phase, could be explained by introducing the reaction

between carbon dissolved in the metal phase and erO of the slags.

[C] + (CrO) =co + [Cr] (4.4.10)

.CIG 0 = 47754.45 - 32.22T (Kcal/mole) (4.4.11)

(XcrO) = {[ac,]Pco }/{ [ac] (yrO) 1<44. JO}

= {["f'r][Xer]Pco}1 {[nc]CYrO)KiA.JO} (4.4.12)

Chromium content in slags is influenced by the factors expressed in equation (4.4.12),

such as activities of chromium and carbon in metal, activity coefficient of chromium in

slag, partial pressure of-carbonmonoxide in the gas phase and reaction temperature. The

declination of chromium in slags could be promoted by reducing chromium activity in

metal, lowering the partial pressure of carbon monoxide in the gas phase, increasing

activity coefficient of chromium oxide CrO, enhancing activity of carbon, and elevating

the reaction temperature, which causes an enlarging value of the equilibrium constant

KtA.IO.
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As far as the activity coefficients of chromium and carbon in the metal phase arc

concerned, the major influence comes from the concentration or chromium, carbon and

ill I h [105.106)
S con, even su p ur .

lnyc = -0.562 + 7.8(Xc) + 9.72(XSi)+ 6.45(Xs) - 5.1 (XCr)

2 2 2+ 11.18(Xc) - 0.1l5(Xer) + (XSj)

+ 3.06(XcXcr) + (XcXSj) (4.3.18)

In"f'' = -0.305 - 5.17(Xc) + 0.42(Xcr) - 1.6(Xsj) - 0.115(Xci

-4.94(xd + 5. 18(XcXcr) - 2.23(Xs) (4.4.13)

Carbon is one of the most powerful clements. which decreases the content of chromium

in the slags by decreasing the activity coefficient of chromium of metal phase and

increasing the activity coefficient of itself. The influences of carbon on the activity

coefficients of carbon and chromium, and the value of [acr]/[ac] ratio are illustrated in

figure 4.4.12. The effect of the chromium of the metal phase on the chromium content

of the slag phase can be analysed by means of activity of chromium. activity coefficients

of carbon in the metal phase and activity of chromium oxide in slag phase. The increase

of chromium concentration in metal decreases the activity coefficient of carbon and

proliferates the activity of itself by increasing both content and activity coefficient. The

influences of chromium content of the metal phase on the activity coefficients of

chromium and carbon. and on the value of [acr]/[ac] ratio arc calculated and exhibited in

figure 4.4.13.

The activity coefficient of chromium oxide in slag phase also is one of the factors, which
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influence the content of chromium in slags, as clarified in equation (4.4.12). From the

study done by Y. Xiao and L. Holappa [63), the activities of CrO and Cr01.5 in the slags

of CrO-Cr01.5-SiCh in equilibrium with chromium metal increase with increasing

chromium oxides and increasing CaO in the slags. It also shows that increasing CaO

content of the slag phase can reduce chromium oxides in the slags. Their conclusions are

in good agreement with the results of the present investigation, in which the content of

chromium in the slags decreases with increasing MgO content, considering that MgO

and CaO behave quietly similarly as basic oxides, as shown in figure 4.4.14 and figure

4.4.15. The results are also consistent with the study made by Morita and Sano[64).

The relation between chromium content and aluminum oxide content of the slag phase

is illustrated in figure 4.4.16. At 0.83atm of p.utial pressure of carbon monoxide with

Cr-oxide crucibles, the chromium content of slags expressed by mole fraction increases

from 0.35 to 0.58 with an increase of alumina from 0.085 to 0.22. When alumina

content declines from 0.08 to 0.04, the chromium concentration in the slag phase has no

significant change. The experimental result at lower partial pressure of carbon monoxide

(0.05atm and O.034atm) demonstrates a similar trend. Chromium content of the slag

decreases at low alumina concentration in the slag and then rises when alumina is higher

than 0.17, with increasing alumina in the slag. The influence of alumina on the

chromium of the slag phase may be analysed by means of activity coefficient of

chromium oxide in the slag phase: "fl'O, as expressed in equation (4.4.14). The results

elucidated in figure 4.4.17 demonstrate that chromium of the slag phase decreases from

0.25 to 0.04 when alumina content increases from about 0.07 to 0.16 by mole fraction.

Morita and Sano[64)investigated the solubility of MgO.Cr203 in MgO-AhOJ-Si02-CaO

melts at 1600°C. In air the SOlubilityof MgO.Cr203 was found to be 1.1 to 4.5 per cent

of Cn03 for MgO-Si02 melts. When Ah03 was added to the melts, the solubility

decreased to less than 1 per cent of Cr203. and the Cr in the coexisting MgO.Cr203 was

replaced by AI in proportion to AhO, content in the slug. For MgO·CaO melts the

solubility substantially rose to as much as 40 to 55 per cent of uOy, although more than
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50 per cent of chromium was in the form of cll- in an air atmosphere. For MgO- Ah03-

Si02-CaO melts, which are typical for smelting reduction of chromium ore, the solubility

decreased with increasing MgO and AhDJ contents. The effect of CaO/SiD2 ratio on the:

solubility in the melts was found to be unexpectedly small as long as CaO was added.

When 22.1 per cent uf BaO was added to 20%MgO-20%Ah03-30%Si02-30%CaO

melts, an increase in the solubility from 1.1 per cent to 4.4 per cent Cr203 was observed

in air. Under reducing conditions, for MgO-Si02 melts saturated with Si02 however, the

CaO addition had no effect on the solubility of MgO.Cr203 at P02 = 2.37xlO-1l atm. For

20%MgO-Ah03-Si02-CaO (CaO/Si02 = 1) melts, the solubility decreased with

increasing Ah03 content at P02 = 2.73xlO-lO atm. This trend is consistent with that in air,

though the solubility was twice as much as that in air. They thought in the conclusion

that careful adjustment of slag composition, mainly by lowering MgO and Ah03

contents, is recommended to enhance the dissolution of MgO.Cr203 for promotion the

reduction of chromium ore, and that the strongly reducing condition on smelting

reduction also functions favourably for the dissolution of chromium ore into molten slags

through the appearance of CrO.

