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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
pas-siag-metal equilibria in chromium-oxude crucible and silica crucible, elucidated by 73
figures in forms of silicon distribution, sulphur partition and chromium distribution.

Cag-Metal Fquilibria

The relations among carbon content, siicon content and the partial pressure of carbon
monoxide in the CO/Ar gas shase 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 (1.15 aim
of the partinl 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 C(J exists in the gas phase. On the conirary, metals
can not pick up carbon if there is no carbon monoxide in the pgas phase. The results are
expressed in a4 3-dimensional diagram and 5 fipures.

Silicon Distribution in Gas-Siag-Me

The effects of slag’s composition, metal’s composition and the partial pressure of carbon
monoxide on the equilibriom partition of silicon between slag and metal phases, expressed by
the ratio of [81}/(Si0z) by mole fraction. have been scrutinized. In general, s the content of
chromium in the slag phase increases, the ratio of [Si/(SiO2) decreases, Silicon equilibrium

pattition 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, chromiwn 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 litle chromium from slag phase to metal phase. A lower
partial pressure of carhon monoxide will belp o lower the threshold content of chromium

with & lower ratio of silicon. The increase of alumina content in the siag phase enlarges the
equilibrium distribution of silicon. With Cr-oxide crucibles, the increase of ALO; content and
the partial pressure of carbon monoxide do not effect the silicon partition remarkably. The
equitibrium distribution of silicon is proportional to the content of silicon in the metal phase.

The 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 equilibeium distribution of silicon between slag and metal. A
higher silicon distribution can be acquired at a lower partial pressure of carbon moncxide
when the content of carbon in the metal phase excesses 0.14 mole faction. The effect of
carbon content on the ratio of [yc]/Evs] has been computed.

Iphor Distribution in_Gas-Slag-Metal Equilibria

The equilibrium distribution of sulphur between slags and metals in terms of (SY[S] by molar
fraction has been investigated at 0.034aim, 0.05atm and 00.83atm of partial pressure of carhon
monoxide in Cr-oxide crucibles at 1500°C and silica crucibles at 1580°C. It is shown L
sulphur transfer from metal phase to slag phase incresses with lowering partial pressure of
carbon monoxide, increasing MgO content, decreasing Si0» content, dwindling ALO;
content, and declining chromiura 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 contene of the metal phase in the
range of 0.005 to 0.02 molar fraction; and particularly lowering partial pressure of carbon
monoxide in the gas phase. While the paitial pressure of carbon monoxide seems no
pronounced eSects on the sulphur partition when carbon content in the metals is kess than 0. 15

of molar fraction.

The impacts of partial pressure of carbon monoxide, combined 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 sificon on [ys]'%/[vs] and fas]"*[¥s), and the
influences of silicon, carbon, chromium and sulphur on the activity coefficients of sulpuur and
carbon and on {¥s][Yc] have been computed and used to interpret the experimental resuits,

Chreminm Distribution in -Metal Equilibria

By contemplating formola ‘In Ley = in{[%C]/Pea} + K', which is linear with slope x and
intercept K, the graphics by using the experimental data have been plotted for three serfes of
experiments. The slopes are 1.125, 1.10 and 1.07, which represent that the rats: o
(CrO/CrO+Cra0s)) 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 (.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 pressore of carbon monoxide in the gas phase. The chromium in slags

decreases with increasing Si0z,



The resu s achived in Cr-crucibles at 1500°C and (0.83atm of the partial pressure of carbon
monoxide, ure < rpressed in Si0x-(ALO+HCaO+MgO)-(CraOs+Fez0s) ternary diagrams by
means of iso-concentration lines for carbon and chromium,

Based upon the measuring compositions of alloys in equilibrinm with the slag phase, the
activity coefficients and the activities for carbon and chromium in the metal phase are
computed and plotted in the SiOz-{ALOs+HCaO+MpO)-{Cras+Fez0s) 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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1. INTRODUCTION
1.1. CHROMIUM RESERVES

1.1.1. Chromite and Its Properties

The rineral chromite has the theoretical composition FeO.Cr0s with a theoretical content
of 68 per cent CraOs 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 X0.Y20:
where X is a divalent metal ion usually wron, calcium, magnesinm or MANZaness andYisa
trivalent metal jon usually iron, chromium or aluminium, The spinels have a wide range of
poutuai solid solubility. In natural chromite the repiacement of chromiom 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 5¢ to 55 per cent Cr20s and some contain up to 20 per cent of both
AlLO; and MgO. Analyses of typical chromite ores from various deposits are given in table
R

Chromite varies in colour from datk brown to jet black and nsually occurs in & . Ve
form with a granular structure, although individual crystals are octabedral. The interstitial
material usually consists of magnesium silicates. Compared with most other minerals itis
fairly soft, its hardness being 3.5 on Moh’s scale. Tts 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 Justre approaching to that of metals and it is almost insoluble in
acids™,




1.1.2, Chromite Ore Reserves of the World

Lead chromite (PbCrOa), an orange .red mineral found in the Beresof Mine on the easterm
slopes of the Ural Mountsins in 1766, was the first known and mined source of chromiurm.
Sixty years later, & 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 chroruite deposits were discovered in Turkey, and

these constituted the rain source of supply until the discovery of chromite ore in India and
Rhodesia in about 1906™. Chromite ore i3 obtained from major sources in ten different
countries, but about 98 per cent of world’s chromite reserves are found in the Republic of
South Africa (68%) and Zimbabwe @07,

South Africa

OF the world’s total reserves of chromite ore, which amount o 3330 Mt, 68 per cent or
2270 Mt are in the Republic of Sputh Africa and 30 per cent or 1000 Mt in Zimbabwe, The
vastreservesofchrOmiteinSouthAfricaa:eallsimatedinme'l‘mnsvaalandfonna
mammoth geological intrusion termed the Bushveld Igneous Cornplex, said to be the largest
igneous rock complex in the world. This geological phenomenon cnables South Africa to
lay claim to the world’s largest known rescrvus of andalusite, vanadium, platinurm, platinum-
group «netals and chromite. To facilitate a true appreciation of the magnitude of South
Africa’s chromite Tesources, an interesting analogy may be drawn. If chromite were to be
represented by crude oil, then, on the percentage basis, the country’s contribntion to world
reserves would be slightly more than the combined reserves of Canada, the United States,
Western Europe, Eastern Europe and the entire Middle East™.




Table 1.1. Analyses of Various Chrome Ores!”

rountry lype eruse Urikh FeD AlyOy Mg a4 LE+Y Ceife
South Africa Stapdard Frivble 4450 24.71 1503 1005 131 146 1.58
South A= Hard komp 4241 24.20 15,95 8.35 938 627 L.50
Sewh Afric High grade 4840 280 1394 .72 020 188 I.BS
Zimbalmn Selakwo 4% 1437 1410 13.06 046 &IT 305
Zimbalrore Selukwa 47.00 1193 1265 1544 1.77 in 4
Zimbabwa Salukys Refmciory 42,63 15.65 13.80 15,77 032 8359 240
Zitnbabwe Great dgkm 3673 16.38 13.0t 132 0.7 433 An
Zimbmbwe Greak dyke 47.00 l6.08 Lo.o8 18.00 .50 15 )
Cuba Carpaguoy 30,84 3.8 2003 1292 [E]] 533 208
Cuba Mua Day ds00 i4.51 7.5 1653 13 3.55 219
Phitlppines Masinloz 2 1237 £ %) 1806 D44 5,00 LT
Ehilippines Aooju Copesplrale 4232 13.80 11.37 15.85 — s X
Turkey Mebailurgic] 4426 14.11 13.03 16.85 0586 08 302
Turkey Kelidag 42,44 12.50 16,78 1.2 025 62] 297
Turkoy Refractery 3710 1394 2435 1 22 434 .16
New Caledonin Metallurgical 5L 14.15 H.1e 1695 10 a5 a2
Rusain Welullurgical 51.87 1156 963 13.27 106 53 an
Rueia Refrriory 39.04 1398 1735 16.47 1111 pE] b ]
Yumoslovia Metallurgical 9.3 15.16 10.40 1550 n422 598 290
Eadia Crlnsn 4990 1385 10,35 1526 017 6.25 317
Indin Myzore Reftaciory 4.5 ide 13.40 1134 n.ns 691 163
Cheees Tragli Mol 45.18 15.16 inng 15.82 .35 1E0 260
Greece Dotmakea 35.80 16.30 nn 14.50 B354 556 182
Uhited Siatos Siiltwnlor 3830 .28 1545 13.43 L 5.00 1.47
Pakistan Baluchistan 48.40 1520 10.80 1637 030 4.08 2,82
Sierm Loune Eanbiw Hitls 4200 L4.08 ann 1416 P 431 253




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 ceutrul and slightly western portion of the Transvaal,
The Complex is highly mineralized, comprising deposits of fluorspar and tin in the acidic
phase, platinum zroup 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 mnajor reserves of platinum group metals oceur in the UG-2 Reef and
Merensicy Reef, which constitute the 12rgest known deposits of chromium, vanadium, and
platinum in the wotld, The four major areas in which chromite ore is mined are the eastern
chromite bel, the western chromits kolt, the Zeerust district, and the area south of
Potgistersrus,

The deposits in the Zeerust and Potgietersrus areas, where the resources are limited, have
the highest Cr20s 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, wheie the resources
are vast but are of lower grade (45 per cent Crz0s) and have chromium-to-iron ratios of 1.5
to 1.6. Other deposits have slightly lower Cr20; contents and lower chromium-to-iron
ratios{ about 1.4). In all, 21 mines have bean established in these areas. Chromite ores from
Zimbabwe and Turkey have a higher chromivm-to-iron ratio of 3.0 and 3.5 respectively.

"The chromite ores mined fall basically into two categories -- the hard lumpy variety and e
friable type, In the vast chromite reserves of South Affica, 70 per cent is classed as lower
grade chromite ores and only 30 per cent can be high grade chromite (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
characeteristically use simple screerung and hand-sorting operations. In some cases, complex
heavy-medium, magnetic, gravity sepamtion techniques 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




ores, which generally have chromium-to-iron ratios of 1.3 to 2.4, are then either railed for
export of sent to smelting plants for conversion into ferro-chromiam™,

Zimbgbwe""

Zimbsbwe i5 the larpest 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 Bastern Burope, 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 pediform deposits. The Great Dyke deposits
comprise the major part of the known reserves of Zimbabwe chromium otes, 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
Iumpy 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 Cr20s with chromium-to-iron ratios of 2,6 to
3.5, but is much more friable than the ore from podabrm 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 seatns on the Great
Dyke. The range in Crz0Os content of podiforms ores is very similar to that of the Great
Dyke ores, the mean of 44% Cr:Os is slightly less than the mean of 47% CrzCs for the




Great Dyke ores. The mean chromiurn-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 gznerally Jower content of approximately 12% FeO in the podiform ores,
compared with approximately 16% FeQ in the Great Dyke.

The Former U.5.8.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 Getrnan and U.S.A. sources indicates that
the reserves may be much larger, amounting to over 200 Mt of proven reserves and 180 Mt
of potential reserves, Le. ahout one-sixth of those in South Afyica. On average, the proven
resburees appear (o contain about 50 per cent Cr2Os and to have a chrominm-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 Dinarie Alps, have estimated reserves of 22 Mt of massive hard ore
with an averape CrzCs content of 43 per cent and 2 chromium-to-iron ratio of 3.0. Most of
the ore is suitable for metaltargical and refractory usage, but a substantial proportion of the
run-of-minge 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-chrominm alloys and chromium raetal), the refractores industry (refractores
and foundry sands}, and the chemical industry.

=




The metallurgical use results from the addition of chromium to improve the strength,
corrosion aad oxidation resistance of iron, nickel and other metals. For addition to frrous
alloys, chromium is usually produced as a ferro-chromium alloy containing approximately
70 per cent chrominrm.

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 fess than 0.1
per cent and the ratio of chromium to fron 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 Cr;0; 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 chemically almost neutral and consequently it resists
attack by both acids and bases at high temperatures. Althongh pure chromite has a high
melting point, the ore consists of chromite embedded in a matrix of magnesinm silicates
which have a lower softening temperature. For the best quality chromite refractories,
therefore, it is desirable to have an ore with 23 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 Crz0s, ALO:  and with low silicate and iron oxide contents. The combined
content of CraO; and AbQs is usually 57 to 63 per cent.

The chergical use of chromite is almost entirely for the primary production of sodinm
dichromate, For this purpose the chromite should contain a minimum of aronnd 45 per cent
Crz03. The iron content can be much higher than for metallurgical or refiactory use and 2
common chrominm-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 clromite is for tanning and for the
production of pigments. The tanning industry employs chrome alum and dichromates while
the chrome pigtnents are usually produced from lead chromate. Chrome oxide green is 97-
99 per cent chromic oxide, Guignets green is a hydraicd ch.omic oxide, while chrome
yellow and zinc chrome are lead and zinc chromates.




Another important chemical use of chromite is for surface tfreatment of metals in which &
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 finishing is 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 chrotnite ores iraplies their beneficiation is limited to those capable
of removing the physically associated gangue minerals, gravity-concentration processes
normally being applicable. Some degrez of beneficiation treatment is applied to the ore from
mmost of the deposits in the world, The milling cost i 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 screering 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 operaiions comprise crushing, washing
screening, hand sorting or crushing, and washing-grinding-gravity separation, For gravity
separation, mainly spiral concentrators ave used; although shaking tables are used in a few

instances

Recoveries are usually within 80 to 85 per cent but, with the limitation of the beneficiation
process, The Cr20s 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 Iabour component accounts for 40 to S0 per cent. Precise data are not available
for the tonnages of ore treated by the various beneficiation processes employed, Only about




30 per cent of the chromite ore mined in South Africa can be classified as “ump ore’ (a
production of just under 1 Mtfa), most of which is used for the production of ferro-
chrominm in submersed-arc-furnaces. At an 85 per cent recovery of the chrominm in the
ore into the ferro-alloy, 2t of ore are needed to produce 1t of ferro-afloy, and about 2 Mt of
ore containing 44 per cent CraOs are needed to produce 900 kt of alloy. Therefore, fesro-
chrom‘um producers absorb a substantial proportion of ihe beneficiated ore and leave about
1 Mt of beneficiated ore for other purposes. A large proportion of the beneficiated ore is
wo 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 ron-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 cemt chromium and is produced by the direct reduction of
chrome ore. The theoretical composition CraOs.FeQ contains 68 per cent Cre0s and 32 per
cent of FeO by weight, which corresponds to a chromium:iron percentage proportion of
65:35. In practice, as noted before, due to contamination by oxides of aluminizm,
magnesium and sificon the content of chromic oxide in the ore rarely excceds 50 to 55 per
cent and is ofien less. For the production of roetallurpical ferro-alloys, chrome ore is
selected with a minimum chromic oxide content of 48 pur coni and with a chromium to iron
ratio as high as possible. Four types of ferro-chromium are commercinlly produced:




1. High carbon ferro-chromium {including charge chrome)
2. Medium carbon ferro-chrominm

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 Fexro-Chromium Alloys

Type Cr% C% 5i% 5%
H-Carbon 45--75 4.0--10 Uptob Up t0 0,05
M-Carbon 45--75 0.5--4 Uptol5 | Uptol.05
L.Carbon 45--75 Upto05 { Uptol5 | Uptod.03
I-CH-Cr 75--95 Upte®5 | UptoL5 | Upte.03

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

High Carbon Ferro-Chromium

The commercial production of high carbon ferro-chrominm 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, nsually by the rather simple method of heating the
oxides of iron and chromium reixed with powdered charzoi?! .+ a crucible, a method first
proposed by P.Berthier in 1821, This method continued to ¢ il ..V it was supplanted
by the direct reduction of chromite and chrome-ferrous iron ore waii: coke or coal i a blast
furnace, an innovation due to E. Fremy'™, At first this rethod 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
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produced by the direct reduction of the chrome-ferrous iron ore of Tasmania. To produce
higher chromium content required highey 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 chrominm was in regular commercial productior. The first ferrp-chromium, as
it is known today, containing 70 per cent chromium, was produced in Sweden and its
production was first described by E. G. Odelstjerna Bl in 1886.

The major improvement in the production of ferro-chromium came with the introduction of
the electric arc funace instead of the blast farmace. To obtain even chrominm content of 30
to 40 per cent in the “last fornace involved very high fuel costs. Since the firmace 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 “were present in much larger amount than in the modern product.
Attempts were made to produce higher chromium content by increasing the temperature in
the blast furmace by means of an oxygen enriched blast but this procass 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” and
has led to the modem commercial production on a very considerable scale of high carbon
ferro-chromium containing 67 to 71 per cent chromiurn and about 4 to 6 per cent carbon.

The electric furnace most commonly used for its production is the open top submerged arc
fomace, 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 Cr2Cs and! a ratio of chromium to iron spproximating to 3.0, The
content of silica in the chromite 15 as low as possible. Coke is usually employed as the
reductant. The charge 15 fed into the top of the fumace where it is continually rubbed to
prevent the accumulation of dangerous gas pockets, containing carbon monoxide which is
evolved s a consequence of the reduction reaction. The high carbon ferro-chromium
collects at the bottom of the furnace and is wapped 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,

il




Low I L fvim

The changes in the production of stainkess stcel affected the consumption pattem of
chromium alloys i the past decades becanse about 79 per cent of the worlds chrome
products are used for the production of steel and othe. special alloys. Low carbon ferro-
chrominm 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 procasses, such as AOD, and VOD. Due to the
probleras coming from the use of high curbon chromium and coming from the lmitation of
steelmaking itseif, 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 "*l. 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 ferto-silicon or ferro-chromium-
silicon. The most common method employed for the production of low carbon ferro-
virumium involves the very vigorous mixing of a molten lime-chromite slag with ferro-
silicon or ferro~chromitim-silicon. The iron and the chromium are both reduced fom the
spinel, and the chromium-to-iron ratio in the ore prevails in the ferro-chromium alloy, This
fact has a pronounced beacing on the economic agpeets of ferrochromium production, since
the price of the product is determined by the cuntained units of chromium present. Former
specifications usually called for a chromium content of not less than 60 per cent, but this
vag waived as a result of the Jarge tonnage of charge chrome sold by South Africa,

1.4.2. The F:oduction Patterns of Ferrochrominm Alloys in the World

In South Africa

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
ailoys by South Africa in the 1990s represented about one-third of the totat production in
e world, Up to thirty years ago, the chromite ores mined in South Afiica were considered
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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 sedium 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 Sonth Afiica ores were not seriously considered for
smelting to produce fetro-chromium, mainly because of their low ratios of chromium io
iron (about 1.5). World ferro-chromium producers preferred to wse 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.