The relation between chromium and silica content of slag is shown in figures 4.4.18 and

4.4.19. The chromium in slag decreases with increasing Si02 and the lower the partial

pressure of carbon monoxide, the lower chromium content in the slags. The influence of

partial pressure of carbon monoxide can be explained by the discussions mentioned

above. The effect of silica content on the chromium content in the slag phase is quite

small for the alloys containing 0.22 mole fraction chromium, comparing with the result

shown in figure 4.4.18.

It is known from the study by Y. Xiao and L. Holappa [631 that the activities of both CrO

and Cr01.5 decrease with an increase of Silica in the slags of Si02-CrO, and CaO-Si02-

CrO, and that the CrO percentage of (CrO+Cr015) of the slags can be enhanced by

increasing the silica content in the slags. By a careful analysis of the results provided by

Y. Xiao and L. Holappa [631, it is found that the chromium content of the Si02-CrOx slag
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also decreases with the increase of Si02 content in the slags. By studying the following

reaction:

[C] + (CrO) = CO + [Cr] (4.4.14)

(Xero) = Pco{[acrJ![ac]}!{ (.),OO)f<4.37} (4.4.15)

(SiOl) = [Si] + 2[0] (4.4.16)

When silica increases in slags, the equilibrium silicon content also increases in metal

phase. The increase of silicon in the metal, illustrated in figure 4.4.20, from 0.025 to 0.2

decreases the activity coefficient of chromium in the metal very little from 0.5 to 0.35

and enhances the activity coefficient of carbon from about 0.4 to 2.0 and causes the

[acr]![acJ ratio decline dramatically from 4.0 to about 0.5, which is one of the reasons

why an increase of the silica concentration in the slag reduces the chromium content of

the slags. As clarified in figure 4.4.21, chromium content in the slag decreases from 0.58

to 0.15, with an increase of the silicon in the metal from 0.005 to 0.01 in Cr-oxide

crucibles. The chromium content of slags is quite low and stable in silica crucibles ,

which decreases from 0.2 to only 0.13 by mole fraction.

In the same consideration, the increase of silicon in the metals will decrease the activity

of CrO. The influence of silicon on the activity of CrO can be calculated by using the

equations (4.4.15), (4.4.4) and (4.4.13) and is illustrated in figure 4.4.22. A consistent

result has been achieved in the system with the metal containing 0.22 mole fraction

chromium in silica crucibles at 0.034 atm of the partial pressure of carbon monoxide at

1580°C, as escalated in figure 4.4.23.
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4.4.3. Expressions of Contents of C and Cr in ternary diagrams of Slag's

Composition

The data from the experiments are the compositions of the slag phase and metal phase in

tenus of Ah03, Cr203, Fe203, Si02, CaO, MgO, S in slag and Cr, Fe, C, Si, S in metal,

with 12 variables in compositions. It is impossible to understand the relationships among

those all variables. A two-dimensional plot can only express the relationship between

two variables in a system with only one freedom. A three-dimensional graph can be used

to illustrate the relationship among three variables in a system with only two freedoms.

To meet the requirement of the number of expressive variables and the number of

freedom in the system, systematic treatments are necessary both in the experimental

design and in the .ata treatment,

The phase rule is a very useful tool to analyse the multi-phase equilibriallO.30.31J.The

Gibbs Phase Rule is expressed as follows:

F+P=C+2-R

Where F is the number of degrees of freedom, P the number of phases, C the number of

components and R the number of independent restrictions.

The system is comprised of the following:

phases: slag, metal, gas, Cr-oxide crucible! or silica crucible;

slag: AhOJ, Cn03, Fe203, Si02, CaO, MgO and S;

metal: Cr, Fe, C, Si, S;

gas: CO
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When C is 9 and P is 4,

F=9+2-4-R

=7-R

In order to express all relations among the compositions of both slag and metal in a

ternary diagram, F has to be 2. Another three independent restrictions must be

introduced to the system except Pco={).83 atm and T=1500°C. For instance. a control of

silicon content of 0.25% by mass in the metal phase; the ratio of Ah03 to MgO 1.6 and

CaO=1.4 in slag could be taken into consideration.

Because Fe203 changes very little compared with Cn03. only from 0.4% to 1.0% by

mass. it is taken into account together with Cn03 in terms of (Cf203+Fe203). The ratio

of Ah03 to MgO and CaO content of the slag can be controlled by the composition of

the slag. due to their inertia and stability in the system.

The same considerations are used in the current study for the all expressions of the

experimental results. Most of the experimental results in this section was represented at

the 7th International Ferro-alloys Congress (INFACON 7). Trondheim, Norway.
1995[10J.

The results achieved in Cr-crucibles at 1500°C and 0.83atm of the partial pressure of

carbon monoxide. are expressed in Si02-(Aho.~+CaO+MgO)-(Cf203+Fe203) ternary

diagrams by means of iso-concentration lines for carbon and chromium HI figures 4.4.24

and 4.4.25. Si in metal is 0.21% to 0.29% (0.259C average). S 0.03% to 0.4% and Fe

the balance by mass.

The activity coefficients of carbon, chromium and the activities of carbon and chromium

can be calculated based upon the measuring compositions of alloys in equilibrium with

the slag phase. Therefore the activity coefficients and the activities for carbon and
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chromium in the metal phase are computed and plotted in the Si02-(Ah03+CaO+MgO)-

(Cr203+Fe203) ternary diagrams by means of iso-activity coefficient lines for carbon and

chromium and iso-activity lines for carbon and chromium in figure 4.4.26, 4.4.27, 4.4.28

and 4.4.29 respectively.
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Figure 4.4.25. Chromium iso-concentration line of metal s containing Cr-Fe-C

O.25%Si-(O.03-0.4)%S at 1500°C under CO atmosphere.
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Figure 4.4.26. Iso-activity coefficient line for carbon in Si02-(Ah03+CaO+MgO)-

(Cr203+F~03) ternary diagram with metals containing Cr·Fe-C·O.25%SHO.03.

O.4)%S at 1500°C under CO atmosphere.
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Figure 4.4.27. Iso-activity coefficient line for chromium in Si02-

(Ah03+CaO+MgO)·(Cr20l+F~03) ternary diagram with metals containing

Cr-Fe-C·O.25%Si-(O.03·0.4)%Sat 1500°C under CO atmosphere.
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5. CONCLUSIONS

In the present investigation, 168 successful experiments were conducted. The samples

were chemically analyzed at MINTEK Among them 51 samples were from the

experiments of gas-metal equilibrium and 234 slag and metal samples were from 117

successful gas-slag-metal experiments. The experimental results related to the alloys for

both ferrochromium alloys containing about 45 to 65 per cent of chromium and stainless

steel containing 15 to 25 per cent of chromium by mass.
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The relation among carbon content, silicon content and the partial pressure of carbon

monoxide has been studied in terms of gas-metal equilibrium in alumina crucible. The

equilibrium distribution of sulphur, silicon and chromium between slag and metal phases

has been investigated at O.034atm, O.05atm and O.83atm of partial pressure of carbon

monoxide in Cr-oxide crucibles at 1500°C and in silica crucibles at 1580°C.

Chromite crucibles and chromium oxide crucibles have been manufactured and used for

the experimental work. The experimental results have been achieved by using chromium-

oxide crucible, silica crucible for gas-slag-metal equilibrium study and alumina crucible

for gas-metal equilibrium study.

Some of the problems and difficulties occurred in the experimental work and the

methods used to overcome them were mentioned. such as the choice of crucible

materials, the cracking of the chromium-oxide crucibles and the breaking down of the

experimental furnace. The study on the behaviour of chromium-oxide crucible done by

using SEM-EDAX, X-ray dffraction and chemical analysis is used to interpret the

reasons why the chromium-oxide crucibles can be successfully utilised for the

investigation.

The results and the relevant discussions are elucidated by 73 figures in the two



subsections of gas-metal equilibria and gas-slag-metal equilibria in forms of silicon

distribution, sulphur partition and chromium distribution. The results expressed in two-

dimensional graphs and ternary diagrams are treated and scrutinised in accordance with

the Gibbs Phase Rule.

5.1. Gas-Metal Equilibrium

The relations among carbon content, silicon content and the partial pressure of carbon

monoxide have been conducted in terms of gas-metal equilibrium. The results show that

carbon content increases in the alloys with the increase of silicon content and the partial

pressure of carbon monoxide.

Up to 0.15 atm of the partial pressure of carbon monoxide, the carbon content increases

very quickly. Silicon in the metal phase promotes the increase of carbon in the alloy,

when CO exists in the gas phase.

5.2. Silicon Distribution between Slag and Metal

The effects of slag composition. metal composition and tne partial pressure of carbon

monoxide on the equilibrium partition of silicon between slag phase and metal phase

have been scrutinised. In general, when the chromium concentration in the slag phase

increases or when the partial pressure of carbon monoxide increases, the ratio of

[Si]/(Si02) decreases. The silicon partition does not decrease since the chromium

content in the slag phase is higher than 0.2 mole fraction. The equilibrium distribution

ratio of silicon increases with an increase of alumina content in the slag phase; or with a
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decrease of MgO concentration in the slag phaa \, A high chromium concentration in the

metal promotes a high effect of both MgO and alumina,

The metal containing higher chn .uium concentration shows a greater effect of MgO on

the silicon ratio, compared with the result from the metal con' aining only 0.22 mole

fraction chromium, which demonstrates an unremarkable effect of MgO on the silicon

partition. The silica content in the slag phase and the partial pressure of carbon

monoxide have little effect on the silicon ratio, except the result with the metal of 0.55

chromium at 0.034 atm Pco.

The silicon partition ratio increases with an increase of chromium concentration in the

metal containing high chromium at a low partial pressure of carbon monoxide. The

increase of carbon content in the metal phase increases the silicon distribution ratio. A

higher silicon distribution can be acquired at a lower partial pressure of carbon monoxide

when the content of carbon in the metal phase excesses 0.14 mole fraction. The effect of

carbon concentration on the silicon partition ratio is scrutinised and discussed by using

the term of the (YCf/[YsiJ ratio.

5.3. Sulphur Distribution between Slag and Metal

The sulphur transfer from metal phase to slag phase increases with lowering partial

pressure of carbon monoxide, increasing MgO content of the slag phase, decreasing

Si02 content of slag, dwindling Ah03 content of slag, and declining chromium oxides in

the slag phase. When Si02 content is in the range of 0.35 to 0.5 of molar fraction, the

sulphur distribution ratio increases tremendously with reducing partial pressure of

carbon monoxide from 0.83atm to O.05atm. When Si02 raises from 0.5 to 0.65, a lower

partial pressure of carbon monoxide favours a lower sulphur partition ratio. With a low
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partial pressure of carbon monoxide, sulphur transfer from metal phase to slag phase

increases by decreasing chromium concentration in the slag phase.
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The sulphur transfer from metal phase to slag phase increases by the factors like

increasing carbon content in the metal; decreasing chromium content of the metal phase;

declining sulphur content in the metal; dwindling silicon content of the metal phase in

the range of 0.005 to 0.02 molar fraction; and particularly lowering the partial pressure

of carbon.

The partial pressure of carbon monoxide has no pronounced effects on the sulphur

partition when carbon content of the metal is less than 0.15 in molar fraction. The

impacts of partial pressure of carbon monoxide, combined with carbon content of metal

phase are influenced greatly by the silica content in the slag phase.

The relations between MgO and sulphur capacity, the effects of silicon on the terms of

[1s;1112/[yS] and [asi]ll2/[yS], and the influences of silicon, carbon, chromium and sulphur

on the activity coefficients of sulphur and carbon and on the term of [Ys][yc] have been

examined and used to interpret the experimental results. 22 figures are elucidated in this

section.

5.4. Chromium Distribution in Gas-Slag-Metal Equilibria

By I'llntemplating the formula of "In Ler = x1n{ [%C]lPco} + K4.4.5 ", The slopes of

1.1~..), 1.10 arc acquired from the two series of experiments, conducted at 1500°C in Cr-

oxide crucibles at O.83atm; and 0.05atm of partial pressure of carbon monoxide

respectively. A slope uf 1.07 is achieved by the experiments conducted at 1580°C in

silica crucibles at 0.034atm of partial pressure of carbon monoxide.