Aater solving some problerns, 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 deseribed as ‘CHARGE CHROME', After some
aggressive marketing campaigns, this alloy was accepted by atainless-steel producers world
wide, which gave a great impetus to South Afiican ferro-chrominm 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.5.A,

In the decade 1950 to 1960, U.S. imports of chromite ore reached a maximum of just over
1.5 Mt/a 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 Mt/a or only 23 per cent of world exports,
South Africa was still the main supplier of chromite ore to the United States, accouating on
uverage for 44 per cent of all the U.S. imports of this commodity from 1977 to 1980,

The apparent consumapiion of ferro-chromium in the U.S.A, rose from 190 kt in 1970 to

293 kt in 1981. During that period, the imports of ferro-chrominm a8 a percentage of the
appareni consumption rose from 12 te 76 per cent.
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A recent calculation by the U.S. Bureau of Mines inclicated that the weighted average cost
per pound of contained chtomium in high carbon ferro-chromium smelted in South Africa
from local chromite ore is $0.32 f.0.b. Durban, whereas that for the same ore smelted in the
U.S.A. wounld be $0.43 f.o0.b. Piltsburg. As transportation costs to the U.S.A, could renge
from $0.04 to $0.12 per pound, the difference is not considered to represent a major
competitive advantage for producers in South Africa. However, the depreciation in the
racent exchange rate of the Rand versus the US dollar has undoubtedly contributed -
materially to increased exports of ferro-chromium from South Africa.

In Japan

In Japan, which uses some of the most up-to-date and efficient metallurgical processes in
the world, the sar.s thangs in the ferro-chromium production is becoming evident, Japan’s
imports of chromite ore ranged from 962 kt in 1979 to 645 kt in 1983, with those from
Sounth 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 ki,
whereas the imports rose from 104.1 to 297 ki. The local production was equivacnt to 90
per cent of the consurmption 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 littl: doubl that the production of ferro-chromium in Japan wil
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 cratrol of atmospheric pollution, have resulted in an average production
cost in Japan of at least $0.45(U.8.) per pound of contained chronx 4, compared with a
¢.1i. cost of around $0.40(U.5.} per pound of imported ailoy.
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In the former USSR and the Eastern Bloc

In addition to the dominant position of South Africa among world producers of ferro-
chromium, the increasing inflyence of the former U,S.S.R. and the couniries in the Eastern
Bloc has to be highlighted. Th.: 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
ki of ferrochromium but has only minute known reserves of chromite ores, Until 1978 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 aliernative suppliers, one
of which is reported to be Zimbabwe, which also supplier China with ferro-chromium.

1.5. TECANOLOGICAL TRENDS IN CHROMIUM ALLOY PROBGUCTION
AND SUFPLY

The production of ferro-chromium alloys is dominated by the submerged-arc-furnace,
Submerged-arc smelting of ferro-chromium, according to D, Slatter™™, is now a mature
technology 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 firnace and fluid-be? reactor. Finally, the question of ‘direct stainless
steel’ is discussed with its implications for the futare’s supply of ferro-chromium,
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1.5.1. Features of Submerged-Arc-Furnace Technology

Strengths

The muajor advantage of the submerged-arc-furnace for smelting chromite may be described

as:

1. Relatively easy to control provided the charge is well classified to maintain & permeable
overburden and allow escape of reduction gases, and provided also that the charge
composition is well calculated and reroains 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,

Wegknesses

The shoricomings of the submerged-arc-smelting  technology for femo-chromium

production can be noted as:

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

2. High cost cuke 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 firnace superstructure;

16




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
subrerged-arc-farmace, These include:

1. Computerised control to optimise power inputs;

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

3. Pelletised and pre-oxidisced fines feed;

4. Optimisusgs slag compositions for maximum chromium recovery,

For example, minimising Mg(Q:CaC ratio in the slg improves chromium spinel dissolution
thug 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 control of silicon and sulphur in the alloy.
and in decreased taphole refractory life.

1.5.2, DC Are or DC Plasma Technology

Various organisations have carried out devaiopmental work in the use of D.C. are or D.C,
plasma technology for smelting chromite to ferro-chromium, In UK., for example, non-
consumable electrode was used ™. In Sweden SKF with their non-transferred arc heaters
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was incorporated in their Piasmamelt 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"™. The transforred are with
hollow graphite electrodes was developed by the South Carolina Reszarch Authority,
SCRA, a joint development with Macalloy in the United States™™®. The most successful
development in this field has been the coilaborative programme between Mintek and the
Former Middleburg Stee! and Alloys (MS&A)"™, This commenced in the Jate 1970s,
accelerated rapidly in the early 1980s and resulted in the world’s first commercial D.C. arc
furnace in 1984"9., The furnace was rated at 16 MVA and operated until 1988 when it was
reconstructed and uprated to 40 MVA, It is still the only D.C. arc furnace in wotld
producing ferrochromium afloys. The furnace’s main features are shown in figure [,1, These
include: single central hollow graphite electrode; DC transferred arc from the graphite
electrode (cathode) to the copper bus wbe (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:

» operation with ore fines without prior agglomeration;

e 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;

» preat freedom in metallurgical control; for example, because slag resistivity is no longer
a limitation, high CaO slags, with conductivities too bigh for submerged-arc-furnace
operation, can be used for production of extra low sulphur alloys;

e closed top opemtion is simplified with single electrode only, and collection and
utilization of waste-gas energy beccmes 2 better proposition;

¢ Dbetter control of, and greater range in, product composition: for example, alloys with
ultra Jow contents of § and P (by reductant choice and slag-composition control) and
silicon levels from less than 1% to 3-4% can be produced on regquest,
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The D.C. arc firmace 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 carted out 0 produce a fow 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 fesro-chromium (0.5-
4.0% ) can be made by reacting charge chrome fines with chrormile ore fines, the ore being
reduced by the silicon and carbon contained in the charge chrome. The by-product is a low-
grade chromiurn slag with a high Cr:Fe ratio for processing to high chrornium alloys.

There are, however, some important control factors to be considered and some
disadvantages in D,C. arc operation:

1. Strict operation control i necessary requiring relisble 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 fornace integrity, while ingufficient power(or
excess feed) canses freezing of the bath, electrode blockages and tapping problems;

2. Stray arcing can be a problem;
3. Taphole maintenance is more critical than in a submmerged-arc-fumace;
4. Lower thermal efficiency than a submerged-arc-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 iis

thermial 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.




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 z pelletised chromite feed. The most effective
application of pre-heating is, however, likely to be linked to the D.C. arc furnace™

Because the charge to the D.C, arc fumace consists of fine materials, it appears logical to
use a fluidised-bed system as the pre-heater. Experimental test-work was carrded out by
MS&A with Miniek and the development has been conducted by Samancor. Tn 1994, a
large pilot operation was successfully completed and the process is ready for commerciat
application, It is estimated that preheating of the charge to the D.C. arc furnace in this
manner will decrease the electrical energy requirement by approximately 1 Mwhvt alloy and
increase furnace throughput by approximately 30 per cent. The effective use of off-gas
energy in preheating the charge is a step towards decreasing the use of electric energy, a
high cost component in the production of ferro-chromiim 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,

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 savirigs may be realised. The following is a bref survey of existing or potential pre-
reduction processes' .

SDK/CM! Process

Developed and used originally by Showa Denko (SDK)) in Japan and subsequently installed
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by Consolidated Metallargical Industries in South Africa in the mid-1970s. This was the
first commercial pre-reduction process for chromite. In the process, chromite are fines are
milled finer, pelletised with coke as reductant, and fire.. w1 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 Mwh/t alloy versus 3.8
Mwh/t alloy for submerged arc smelting);

» use of low cost coal-based energy;

o greater flexibility in furnace slag composition with respect to electrical conduetivity 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
of ore fines,

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-reduction process in 1984, based partly npon 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 instailed
at the Middleburg Ferro-chrome plant in 1990 and named CDR for Chrome Direct
Reduction.

22




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 1500°C) where the charge becomes pasty; use of low cost
coal for both the energy source and the reductant; high depree of metallisation (80% to
»00%); further decreases in tk electrical energy required for final smelting to
approximately 1.6 Mwivt alloy for cold charging and 1.2 Mwh/t for hot charging.

Difficulties associated with the operation and which are receiving attention inchde:
accretion formation and its prevention or elimination; determining the most suitable
refractories, particularly in relation to accretion forming tendency; effective temperature
measurernent 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 aitained, the final fiunace weatment becomes
mainly a melting rather than a smelting operation. A dedicated fumace for treating the kiln
product may be either a sr.umerged arc furnace operating as a slag resistance fumace or a
D.C, arc furnace.

Rotary Hearth Furnace

The rotaty hearth fumace is potenbally capable of pre-reducing chromite and pilot tests
have been conducted io 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 revoluiion. Potential advantages include: low cost peilets due to
low pellet strength requ.. -2nt; 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 piiot tests,
however, demonstrated that there is a strong tendency for the pellets to re-oxidise rapidly
due t~ difficulties in maintaining a sufficiently low Poz in the pellet monolayer. Forther

development work is necessary.
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Fluidis~g-Bed Technology

If the fluidised bed can be used as 2 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 1350-1400°C. At those temperatures, with carbonaceous reductant and,
therefore, ash components present, incipient fusion and clini. ring occurs, resulting in
treakdown 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
Kawaseki' ! and by MS&A and Samancor into the use of hydrocarbons as reductant.
Kawasakl tested methane, MS&A/Samancor have investigated other hydrocarbon-bearing
Guases, and more significantly, coal volatlle as a hydrocarbon sonrce, These tests have
shown that hydrocarbons have a remarkable effect upon lowering the reduction temperature
of chromite, particularly if the chromite has been pre-oxidised. For example, at 1100°C »
total metallisation of 52 per cent {71% Fe met. and 40% Cr met.) has bzen achieved with
liguid petroleum gas (LPG) whereas with coke as reductant but under otherwisc simiiar
conditions, only 5 per cent total metaflisation 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 teaction can be engineered on a large
scale usmng coal volatiks, the implications for clromite pre-reduction processes could be far
reaching,

1.5.5. Direct Stainkess Stesl

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 worlds chromite products are absorbed mainly for the production of the
sicel. An alternative approuch for the stainless-stee] producers is to consider the supply of
chromium units by some other means, which may be more cost effective, This leads us into




the realm of the so-called “dirvect stainless str~"*

What is direct stainless steel? The terminology is, based upon D, D. Slatter’s opinion "%,
subject t0 widely differing interpretations. It ranges from simple hot transfer of molien
ferro-chromium to the steel smeli-shop, to direct smeliing of chromite and oxide nickel ores
to produce a molten stainless steel pig’, with various other options between these two
extremes, Ope of the definition of a cwect 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 staterent 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 stecl plant itself. In this sense the concept is a threat to all farro-
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 ronte, are likely to each have their own
preference best suited to individual conditions or requirerents. 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 comect proportions for the stainless steel grade, and co-smelted by

various altesnative process operations. For example,

rotary kiln pre-reduction | & | smelter | = | converter

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

converter, such as

Corex {or similar) plant far iron

Pre-reduction kiln and smelter
for chromiom




3. Pre-reduced chromite (via CDR or SDKrtype r.J.usses} may be added directly to the
iron melt where the carbon and silicon will reduce the most of the balance of the
unredoced chromium, Supplemental energy for final reduction and meiting 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
supplementat 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 varions producers inchiding 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 chrominm recovery from
the chromite due to the preferential reduction of iron in the chromite,

It has been reported” that Kawasaki Steel will start to produce stainless steel using a direct
chrominm ore smelting and reduction process in which chroraium ore and ferro-chromium
are fed directly to a converter containing liguid iron,

1.6. Motivation of the Investigation

The changes in the technique of stainkss steel production considerably affected the
consumption pattern of chromium alloys in the past decade becanse about 79 per cent of
the worlds chrome products are vsed for the production of the steel and other special
alloys. Low-carbon ferrochrominm was used to a large extent in the past, but high-carbon
ferrochromium becomes deminant as the conventional stainless-steel making processes
utilizing efectric arc firnace 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 velumes, 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
ferrochromitim refined from high-carbon ferrochromium.

The demand for refining of high-carbon ferrochromium may also increase in the futre
because high-grade chromite {chromium-rich, high-ratio, hard and lumpy) reserves are
declining fast ™, There are about 2270 M of chrornite 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 cunventional production of ferrochromium in submerged arc frnaces, which will
make the alloy several percentage poinis higher in carbon and silicon than that produced
from bard, Iumpy, high-grade chromites!>*",

The alloy produced from Jow-grade chromites, called "charge chrome", usually contains
above 6 per cent of carbon and above 2 per cent of silicon with chrominm content below
58 per cent, Low-grade chromites can not be converted to low-carbon(C<0.5%) or
medium-carbon(C 0.5%-4%) ferrochromium via the conventional silicothermic oreflime
reduction under economically feasible conditions™.

Decarbonization of charge chrome by nxygen-blowing processes may suggest a production
path to a lower-carbon, lower-giticon, high-quality ferrochrorminm, which conld be utilised
morr 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 ®®¥ A new attempt w0 increase
decarbonization of the metal by adding nickel was investigated recently by W.Dresler™ ),

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

fundamental importance to understand the pyro-metallurgical processes of ferro-chromium
refining and stainiess-steel production. Furthermore, it is also very essential to handle with
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the problems, which occur in the processes daring the uecarbonization of liquid alloy, such
as losses of Cr and Pe from alloy to slag, Si trensfer 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 equilibrivm and the
distributions of some elements. Investigations, particularly in the system of Cr-Fe-$i-Ca-
Mg-ALC-O conducted under the condition of carbon saturation™ ), has displayed great
significance to the production of high carbon ferro-chromium alloy. The inadequate
knowledge of the gas-slag-metal equilibrivm without carbon saturation in the concernad
system, the utilisation of the vast reserves of lower-grade chromite in South Africa, and the
practical demand from ferrochrominm 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-metal equilibrium in Cr-Fe-Si-C-S alloys, AlOs-CaO-
CrOy-FeOx-MgO-8i0:-S slags, and CO/Ar gas, The carbon content in metal phase
could vary from zero to about 8 per cent pertinent to the requiremem of ferro-
chromium refining, The partial pressure of CO in CO/Ar gas phase could change in the
levels of 0.83atm, 0.05aten, and 0.034atm related to the conditions of AOD and VOD,

2. Equilibrivm 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 industcy.
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2. LITERATURE SURVEY

2.1. GENERAI, CONSIDERATION

Pyro-metallurgical processes are complex heterogencous reactions commonly involving the
coexistence of a number of crystalline and liqnid 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 molien slag. These reactions are,
in principle, identical to gas-slag reactions with regard to the exchange of electrons. In most
cases the transfer of a reactunt from metal to slag is an oxidation process, such as:

Fe+0 = (Fe™) + (0" @1

Cr+0=(C*)+ () (2.2
Slags are capable of dissolving small amounts of neutral metal atoms, presumably lodged in
the holes in the slg structare. 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™, The transmission of oxygen is very easy in the case of & 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 evalated because the thermodynamic activity or activity-coefficient of an individual ion
cannot be determined experimentally, for the same reasons which preclnded the
determination of activities of ions in concentrated aqueous solutions **, Although the
derivation of reaction-equilibrium relations from an jonic structural model is of theoretical
interest, their application to slag-metal reaction equilibria in multi-component systems has
not been particulagly 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 activities have been difficult to obtain,
because their determination requires difficuit 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 lacl of activity data for multi-component slags, the slag-
metal equilibrivm 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.iion of phase-relations in guaternary systems, and the representation and
interpretation of quaternary phase dingrams, 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 componeris, but because
the relations are more difficnlt 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 fignre commonly used to represent four component systerms 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 guaternary
diagrams along which temperamre is shown explicitly. Instead, temperatuees are fllustrated
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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 tefrahedron used to represent the quaternary
system, The state of equilibrium in metallurgical reactions involving three or more phases
cammot be evaluated accurately without giving due consideration to interrelations among
different reactions occurring simultancously. Also, the formation of wvolatile 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 evalnating the data.

For a better understanding of how reaction took place and how equilibrium was achisved,
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 varicus rate equations for chemical reaction control mechanisms
or mass transport control, in order to establish a unigue rate controlling process for the
particular experimental conditions. In most of these kinetic studies the slowest reactions
taking place in particular systems and ther mtes are studied, which provides usefil
information for determining the equilibration time for the present system.

Chromium in slaps, like any of the transition metal ions, can respond to such changes in
the oxidation conditions by changing its valency. It may 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 $iQz-CaO-
AlLQs-FeO-Cr0y in equilibrium with Fe-Cr-8i alloys was determined by Kankin and
Biswas™® by means of thermodynamic analysis of the equilibrivm data. The experiments
were conducted at 1600°C in alumina and silica crucibles. The data were analyzed in terms
of the equilibria:

(CrOy) + xFe = Cr + x(FeQ) 2.3)

i




Kas = (%0 Ao/ (Ricon &)

and
2Cr0y) +x8i =201+ x{(Si0s)
Kas = (acr asion)/ (@ 2 com)
These constants were defined as

Kb = (%FY %CO/(%Cr)(%Ee))

Khs = (%CHH(%Cr) (@S)")

@4

(2.5

(2.6)

2.7

(2.8)

fn K the silica term was omitted, since it was approximately constant for 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 rearvanging, the following

equations were obtained:

logl(%Cr(%Cr)] =xlogl{BFe)FEL)]
+Hog{lyro yor CO/( e yooK2s)]

log{(%CO(%CD] = -(x/2)log(ag)
Hoglyreoryer Col( e yoroK22)]

(2.9}

(2.10)

where C1 and C» are the constants representing all constants for converting mole fractions
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to maass petceittages. 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 chrominm present in the siag was in the form of Cr** jons and the balance was Cr™*, For
the second seties of experiments under silica satnration (silica crucibles), the average value
of x for all groups was found to be 1.04. This corresponds to 2 value of 92 per cent of CF*
jon in the slag, the balance being C+**, The apparent equilibrium constants of reaction 2,3
and 2.5 at 1600°C for the slag-metal system were constant at each Ca0:SiO2zALOs ratio.
Kza' increased markedly with an increase in CaO:SiOs ratio at constant ALOs content, and
increased slightly with an increase in AlO; content at constant Ca(:5i0;z 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 of Cr(IX), Co(Hil}, and Cr(VI) in
silicate slags has been made recently by H. Marston and B, B, Argent™, 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 siag
composition is in the range of Ca0O 30% to 37%, MgO 0% to 7%, AkOs 0% to 16%, Si0;
40% to 60%, Cr20:1 0.05% to 3% by mass at temperature between 1550 °C to 1600 °C. In
the slags equilibrated at Poz = 1.6*10” bar, 71 per cent of chromium is present as Cr(TI),
reducing to an average figure of 14 per cent at Poz = 1.1*10” bar. At Poz = 0.1 bar, 14 per
cent is Cr(VI). In each case, the balance is Cr(Il). Spectroscopy provided evidence of
Cr(I} in all slags, The varying gquantities of Cr(Il) and Cr{VI) were detected, but not
simultaneously in the same samples. Within the compositionsl range studied, no consistent
effect of the chromium level, the slag basicity or the presence of MgO or AkOs on either
the chromium distribution or the molar absorptivity could be discerned.
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2.2, KINETIC STUDIES

A number of papers on the mechanism of chromivm reduction have been published in
recent years Po*). There are two main viewpoints on the reductior echanism. One s
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 occarring 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-chrominm slags
was studied by Boronenkov et al’™ 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 chrominm from slag is
cont..;lled by the process of carbon oxidation and desorption of the carbon monoxide from
the systern. 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™ investigated the reduction of Transvaal chromite ores in high-carbon
ferro-chromium hy usiug the technique of stationary charge in controlled environment
{SCICE). It shows that at temperatures up to 1500 °C, reduction of the chromite ore is
controlled by the diffusion . : . n 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 topochemical reaction starting simultaneously on the surface of the cubic
crystals, However the reduction of chromiwm from the ore does not follow a unigue
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 yeduction of iron and chromium from the slag is greater than the rafe of
dissolution of the oxides intu 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 af"” expressed the diffusion equation as:

(QCE/51) = DE/SECE A Chlay+y CoaZ) (2.11)

where C%  represents the concentration of iron or chromium ions in the
slag in (g cm™);
DY/S represents the diffusion coefficient for iron or chrormium jons
in the slag in (cm’® s™);
t  represents time in (s).