The results represent that CrO ~ 75 per cent of the total chromium oxides in the slag

under the at.nosphere of carbon monoxide in Cr-oxide crucible at 150{tC, 80 per cent

at 0.05atm of partial pressure of carbon monoxide in Cr-oxide crucible at rsorc and 86

per cent at O.034atm of partial pressure of carbon monoxide in silica crucible at 1580°C

respectively. A higher percentage of erO exists in the slag when a lower partial pressure

of carbon monoxide is imposed. The percentage of CrO in slag increases with the

increase of silica concentration in the slag.

The chromium concentration in ~he..lag decreases with the factors such as increase of

carbon content in the r -tal; increase of silicon concentration of the metal phase; and

decrease of the partial pressure of carbon monoxide. The effect of carbon on the

chromium concentration in the slag is higher when the metal contains lower chromium.

The chromium concentration in the slag decreases when MgO content increases in the

slag. When the metal contains high chromium, the chromium content of slag decreases

with an increase of alumina when alumina concentration is lower than 0.1 mole fraction

:11 the slag, arid a further increase of alumina increases the chromium content in the slag.

Meanwhile the chromium in the slag only decreases with the increase of alumina when

the metal contains low chromium. The chromium concentration in slag decreases with

increasing SiOz content in the slag when the metal contains high chromium.

The results achieved in Cr-crucibles at 15(){)oCand 0.83atm of the partial pressure of

carbon monoxide, are expressed in the SiOZ-(Ah03+CaO+MgO)-(CrzO.l+Fe,03) ternary

diagrams by means of isc-concentration lines for carbon and chromium. Based upon the

measuring compositions of alloys in equilibrium with the slag phase, the activity

coefficients and the activities for carbon and chromium in the metal phase are computed

and plotted in the Si02-(Ah03+CaO+MgO)-(CrZ03+Fe203) ternary diagrams by means

of iso-activity coefficient lines and iso-activity lines for carbon and chromium.
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7. APPENDIX
Table 7.1. Gas-metal equilibrium data at 1500°C by mole fraction.

No. Cr Fe Si S C Pco
atm

39-1 0.5478 0.3396 0.0040 0.0030 0.1056 0.83

39-2 0.5705 0.3521 0.0093 0.w16 0.0666 0.50

39-3 0.6018 0.3187 0.0131 0.0016 0.0649 0.10

39-4 0.5984 0.3301 0.0123 0.0016 0.0577 0.10

39-5 0.6198 0.3079 0.0146 0.0016 0.0561 0.05

39-6 0.5886 0.3558 0.0196 0.0016 0.0343 0.01

39-7 0.6011 0.3473 0.0178 0.0016 0.0322 0.01

39-8 0.6507 0.3029 0.0160 0.0016 0.0288 0.01

39-9 0.6594 0.3202 0.0188 0.0016 0.0000 0.00

42-1 0.6356 0.3183 0.0190 0.0002 0.0270 0.01

42-2 0.6470 0.3149 0.0178 0.0002 0.0202 0.01

42·3 0.6527 0.3095 0.0183 0.0002 0.0192 0.01

42-4 0.6749 0.2920 0.0170 0.0002 0.0159 0.01

42-5 0.6238 0.3427 0.0167 0.0002 0.0166 0.01--r--
42-6 0.6293 0.34)54 0.0162 0.0002 0.0134 0.01 .-
42-7 0.5563 0.4372 0.0017 0.0002 0.0045 0.01

42-8 0.7237 0.2450 0.0151 0.0002 0.0161 0.01

42-9 0.9411 0.0254 0.0242 0.0002 0.0011 0.01

42-10 ."1.4260 0.5586 0.0093 0.0002 0.0059 0.01

42-11 0.4157 0.5393 0.0074 0_0002 0.0374 0.01

42-12 0.6174 0.3272 0.0053 0.0002 0.0500 0.83

42-13 0.5835 0.3104 0.0067 0.0002 0.0992 0.10

42-14 0.6140 0.3244 0.0055 0.0002 0.0560 0.01

42-15 0.6670 0.2930 0.0066 0.0002 0.0333 0.05

273



Table 7.1. Gas-metal equilibrium data at 1500°C by mole fraction (continue).

No. Cr Fe Si S C Pco
atm

42-16 0.6352 0.3160 0.11069 0.0002 0.0417 0.05

42-17 0.6333 0.3184 0.0071 0.0002 0.0410 0.10

42-18 0.6826 0.3012 0.0068 0.0002 0.0092 0.10

42-19 0.5635 0.2868 0.0075 0.0001 0.1420 0.83

42-21'< 0.6213 0.0981 0.0430 0.0001 rr.2375 0.83

42-21 0.6553 0.0470 0.0479 (J.OOOI 0.2497 0.50--
42-22 0.6978 J.u516 0.0520 0.0001 0.1985 0.50

42-23 0.7821 0.0590 0.0512 0.0001 0.1075 0.02

42-24 0.8336 0.0416 0.0446 0.0001 0.0800 0.01

43-1 0.5472 0.3071 0.0085 0.0001 0.1370 0.83

43-2 0.5855 0.3448 0.0168 0.0002 0.0523 0.10

43-3 0.5864 0.3455 0.0163 0.0002 0.0516 0.10

43-4 0.3058 0.6540 0.0128 0.0002 0.0272 0.10

43-5 0.7048 0.1201 0.0129 0.0001 0.1620 0.10

43-6 0.6734 0.1339 0.0103 0.0001 0.1822 0.10

43-7 0.6204 0.2600 0.0156 0.0002 0.1038 0.10

43-10 0.6311 0.3215 0.0144 0.0002 0.0328 0,10

43-12 0.6371 0.3172 0.0144 0.0002 0.0311 0.83

43-13 0.6294 0.3139 0.0164 0.0002 0.0401 0.83

43-14 0.6056 0.3243 0.0209 0.0002 0.0489 0.01

43-15 0.6133 0.2885 0.0612 0.0002 0.0368 0.01
-.1

43-16 0.6026 0.2693 0.0758 0.0002 0.0522 0.01 I
I

43-17 0.6115 0.2704 0.0743 0.0002 0.0436 0.01

43-18 0.4430 0.5043 0.0071 0.0002 0.0454 0.50

43-19 0.4518 0.4853 0.0160 0.0002 0.0467 0.50
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Table 7.2. Metal composition in mole fraction from gas-slag-metal equilibrium
data at 1500°C under CO atmosphere in Cr-oxide crucibles