Since Fe™, Fe™, Cr™, and Cr™* can all be present in the slag, the iron ions will be designated
Fe™ and the chromiom 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;

(3CE/3t) = 6DE/S (P CEHxD 212
€ = CEADE/S*n)'? 2.13)

where § refers to Pe or Cr fons expressed in grams and A is the surface area of the cube
under consideration in cr’,

The data ™ obtained by simulianeous 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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The kinetics of chromite dissolution in liquid slags has been studied by O.Dernir and R. H.
Eric™!. In their study rotating cyfinder technigue was used, where chromite cylinders were
immersed in the slag phase, to study the dissolution behaviour of chromite in Si0-ALO:-
MgO-CaO slags in the temparature range of 1535°C and 1700°C in graphite crucibles. The
data for the rate of dissolution is obtained by sampling the siags 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 FeQ and CrOs 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 dissoived in liquid iron have been studicd by many investigators because of their
prime importanc. in steelmaking, Clwomium transfer betwesen carbon-saturated Fe-Cr alloy
and CaO-silica-alumina slags was studied by McCoy and P, Ibrook™ 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 chrominm. The reaction rage was 1x10° gCr mjn'lcm'z(pct r"), and
was substantially independent of teraperature and basicity in the range studied, They could
not obtain a constant slagimetal 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 chrominm reduction
under the conditions studied.

The reduction behaviour of chromium oxide from a basic steelmaking slag (45% Ca0, 35%

silica, 10% MgO, 10% alumina) by silicon dissolved in liquid iron was studied by Robinson
and Pehlke as cited by H. Cengizler™), The experiments were carried out under Ar
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atmospherz, with the slag and metal phase held i ~vonia crocibles. 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:

{Cra0s) + Si = (8i02) + Cr0) + Cr 2.14)

and a following period when the divalent chromium was reduced to chromivm in the metal
phase according to the reaction:

(CrO) + 1/28i = 1/2(5i00) + 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-roetal
interface. The reduction of divalent chrominm was not sensitive to variations in stiring rate
or silicon content of the metal, bul 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 by Healy et al *' Neuschutz et al*? with the addition
of graphite powder and different fluxes composed of silica, CaO, alumina, MgQ, and CaF.
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 fluxiess 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 facititating
metal phase nucleation. The second effect is attributed to the formation of liquid slags. They
enhance the reduction by dissolving part of the Mg0.AkO; surrounding the unreduced
chromite 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
150°C,

The solid-state reduction behs. 2ur of Bushveld Complex chromites by carbon in the
presence of silica flux was investigated by P. Weber*®. "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 rafes.

The kinetic measurements on the reduction of chromite ore from a lime-silicate slag by
carbon dissolved in a high-carbon ferro-chromium bath were conducted by Fujita,
Tsomondo el al™ and Dai™ at emperatures between 1500 and 1650°C. The results show
that for chromium-oxide satnrated 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™ by the analysis of Cr-ore reduction rate in combined blowing
converter. Using a 600 kg scale experiment and a 100t scale industrial furnace (LD-OB),
the influences of temperature (T), stirring energy (Bs), [%Cr], diameter of fumace(L),
amount of carbon for reduction{We) and characteristics of Cr source on the reduction
behaviour were clarified. Assuming the transfer of Cr oxide in molten slag phase to the
carbon-sing and metal-slag interfaces was the rate-controlling step, the reduction rate can
be expressed by the filowing equation;

-d(Cr oxide)/dt = {4.78(10.0203[ %Cr])(S/Ws)}+0.45(Wc/Ws) }*

(Bs/Bs,)"{ exp(-Q/RTYexp(-Q/RTy }(L/Ly™ (2.16)
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where,

» S - the peometric surface area of molten iron,

e« W5 the weight of the slag,

o Q- the activation enesgy,

e Subscript “0” -- the standard state of the experiment,
o Es—the stirring energy,

e L —the diameter of furnace,

« Wo - 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:

s Selection of the reaction system, including slag, metal, gas and crucible,
o Experimental design,

s Determination of the equilibrium time,

» Analysis of the experimental resulis.

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, EQUILIBRIUM 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. Metal Phase

Griffing et al™, investigated phase equilibria for C-Cr-Fe alloy compositions in which the
chromium content ranged from 0 to 94 per cent and the carbon content from 1.4 to 11.7
per cent at temperatures of up to 1800°C. The derived ternary Liquidus surface is shown in
figure 2.6, where solid lines represent the liguidus isotherms, The broken lines and the
binary edges are the liquidus field boundaries of the primary erystals. The solubility of
carhon in C-Fe, C-Cr and C-Cr-Fe alloys is shown as a function of chromium content in
figure 2.7. It can be seen hat a5 the chromium content of the alloy increases the carhon
solubility increases.

The phase equilibria in the Fe-Cr-8i-C system were investigated by J.C.M. Wethmar™"™.
In this study the composition of the alloys were so selecied that the guaternary system
could be divided into five psendo-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 CriFe 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 alloy samples 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 fo iron. The primary phase is (Cr.Fe),C, 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-8i alloys were of great help in determining the
initial alloy compositions and in analysing the results of the present system. Lucas and
Wentrup™ 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 of carbon , but this effect can be nentralised by a simultaneous increase in the
silicon content. A number of studies on the Fe-Cr-8i-C quaternary system have been done
by Petrushevskii and Gel'd™** at 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
patrametric graphs piotted 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 particolarly 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 furmace 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 analy:is.
The silicon carbon relation measored in Cr-Fe-Si-C alloys with different Ce/Fe ratios are
presented in Figure 2.10. For chromiurm 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 solubilify curve representing iron free
Cr-5i-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



ratio of Cr to Fe is less than 1.5, In the frst areq, the primary crysials in the metal are
Cr,C.; 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 CeC,, Cr,C, and SiC. For
alloys with CifFe=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 M,C, (M=Cr+Fe) SiC stability areas. Further, there is no area of M,C, stability
in alloys with Cr/Fe=1.5 and there is no area of M,C, stability with Cr/Fe ratio less than
approximately 1.2. The resulting phase diagram of the Cr-Fe-5i-C, system and lines of
iso-carbon concentrations at 1600 °C are sketched in figure 211, projected from the
carbon comner 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. Healy™. In
this study In, was obtained by Gibbs-Schuhmann integration of an analytical expression
of Iny,, which was calculaid 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 smatl.

Another work of thermodynamic model, applicable o computer modelling, developed by
W. Dresler™ is capable of predicting carbon content for the liquid system Fe-Cr-Ni-C-Si
with the temperature range of 1500 to 1800°C. The model was successfully applied to
expertmental results of FeCr alloys, FeCiNi master alloys, and stainless steel.
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Euthermore, the kinematic viscosity and the electrical resistance of iron-chromium ailoys
over the range 0-80% Cr at 1400-1850°C wes undertaken by Pavars et al*". The kinematic
viscasity of iron-chromium meits varies with composition, reaching a maximum at Ne, =
N The isotherms for activation encrgy, free energy, and entropy of activation of viscous
flow arc similar in shape. The non-monotonic variation with composition in the
fundamental characteristics of internal friction is explained by the energetic nom-
equivalence of the inter-particle internctions and also by the greater rigidity of the bonds

between like atoms.
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Figure 2.9, The effects of silicon and of the iron-io-chromium on the solubility of
carbon in Fe-Cr-Si-C alloys at 1700°C. After Petrushevski and Gel’d” .

Key: A--carbon content (% by mass); B--silicon content(% by mass);

materials: I~-pure; H—technical;

Fe:Cr ratio: 1-0.0, 20.11, 3-0.25, 4-0.43, 5.0.67, 6-1.0, 7-3.0, 8-Cr=0
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Figure 2.11. Saturated carbon content in Cr-Fe-Si-C,, system at 1600°C.
After Kossyrev and Olsen’"

Legend:
Cr=100[Cr]/(100-[C],
Fe’=100[{Fel/(100-{C]),
Si*=100[Si}/(100-[C])
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2.3.2. Slag Phase

From the thermodynamic standpoint, the reactions in certain atmosphere between slag and
metal control the chrominm recovery in the processes of ferrochromium production. In
order to evaluate the equilibrium disoibution, 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 $i0, as well} are generally required.

Activities of chromium oxides in several multi-component slag systems and in the quasi-
binary system Si0,-CrO, were recently studied by Y. Xiao and L. Holappa™™, A LaCrO,
resistance furnace, oxygen probe, and Cr-Ag alloy were used for the measurement of
activities in chromiur oxide-silica slag™. The isostatically-pressed zirconia solid
electrolyte crucibles were supplied by Nippon Kagaku Togyo Co. The solid electrolyte
oxygen probe, Mo/Cr+Cr,0/Zr0O,(MpO), consisted of a 9 mol% Mg stabilized zirconia
crucible as an oxygen conductive electrolyts, and a mixture of 4 parts Cr and 1 part Cr,0,
by weight as a reference electrode. The probe was sealed with ALO, cement A
raolybdenum wire of (.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 ZrO,-Mo cemert rod welded to a Mo wire in order to reduce ihe
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 CrO, in slags depending on temperature, slag
basicity and even total chromium oxides content in the system equilibrated with metallic
chromium. When CrO, is mixed with other slag-forming oxide components at high
temperatures in contact with metallic chromivm, the following equilibrium of chromium
oxides can be expected in the slag-metal reaction system under the experimental

conditions:
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2Cr0, 9 + Cr = HTrO) (2.17)
AG® =25690 - 13.26T (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 studies™™ by using
chromium erucible, the activity of metailic chrornium is unity, the activities of chromium
oxides have the relation of g = 0.94(8g0.s) " The experimental results of the activities of
CrO and CrQ,; and the oxidation state of chromium in the 5i0-CrO, slag system are
shown in figure 2.12. The activity of 8iC, were caleulated by the Gibbs Duhem eguation.
The activities of CrQ and CrQ,, 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 chromiurn fraction, and the higher the activities of chromium oxides, Based upon
other activity data and the resular solution model, the iso-activity lines of CrO and CrO,,
in the Ca0-8i0-CrO, quast-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 ir 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™ investigated the solubility of MgO.Cr,0, in MgO-ALQ,-8i0,Cal
melts at 1600°C. In air the solu’ lity of MgO.Cr,0, was found to be 1.1 to 4.5 per cent of
Cr, 0, for MgO-8i0, melts. When ALO, was added to the melts, the solubilitt .zcreased to
less 1 per cent of Cr,0,, and Cr in the coexisting MgO.Cr,0, was replaced by Al in
proportion to ALO, content in the slags. For MgO-CaO melts the solubility substantially
rose to as much as 40 to 35 per cent of Cr0,, although more than 50 per cent of chromium
was Cr* in the air. For Mg0O-AL,0,-8i0,-Ca0 melts, which are typical for smelting
reduction of chromium ore, the solubility decreased with increasing MgO and ALO,
contents. The effect of CaQ/8i0, ratio on the solubility in the melts was found to be
unexpectedly small as long as CaO was present. When 22.1 per cent BaQ was added to
209%Mg0-20%Al,0-30%510,-30%Ca0 melis, an increase in the solubility from 1.1 per
cent to 4.4 per cent Cr,0, was observed in air.

Under reducing conditions, for MgO-8i0O, melis satrated with Si0, however, the CaO
addition had no effect on the solubility of MgQ.Cr,0, at Po, = 2.37x10" atm, For
20%Mg0-AL0-810,-Ca0 (Ca0/Si0, = 1) melts, the solubility decreased with increasing
ALQ, content at Po, = 2.73x10™ 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 ALO, contenis, is
recoinended to enhance the dissolution of MgO.Cr,O, for promution of the reduction of
chrominm ore, and that the strongly reducing condition on smelting redection also
functions favourably for the dissolution of chromium ore into molten slags through the
appearance of CrO.

The physicochemical properties, viscosity, electrical conductivity, of sligs in the system
MgO0-ALO-Si0, and their application to the technology of ferro-alivy smelting were
studied by Johnston, Johchens and Howat ™, At constant SiO, concentration, the viscosity
increases with a decrease in the ratio of MgO to ALO, The order of change is
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approximately the same for the various levels of 810, concentration. At constant MgQ to
ALO, ratios, the = -osity values increase with increase in the concentration of SiO,.
Increases in the sucs . atent bring about a very marked increase in the viscosity of &ll
slags. The same effcct was observed at all temperature levels and at al! MgO w0 ALO,
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-ALO,
ratio at constant Si0, composition and increase with decreasing Si0, composition at
constant MgG to ALO, ratio. In all instances, the values of specific conductivity ate
sufficiently high to permit the assumption that the mechanism of conduction is fonic,
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2.3.3. Siag Models

It is very well known that slags have a very important role in most pyro-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 successiul estimations such
as the ones developed by Flood-Gijotheim¥™ 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 manganess distribution between slag and molten
metal,

The most fundamental structural-based slag models have been developed by Toop and
Samis™ and Masson™ ™, Toop and Samis developed a theorstical treatment which
allowed the most probable number of anions in any acid or basiz silicate slag to be
calculated in terms of an equilibrium constant for the equilibrium betwern singly bonded
oxygen—0O, doubly bonded oxygen--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 equilibrivm 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 he
reached regavding the concenuation of polyionic species, the treatment is limited to melis
-

of Xgo, < 0.5. In Masson's upproach, two caszs were considered: one in which the SiO,
ion is considered to be a bifunctional mer unit and the other in which the Si0," ion is
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considered to be a tetra functional mer unit,

In the former cast., only two of the Si-O" groups on any SiQ," ion can react to form poly-
silicate ions, Therefore, oniy linear chain fon formation is possible, In the latier case four
of the Si-0’ groups on a Si0," 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 hig model;
ion fractions are related to thermodynamic activities by the Temkin equation:
Ay =Ny, * Noa (2.20)

The first assumption implies that the silicate ions consist exclusivclyl of linear and
branched chains of general formula Si,0,,™". The distribution of anions in such a system
is considered in terms of the equilibrium constant for the reaction between the SiO," 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:

ey s oizrli= : Ux+2y= =
Siol” + SLOL w Si O + 0

(221

When the constitution of binary silicate melts is considered in terms of linga- chains alone,
the equilibrium ratio, K,,, for the reaction (2.21) is assumed to be independent of x. The
chain growth by addition of monosaer can veeur 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. Thereflore the equilibrium constent for the reaction (2.21) is
independent of chain length, Duaoting the equilibrium constant for the reaction t be K,

the sum of the ion fractions of silicate anions is abtained as;

12
[
13
o

ZNah.-ﬂ = Ns.m + NSd:(IT + N&Nm { »
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Substituting for the individual ion [ractions, the summation reduces to
ENjgise = Niios/(1-KNgios/N0™) (2.23)

If silicate and oxygen are considered to be the sole ionic species in the melt,

INyes = 1 - No* (2.24)
Substitution of which into equation (2.23) will give
Nyos = (1-No™V[1-K+K/(No™)] (2.25)

The mole fraction of silica in the binary melt was expressed in term of Ny, and N, and

using equation (2.19) and the Temkin's equation:
80 = Ny, *Nos, (2.26)
Masson derived the following expression;

1N = (3Kt ) 1-ty0) -+ KOK- DY [0/{ 1-0 )+ K] (2.27

The siza distribinion of silicate poly-ions was given by:

N, = { V[ 1/ (K(1-auo)] 1 { VI(K a0+ 1/(1-245)] } (2.28}

The value of K for various binary systemn was obtained by curve lining

experimentaily-determined ~~tivity-composition relationships.
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Whiteway, Smith and Masson™ derived the following theoretical equations for the size

distribution of the poly-ions:
N, = (3x02a/3)""(1-2a/3)™" (1-No W[(2x+ D1x!] (2.29)

N, is the ion fraction of x-mer, a is the fraction of Si-O" groups piesent in the completely
depolymetized state which have reacted to form doubly-bonded oxygen and free oxygen
ions, and N, is the ion fraction of free oxygen. From this distribution function and the
Temkin equation, the activity of basic oxide expressed by 2., was expressed in terms of

mole fraction of Si0, and K,, the equilibrium ratio for x=1, as;
Ngg = { 1- [ 1/342,/[K, {1-84)) 1} 1-230) + 2 (2.30
and the stze distributions were obtained by

N, = (G0 11430/ [K  L-ty) ' V14K (1 2,0)/ (320)] P 1ol T(2x+ 1)1
(231}

The distributions closely resemble those calculated previously using linear chain model,
Masson, Sommerville and Sosinsky" also extended the polymer theory to ternary siiicate
melts. They ealculated the optical basicities of mixmwes in the two fernary system which
are FeQ-Ca0-Si0, and FeO-MnO-8i0, and the values of K,, by interpolation. Another
approach using oxygen and cation sub-lattices was introduced by Yokoknwa and Niwa™.
A similar model to this was developed by Kapoor and Frohberg™, According to this
model, the properiies of multi-component systems are represented by using binary

pararneters.