~

Cr Fe Si S C

1 0.4981 0.3661 0.0058 0.0004 0.1296

48-2 0.4959 0.3669 0.0054 0.0004 0.1304

48-3 0.4715 0.4290 0.0090 0.0028 0.0877

48-4 0.4029 0.5188 0.0066 0.0017 O.07N--
48-5 0.2852 0.6773 (1.0052 O.OOt7 0.0306

1.(8·11 0.5305 0.3128 0.0057 0.0035 0.1475

48-12 0.2096 0.62::: 0.0169 0.0035 0.1470

48-13 0.4295 0.4574 O.()()65 0.0037 0.1029

49-1 0.4257 0.4778 0.0057 0.0021 0.0886

49-2 0.4676 0.4427 0.0044 O.O()23 0.0829

49-3 0.5532 0.3499 0.0037 0.0016 0.0915

49-4 0.2102 0.7625 0.0039 0.0039 0.0194

49·5 0.4726 0.5040 0.0053 0.0026 0.0154

49-6 0.5526 0.3523 ').0037 0.0011 0.0903---
I

49-11 0.5934 0.2111 I I•.)1)38 0.0043 0.1574_. .. _.
49-12 0.60fi6 0.33(),: + .__I~: 0.0049 0.0539

, .
49-13 0.6004 O.355J ~j, f I :~ ~ 0.0041 0.0362. ..
49-14 0.3893 0.5246 C.OO<t? 0.0047 0.0767

49-15 0.5519 0.2705 0.0106 0.0025 U.1645

49-16 0.624() 0.3430 0.0050 0.0050 0.0230

49-17 0.5740 0.4000 0.0040 0.0040 0.0180
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Table 7.3. Metal composition in mole fraction from the gas-slag-metal equilibrium
data at 1500°C at 0.05atm ofPco in Cr-oxke crucibles.

Number Cr Fe Si S C

52-1 0.5215 0.3000 0.0070 0.0006 0.1708

52-2 0.6452 0.2386 0.0080 0.0008 0.1073

52-3 0.6192 0.::689 0.0128 0.0018 0.0973

52-4 0.5058 0.2897 0.0042 0.0001 0.2000

52·5 0.4734 O.3t'85 0.0049 0.0020 0.1311

52-6 0.4579 0.3330 0.0087 0.0019 0.1984

52-9 0.5142 0.3252 0.0035 0.0006 0.1564

52-11 O.472ll 0.3368 0.0036 0.0009 0.1871

52-12 0.1946 0.5801 0.0156 0.0013 0.2084

52-13 0.4590 0.4040 0.0049 0.0006 0.1322

52-14 0.2800 0.4980 0.0045 0.0005 0.2170

52-15 0.4544 0.4066 0.0047 0.0006 0.1337

52-17 0.3390 0.4400 0.0045 0.0006 0.1767
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Table 7.4. Metal composition in mole fraction from the gas-slag-metal equilibrium
data at 0.034atm ofPco and IS80°C in silica crucibles.

Number Cr Fe Si S C

53-8 0.4544 0.4066 0.0047 0.0006 0.1337

57-1 0.5718 0.3365 0.0867 0.001,3 0.0027

57-2 0.5725 0.2880 0.0696 0.0051 0.0647

57-3 0.5485 0.1985 0.0164 0.0013 0.2352

57-4 0.5528 0.1992 0.0284 0.0013 0.2183

57-5 0.5354 0.2253 0.0387 0.0014 0.1992

57-6 0.5544 0.3087 0.0922 0.0047 0.0400

57-11 0.5260 0.2148 0.0243 0.0013 0.2336

57-12 0.5686 0.2230 0.0546 0.0041 0.1497

57-13 0.5524 0.3211 0.10(1) 0.0055 0.0210

57-14 0.5397 0.2296 0.0294 0.0028 0.1985

57-15 0.5717 0.2518 0.0757 0.0038 0.0970

57-16 0.:-'::80 0.2660 0.0580 0.0037 0.1141

57-17 0.5683 0.2723 0.0869 0.0039 0.0686

57-18 0.5750 0.2750 0.0899 0.0051 0.0550
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Table 7.4. Metal composition in mole fraction from the gas-slag-metal equilibrium
data at 0.034atm ofPco and 1580°C in silica crucibles. (continue)

Number Cr Fe Si S C

57-21 0.5047 0.2213 0.0358 0.0018 0.2364

57-22 0.5282 0.2367 0.0249 0.0032 0.2069

57-23 0.5492 0.2827 0.0296 0.0032 0.1354

57-24 0.5379 0.3308 0.0765 0.0047 0.0502

57-25 0.5485 0.3570 0.0830 0.0043 0.0072

57-26 Gb.5500 0.2319 0.2537 0.0028 0.1935

57-31 0.5536 0.2470 !l.,)269 0.0044 0.1681

57-32 0.5085 0.2445 0.0204 0.0022 0.2245

57-33 0.5088 0.2438 0.0205 0.0022 0.2246

57-34 0.5455 0.2728 0.0208 ~·.'I)025 0.1584

I 57-35 I 0.5172 0.3494 0.0447 0.0023 0.0864
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Table 7.5. Metal composition in mole fraction from the gas-slag-metal equilibrium
data relevant to stainless steel at 0.034atm ofPco and 1580°C in sil.:'·:;: (;:".tclbles.

,~;==.