Guskell™ has reviewed all these models and outlined the basics of the approaches used. In
Guskell’s review, additional to the models alresdy mentioned above, another structural
slag model also outlined was of Lin and Pelton’s™. According to this study, a structural
model is given for binary silicate systems having MO-8i0, 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 any
configuration as it is not restricted o consideration of cuain silicate ions.

A statistical model has been developed for complex slag systems by Gaye and Welfringe
and sindies related to the same model have been camied out by Gaye ana other
invesigators™ ™, Tt was extended from the model of Kapoor and Frohberg™ to represent
the properties of multi-component systems. The medel is based on the description of the
liquid slag in tervns of cells cumposed of an oxygen anion surrounded by two cations, and
makes use of .nly binary yarameters (2 to 3 per binary system). the assumptions made in
this model were as follows:

« An anionic sub-attice withiont vacancies filled with oxygen ions 2nd a cationic sub-
lattice;

s The catlonic sub-lattice is filled with the cations in the decreasing order of their
charge;

« The structure is deseribed in terms of symmetric ({~O-i) and asymmetric {§-0-]) cells (i
and j being two different atoms),in numbers R,, ..2R,.., and the energy parameters
consist of parameters for asymmetric cell formation, and parameters of interaction

between cells,

R, 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 the actual polymeric structure of the melt, in
the CaO-8i0, system, a Si-O-8i cell represents a doubly bonded oxygen (0%, a $i-0-Ca
cell represents a singly bonded oxygen (OF) and 8 Ca-O-Ca cell represents a free oxygen
ion (O%). ‘Thus, the computed numbers R and 2R ., of Si-0-Si and Si-C-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 the
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phase diagrams. In addition, experimental rans were done for systems containing up to six
components chosen among MnC-CaO-MgO-8i0,-Al,0,Fe,0,-Fe0. A very satisfactory
agreement between the experimental data and calculated values was found in the siudies
on thermodynamic activities of MnQ in manganese slags and slag-metal equilibria by H.

Cengizler™,

Regular Solution Model, originally proposed in (961 by Lumsden™, has been applied to
the systems involving the folowing components: Al,O, Ca0O, CoO, Cu.Q, FeO, Fe.0,
MgO, MnO, NiO, P,0,, Pb0, SiO,, TiO, and ZnO for thirty years by many researchers™ "',
Xiao and Holappa™ most recently assessed the thermodynamic data on slags containing
Ca0, 8i0., Mg0, ALO,, Cr0 and Cr,0, components by using the regular solution model
o mathematically describe the activities of chromium oxides in different chromium
containing siags. A group of middle parameters were obtained. The calcolated activities of
chromium oxides were quite comparable o those experimentally measured. In the melts
with regular solution behaviour, the malecular/ionic species such as SiO, or 8iQ,” were
taken as "dissociated” ionic species consisting of Si* cations and O anions. It was
assumed that the cations are almost randomly distributed among a three dimensional
matrix of oxygen anions (O°). The mixing energy of the system can be expressed in terms
of the binary interaction energies between cations and the mole fractions of the eations.
Due to the [act that there is not any restriction for choosing the standard state of the
acitvity, in order to caleulate the activides 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 standacd state (R.S.} to the conventional

1

standard states(pure solid or liquid) is necessary™ , The general relations expressing the

excess Gibbs energy of the multi-component solutions based on regufar model are fisted as

follows:
RTIn{g)ns, = Sa,X, + SS(aHa,-a)XX) (2.32)
RTIn(g) sy = RTIN(G sy + ACcuw (2.33)
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here, a, = a,, 8, =2, =8, =0, and AG,,, 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 chrominm in the slags equilibrated with metallic
chromium is very important in order to clarify the activities of chrominm 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 chromiwrn and trivalent chromium can be obtained as follows:

CrO,5(s) = CrO(lig.} + 1/40, 2.34)

AG" = -RTIn(8.qPo, fage.s)
=52785 - 14.31T (cal/mole) (2.33)

The divalent to trivalent chromium ratio, a constraint in the assessment, can be expressed

as:

(X o015 X o) = yac/ynors) *+ (4)InPy,
+26565/T -7.199 (2.36)

In their present assessment work™, multiple linear regression analysis has been used as a
quick and conventional method for determining the model parameters. The assessment
was processed from binary Ca0-8i0, system to multi-component systems step by step.
The experimental data in Ca0-810, 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 work™™ over CrO-CrQ, -§i0,, CrO-Cr0,,-Ca0-810,, CrO-CrO, -
Ca0-5i0,-MgO, Cr0O-Cr0, - Ca0-8i0,AlO, 5, CrO-Cr0,-Ca0-Si0,Mg0O-AlQ, ; systems,
A group of interaction energy parameters were optimized mathematically, and are given in
table 2.1, Due to lack of thermaodynamic 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, a,(J), between cations in CrO-
Cr0,-Ca0-8i0-Mg0-AlO,; slags™.

ifj cr” o Ca” s Mg A"
ol S R 32710 | -6140 | -60540 | 53520 | -30285
cr 32710 | s 44235 | -48975 | 28085 | -46210
Ca* | 6140 | 44235 | ... 139100 | -100420 | -154810
Si* | -6054. |-48975 | -13°100 | ... -66940 | -127610
Mg" | 5520 28085 | -100420 | -66940 | ... 71130
Al" -30285 | -46210 | -154810 | -127610 { -71130

Because the chrotium 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 liguid were also optimized
simultaneously by the experimental data, The obtained conversion Gibbs energies for CrO
and CrO,, are recorded in table 2.2

Based on the activity data by Sharma and Richardson et al™*, The activities of Si0, in
Ca0-8i0, binary system have been evaluated by the quadratic mathematical formula
based on the regular solution model. The interaction energy parameters for CaQ and SiO,
were approximately derived, and the coi. .sion Gibbs energy of silica fror pure solid to
hypothetical liquid with regular nature was also obtained as: 51346-13.88T(J).

The calcnlated results based on the regular solution mod-! and the experimental results are
shown in figure 2.13. The comparison between calcalated uactivities and those

66




experimentally mesasured in SiOyCrO-CrQ,; CaO0-8i0-CrO-CrQy, Ca0-5i0-CrO-
Cr0,~Mg0, Ca0-8i0,-CrO-Cr0,-AlO,;, Ca0-8i0,-CrO-CrO, ;-MgO-AlO,  systems are
shown in figure 2.14. This figure expresses the assessed activities of chromium oxides in
all the related slag Systems. The systern containing ALQ, had a larger deviation from the
regular solution behaviour.

Table 2.2, Conversion Gibbs energy of CrO and CrO,; in slags from the hypothetical
pure liquid with the regular solution nature to the traditional pure solid or liquid

standard state” .

Reactions Gibbs energy change ()]
CrO(liq) = CrO(R.S.) 77150-33.5T
CrOy(s) = CrO.(R.8.) 74967-37.5T
CrO,,(liq) = CrO{R.S.} 10152-12.6T
CrO,:(s) = CrOy(liq) 64815-24.9T
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2.3.4. Slag-Metal Equilibrium

A number of investigations on slag-metai equilibrium distribution of some elements
pertinent to some parts of the present system have been done in the past. The equilibrinm
between slag and metal phases at a given temperature is mainly controlled by the
cornpositions of the gas, metal and slag phases individually.

The equilibrium between the carbon saturated Fe-Cr-Si-C alloys and Si0~CaO-MgO-
ALO,-CrO-FeO, slags was studied under argon atnosphere and carbon monoxide at
temperatures of 1500°C and 1600°C by M. Akyuzlu and R. H. Eric™. The investigation
deals with a complex slag-metal equilibrium involving eight components distributed
between the Fe-Cr-C-Si metal phase and the 8i0,-CaO-MgO-ALO;-CrO,-FeO, slag phase.
The metal and slag compositions and temperatures studied are relevant to actmal
ferrochromium smelting operations. Samples of sclected metal and slag in equal masses
were placed in graphite crucibles and heated in a vertical molybdennm-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 equilibrinm was established by analysis of the
silicon content of the metal since the silica reduction is the stowest reaction in the system.

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 tock 10 hours and oxidation being much quicker. The actual mns in their
studies, however, were conducted for 12 hows. 3%t equilibration and quenching, the
distinct slag metal phases were separated, cleaned ~i v, ».aary, and sent for anabysis.

The carbon content of the metal was analyzed by a Leco analyzer and the other

constituents of the metal by the ICP method. The ALO,, $i0,, Ca0 and MgQO constituents
of the siag were analyzed by X-ray fluorescence, and its iron and chromium content by
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the o-phenanthroline colotimetric and fdiphenylcarbazide colorunetric methods
respectively. In addition, some Xeray 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 terras of silicon distribution and chromium distribution.

tio ilicon

The silicon content of the metal phase was directly proportional to the silicon content of
the slag with which it was in equilibrium. This is il'ustrated in figure 2.15. The increase of
silicon content in the metsl with increasing silica in the slag was more pronounced at
1600°C. This was explained by the increase in the value of the equilibriom constant of
reaction 2.37 as the temperature increases, shifting the reaction toward the right.

(Si0,) +2C = §i + 2C0(g) 237

For example, for a clrominm to iron mtio of 1.7 in the metal phass (not illustrated in
figure 2.13), 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 par cent. The
effect of the CaC-to-ALO, 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 CaQ
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 ALO,
was replaced by lime in slags of low silica conient, the equilibrium silicon content in the
metal increased. In the case of kigh-silica slags.(containing more than 20 per cent of
silicn), the opposite effect was observed, which is in agreement with the study made by
Rein and Clﬁpmanm.
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The effect of the MgO-to~CaC ratio on the partition ratio of silicon (% Siinsiag/ % Siin
metal) is shown in figure 2.17. Tt was observed that, as the ratio of MgO to CaQ increased,
the partition ratio decreased. This is an indication of the fact that, as MgO replaces CaOin
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 study™, and by using
the equilibrium constant for the reaction (2.37), K = 0.2184, activity of carbon is unity,
Pco=1.0 aim at 1600°C, the activity of silicon (with pure liquid silicon as the standard
state) was calculated in some of the carbon satrated Fe-Cr-Si-C alloys. The results,
shown in figure 2.18 within the dilute range studied, have considerable negative de- * «ion.
The figurs 2.19 illustrates the chauge 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 Pe-Cr-8i-C_, alloys at 1600°C is indicated in
figure 2.20

In the study by Akyuzlu and Eric™, the chromium and iron contents of the slag were very
low, The slags usually contained less than {1.5 per cent of Cr,0, and 0.3 per cent of Fe,0,
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
rxperiments, The effect of basicity on the chromium content of the slags is shown in
figuie 2.21 and 2.22. Atlow basicities, the chromium content (calenlated as Cr) of the slag
decreased rapidiy as the basicity increased from 0.4 to 0.8 at 1500°C for both argon and
carbon monoxide atmosphere and from 0.7 to 1.0 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 par cent by mass. This behaviour proves that operation with high basic slags
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just below the threshold value is one of the means of to lower chemical chromium losses
to the slags. The effect of FeQ in the slag on its chromium content is illustrated in figure
2.23 and 2,24, Those typical dingrams are for the experiments done at 1500 and 1600°C.
There is direct proportionalily between the chromium and iron contents in the slag. Such
behaviour can be explained by the phenomenon of oxygen transfer from the slag phase Lo
retal phase by means of FeQ: that is, FeO in the slag ovidizes chromium in the metal
phase at the slag-metal interface, Thus, the more FeQ the slag contains, the more will be

its chromium content.

Kossyrev and Olsen”™ studied the distribution of silicon between slag and metal in the
8i0,MgO-ALO, and Cr-Fe-Si-C, system in graphite crucibles at 1600°C in CO
atmosphere, The silicont content of each alloy depended on the silica activity in the siag
and on the jron content of the metal at given conditions. The equilibrium content of silicon
for various Cr-Fe-8i-C,, alloys dependent on the silica activily in Si0,-MgO-ALQ, slags is
illustrated in figure 2,25. Figure 2.26 shows the equilibrivm silicon content in Cr-
Fe(2096)-Si-C_, (solid curves) and Cr-8i-C,,, (dashed curve} alloys equilibrated with SiO.-
MgQ-ALO, with different MgO/ALO, ratios at CO atmosphbere. It is possible o calculnie
the distribution of silicon between the slag system and the various Cr-Fe-Si-C,, alloys as
well as between Cr-Fe-8i-C, alloys und other slag systems where the silica activities are
well known. Based upon the activities of $i0, by Richard and Chipman™
activity coetficient of silicon van be caleulated. The enlewlated results indicate that the
relation between logyy and Ny shows a linear character in the investigated alloys of N,

(.22 to 0.32 (5%Cr or 25%Cr, and 20 ZFe), us described by the following correlation

. the activity 2nd

equation:
logy, = 044N - 0.706 (2.38)
The calculated silicon distribution between the alloys of Fe-Si-C,,, Fe-Ci(5%)-Si-C,,, Fe-

Cr(25%)-81-C,_,, Cr-Fe(20%)-8i-C,, and Cr-8i-C_, with 8i0-Mg0-AlLQ, slags in CO

atmosphere are shov n in tigure 2,27 and figure 2.28,
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tMorita, Maeda and Sano™” made a study of the thermodynamics of chrominm oxide in
melten Ca0-MgO-AlLQ,-510, slags coexisting with solid carbon. In this study chromium
in the slag was found to exist s CrO in equilibriom with (solid} Cr,C,, solid carbon and
one ammosphere of CO, The equilibrium concentration of chromium in the slags were
determined at 1500 and 1600 °C;, as illustrated in figures 2.29, 2.30 and 2.31, The activity
coefficients of Cr() were calculated from the determined concentrations and is shown in
figure 2,32, In the Ca0-AL0;SIi0, meits, ALO, was observed to increase the activity
coefficient of chromium in the region where chrominm oxide behaved us a base.
Therefore the equilibrium concentration of chromium in slag phase decreases with
increasing ALO, at constant ratio of CaQ:8i0,. The results shown in figure 2.33, illustrate
that when alumina=20% and (CaQ+Mg(Q)=30%, 40%, 50% in the slags, chromium in the
slag increases with the replacement of Ca0O by MgC in the range of MgO less than 20 per

cent by muss.

When studying metal-slag equilibrinm, activity of silica in the slags is widely used to
calculate the activity of silicon in the metal phase. The most popular resalts were from the
study done by Rein and Chipman™. In their study, the activity of $i0, in the entire liquid
system 8i0,Ca0-MgO-ALO, at 1600°C was caleulated 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 5i0,-Ca0-ALQ,, SiO-MgO-
Ca0, Si0,-MgQ-ALO, 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 experimenis, silica reduction proceeded to
equilibrium according to either of the folloving reactions, the second bemg appliceble
when the silicon content of the metal exceeded 22,0 or 22.4 per cent by weight at 1550 or
1600°C,

SiO, (in slag) + 2C (geaphite) = 8i (in Fe-Si-C alloy) + 2CO(g, latm)  (2.29)

AG =170,300-878T  (cal/mole) (2.40)
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SiQ, (in slag) + 28iC(b) = 38i (in Fe-5i-C alloy} + 2CO (g, latm}
(2.41)

AG =225,100- 105,7T (cal/mole) (2.42)

The activity of $i0, in the slag is readily obtained from the equilibrium composition when
the standard free-energy change in the reaction and the acdvity coefficient in the metal are:
known. Tn 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 20.5 Keal. For reaction
(2.41), it may be larger since this depends on SiC as well as on SiQ, and C, However,
since the free energy of 8iC was determined by means of these reactions, its application to
the problem of Si0, activities was unlikely to entail large errors. The activity of silicon in
the alloy is yNy and the values of ny 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 solation. A downward
adjustment amounting to (.04 in logy, at Ny = (.42 was applied without changing the
curve below 0.38. The resultant curves shown in figure 2,34 arc less severely curved in the
region of Ng = 0.5 to 0.7. The over-all uncertainty in logy, wouid appear (o be less than
+(1 ], Activities of SiQ, in $10,-CaO-ALO, slags at 1550 and 1600°C, in 5i0-CaO-MgO
slags at 1600°C, in Si0-MgO-ALO, slags at 1600°C, and in $i0,-CaQ-MgO-ALO, slags
with 10% MgO, 20% MgO and 30% MgO are illnsirated 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 beth siag 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 pressvre of carbon monoxide in the gas
phase, which are pertinent to the refining of ferro-chromium alloys and
the making of stainless steel by means of oxygen-blowing methods
combined with argon blowing or/and vacoum treatments, such as VOD
and AOD unsed widely in industries. This investigation, therefore is

directed to {iil in some of these gaps.
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Figure 2,15, The effect of the SiQ, content of the slag phase on the Si content of the
metal phase (Cr:Fe=1.3 in the metal). After M. Akyuziu and R.H. Eric
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Figure 2.17. The effect of the MgO-t0-Cz0 ratio on the silicon distribution (25%
aluming, 39.2% silica). After M. Akyuzlu and R.H. Eric ™
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Figure 2.18. The change in silicon activity with increasing Xg (1600°C) in Fe-Cr-Si-
C.. alloys. After M. Akyuzlu and R.H, Exic™
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Figure 2.19. The change in silicon activity with increasing (Xo+X.) (1600°C) in Fe-
Cr-8i-C,, alloys. After M. Akyuzlu and R.H. Eric™
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Figure 2.20. The influence of (Xy+X,) on the activity coefficient of Si (1600°C) in Fe-
Cr-Si-C,, alloys. After M. Akyuzlu and R.H. Eric™
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Figure 2.21. The effect of basicity on the chromium content of the slags at 1500°C
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Figure 2.22. The effect of basicity on the chromium content of the slags at 1600°C
under CO atmosphere. After M. Akyuzlu and R.H. Eric™
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Figure 2.23. The effect of (FeO) on the Cr content of the slag under CO atmosphere
at 1500°C, After M. Akyuziu and R.H, Eric™
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Figure 2.24. The effect of (FeO) on the Cr content of the slag under CO atmosphere
at 1600°C, After M. Akyuzlu and R.H, Eric™
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Figure 2.26. Si content of Cr-Fe(20%)-Si-C,.(solid curves) and Cr-Si~C_(dashed
curve) alloys at 2600°C in CO gas in equilibrium with Si0,-MgO-ALO, slags
with different M/A ratios. After Kossyrev and Olsen™
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Figare 2.27. Iso-activity lines for silica™ and corresponding Si content in Cr-
Fe(20%)-Si-C.. alloys in equilibrium with 8i0-MgO-ALQ, slags at 1600°C . After
Kossyrev and Olsen’ "
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Figure 2.28. Distribution of silicon between Cr-Fe-8i-C,, alloys and Si0~Mg0-ALO,
slags at 1600°C in CO gas. After Kossyrev and Olsen”™
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Figure 2.29, Contour lines of (Cr),, in Ca0-MgO-ALOSiO; meits (1500°C). After
Maeda and Sano
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Figure 2,30, Contour lines of (Cr.} in CaQ-Mg0-AlL,0.-8i0, melis (1500°C). After
Maeda and Sano
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Figure 2.31. Equilibrinm concentrutions of chromium in Ca0-MgO-ALO,-5i0, melts
(1650°C). After Maeda and Sano
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Figure 2.33. The effect of the replacement of (CaQ) by (MgO) on (Cr),, at constant
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Figure 2.35. Activity of SiO, in §i0,-Ca0-ALO, slags at 1550°C. After Rein and
Chipman e
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Figure 2.36. Activity of $10, in §i0~Ca0-ALO, slags at 1600°C. After Rein and
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Figure 2.37, Activity of SiO, in 8i0,-Ca0-MgO slags at 1600°C. After Rein and
Chipman ™
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Figure 2.38. Activity of SiO, in SiO-Mg0-Al0, siags at 1600°C. After Rein and
Chipman
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Figure 2,39, Activity of Si0, in $i0-Ca0-MgO-ALQ, slags at 1600°C, 10%, 20%,
and 30% of MgO. After Rein and Chipman ™
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3. EXPERIMENTAL PROCEDURE

3.1. EXPERIMENTAL SET-UP

Al 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 measurerment and control, gas purification

and partial-pressure control.