.- ! .-~- C~.=1Number Cr Fe Si S

0.0880 0.9013 0.fJ073 0.002048·2 ._ '1 "~l . _II
;'

48-1') 0.0270 0.9554 0.0054 O.!!O42-. . ..
53·1 0.1377 0.6973 0.0268 0.0004 ~~. .d •.. '-.. - .. -
53·2 0.1132 0.7378 0.0305 0.0012 I . }~;; ,

,_ ._" ---~ -i' .,

53·3 0.1041 0.7781 0.0115 0.0013 O.liJ51 :1

53·4 0.1170 0.7669 0.0075 0.0031 0.1055=j
53·5 0.1076 0.8149 0.0073 0.0033 0.0665

53·6 0.1093 0.8227 0.0069 0.0055 0.0557

53·7 0.0857 0.8954 0.0045 0.0060 0.0083

53-11 0.1344 0.7825 0.(\112 0.0042 0.0678

53·12 0.1231 0.8017 O"tJ065 0.0038 0.0649

53-13 0.0917 0.8737 0.0039 0.0052 0.0256

53·14 0.0540 0.9074 0.0039 0.0070 0.0277

53-15 0.1303 0.8459 0.0039 0.0070 0.0128

53-16 0.0939 0.8769 0.0039 I 0.0052 0.0201

53-17 0.0919 0.8670 0.0038 0.0045 0.0333

53-19 0.0440 0.9261 0.0039 0.0061 0.0199

53-21 0.0610 0.8770 0.0037 0.0046 0.0537
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Table 7.5.' ital composition in mole fraction from the gas-slag-metal equilibrium
data releva': to stainless steel at 0.034atm of Pco and 1580°C in silica
crucibles,( continue).

Number Cr Fe Si S C

56-1 0.1606 0.7355 0.0262 0.0036 0.0741

56-2 0.1550 0.7506 0.0271 0.0023 0.0650

56-3 0.1914 0.7530 0.0292 0.0070 0.0195

56-4 0.1663 0.7496 0.0220 0.0063 9.0554_.
56-5 0.0816 0.8814 0.0087 0.0060 0.0223.
56-6 0.1575 0.7331 0.0286 0.0031 0.0777.-
56-13 0,1777 0.8061 0.0066 0.0002 0.0094

56-14 0.1704 0.7978 0.0169 0.0014 0.0135

56-15 0.1769 0.7976 0.0079 0.0012 0.0163

56-16 0.1713 0.7047 0.0319 0.0016 0.0905

56-21 0.1556 0.8250 0.0038 0.0020 0.0136

56-22 0.1609 0.7585 0.0256 0.0044 0.0507

56-23 0.1724 0.6762 0.0304 0.0006 0.1205

56-24 0.1888 0.7126 0.0209 0.0044 0.0733

56-25 0.1660 0.7328 O.2ot8 0.0061 0.0069

56-26 0.1983 0.6494 0.0097 0.0071 0.0905

5\)-27 0.0385 0.9080 0.0037 0.0086 0.0412

56-28 0.2003 0.7130 0.0119 0.0057 0.0692

56-29 0.2135 0.6948 0.0098 0.0067 0.0751
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Table 7.6. Slag composition from gas-slag-metal equilibrium data at lS00°C

under CO atmosphere in Cr-oxide crucibles in mole fraction.

Number Ah03 CaO MgO Si02 Cr Fe S

48-1 0.1222 0.0193 0.1993 0.4694 0.1864 0.0032 0.0002

8-2 0.1129 0.0159 0.1846 0.4320 0.2530 0.0030 0.0005

48-3 0.1272 0.0191 0.2226 0.4578 0.1653 0.0070 O.O(HO

48-4 0.1219 0.0192 0.1860 0.4554 0.2117 0.0052 0.0006

48-5 0.1191 0.0132 0.1352 0.4300 0.2448 0.0073 0.0004

48-11 0.1212 0.0191 0.1851 0.5552 0.1149 11.0025 0.0020

48-12 0.0997 0.0125 0.1745 0.642U 0.0623 OJI087 0.0002
"_"

48-13 0.1130 0.0133 0.1795 0.3656 0.3124 O.{J146 0.0017

49-1 0.1139 0.0148 0.1678 0.4664 0.2289 0.0073 0.0009

49-2 0.0824 0.0089 0.1166 0.4708 0.3135 0.0059 (1.0019

49-3 0.0760 0.0089 0.1209 0.5138 0.2737 0.0051 0.0017

49-4 0.0700 0.0075 0.1009 0.5983 0.2137 0.O!l83 0.0012-
49-5 0.0424 0.0038 0.0615 0.5233 0.3499 0.(1171 0.0019

49-6 0.0760 0.0009 0.1208 0.5137 0.2737 0.0054 0.0017

49-11 0.3395 0.0095 0.1308 0.3127 0.1960 0.0108 0.0007

49-12 0.2236 0.0045 0.0495 0.1207 0.5723 0.0289 0.0005

49-13 0.2443 0.0047 0.0646 0.2811 0.4232 0.0111 0.0010

49-14 0.1577 0.0043 0.0472 0.3107 0.4678 0.0095 0.0027

49-15 0.0658 0.0095 0.1198 0.6036 0.1700 0.0296 0.0017

49-16 0.0910 0.0080 0.1310 0.3320 0.3460 0.0900 0.0006

49-17 0.0700 0.0070 0.1010 0.5990 0.2140 0.0090 0.0010
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Table 7.7. Slag composition from gas-slag-metal equilibrium da : at 1500°C

at O.05atm ofPco in Cr-oxide crucibles in mole fraction.

Number Ah03 CaO MgO sro, Cr Fe S

52-1 0.2165 0.0107 0.2087 0.4806 0.1638 0.0030 0.00114

52-2 0.1276 0.0168 0.2120 0.41no 0.1789 0.0032 0.0904

52-3 0.1161 0.11141 0.19111 0.3'763 0.2959 0.0061 11.110116

52-4 0.1348 0.0201 0.2385 0.5041 0.1030 0.11057 0.0002

I52-5 0.1179 0.U188 0.1782 0.5059 0.1745 0.0038 0.0008

52-6 0.1329 0.0196 0.2:333 0.4884 0.1152 0.0035 0.0008

52-9 0.0964 0.0163 0.1632 0.6354 0.0706 0.0177 0.0004

52-11 0.0852 0.0120 0.1504 0.6:;43 0.0917 0.0059 0.00116

52-12 0.1006 0.0152 0.1744 0.6424 0.0585 0.0087 0.0002

52-13 0.1115 0.0140 0.1829 0.3'705 0.3051 0.0145 0.0017.-r
52-14 0.1350 0.0220 0.3390 0.41180 0.0830 0.0100 0.0017

52·15 0.1225 0.0210 0.1911 0.5][98 0.1337 0.0115 0.0003

52-16 0.1940 0.0240 0.4270 0.6360 0.1900 0.11160 0.0013
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Table 7.8. Slag composition from gas-slag-metal equilibrium data at 1580°C

at O.034atm ofPco in silica-oxide crucibles in mole fraction.