3.1.1. Furnace Assembly

A gas-tight vertical molybdenum wound resistance fumace 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.

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 irmer diameter, 60mm
outside diameter and 1000mm length 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 buming of silicon sealant due to the high temperature involved, An
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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 (beating) tube of 500mm in length, 80mm in inner dismeter 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 700°C. The decomposition of anhydrous ammonia at
higher temperatores (1500-1600°C) yields enough hydrogen to keep the oxygen
potential below the equilibrivm leve! needed for MoO formation,

The anhydrous ammonia gas was introduced from the bottom end of the firnace though
the smmonia inlet and, after passing through the furnnce shell, was vented to the fume
hood through the ammonia outlet at the top of the furnace shell Similacly, 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 outet which is on the top brass plate. For this reason and also to
avoid thermal shocks, the furnace was kept at 900°C and above when not in use,

The molybdenum wire was covered by alumina cerent for protection and embedded in
a pool of spherival 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 temperatwre, and
temperature profile, which provided & 20mm hot zone inside the work tube with £1°C at
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1600°C. Approximately 16 meters of molybdenum resistance wire, 0.9mm in diameter,
were used for the winding. The overall resistance was 0.65 to 0.7 ohm at room
temperatare. The normal current in the circuit was about 17 amperes when the famace
was opzrating at 1500°C, The same winding techniyne 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

tnaximuen cutrent of the fornace.
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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.

Al gases, before mixing, passed over drying columns of silica gel, anhydrous magnesium
perchlorate anid ascarid. For all experiments, the total pressure in the system was equal
to the ambient pressure, which is 0.83atm 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 fube raises the float, increasmg the area hetween
the float and tube until the upward hydraulic forces are balanced by the weight of the
tuoyed 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 fowrate directly, but
readings can be converted to flowrate for a varety 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 foliowing practical equations:

N= A[(Pr - Pope)Pogt] “(Vi)” (3.1)
W = CB{(Pr- Pet)Pupe] > (3.2)
where:
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N, viscous influsnce numbgr,

A, size factor (from Tabiv. )

Py, float density, g/ce:

Pop, gas density at Operating Temperature, g/cc;

Ve, fuid viscosity at Operating Temperature, centipoise;
W, flowrate at OPT, g/min:

" flow coefficient;

8, size factor (from Table 7)™

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,

Althot .- b the flow rates of the Ar and CO gases can be calenlated, they are not accurate
enough because of several reasons, such as the inaccurate data, reading from the figures
in the handbook™ 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 50mi 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 (1,83 atm (
the ambient atmosphere in Johannesburg), can be calculated:

Pco/0.83 = Flowrate{COMHon ue(CO + Ar)]  (3.3)

When CO flowrate takes 3, §, 3, 2, 1 and Ar Howrate takes (), 3.38, 5.04, 4.78, 5.18
respectively (cc/min), the Peo is 0.83, 0.498, 0.121, 1,059, (.046 atm. respectively,
When Pco is very low, such as, 0,02 and 0,01 atm, the CO flowrate raust be maintained
at the level as low as possible. The results can seen in tabie 3.1.
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It is essential to calibrate the flowrates of both CO and Ar gasses at the ceriain scale
readings frequently, to have accurate control of Peo.

Table 3.1. Peo Control by Ar and CO Flowrates

CO Scale co ArS. Ar Pco
Readings Flowrate Reaw... .85 | Flowrate atm.
cc/s ce/s

50 0.4145 0.00 0.0000 0.830
6.0 0.6471 338 0.4359 0.498
30 0.1478 5.04 0.8667 0.321
3.0 0.1478 518 0.9336 0.113
2.0 0.0649 478 0.8501 0.059
2.0 0.0649 5.00 0.8665 0.058
1.0 0.0543 518 0.9336 0.046
1.0 0.0543 5.53 1.0684 0.040
L0 0.0543 6.00 1.2241 0.035
1.0 0.0543 7.06 1.6392 0.032
10 0.0543 9.00 2.5742 0.017
1.0 0.0543 10.00 3.0408 0.015
1.0 0.0543 1i.00 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, ramely carbon monoxide, argon,
nitrogen, are listed in table 3.2,

Table 3.2, Specifications of gases
Gas Grade Impuritie; Suppler
co Chemically 0: < 10 ppm AFROX
pure H:0 < Sppm
N: < 70 ppm
CO > 99.959% CO2 < 20 ppm
CH, < 100 ppm
H: <300 ppm
Ar < 3ppm
Ar HP H:0 < 3 ppm AFROX
0: < 3ppm
Ar> 99.998% H; <15ppm
total <20 ppm
N: N:>99.995% H:0 < 3 ppm AFROX
0: < 3ppm
I hydrocarbons
<Ippm

3.1.3. Temperature Control and Temperature Profile

Actual hot zone temperature in the furnece was measured with a Pt-6%Rb/Pt-
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 bowering 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 V, 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 figare 3.4. At 1600 °C,
there is a 2 cm space inside the furnace with the temperature change of £1 °C, which can
be used as corstant temperature arca, 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.

3.1.4. Preparation of synthetic Al;03Ca0-Cr205-Fe,0s-MgO-Si0,-8S Slags

The slag samples for experiments were prepared as a homogeneous mixture made from
pre-melted master slags. All oxides, namely AlaOs, CaQ, Cr20s, FeaOs, MgO, 5i0:, and
S are chemically pure, supplied by SAARCHEM. Individuat oxides, kept in a vacuum
desiccatnr, 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 montar
after cooling, The compositions of the master slags are listed in table 3.3. The oxides
used in the preporation of master slags, namely, AlOs, CaO, MgO and Si0: were also
chemically pure grades.
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Figure 3.4. Temperature profile inside furnace at 1550°C and 1600°C.
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Takle 3.3, The compositions of master slags by mass%

Number ALOs Ca0 MgO 80,

MS1 37.00 2,00 27.08 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 15.00 65.00

3.1.5. Preparation of Cr-Fe-C-5i-S Alloys

The metal charges were prepared by using chemically pure powder of chromfam, silicon,
sulphur and extra pure iron. Nineteen alloys in three groups were used in different
experirments, 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. Compaosition of group-1 alloys by mass%

No. Cr C Si S Fe
| M1 | 6500 | 100 | s00 | eso | 1450
. M2 | 6500 | 1000 | 300 | 050 | 2150
M3 | 6500 | 1200 | 300 | o0s0 | 195
M4 | 6500 | 800 | 200 | 050 | 2450
Mis | 6500 | s00 | 200 | os0 | 2750
Mi6 | 6500 | 300 | 200 | es0 | 2050
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Table 3.5. Compaosition of group-2 alloys by mass%

No. Cr C Si 8 Fe

M2-1 65.00 15,00 1.00 0.20 13.80
M2-2 65.00 10.00 1.00 0.20 23.80
M2-3 65.00 12.00 100 0.20 21.80
M2-4 65.00 8.00 1.08 0.20 25.80
M2-5 65.00 5.00 1.00 0.20 28.80
M2-6 65.00 3.00 1.00 6.20 30.80

Table 3.6. Composition of group-3 alloys by mass%

No. Cr C Si 5 He

M3-1 20.00 2.50 0.00 0.10 77.40
M3-2 20.00 2.00 0.060 0.10 7.9
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 20.00 020 0.00 0.10 79.70
M3-7 20,00 0.10 0.00 0.10 79.80
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32 PREPARATION OF CHROMITE AND CHROMIUM OXIDE
CRUCIBLES

According to the technique and procedure used by T.R. Curd™ and O. Demit™*!,
chromite crucibles and chromivm oxide{Cr:0s) crucibles were manufactured,
comsideting the factors ke binder, sintering-temperature, sintering-time, sintering-
atmosphere, and even the heating-temperature after sintering and drilling. The procedure
is Iisted as the following:

1. Making chromile 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 hydranlic 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, Chromile used was from
the Bushveld LG-6, and Croxide was chemically pure Crz0a powder supplied by
SAARCHEM. Cr-oxide crucibles were proved to be strong enough to hold slag and
metal for the studies of gas-slag-metai equilibriurn. 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 chroniium oxide crucibles

No. Binder Sintering | sintering | Sintering- | Sinter-temp

3% b Temp °C time, b atmosph- | °C after
Y ere drilling

mass

001 | 25%NaSi | 1200 15 alr

002 water 1200 15 air

003 water 1420 ] air

004 water 1520 15 CO

005 water 1520 24 air

006 | 25%NaSi | 1200 6 air 1520

007 water 1200 Na 1520
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3.3 EXPERIMENTAL PROCEDURE

Four groups . [ experiments have been conducted to investigate the gas-slag-metal
equilibria related to the refining of ferro-chromium and the & .sing of stainless sicel. 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-siag-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%S4, 0.01 and 0.1%S5 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 molybdenarmn wound
resistance furnace at 1500 °C, Equilibration was conducted at different partial pressures
of carbon monozide, which made the alloys pick up carhon by reaction with the gas
phase. The crushed afloys were sent to MINTEK for chziwcal analysis. The equilibration
time was determined experimentally as 20 houss (se Section of equilibration for the
details).
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TABLE 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 N.10 33.09
M4 65.00 20 0.10 32.90
M5 65.00 | 5.04 0.10 29.90
Mé 65.00 0.5 0.01 34.99
M7 65.00 0.50 0.01 3449
M8 65.00 1.00 0.01 3399
M9 65.00 200 a.01 3299
M10 65.00 5.00 001 * 2099
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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 Cr2Qs crucibles of 18mm 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-1 and group-2 of metals
were used for the expetiments 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 releage the cracking problen.

Alumina cement was dressed thickly outside a Cr-oxide crcible to form a strong cement
crucible outside in order to increase the strength of the Cr-oxide crucible.  An alumma
crucible, or a zircenin crucible, or a molybdenum crucible were nlaced outside a Cr-
oxide crucible, filling the space between two crucibles with CraOs powder. The cracking
stili 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 Litt's at the elevated temperature,

Molybdenum wire of (.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 stzs a5 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 ruetal 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

119




determiner’ ~xperimentally as 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,

3.33 Deiermination 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 2quilibrinm, in which all chemical reactions remain constant in the

system, including (CO/Asr)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 ns the experimental work is concerned, the equilibration time, which is the
minimur time used to acqguire the equilibriom for the system is very important, It is,
unfortunately, not as clear as jts definition, It is actnafly 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 s for gas-metal
equilibrium in aluraina crucibles and for gas-slag-metal equilibrium in Cr-oxide crucibles.

In gas-metal equilibritim, experimental mns started with 3g metal of same composition at
1500°C at 0.03atm 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. The same size of crucibles and same
amount of metals were used for the subsequent - yperiments. 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 from 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 under carbon monoxide atmosghere. The sample was
cooled by being quenched into water, after being kept for certain experimental lime,
ranging from 2 hours to 15 hours. The eqgailibration time was determined in terms of the
changes of all components of slag, namely AkOs, CaO, CrOy, FesOs, MgO, S, and
Si0s. The results are shown in figure 3.6, and it was established that a minimum of 13
hous was necessary.

Related experimental measurements wera conducted by Fulton and Chipman®® in their
study on the reduction of silicon from blast furnace-type slags by carbon saturated iron-
carbon alloys at temperatures of 1425 to 1700°C, for slags containing up to 20% ALOs.
The experiments were caried out under CO atmosphere. At 1600°C under the
conditions of rapid stirring, the approach to equilibrinm required more than eight hours,

In a study similar to present equilibrium system by Akyuzlu and Eric®®, 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 [4 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, 1 he 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 MINTEKs analytical laboratories. The carbon of the
roetal was analyzed by means of a Leco analyzer, the other constituents of the metal by
the LC.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 ¢xamination of the slag
sampies and crucible samples were carried out, in order 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 ime at 1500°C, 0.05atm
Pco with metal of §0.64%Cr, 32-39%Fe, 0.8-1.3%85i and 0.1%5.
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Figure 3.6, Determination of gas-slag-metal equilibration time at 1500°C
under CO agtmosphcre.
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4. RESULTS AND DISCUSSIONS

Results of the experimental work with rclevant discussions are gathered in four
subsections of this chapter:

1. Equilibrium relationships between C, 8i and Peo in the gas-metal system;
2. Equilibrium distribution of silicon in the slag-metal system;

3. Equilibrium distribution of sulphwr in the slag-metal system;

4. Equilibrium distribution of chrominm in the slag-metal systern;

Each section contains the results related to both ferrochromium alloys and  stainless
steel (which containg 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 equilibrivm experiments and 234 samples of slag and metal were
from £17 successiul gas-slag-metal experiments in which about 50 experiments wers
from those conducted in Cr-oxide crucibles.

It is worth mentioning some of the problems and difficalties oceurved in the experimental
work. The major problems come from the choice of crucible maierials 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 bebaviour of the Cr-oxide
crucibles is necessary to explain the major reasons that these crucibles can be employed
for the investigation,
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Prohlems 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 becanse
of the problems confronted in aticinpting 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-8i0:;-MgO-AlOs-FeQx-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 (Cra0s) 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 200°C to the hot zone, toking up to 60
minutes, was used. Furthermore, the crucibles were pre-heated to 1400°C in a
electrically heated muffle furmace before Lhey were wery slowly put into the Mo-
resistance experimental furnace, which improved no difference. Aluming cement was
dressed thickly outside a Cr-oxite 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 « a. placed outside a Cr-oxide crucible,
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filling the space between two crucibles with Cr:0s powder, pre-heated to 1400°C in the
mufflc fumace for the same purpose. The cracking stili frequently happened until
molybdenum wire of 0.7mm in dismeter was used to make a net fitted outside a Cr-

oxide crucible.

The behaviour of Cr-oxide crucibles in the gaslag-metal systemn

The behavigur of the Cr-oxide crucibles can be used to explain the major reasons that
the molten slags and liquid metals can be keld 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 on the inner wall of the crucibles, which appears brighter and denser
than the mattix of the cruoribles, 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 | CrOs FeO0y | ALOs | CaOQ | MgO Si0:

inside 92.96 1.05 2.62 0.15 243 0.79
middle 9326 1.17 2.38 0.19 240 0.60
outside 93.18 0.95 2.29 026 2.62 0.70
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A very high homogeneity of the composition is displayed inside the layer. X-ray
diffiraction analysis was taken on the Iayer and on the inner wall of the crucible above
slag phase. The major oxide inside the layer and inside the wall is Cr;0s. Very little 0.
MgAICrOs, MgCaisCrosOa, and (Cr,Fe)20s exists in the layer, Chemical analysis has
also been made and the chemical composition is listed in table 4.2. The contents of Si0,
Ca0 and FezQ; are very low, not more than 1 per cent by mass. The major consinents
of the layer are AlzOs, MgO and Cr oxides analysed in terms of Cr20s. 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.

Cri0s | Fe0s | AbOs | CaO MgO0 | si0s

84.57 0.82 S5.87 0.37 7.61 0.76

The compaosition obtained by chemical analysis and scanning-electro-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 Cr2Os-MgO-
AbO; 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 Crz0s to about 2070 °C with
increase of MgO from 0 to 7.61 and ALO; from 0 to 5.87 with a ratio of MgO to AbOs
7.61/5.87, as illustrated by (he 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 jn the crucible for analysis, The analysis results are
shown in Tables 4.3 to 4.11.
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Figure 4.1. Mg0-A%0s-Cr2Q; ternary phase diagram with liquidus temperature
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Figure 4.2, Cr-oxide crucibles and the crucibles with Mo-wire net beforc and after
equilibriumt experiment. Two crucibies on the lift side of the photograph are

unused.
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Metal Sample

Metal sample and slag sample diverged froim Cr-oxide crucibles,

Figure 4.3,
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Table 4.3. Composition of metal phase from Gas-meta! equilibrium at 1500°C in
mass %o,

No. % Cr %Fe % Si %8 %C Pco
afm
39-1 58.27 38.80 0.23 0.10 2.60 0.83
392 58.40 39,00 0.52 0.10 L.58 0.50
393 62,22 35.40 0,73 0.10 1.55 0.10
394 6145 36.40 .68 0.10 1.37 0.10
39-5 £3.76 34.00 0.81 0.10 1.33 0.05
39-6 51.43 38.60 1.07 .10 0.80 0.0t
39-7 60.58 37.60 0.97 0.10 0.75 0.01
398 65.56 3280 0.87 10 0.67 0.01
399 65.00 3190 1.00 0.10 0.60 2.00
42.1 65,40 35.20 LO6 oL 0.64 0.01
42-2 62.60 3210 (.93 0.m 0.45 0.01
42-3 64.60 2.5 0.98 0 044 0.01
42-4 66.10 30.70 0.0 0.01 0.36 0.01
42.5 58.50 34.50 0.85 0.01 036 0.01
42-6 59.00 34.80 0.82 0.61 0.29 0.0
42.7 5320 44.90 0.09 0.1 010 0.01
42-8 70.20 25.50 0.79 0.0t 0.36 001
42-9 94.00 272 131 0.01 0.21 0.01
42-10 40.60 57.20 0.4 0.01 0.13 0._@1.
42-11 40.40 56.30 0.39 0.1 0.84 0.0
12:12. 62.50 35.60 0.29 0.01 1.17 0.83
42-13 60.90 34.80 0.38 0.01 239 0.10
42-1 62.20 3530 030 0.01 L 2.01
42-15 67.60 3190 0.30 o1 0.78 0.05
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Table 4.3. Composltion of metal phase from Gas-metal equilibrium at 1500°C in
mass% (contimue).