Number AhOJ C'IO MgO sio, Cr Fe ""

53-8 0.0759 0.0128 0.1020 0.5643 0.1931 0.0307 0.0013

57-1 0.1314 0.01114 0.0954 0.6129 0.1730 0.0056 0.0013

57-2 0.0888 0.0088 0.0790 0.5631 0.1314 0.1222 0.0068

57-3 0.1158 0.0127 0.1443 0.6352 0.0867 0.0052 0.0002

57-4 0.1136 0.0138 0.1538 0.5984 0.1142 0.0055 0.0006

57·5 0.1159 0.0134 0.1478 0.6018 0.1159 0.0046 0.0006

57-6 0.1353 0.0090 0.1140 0.7213 0.0099 0.0094 0.0012

57·11 0.1439 0.0109 0.1751 0.5983 0.0677 0.0042 0.0004

57·12 0.1108 0.0120 0.1200 0.6397 0.1121 0.0045 0.0008-
57·13 0.1214 0.0109 0.1246 0.6048 0.1338 0.0037 0.0008

57·14 0.1346 0.0101 0.1613 0.5867 0.1028 0.0034 0.0010

57-15 0.1358 0.0094 0.1644 0.5632 0.1228 0.0039 0.0006

57·1(j 0.1314 0.0089 0.1464 0.5877 0.1216 0.0037 0.1!004

57·17 0.1231 0.0084 0.1231 0.6235 0.1166 0.(1049 0.0004

57·18 0.1250 0.0(190 0.1283 0.6080 0.1250 0.0039 0.0008

57-21 0.0975 0.0085 0.1739 0.6167 0.0974 0.0051 0.0010

57·22 0.9620 0.0086 0.1855 0.5860 0.1182 0.0044 0.0012

57-23 0.0923 0.0082 0.1576 0.6080 0.1289 0.0050 0.0008

57·24 0.0911 0.0070 0.1122 0.6425 0.1417 0.0045 0.0010

57·25 0.0880 0.0067 0.1285 0.5892 0.1825 0.0042 0.0008

57-26 0.0754 0.0032 0.1601 0.6138 0.1421 0.0050 0.0012

57·31 0.0748 0.0031 0.1696 0.5762 0.1696 0.0053 0.0014

57-32 0.0717 0.0029 0.1549 0.5662 0.1961 0.0069 0.0012

57·33 0.0918 0.0077 0.1654 0.6177 0.1107 0.0054 0.0012

57-34 0.0732 0.0033 0.1634 0.5759 0.1772 0.0058 0.0012

57-35 0.0748 0.0032 0.1489 0.5783 0.1885 0.0058 0.0006
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Table 7.9. Slag composition from gas-slag-metal equilibrium data at 1580°C
at O.034atm of Pco in silica-oxide crucibles relevant to stainless-steel in mass per
cent (%).

Number AhOJ CaO MgO sio, Cr Fe S

I
53-1 0.1393 '/.0171 0.2181 0.6054 0.0165 0.0034 0.0004..
53·2 0.1303 0.0147 0.1812 0.6432 0.0189 0.0055 0.0003

53-3 n.1294 0.0159 0.1886 0.6105 0.0170 0.0083 0.0004

53-4 0.1243 0.0144 0.1785 0.6063 0.0661 0.0099 0.0005

53-5 0.1176 0.0132 0.1528 0.6078 0.0937 0.0145 0.0005

53·6 0,1127 0.0122 0.1388 0.5896 0.1254 0.0207 0.0006

53·7 0.1056 0.0116 0.1217 0.5397 0.1493 0.0213 0.0009

53·11 0.0945 0.0112 0.1363 0.6570 0.0804 0.0201 0.0006

53·12 0.0966 0.0112 0.1375 0.6640 0.0772 0.0131 0.0004

53-13 0.0848 0.0098 0.1182 0.6169 0.1465 0.0233 0.0005

53·14 0.0807 0.0077 0.0761 0.6319 0.1634 0.11394 0.01107
t---
53·15 0.0725 0.0086 11.1016 0.51114 0.2506 0.0551 0.0012

53·16 0.0813 0.0096 0.1217 0.5641 0.1926 0.0299 0.0007

53·17 0.0901 0.0100 0.1172 0.6598 0.1023 0.02111 0.0005_.
53·19 0.1383 0.0076 0.1668 0.6057 0.0588 0.0222 0.0005

53·21 0.1495 0.0082 0.1722 0.6109 0.042(J n.0166 0.00115

56·1 0.1415 0.0089 0.1574 11.6170 0.0677 0.0073 0.00112

56·2 0.1493 0.11095 11.1804 0.5191 11.11523 0.0093 0.111102

56·3 0.1429 0.0110 0.1848 11.5477 0.1050 11.0086 0.11004_.1- •
56·4 0.1390 0.0087 0.1570 !I.u,07 0.0775 11.11067 0.0004--
56·5 0.1272 0.0079 0.1"'" i 0.6055 0.1014 0.0205 0.0004
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Table 7.9. Slag composition from gas-slag-metal equilibrium data at 1580°C
at O.034atm of Pco in silica-oxide crucibles relevant to stainless-steel by mass per
cent (continue).