No. " %Cr %Fe %Si %S %C Pco
atm

42-16 64.50 24.50 038 0.01 0.93 0.0%
42-17 64.20 34,70 0.39 0.01 096 0.10
42-18 67.30 31.90 0.36 X)) | 0.21 0.10
42-19 61.10 340 X2 0.1 355 0.83
42-20 80.40 13.60 00 6.01 7.10 0.83
4221 80.40 620 318 047 7.07 0,50
42.22 79.50 630 320 0.01 523 0.50
4223 88.90 7.20 34 0.01 282 0.02
4224 93.20 500 249 0.01 2407 0.0t
d3-1 59.40 3580 0.50 0.01 343 ¢.83
432 £3.80 37.20 0.91 0.01 122 0.14
43-3 59.10 3740 0.89 0.01 1.20 0.10
434 29.70 68.20 0.57 0.1 .61 NE
43.5 76940 14.10 0.76 0.01 4408 0.10
43.6 74.00 15,80 0.78 041 4.63 0.19
43.7 64,00 28.80 0.87 .01 248 0.10
43-10 63.30 34.60 0.78 001 0.76 0.1¢
4312 G3.80 34.16 0.78 801 0.72 0.83
43.13 61.80 3310 .87 04 0.2 053
4314 60.00 34.50 142 0.61 112 0,01
4315 57.80 29.20 313 081 0.50 0.01
43.16 6120 29.40 416 0.1 122 0.1
4317 64,80 2890 4.00 0,01 LG 0.01
4318 43.50 53.20 0.38 8.01 103 0.50
43-19 43.50 50.20 0.83 401 104 0.50
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Table 4.4, Metal composition from gas-slag-metal equilibrium ai 1500°C under
CO atmosphere in Cr-oxide crucibles in mass%.

Number %Cr %Fe %51 %S %
48-1 52.80 41.80 0.33 0.03 3.17
48-2 52.70 41.90 0.31 0.03 3138
483 49.40 48.40 0.51 0.18 212
48-4 41.90 58.10 0.37 0.11 1.68
43-5 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 4520 51,83 0.37 0.11 2.50
49-1 44,20 53.30 0.32 0.13 2.12
49-2 46.90 47.70 0.24 0.14 1.92
49-3 55.30 37.60 0.20 0.10 2.11
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 [ 022 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. Metal composition from gas-slag-metal equilibrium  at 1500°C under
§.05atm of Peo in Cr-oxide crucibles in mass%a,

Number %Cr %Fe YoSi %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 0.11 219
52-4 57.20 35.20 0.26 0.01 522
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 3.8
52-11 50.50 38.70 0.21 0.06 4.62
52-12 23.56 75.42 1.02 0.10 882
52-13 49.19 46.40 0.28 0.04 3.27
52-14 3227 61.62 0.29 2.04 5.78
52-15 43.40 46.50 0.27 0.04 328
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 ander 0.034atm of
Peo at 1580°C in silica crucibles in mass%.

Number FCr YeFe FoSi %S %C
53-8 48.40 46.50 0.27 0.04 329
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 2570 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 0.1 5.42
57-6 58.20 34.50 521 0.29 0.97
57-11 63.30 28.00 1.59 0.01 6.54
5712 65.20 2740 327 0.28 385
57-13 56.90 35.50 5.57 0.35 0.50
57-14 63.20 28.90 1.86 0.19 537
| 57-15 62.50 29.50 4.37 0.26 246
57-16 61.30 3159 345 0.25 2.82
57.17 61.20 31.50 5.06 0.26 1L.70
57-18 60.90 31.40 5.14 0.32 1.34

137




Table 4,6, Metal composition from gas-slag-metal equillbrivm under 0.034atm of
Pco at 1580°C in silica crucibles in mass% (confinue),

Number TCr %Fe To8i %8 %C
5721 59.30 27.90 2.27 0.13 6.03
5722 6170 2970 157 0.23 567
5723 5950 | 3290 173 021 539
5724 56.30 31.20 4.32 0.30 121
5725 55.70 38.90 454 0.27 0.17
5726 64.00 29,00 137 0.20 §22
5731 6130 29.40 161 0.30 430
5732 54.50 37.60 319 034 1.74
57.33 59.50 3070 129 0.16 5.96
57.34 5980 | 3210 123 017 401
735 53.80 38.50 2.48 0.15 200

|
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Table 4.7. Metal composition from gas-slag-metal equilibrium pertinent to
stainless-steel making under 0.034atm of Peo at 1580°C in silica crucibles in

mass%.

Number %Cr %Fe %Si %8 %C
48-2 3.51 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 0.03 342
53-2 11.90 83.30 1.73 0.08 2.85
53-3 10.70 §6.00 0.64 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 88.20 0.37 0.34 1.29
53-7 8.08 90.40 (.23 035 0.18
§3-11 13.10 81.50 .59 0.25 1.52
53-12 12.20 85.50 0.35 0.23 1.49
53-13 8.67 83.90 0.20 0.30 0.56
33-14 5.14 92.80 0.20 0.41 0.61
53-15 12,30 85.90 $.20 0.41 0.28
53-16 8.90 89.20 0.20 0.20 CoAkdd
§53-17 8.82 89.60 0.20 0.27 0.74
53-19 4.20 95.00 0.20 0.36 .44
53-21 6.02 93.10 0.20 0.28 1.23
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Table 4.7.

stainless-steel making under (.034atm of Pco at 1580°C in silica

Metal composition from gas-slag-metal equilibrivm pertinent to

mass% (continue).

crucibles in

Number %Cr ToFe %aSi %S %C
561 16.20 79.80 1.42 0.21 173
56-2 15.50 80.60 145 0.14 1.50
56-3 18.40 77.80 151 0.43 0.43
56-4 16.60 80.10 119 0.39 127
56-5 7.82 90.50 0.45 0.34 0.49
56-6 16.60 80.10 1.58 019 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 0.10 211
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 77.10 173 0.04 296
56-24 19.30 78.20 1.15 .28 0.73
56-25 16.99 80.70 L1 0.40 1.63
56-26 26.30 76.30 0.54 0.45 2.14
56-27 3.73 94.80 0.20 050 0.92
56-28 20.20 77.10 0.66 6.35 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-slig-metal equilibrium at 1500°C,
under CO atmosphere in Cr-oxide crucibles in mass%.

Number | ALOs| Ca0 | MgO | SiO; Cr Fe 8

48-1 1920 { 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 | .52 §14.20 (4320 ( 13.30 | 0.60 0.05
48-4 192,10 | 145 | 11.70 | 4240 | 1700 | 0.48 0.03
48-5 1830 ¢ L26 | 11,10 | 38.80 | 18.80 | 0.59 0.02
43-11 19.20 | 143 | 11.50 j 52,50 9.40 0.25 0.18
48-12 16.50 | 1.37 | 1L30 | 62.1¢ 4.9¢ 0.81 0.01
48-13 17.03 | 1.17 ;1103 | 3332 | 23.76 1.21 0.08
49-1 17.70 | 1.27 [ 1030 | 4270 (| 1812 | 0.62 0.04
49-2 12,60 | 0.75 7.04 | 42.40 | 24.43 | 049 0.09
49-3 11.70 | 0.74 735 | 46.60 | 21.48 | 0,43 0.08
449-4 1090 | 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 {.09
49-6 1L.70 | 0.74 731 (4610 | 21.42 | D44 0.08
49.11 d4.40 | 0.68 6.76 | 24.10 | 13.03 .78 .03
4912 26.80 | 0.30 234 | 10.50 | 34.96 1.90 0.02
49-13 2820 | 034 336 ) 2130 | 2839 | (0.80 0.04
49-14 22,36 0.33 2.64 | 2590 ; 33.73 0.74 0.12
49-15 16.80 | 0.86 797 | 58.40 | 14.23 2.97 0.09
49-16 13.70 | 9.70 7.74 12940 | 2650 | 0.41 0.03
49-17 1090 | 0.64 621 | 5410 | 16.97 n.71 0.06
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Table 4.9, Slag composition from gas-siag-metal equilibrinm at 1500°C,
at 0.05atm of Peo in Cr-oxide crucibles in mass 7.

' Wamber | AlkOs{ Ca0 | MgO | SiO; Cr Fe s
52-1 20.10 | 1.49 | 13.10 [ 45.00 13.27 | 026 | 0.02
52-2 20.10 | 146 | 13.20 | 42.80 14.37 | 0.28 | 0.02
52.3 17770 | 118 [ 11.50 } 33.80 2299 | 051 | 0.03
52-4 21.60 | L77 [15.10 | 47.60 842 | 050 | 0.0%
52-5 18.90 | 1.63 {1110 ] 47.00 14.03 [ 033 | .04
526 2220 | 172 | 14.70 | 45.90 937 | 630 | 0.04
52-9 15.40 | 1.43 | 16.30 | 59.80 575 | L5 | 0.02
52-11 13.60 | 105 | 9.48 | 6150 746 | 0.52 § 0.03
52-12 16.57 | 1.38 | 1135 | 62.35 491 | 079 | 0.01
52-13 17.03 | 1.17 | 1103 | 33.32 2376 | 1.21 | 0.08
52-14 1286 | 1.78 | 19,76 | 35.41 622 | 682 | 0.68
52-15 19.00 } 1.80 | 1170 | 47.40 1054 | 097 | 0.01
52-16 1978 { 137 | 17.20 | 38.22 $.86 | 0.87 | 0.04
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Table 4.10. Slag compoaition from gas-siag-metal equiiibrium at 1580°C,
at 0.034atm of Peo in silica-axide crucibles in mass%.

Numiber ARO; Ca0 MgO 5i0: Cr Fe 5
53-8 14.40 0.89 6,06 49.94 14,78 15z 0.6
57-1 15.60 0.88 5.82 55.60 13.55 048 046
57-2 1570 .85 5.53 58.70 11.84 0.38 0.3
§7-3 18.30 116 8.98 59,04 6.98 045 001
57-4 17.80 119 9.57 5540 %17 .43 003
57-5 18.10 115 9.1 6 £5.50 9.24 .39 0.03
57-6 17.90 0.60 5Mn 87.30 10.63 iL68 0.08
£7-11 22.50 194 10.80 55.20 543 0.36 .02
57-12 17.20 1.02 7.69 58.30 3.83 0.41 0.04
57-13 18.90 093 '1.65 55.40 11161 0.32 04
57-14 21.10 .87 10.00 54,20 8.21 0.29 065
57-15 21.30 81 1520 52.10 9.85 34 .03
57-16 20.40 079 3.09 53.60 9.65 0.32 ni2
5117 i9.20 0,72 .56 £7.20 9.24 .42 0.02
£7-18 19.54 77 7.91 55.80 9,92 .34 0.4
57-21 15.70 .75 11.10 58.60 2.401 0,45 005
§7-22 15.60 0.77 11.90 56,04 9.78 0.3% .06
57-23 14,90 73 10.00 57.80 10.61 .44 0.04
57-24 14.50 .4l 745 60.60 11.49 2.3% .45
57-25 1400 0.59 8.5 55,10 479 837 .04
57-26 12.20 1040 10.40 59.410 119 w5 &.06 ]
57.31 12.10 10.90 10.90 55,10 14.03 .47 A r)
87-32 11.60 9.83 9.83 53,90 16.08 0,61 0.05
5§7-33 14,90 | 10.60 1. 64 5hub 9.17 h4y 0.6
57-34 11,94 | 10.50 1,50 55.30 14.71 0.52 206
a7-35 11.50 9,41 9.40 5d.40 15.33 251 0.03
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Table 4.11. Slag composition from gas-slag-metal equilibrium at 1580°C,
at 0.03datm of Peo in silica-oxide crucibles pertinent to stainless-steel making

in mass%.

Number | AkO:| CaO | MgO | Si0: Cr Fe S

53-1 2180 | 1.47 | 13.50 | 55.90 1.32 0.29 0.02
53-2 2040 | 1.27 | 11.20 | 59.30 1.5 0.47 0.02
53.3 2030 | 1.37 [ 11,70 | 56.40 3.76 0.7 0.03
53-4 19.40 § 1.24 | 11.00 | 5570 5.25 0.85 0.02
53-5 18.00 | 1.12 9.28 55.00 7.32 1.22 0.02
536 17.10 | 1.02 8.35 52.80 9.72 1.72 0.03
5347 16.00 | .97 7.31 52.70 | 1156 | L.77 0.04
53-11 15.00 | 0.98 8.55 51.40 6.51 1.74 0.03
53-12 1520 { 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 57.40 12.86 | 3.33 0.04
53-15 11.20 | 0.73 6.22 46.50 | 19.77 | 4.67 .06
53-16 12,70 | (.83 7.53 52.10 | 153Y% | 257 0.04
53-17 14.36 | 0.87 7.33 61.60 8.28 1.75 0.02
53-19 21.80 | 0.66 | 1040 | 56,30 4,73 1.92 0.02
53-21 23.50 | 071 [ 1070 | 56.50 3.36 1.43 0.02
56-1 21.70 | 0.75 9.57 55,80 5316 | 0.63 0.01
56-2 23.00 | 0.81 | 11.00 | 54.50 4,12 0.78 0.01
56-3 2190 0838 | 11.20 | 49.50 8.21 0.71 0.02
56-4 21.20 | 075 2.46 54.90 6.01 0.57 0.02
56-5 19.60 | (.68 8.3 i 54.90 7.94 1n 0.02
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Table 4.11. Slag composition from gas-slag-metal equilibrium at 1580°C, at
0,034atm of Pco in silica-cxide crucibles pertinent to stainless-steel making in

mass% (continue).

Number | AlOsy Ca0 | MgO | SiO: Cr Fe L]

566 23,60 | 0.89 | 12.10 | 53.40 222 | 0.54 0.02
56-13 12.10 | 0.24 0.54 | 56.30 | 16.23 | L.54 0.02
56-14 12.40 | 022 0.10 | 61.80 13.34 | L49 0.02
56-15 12.30 | .23 010 | 62.00 | 13,27 | 1.51 0.02
56-16 1210 | 0.22 0.10 3700 | 1711 | 1.51 0.03
56-21 21.60 | 0.76 2.19 57.10 4.63 | 0.51 0.02
56-22 23.60 | 0.88 | 11.086 | 53.90 4.00 | 1..09 0.01
56-23 2470 | 090 | 1230 | 55.00 192 | 0.38 0.03
56-24 23.70 | 0.89 | 1230 | 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 | 50.00 794 | 0.57 0.0

56-27 21.30 | 0.79 9.33 | 53.60 511 | 3.64 0.03
56-28 2180 | 091 [ 10.50 ; 49.60) 8.76 | 0.74 0.02
56-29 21,70 | 0.91 | 12.10 | 40.50 | 13.89 | 0.59 0.02
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41, EQUILIBRIUM RELATIONSHIPS BETWEEN CARBON, SILICON
AND PARTIAL PRESSURE OF CARBON MONOXIDE

This part of the resuits was presented at the International Ferro Atloy Congress 1995
(INFACON 7) and published in the proceeding, June, 1995™7, with some of the results
from the gas-stag-metal equilibrium in Cr-oxide crucibles, which will be discussed Iate in
the section 4.4,

d,11. Equilibria in Oxygen-Blowing Processes

There are two types of equilibria In the oxygen-blowing processes, namely metal-gas
equilibrium ard gas-slag-metat equilibrium. When oxygen or oxygen and argon gas is
introduced into metal bath, the oxidation reactions take piace at the interfaces of metal
and gas bubbles. The metal-gas equilibrium wiil be valid until the babbles come up to the
interfaces of metal/siag on the top of the bath. Thereafter, metal-slog-gas equilibrium
takes over ut the interfaces of metat 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 chromivm and the
control of silicon would be more closely correiated to the gas-slag-metal equilibrium,
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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 2bout 2.6 per cent by mass when Peo rises from 0 to
0.83 atm. Carbon in the alloy containing 3 per cent of silicon ascends from 0.0 per cent
1o about 7.2 per cent with the increase of the partial pressure of carbon monoxide from 0
to (.83 atm. When Pco increases to .15 atm, the carbon picked up from the gas is fast.
Silicon in the alloy promotes the increase of carbon in the alloys.

The resull shown in figure 4,1.3 also demonstrates that carbon content of the alioys
increases with the increase of 8i in the alloy, when CO exists in the gas phase. On the
conirary, metals can not pick up carbion if there is no carbon monoxide in the gas phase.

The above resulis 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.

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 afloys.
The cartxon 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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ke way carbon is picked up from carbon-monoxide gas may be discussed by the

- llowing reactions:
[8i] + 2C0C =2[C] + Si02 4.1
2[Cr] + 3CO =3[C] 4 CrzOs (4.1.2)
[Cr}+CO=[C]+CrO (4.1.3)
[Fe} + CO =[C) +FeO 4.1.4)
2[Cr] + [Fe] +4C0O = 4[C] + FeOCr:0s {4.1.5)

Here [ ] refers to species in metal phase. There may be more reactions like reaction
(4.1,5), forming complex componets. It is shown in figure 4.1.5 that reaction {4.1.1),
(4.1.2), (4.1.5), and (4.1.3) arc the dominant ones causing the alloy 1o pick up carbon
from the gas piase. The calculation in figure 4.1.5 is based on the frec-energy changes
of the reactions at 1500 °C for the alloy of 63%Ct, 3%Si, 34%Fe by mass, assuming (hat

pure oxides are formed.

The results from the current study are in good agreement with the work done by
Kossyrev and Clsen reccntl)m,which shows that carbon solubility increases with an

increase of silicon content with 0 to 3 per cent of silicon.

They investigated carbon solubilitics for Cr-Si-C and Cr-Fe-5i-C alloys (CrfFe=4. 1.5,
0.25) in a resistance furnace a1 1600°C in Ar atmosphere with graphite crucibles. 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
cruciblefmetal interface in the electron microprobe shows that the solubility curve
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representing iron free Cr-Si-C alloy shows two breaks, dividing the system into thrce
areas. In the fivst area, carbon is increasing with increasing silicon content, After silicon
reaching 4 critical value, carbon content decreases with increasing silicon contert. The
critical siticon value decreases when Cr-to-Fe ratio reduces. The critical silicon value
disappernrs 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 CriCy; in the next area the primary crystals are
CrsCp; and in the third area only SiC. With increasing silicon content the stable carbide
phases are Cr;Cs, CrsC; and SiC. For alloys with Cr/Fe=4 there seems to be a fourth
area between 10 and 15.5 per cent of silicon by mass. Metallopraphic 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 MaCz
(M=Cr-+Fe) SiC stable areas. Further, there is no area of M7 stability in alloys with
Cr/Fe=1.5 and there is no area of MsC, stability with Cr/Pe ratio less than approximately
1.2, It our study, the ratio of Cr to Fe is over 2 and the results at CO atrnosphere are in
good agreement with their results,

Lucas and Wentrup®™ ! 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 chrominm content causes an
increase in the solubility of carbon, but this effect can be neutralised by a simultansous
increase in the silicon content, A number of studies on the Fe-Cr-Si-C quaternary system
have been done by Petrushevskii and Geld™** a1 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 pactial pressure of carbon monoxide are
essential to determine the OufAr ratio for the decarbonization processes via OofAr
blowing. The reason is because that the contents of silicon and carbon in the alloys
correlatad with the partial pressure of carbon monoxide in the bubbles of CO/Ar gas,
which comes from the reactions of decarbonization, In another word, any one 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 OxfAr blowing,
can be predicted, On the other hand, when the contents of silicon and carbon in the alloy
are decided, the maximum ratio of Ox/Ar, which can be converted from the maximum
partial pressure of carbon monoxide, should be used in the processes.
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Figure 4.1.1. Demonstration of metal refining via blowing of oxygen/argon gas.
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42 SILICON DISTRIBUTION BETWEEN SLAG AND METAL AT
DIFFERENT PARTIAL PRESSURE OF CARBON MONOXIDE

The products tapped from a ferrochromium furnace, or from a refining fornace are an
impure ferrochromium 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 sniphur comes mainly from the coke. There is an equilibrium distribution of
chromiurm, iron, silicon, sulphur and phosphorus between slag phase and metal phase,
The concengrations of these elements in the metal phase, to some extent, are basically
controlled by the furnace operation in terms of siag forming and siag controlling.

The phosphorus content of fetrochromium depends only on the phosphorus conterit of
the ore charged. Virtually all the phosphorus charged into the turnace tinds its way into
the metal since under the operating conditions in the ferrochromium furnace, like in iron- -
meking blast furnace. Slag is. in most operations, a solution of AkOs, Ca0, Cr-oxide,
Fe-oxide, MgO and Si0; with small amount of P+Os 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 of 0.034atm. 0.05atm and
0).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 SiO: in the burden is reduced to metal phase after it is dissolved in the slag
by the overall reaction of $i0: reduction, expressed by equation (4.2,1%

(Si02) + 2[C] =81 + 2 COry @20
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 fumnace: ore gangue and coke
ash. Si0; content in ores vares considerably, but those in coke ash are roughly similar,
about 50 per cent, although the ash content itself can vary substantially from coke 10
coke. The contribution of each is dependent on the kinds of coke and ore, as well a8

operational conditions.

The routes and mechanism of Si transter from the burden to the metal have been 2
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 Si0 and then into metal. It is natural to believe that
the direct route is mainly responsible for Si0: reduction, Theretore silicon transfer
through the slag-metal reaction hus been extensively studied as one of the basic reactions
of the processes for ferrochromium production.

Kinete studies on slag-metal reactions have shown that the reduction of $iQz in slag
phase by carbon in the metal phase is a first-order renction with respect to the activity of
SiO and is very slow*®! The observed activation energies varied with slag basicity
and were fhirly large in neutral and acidic slags, which means that the Si0s reduction rate
under usual conditions of the operation has a large temperature dependence.

From thermodynamic point of view, the phase diagrams for the Ca0-8i02-AbLOs ternary
system. as well as the quaternary system with MgO, and the activities involved both slag
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phase and metal phase were systematically studied” "l Those data have not fost
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 appiication, the availability and the reliability of such data
have become of greater importance because of the need for 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 effact 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 [Si}/($i0:) is flustrated in figure 4.2.1, As the
chromium countent of tse slag phase increases, the ratio of [Sil/{5i0:) decreases and it is
more remarkable at lower Pco values, At 0.05atm of partia. pressure of carbon
monoxide, the silicon partition between slag and metal deerenses from 0.025 to 0.011
with an increase of chromium in slags from .05 to (L,0BS by mole fraction. A slow
decrease in the silicon partition ratio is clarified from (.01 to 0.009 with incressieg
chromium in slags from 0.1 to (L2, Under pure carbon monoxide atmosphere (Peo (.83
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 (.1,
The silicon partition does not decrease further when chromium content in the slag phase
is higher than (.2 mole fraction.

The result aiso discloses that both silicon partition and the partial pressure of carbon
menoxide play a great role to achieve a high rate of chwomium recovery from slag phase
to metal phase. A high silicon partition and a low partial pressure of carbon monoxide

158




favour a high chromium recovery. There is a threshold for certwn partial pressure of
carbon monoxide,

At 0.05atm of the partial pressure of carbon munoxide, the threshold cont ot of
chromium in the slags is 0.085 and the silicon partition ratio is about 0,011, Meanwkale,
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 recucs very little clirominm
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 pragtice, 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 Al2O; on the equilibrium partition of silicon is exhibited in figures 4.2.2 and
4.2.3. The results exhibit that the increase of ahwnina content in the slag phase increases
the equilibrium distribution of silicon. Figure 4,2.2 is from the experiments where the
metal phase contains 0.35 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 Al2Os content and the partial pressure of carbon monoxide do
not effect the silicon partition remarkably, The equilibrium partition of silicon increases
from 0.02 to 0.14 with an increase of alumina content from about 0,07 to 0.14 with .=
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
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0.15 with the metal phase containing only 22 mole fraction chromium.

The results are consistent with the study de 1e by Fulton and C&ﬁpman"ml, 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 increass in the AkQs
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 MgQO it the siag 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
substantiat decrease of silicon partition ratic 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 mok fraction of chromium demonstrates an
unremarkable effect of MgO on the silicon partition ratio, as seen in figure 4,2.6.

The eifect of silica content of the slag phase on the equilibrinm distribution of silicon is
illnstrated in figare 4.2,7 and figure 4.2.8. The partial pressure of carbon monoxide and
the silica of the slag phase have little effect or the silicon partition ratio, except the result
from the metals of (.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 (.55 to 0.64. The results are in good agreement with the
results from M. Akyuzlu and R. H. Eric™ in their studies on slag-metal equilibrium in
the smelting of high-carbon ferrochromium. Their resulis  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 1580°C. 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[C] =[Si] + 2 COy (4.2.1)

4.2.2. Effects of Metal Composition on the Partition of Silicon

The influence of the clwomium content of the metal phase on the silicon partition is
ilustrated in fgures 4.2.9 and 4.2.10. In general, the increase of chromitm in the metal
phase resulis in a little incrense of silicon partition when Cr-crucibles are used. On the
other hand, the results from the experiments conducted in silica crucibles Hiustrate that
the silicon partition ratio increases from 0.04 to 0.15 with an increase of chromium in the
metal fromn 0.50 to 0.55 moie fraction,

The effect of silicon content on the silicon partition ratio is llustrated in figures 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
(.22 mole fraction of chromium demonstrate that the silicon partition increases quite
quickly from 0,006 to (.03 with the increase of silicon from 0.004 to (.01 but
thereafier the partition increages slowly from 0,03 to (.05 with the increase of silicon
from (}.014 to 0.03 by mole fraction.

The effect of carbon content on the distribution of silicon is llustrated 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
mongxide when the content of carbon in the metnal phase exceeds ().14 mole fraction.
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With an increase of carbon content from (). 14 to {).22, the silicon partition ratio increases
from 0.01 to 0.018 and 0.026 at (0.83atm and 0.05atin of the purtial pressure of curbon
renoxide respectively, as seen in Agure 4.2.13. The results from the experiments where
the metal phase contains 0.22 mole fraction chromium, as scen in figure 4.2.14, show
that the silicon partition rtio increases from 0.006 to 0.03 when carbon content
increases fror 0.02 to (L.08 by mole Taction. A further incrense of carbon content in the
metal phase does not effect the equilibrium partition ratio of sificon. The silicon partition
ratios shown in figure 4.2.14 are higher than those dispiayed in fipure 4.2.13 with the
metal phase containing higher chroraium content.

The reaction expressed in eguation 4.2.1 plays a significant part in the relationships
among the silicon partition, the partial pressure of carbon monoxide, and the cacbon

content.
(Si0y) + 2{[C) = [Si + 2CO 42.1)
[Sl/(S102) = Kuza{[ac] (¥sio) }/{ B e0l¥si]}
=K [Xc'PeoH e (ol l¥si]}  (4.2.2)

As displayed in equation 4.2.2, a decrease of the partial pressure of carbon menoxide
will increase the silicon partiion ratio. An increase of carbon content will also increase
the silicon partition ratio because the increase of carbon content increases both the [Xc]
value and the ratio of [ycj¥[vs] due to the little change in the slag composition. which
leads little change in the value of (Ysig), The relations betwean carbon content and the
Evcl'/[¥si| ratio is plotted by using the data from the works"™™, as shown in figure
+,2.16. Due to the saturation of silica in the slags, the SiO; activity is unit in the siags
when the silica crucibles being utilized, which will nbsolutely result in the increase of
silicon partitions.
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Figure 4.2.3. Effect of Al:Os content in slags on silicon partition with metais. of
0.22Cr-Fe-C-8-0.048i and slags of 0.01Ca0-Fe;0s-MgG-Cr:05-8i0:-AkGs in
moie fraction. ALO¥MgO=1.7, in Si-oxide cracibles at 1580'C at 0.034 Pco.

165



10% N2 O: -
700 C / 10% Alp Oy

w—500° N

10%”205

1425°C

¥

t .
24 L 20%a,0,

20% Al, Oy
1500°C

72

SILICON - WEIGHT PERCENT IN METAL

SILICA - WEIGHT PERCENT IN SLAG

Figure 42.4. Summary of silicon-reduction equilibrium. After Fulton and
Chipman "™,

166




0.16

0.14 -+ \
-

0.12 siliea crucibles
at 1580°C

»

[Si1/(Sioz)
a
(o]
vy}

|
0.08
0.04
0.02 -_h :-*M Cr-pxide crucibies
0 T at 1500°C
0 0.05 Q.1 0.15 0.2 0.23 0.3 0.35

Mg0 confent of slags, mole fraction

®m  Peo=(.034atm + Peo=0.05atm * Peo=0.83atm

Figure 4.2.5. Effect of MgO content on silicon partition with metals of 0.55Cr-Fe-
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Figure 4.2.6. Effect of MgO content on silicon partition with metals of 0.22Cr-Fe-
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Figure 4.2.8. Effect of §i0; content on silicon partition with metals of (.22Cr.Fe-
-8-8i and slags of 0.01Ca0-0.005Fe;03-Vg0-CriQs-8i02-Ah0s in mole fraction,
ALOyMg0=1.7, insilica crucibles at 1580°C at 0.034 Pco.
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Figure 4.2.9. Effect of Cr content of metal on silicon partition with metals of Cr-
Fe-C-S-0.04St and slags of 0,01Ca0-0.005Fe;03-MgO-Cr:05-5i0-Ak0s in mole
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FeCr Alloys.
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Figure 4.2.11. Effect of Si content of metal on silicon partition with metals of
0.55Cr-Fe-C-5-Si and slags of 0.01Ca0-0.005Fe;0s-Mg0-Cr:0:-8i0:-AL0; in
mole fraction, AlO¥Mg0O=1.7, in Cr/Si-oxide crucibles at 1500°C/1580°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-8i and slags of 0.01Ca0-0.005Fe;0»-Mg0-Cr03-8i02-A1:0: in
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Figure 4.2.13. Effect of C content of metal on silicon partition with metals of
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4.3. EQUILIB™TWM PARTITION OF SULPHUR BETWEEN SLAG AND
METAL AT .. ! RENT PARTIAL PRESSURE OF CARBON

MONOXID

With the increasing demand for low-sulphur steels, the requirement on ferro-chromiom
of low sulphur content has besn 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
vommercial 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
irportant than choosing low-sulphar 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 ailoy. The studies" ™™ damonstrated that when
increasing silicon orfand carbon in the metal phase or increasing Caf} ontent in the
slags, sulphur content of the alloy decreases. Sulphur. however, fluctuarzs in most cases,

In the smelting of this grade ailoy 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
o produce both HC FeCr alloy and LC FeCr alloy with low sulphur content. When
refining FeCr allpys by means of oxygen-blowing processes, the oxygen blown into the
metal bath reacts with carbon and produces carbon monoxide extremely fast, due 1o the
high temperature and the favourite conditions for mass iransfer. The carbon monoxide
produced i the reuctions actually plays an important role in the gas-slag-metal
equilibiation relevant to both FeCr alloy smelting and refining processes.
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In the practice, Ar7O2 ratio is one of the control parameters used in the refining process,
The Ar/O2 ratio can be set up, i the equilibrium partial pressure of carbon monoxide in

the Ar/O2 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 1500°C and 1580°C in
Cr-oxide crucibles and silica crucibles.

A presentation hased upon this part of the results was made at the 5th International
Conference on Molten Slags, Fluxes and Salts 97 and a paper was published in the

proceedings of the conference """,

4,3.1. Influence of Slag and Metal Compositions on Eruilibrium Distribution of
Suiphur

The relationships were invested between the sulphur distdbution and the contents of the
must constituems in the slag and metal phases at different Peo and temperatures, The
sulphur distribution is expressed by the {SY/[S] rativ by mole fraction, where round and
square brackets indicate the slag and metal phase respectively. The slag contained ¢ to
0.1 per cent of sulphur. 0 to 25 per cent of chromium, 10 to 60 per cent of Si02, 2 10 20
per cent of MgO, 10 to 30 per cent of ALOs and about 0.5 per cent of iron. The metal
composition related to ferrochrominm alloys was in the range of 45 to 65 per cent of
chrominm, 0 to 10 per cent of carbon. (} to 5 per cent of siicon, 0 to Q.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 w (.4 per
cent of sulphur, (.18 to 3.3 per cent of earbon 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 B experiments conducted in silica
crucibles at higher temperature, The results from experiments in Cr-oxite crucibles
indicate that the distribution ratic of sulphur increases when the partial pressure of
carbon monoxide is reduced  from 0.83atra to 0.05atm in the MgO ranre of 0.17 10 (.35
by moie fraction. Figure 4.3.2 manifests the results, acquired from the expetiments with
alloys containing about 0.22 mol: fraction of chromium at (0.034atm of partial pressure
of carbon monoxide at 1580°C in silict. 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 ar 0.034atm of partial pressure of carbon
ronoxide in silica crucibles,

‘The slag-metal equilibrium in terms of sulphur and oxygen species can be written as:
[S1+(0%) = (8% +{O] (4.3.)

where squaie and round brackets indicate the metal and slag phases respectively, MgO
in the slag will dissociate according to;

(Mg0) = (Mg™) +(0™) (43.2)
An increase in MgO content of the slag will increase free O anions in the slag resulting
in an increase of the activity of O® anions. which will help to shift reaction(4.3.1) to the
right direction and assist sulphur remove trom the metal phase,

The: effect of MgO can also be explained in terms of slag basicity (B) and the sulphide
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capacity (Cs), The thermodynamics of sulphur dissoived as 2 sulphide ion in slags may be

expressed in terms of sulphide capacity of the slag, sulphur activity of the metal [ and
1921,

oxyEen activity 2. ot the slag-metal interface, according to Sharma and Richardson’ ™
(%R) = Csfas)f2. (4.3.3)
Cs was defined from reaction (4.3.4) and was represented by equation {4.3.5).
1128:(g) + (01 = (S*) + 112C(R) (43.4)
Cs = (wtS)(Poz/Ps2)'” 43.5)
(s is a function of several variables, such as temperature, slag composition, but mainly
temperature and basicity of the slag.
By the work™*4%%, the following equation was oblained:
log Cs=B/A+2.28 - 13306/T (4.3.6)
where:
B = 5.623%Ca0 + 4.15%MgO - 1.152%Si0, + 1.457%Ak0s
A = %Ca0 + 1.391%MgO + 1.867%Si0> - 1.65% Ak0Os
An increase in MgO content of the slag will increases the B/A and thus the sulphide
capacity Cs will increase ns well. The refation between Cs, B/A and %MgQ is annotated
in figure 4.3.3 , for a slag containing 58.C00, 209%AL0s, 45%8i02.0.5%Fe20s, 5-25%

181




MgO and balance Crz0;.

The impacts of slag basicity on the removal of sulphur from metal phase to siag phase
have been utilized in the production of ferrochromium alloys by addition of lime or Jime
stone. In the mporr.lm'. 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 1 percent to
10 percent by mass. However, according to the stud A chromium content in slags will
increase when CaO content increases, which is one of the reasons that the addition of
Jime or lime stone is limized in the production of ferrochromium alioys. That is one of the
reasons that CaQ content of the slag is not chosen to be experimental parameter is fixed

ata low level of 1 to 2 percent by muss.

The effect of chromium oxide in the siags on swiphur distribution ratio i shown in figure
4.3.4. In general, when chromiurn content decreases, sulphur transfer from metal to slg
declines,

This indicates that when chromiutn-oxide content increases in the slags, the portion of
Crz0s in the slag increases, which increnses the network former and consumes more free

oxygen (O of the slag, according to the reaction;

(Crz03) + (MO) = (MOCr203) 437
Same results have been reporied recently by Xiao and Holappa’s work!®™*, 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 in Cr-oxide crucible at 1500°C
illustrates higher sulphur content in the slags than that in silica crucible at 1580°C. which
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even has more favoumble condition for desulphurization according to the effect of
temperature oh suiphide capacity expressed i equation (4.3.6). The sulphur partition
ratio, furthermore, is increased by decreasing the partinl pressure of earbon monoxide.