Number Ah03 CaO MgO sro. Cr Fe S

56·6 0.1551 0.0107 0.2014 0.5968 0.0289 0.0067 0.0004

56-13 0.0842 0.0030 0.0092 0.6627 0.2207 0.0198 0.0004

56·14 0.0791 0.0028 0.0018 0.7182 0.1801 0.0177 0.0004

56-15 0.0839 0.0028 0.0017 0.7156 0.1768 0.0187 0.0004
r---'
56·16 0.0831 0.0027 0.0017 0.6630 0.2299 0.0189 0.0006

56·21 0.1411 0.0091 0.i5!8 0.(':324 0.0592 0.0060 0.0004

56·22 0.1520 0.0099 0.1805 0.5930 0.0509 0.0135 0.0002

56·23 0.1589 0.0105 0.2003 0.6009 0.0243 0.0044 0.0006

56·24 0.1532 0.0105 0.2015 0.5661 0.0621 0.0062 0.0004

56·25 0.1375 0.Oot~7 0.1436 0.6370 0.0721 0.0007 0.0004

56·26 0.1452 0.0106 0.1843 0.5515 0.1014 0.0068 0.0002

56·27 0.1384 0.0093 0.1530 0.5908 0.0649 0.0430 0.0006

56·28 0.1428 0.0101 '>.1742 0.5512 0.1121 0.0087 0.00('4

56·29 0.1438 0.0108 0.2025 0.4549 0.1802 0.0074 0.0004
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Table 7.10. Relations between Xc and [YCr], [yc], lacr]l[ac] and. (aclQ)with

metals of C-O.45Cr-Fe-0.OOlS-0.005Si in mole fraction at 1550°C.

Xc [ycrI [ycl [acrI/[ac] (acre) (acre)
0.1I34Peo 0.05Peo

0.025 0.7997 0.0752 191.42 0.4552 0.6694

0.050 0.7380 0.0976 68.69 0.1633 0.2402

0.075 0.6769 0.1261 32.11 0.0766 0.1126

0.100 0.6171 0.1667 16.66 0.0396 0.0583

0.125 0.5590 0.2235 9.01 0.0214 0.0314

0.150 0.5033 0.3039 4.97 0.0ll'8 0.0173

11.1is 0.4504 0.4190 2.76 0.0066 0.0097

I
--

0.200 0.4006 0.5859 1.53 0.0036 0.0054
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Table 7.11. Relations between XCrand [ycr], rye], [~crJ/[ac] and (aoo) with

metals ofO.15C·Cr·Fe·O.OOlS·0.005Si in mole fraction at 1550°C.

XCr Iycrl Iycl lacrl/lacl (acre) (acre) (ac-o)
0.034Pco 0.05Pco 0.83Pco

0.0;::5 0.3097 2.2356 0.0231 2.5E·S 8.lE·5 1.3E·3

0.050 0.3091 1.9902 0.0534 1.3E·.~ 1.9E·4 3.lE·3

0.075 0.3287 1.7716 0.0928 2.2E·4 3.2E·4 5.4E·3

0.100 0.3286 1.5767 0.1389 3.3E·4 4.9E·4 8.lE·3

0.125 0.3485 1.4031 0.2070 4.9E·4 7.2E·4 12E·3

0.150 0.3588 1.2484 0.2874 6.8E·4 1.lE·3 16.8E·3

0.175 0.369<1- 1.1106 0.3880 9.2E·4 1.4E·3 22.5E·3

0.200 0.3809 0.9879 0.5141 1.2E·3 1.8E·3 29.8E·3

0.300 0.4261 0.6175 1.3801 3.3E·3 4.8E·3 80.2E·3

0.400 0.4764 0.3851 3.2989 7.81£·3 1.2E·2 0.1910

0.500 0.5315 0.2396 7.3943 1.76E·2 2.6E·2 0.4290

0.600 0.5915 0.1488 15.9005 3.78E·2 5.6E·2 0.9230
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Table 7.13. Relations between (acrO)/(acrOl.s) and mole fraction of C, Cr, S, Si at
O.034atm ofPco at 1550°C. The metals contain O.15C-O.45Cr-O.OOIS-O.005Si-Fe.

x (ucrO)/(UCrOl.s) (ucrO)/(UCrOl.s) I (ucrO)/(UCrOl.s) I (ucrO)/(UCrOlS) II
x=c x= Cr x= S X=Si

I)

!
0.025 0.6692 8.9374 3.5604 3.6315

0.050 1.0732 8.4326 3.8590 4.1005

0.075 1.5009 7.9650 4.1833 4.6305

0.100 1.9927 7.5056 4.5346 5.2284

0.125 2.5796 7.0804 4.9153 5.9040

0.150 3.2952 6.6787 5.3279 6.6666

0.175 4.1792 6.2993 5.7752 7.5280

0.200 5.2832 5.9411 6.2600 8.5005

0.30() 4.6971 13.8200~-
0.400 3.7094

0.500 2.9259

0.600 2.3058
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Table 7.14. Relations between (acrO)/(acrOl,5) and mole fraction of C, Cr, S, Si at
O.05atm of'Pco at 1550°C. The metals contain O.15C·().4SCr·O.001S·0'()05Si·Fe.

x (acrO)/(acrOl.5) (acrO)/(acrOl.5) (acrO)/(flcrOl.5) (acrO)/(acrOl.5)
x=c X=CI' x= S X=Si

0.025 0.5511.' 7.3699 2.9360 2.9946

0.050 0.8849 6.%37 3.1822 3.3814

0.075 1.2377 6.5607 3.4496 3.8184

0.100 1.6433 6.1893 3.73932 4.3115

1l.125 2.1272 5.8386 4.0532 4.8686

1l.150 2.7273 5.5073 4.3935 5.4974

0.175 3.4462 5.1945 4.7624 6.2077

0.200 4.3566 4.8992 5.1621 7.0097

1l.31l0 3.8733 11.3962

1l.400 3.0588

0.500 2.4127

0.600 1.9014
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Table 7.15. Relations between (aero)/(a('r{)I.5) and mole fraction of C, Cr, S, Si
under CO atmosphere at 1550"C. The metals contain O.15C·O.45Cr·().O()1S·
O.(){)5Si·Fe.

X (ucrQ)/(UCrQl.5) (ucrQ)/(ncrQl.5) (acrO)/(ucrQl.5) (ucrQ)/(acrQl.5)
x=c X=CI' X= S X=Si

0.025 0.1345 1.7969 0.7159 0.7230

0.050 O.:d72 1.6954 0.7759 0.8244

0.075 0.3038 1.5996 0.8411 0.9310

0.100 0.4033 1.5091 0.9117 1.0542

0.125 0.5221 1.4236 0.9883 1.1870

0.150 0.6669 1.3428 1.0712 1.3404

!l.175 0.8459 1.2665 1.1611 1.5136

0.200 1.0693 1.1945 1.2586 1.7091

0.300 0.9444 2.7786

0.400 0.7458

O.SOO 1l.5883

0.60() 0.4636
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