The resnlt achieved in the experiments with the alloys of 0.22 mole fiaction of chromium
shown in figure 4.3,5 lemonstrates that the sulphur partition between slag and metal
decreases from about 1.0 to .15 when the mole fraction of chrom™m increases from
0.025 to 0.075 in the slag. The sulphur distribution ratio only decreases slightly with the
increase of chromiutn from 0.08 to (.25, The sulphur distribution mtio of the alloys of
0.22 mole fraction has a higher values than that of the alloys containing higher chromium
shown in figure 4.3.4.

The effect of the ALQ; in siag on the partition ratio of sulphur is shown in figure 4.3.6,

The (SV[S] ratio decreases shiphtly with increasing AlOs content in the slags, It appeats
that part of the alumina in the siags acts as network former and reacts with oxygen ions
in reaction (4.3.8), which reduces the free oxygen in the slag,

(ALOR) + (0% = 2(AIO:) (4.3.8)

The results obtained by using Cr-oxide c¢rucibles have more sulphur in the slags than
those obtained by using silica crucibles. Thanging the partial pressure of carbon
monoxide has litle effect. A similar influence of slags alumina on the sulphur
distribution has been obtaited in the experiments conducted in silica crucibles with the
metals of 0.22 mole faction of chromium at (.034atm of partial pressure of carbon
monoxide, as shown in figure 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 0.15 to 0.045 takes place when the mole fraction of alumina increnses
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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 0.83aim of the partial
pressure of carbon monoxide show a neatly constant ratio of sulphur when SiO; content
changes from 0.3 to 0.45 and an increase with increasing silica in the range of (145 to

0.6.

Moreover, results from the experiments at lower partial pressure of cacbon 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, ilt istrated
in figure 4.3.9, seems very little in the range of (.54 to 0.66 of silica in the slags by mole
fraction.

From the view-point of basicity, the equilibrium distribution of sulphur hetween slag and
metal , expressed by equation (4.3.9) from reaction (4.3.1), increases with increasing
activity of free oxygen ions O in the slags, or with decreasing activity of oxygen
dissolved in the metals.

[S]+ (0%} =(8*) +[O] (4.3.1)

(XsW[Xs] = Kasu {(ace M Taol*{lv:A1) ) (4.3.9)
Increasing Si0:z 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 SiOx(about 0.45
by mole fraction),
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(Si02) + 20" = 2(8i0:M 4.3.10)

When the slags possess more than 0,45 mole fraction of 8i0z, the free oxygen ion in the
slag may reach a so low level that they do not change a lot wih the increase of SiOz in
the slags. Meanwhile, the silicon content and the oxygen cortent of the metals increase
with increasing SiCa in the slags according to reaction (4.3.11).

1/2§81] + [0] = 1/2(8i02) (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
willhelp reduce the ratio of sulphur according to reaction (4.3.1).
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4.3.2. Tnfluence of Metal Composition on Equilibrium Partition of Sulphur

The effects of the metal composition, namely C, Cr, Si, on the equilibrivm partition of
sulphur are illustrated in figure 4.3.10, 4.3.11, 4 3.12 respectively. In general the (S)/[S]
ratip decreases with increasing chromium of metal phase. A lower partial pressure of
carbon monoxide helps to move sulphur fom 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 monoxiu: from 0.83atm 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 sulphue partition diminishes.

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 incteases the
sulphur ration. Figure 4.3.12 shows the relationship between silicon and sulphur partition
ratio. In the range of less (.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 oui in silica crucibles at 1580°C
at 0.034atm of partiai pressure of carbon monoxide with the metals containing 0.15 mole
fraction of chromium. The results are quietly similar to those resalts flustrated in fgure
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4.3.10 and 4.3.12.

According to the sulphur distribution between slag and metal, expressed In reaction
(4.3.1) and eguation (43.9), 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 catbon,
chromium and silicon are typical those factors for ferro-chromium alloys:

(0*)+181= (8" +10] @3.0

(Xs)/[Xs] = Kast {(acaY[acl (DY) (4.3.9)
According to the equation of activity coefficient of sulphur and oxygen in terms of the
interaction coefficients R WP e 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 suiphur.

Iy, = 6.45(Xc) + 7.76(Xs) - 3.3(Xs) ~2.23(Xcv) (4.3.12)
Yo = -22(Xc) - 8.5(Xcs) - 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;

(S*H(S] = {mlm.a.u}{[n]f(v,)}{[«zsdf(vm)}”’ (X Ksion) }'*{ a0z}
(4.3.14)
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When silicon content of metals (Xs;) increases, the activity coefficients of both silicon
and sulphur of metal phase increase, which resulis in an enlargement of the values of
(ysi]"[Xsi]*?ys), es shown in figure 43.15 and 43.16. But the value of
([ysi][Xsi) ys) increases extremely slow when sifica 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
Falton and Chipman'® in figure 4.2.4. The increase of silica will decrease the free
oxygen (O%) 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 (8i01), two
moles of free oxygen in terms of O will be consumed by the following reaction at low

silica slags:
(Si02) + 2(0%) = (8i0s5) (4.3.15)

The free oxygen in slag phase decreases tremendously fast with the increase of sificon
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,

Therefore, the comprehensive effects of slaps 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, cansed 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 ([¥si]*[Xsi]'%¥s)
in the metal phase.
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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, os a result of the increased value of ([ysi]'“[Xsij'#ys) and
insensitively changing the activity of free oxygen in the slag phase. It has been
recognised and utilised widely in the production of ferrochromium alloys. that more
effective removal of sulphur from ferrochromium alloys could be materialized to the
metals with a higher carbon content or/and a higher silicon content™ ",

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):

(01 +[8]= (") +[01 (43.1)

[C1+[0]=CO (4.3,16)

(XsVIXs] = (Kasataoa )} {1 {KasaslacPoo} (4317
The effect of carbon content on the equilibrium partition ratio of sulphur can be
undertaken mainly by remarckably 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 g/ M1,

can be increased by the increase of carbon content in the metal phase.

In. = -0.562 + 7.8(Xc) +9.72(Xs)) + 6.45(Xs) - 5.1(Xc) + 11.18(Xo)*
- 0.115(a)” + X + 3.06(XcXce) + (XcXs) 4.3.18)

Despite the inadequate information about (7,) and ti: .+« - ..F free oxygen ion in slags,
an increase of sulphur removal from metals to slags can be achieved by enhancing the
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contents of carbon, combined with lowering the partial prossure of carbon monoxide in
the gas phase at certam temperatare. In addition, the slag wiln a high free-oxygen
activity, and the metal with a high carbon activity and kigh 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,
Iargely dependent upon the basicity of slags determined commonly by a ratio of
network-breaker oxides to network-former oxides,

Higher content of catbon in the metal phase ephances the activity coefficients of carbon
and sulphur, leading to a higher suiphur partition. Higher chromiam content reduces
activity coefficiems of carhon and sulphur, resulling in a lower value of sulphur
distribution ratio.

4.3.3. Tnfluence of Partial Pressure of Carbon monoxide Phase

All the experimental resalts discussed above illustrate that an increase of the equilibrinm
patition ratio of sulphur can be achieved by means of reducing the partial presswre 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 simiar
to the treatment of vacuum. As far as the desulphurisation % concemed, 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 Sieverty law expressed by reaction (4.3.19)
and equation (4.3.20). The solubility of sulphur gas i metal vaties with temperature, and

metal composition,

190




[8] = 1/2 Sx(gas) (4.3.19)
[Xs] = P "1{Kua [V} (4.3.20)
When reducing the partial pressure of carbon monoxide, the concentration of elements in

both metal phase and slag phase changes, particularly oxygen and c# " .n, silicon, and
chromium, through the following reactions:

[C] +[01=CO (4.3.16)
2[CY + (8102) = [8i} + 2C0O 4.3.21)
[C] + (Cry0s) = 2(Cr0) + CO (4.3.22)
[C] + (Cr) = [Cr] + CO (4.3.23)
[5i] + Z{Cr0) = 2[Cr] + (Si01) 4.3.24)

The effect of the partial pressure of earbon moncxide on the equilibrium partition of
sulphur, as discnssed 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 systemn involved with reaction {4.3.16), a decrease of partial pressure of carbon
monoxide will decrease the dissolved oxygenr {O content in the metal phase and in furn
it will increase the sulphur distribution ratio.
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In general those factors, which reduce the content and acitvity coefficient of dissolved
oxygen of the metals and reduce the activity coefficient of sulphur in the slags, and thoss
congditions, which help increase the content and activity coefficient of free oxygen ion in
the _lags and increase the activity coefficient of sulphur in the metal phase, will result ina
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
propurtional to the factor of ([v[Y.][Xc]/Pco) at a given temperature with same slag:

XKW [Xs] = Kaazs* (I )X clPeo) (4.3.25)

Where Kiisazs is a constant, determined by temperatures and slag composition. Those
factors, which can increase the term of ([y,][y.]), will increase the equilibrium partition
ratio of sulphur, kading to an increase of sulphur removal from metal phase to slag
phase, The effects of chremium, carbon and silicon on the activity coefficients of carbon
and sulphur in terms of ((v), ((.]) and (fy:]ly.]) are shown in figure 4.3.17, 4.3.18 and
43,19,

It is known that chrorainm 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
curtent stdy it is{ 1nd that a hipher percentage of CrQ 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
imerface can be expressed as the following:

(CrO1s) = (CrO}+ A [0] (4.3.26)

Kazas = {[ao]{a~o){acors)) (43.27)
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A higher portion of CrQ in the slag due to a lower pe.tial pressure of carbon monoxide
means 2 lower oxygen activity in the metal phase, which means in turm 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 CrOys,

As far as the practical desulphuration is concemed in the production processes, those
treatments combined with lower partial pressure of carbon monoxide, such as YOD and
AQD, are favourable to remove sulphur from metal phase to slag phase. It can be more
effivient with the slags of higher basicity at the begihning petiod of ferrochromium
refining by using the advantages of higher carbon content and higher silicon content. The
attention lays on the forming of high-basicity slags as soon as possible in the initial
period of ferrochromium refining,
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Figure d.3.1. Effect of MgO on the distributions of sulphur with wmetals of
0.55Cr-C-Fe-S-§i

ALO/Mg0=1.7, 0.03-0.05/0.02-0.1 Si in Cr/Si oxide crucibles at 1500°C/1580°C.

and slags of 0.01Ca0-Fe:0s-Mg0-Cr;04-8i05-ALOs,
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Figure 4.3.2. Effect of MgO on the distribuacns of sulphur with metals of
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Figure 4.3.4. Effect of Cr of slags on the distributions of sulphur with metals of
0.55Cr-C-Fe-S-85i and slags of 0.0Ca0-Fe;03-MgO-Cr;0:-5i0:-AL O,
ALOYMgO=1.7, 0.03-0.05/0,02-0.1 Si in CrfSi oxide crucibles at 1500°C/1580°,
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Figure 4.3.5. Effect of Cr of slags on the distributions of sulphur with metals of
0.22Cr-C-Fe-8-5i and slags of 0.01Ca0-Fe;0y-MgO-Cr202-8i0:-AL0s,
Al:0:/MpgG=1.7, 0.02-0.1 Si in Si-oxide crucibles at 1580°C at 0,034 Pco,
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Figure 4.3.6. Effect of A1203 on partition of sulphur with metals of (.55Cr-Fe-
C-S-5i and slags of 0.01Ca0-Fe203-Mg0-Cr203-Si02-A203, ARO3/Mg0=1.7,
0.03-0.05/0.02-0.1 Si in Cr/Si oxide crucibies at 1500°C/1580°C.
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Figure 4.3.7. Effect of Al;Qs on partition of sulphur with metals of 0.22Cr-Fe-C-S-
Si and slags of 0.01Ca0-Fe;0-Mg0-Cr03-8i02-AL0s, ALO/MgO=1.7, 0.02-0.1
Si in Si-gxide crucibles at 1580°C at 0.034 Pco,
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Figure 4.3.8. Effect of Si0: on the distritrrtion of sulphur with metals of 0,55Cr-
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Figure 4.3.9. Effect of §i0; on the distribution of sulphur with metals of 0.22Cr-
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Figure 4.3.13. Effect of [C] on the distribution of sulphur with metals of 0.22Cr
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4.4. CHROMIUM DISTRIBUTION BETWEEN SLAG AND METAL AT
DIFFERENT PARTIAL PRESSURE OF CARBON MONOXIDE

Chromiwm is a commodity of critical and strategic importance, imparting unique
qualities to the materials to which it bas been added. The change in the technology of
staintess-steel production considerably affected the consumption pattern of chromium
alloys in the past decades because about 79 per cent of the world’s 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 ferrochrominm 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
chromiurn from metal phase to slag phase by oxidization.

High-catbon ferrochromium is produced by the smelting of chromium ore in a
submerged arc furnace with s carbonaceons reducing agent in excess of that required to
reduce the chromium and iren. The non-reducible oxides in the ore form slag and,
although a self-fluxing charge is sometimes possible, fluxes must usvally 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 chrominm, about 10 to 25 per cent of the slag in the
form of oxides, which must be re-treated before being discarded. Increasing chromiwm
recovery in both the production of high-carbon ferrochromium and the refining of
ferrochromium is a challenpe to the producers.

213



4.4.1. Chromium in Slag Phase

Chromium in slags, like any of the transition metal ions, can respoad to the changes in
the oxigation conditions and in the compositions of slags and metals by changing their
valency. They may also change their stresture roke, for example by acting as a network
medifier under reducing conditions, but as a network former when the slag is oxidised.

Spectroscopic analysis can provide data about the electronic and physical configuration,
atid hence can supply the structural role of transition metal ions in slags. Such studies
can alsp provide informagon about the slag matrix. An investigatior: of Cr(ID), Cr(IIT),
and Cr(VT) in silicate slags has been made recently by H. Marston and B. B. Argent™,
They used spectroscopic and chemical analyses to investigate the bebaviour of
chromium in four vitreous Lime-sificate slags produced under reducing and oxidising
conditions, The slags’ composition is in the range of Ca0 30% w 37%, MgO 0% to
7%, 8103 0% to 16%, Si0: 40% to 60%, Cr:0s 0.05% to 3% by mass at temperature
between 1580 to 1600 °C,

In the slags equilibmted at Poz = 1.6¥10” atmosphere, 71 per cent of chrominm is
present as Cr(Il), reducing to an average figure of 14 per cent at Po, = 1.1*10°
atmosphere. At Poz = 0.1 atmosphere, 14 per cent is Cr(VI). In each case, the balance is
Cr(1IL). Spectroscopy provided evidence of Cr(III) in all slags. The varying quantities of
Cr(IN and Cr(VT) were detected, but not simultaneously in the same samples, Within the
compositional range studied, no consistent effect of tha chromium level, the slag basicity
or the presence of MgO or Al(Os on either the chromium distributicn or the :nolar
absorptivity could be discerned. Under the circumnstances 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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[C]+ 1/20:=CO @4.n

AG °=.22,125.55 - 16.97T (4.4.2)

Pop = {Peol([ac; i)’ (44.3)
Under the particulars of present experiments and the caleniated carbon activity, The
value of Po, is about 8.4308x10° to 7.8775x10”. Therefore, the chromium oxides must
exist only in the forms of CrQ and CrOys according to the study above done by H.
M: . on and B. B. Argent™ The activity of carbon used in the calculation is in the
range of 0.025 to 0.1172, calculated with the metals containing 0.025-0.2C, 0.55Cr,
0,005, 0.005Si and Fe in balance by aring the formula expresserd in equation (4..3.18);

Inye = -0.562 + 7.8(Xc) + 9.72(s1) + 6.45(Xs) - 5.1

+ 11.18(Xc)? - 0.115(Xc)? + (Xsi)’

+ 3.06(XcXer) + (XcXsi) (4.3.18)

The nature and behaviour of CrO and CrOys inthe slag - > 7wl +hOwFeO-CrOyx
in equilibriom with Fe-Cr-5i-C alloys at certain partial &£ sti2 32 ¢ 0.1 monoxide can
be determined by means of thermodynamic analysis of the &, .~ data, A slag-
metal reaction can be written between carbon  and chromium oxides;

(CrOx) + x[C] =[Cr] +x{CO) #.4.5)

Kias = {(Peo) acd M{{aeod[acf} 44.6)
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By taking logarithm, equation (4.4.6) can be rearranged in terms of activity coefficient
multiplied by concentration for each activity:

In {[%Cr}/(%Cr}} = xin{[%C}/Pco}
+ I {KaasClyclyel Myl (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 Lcr = [%Cr in metal]l (%Cr in slag), and
Kias= ln{&uC{w)[W]’Hw[}, equation (4.4.7) can be re-arranged for the sake of
simplicity:

In Ler = XIn{{%CYPco} + Kiss (4.4.8)

Equation (4.4.8) is lincar with slope ‘x’ and intercept K’ 45, 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 44.1, 4.4.2, 44.3. The data are scattered due to the huge influences of metal
composition and slag composition on the intercept K5 in terms of {(Wr]['}c]xf['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 moncxide 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 0.034am of partial pressure of carbon
monoxide in sifica crucible at 1580°C respectively. The balance is CrOrs. The results are
illustrated in figure 4.4.4,

A higher percentage of CrQ 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 therrmodynamics of slags containing chromium oxides made by Y. Xino and L.
Holappa™® the divalent chromium fraction decreases and the trivalent chromium

increases with the dacrease of silica in the slags of $i0:-CrO-CrOts. 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:
(CtOws) + 12[C) = (CrO) + 1/2CO 4.4.8)
AG °=36,722.22 - 22.79T (J/mol) 4.4.9)
Kz = {(aa0)/(acors)H{ (Peo)fac) }* (44.10)

The equation can be re-written into;

Cleso¥(Xoors) = Kiasl (rrorsiiyool HlackPeo) * @4.11)

1t is known that the partition ratio of CtQ to CrOws by molar fraction is cormelated with
reaction temperatures in terms of Ks4s, 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 chromiura in the slags.

As far as the activity of carbon is concerned by means of metals 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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composition on the ratio of CrO to CrOs are plotted in figures 4.4.5, 4.4.6, and 4.4.7
at  0.83atm, 0.05atm and 0.034atm of the partial pressuce of carbon monoxide

respectively.

In general, the increase of silicon, sulphur and carbon in the meial phase increases the
value of the activity ratio (aca)/(acors). 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®" in their study on
the slags of Si0zCa0-AkOs-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;

(CrOs) + x[Fe] = [Cr] + x(FeQ) (2.3)
Kaa = { (areo) Taed Y{ (aconda] '} 2.4}
and
2(CrOy) + XS] = 2[Cr] + %($i02) (2.5)
Kas = { 8] (ascn)}M{ [asiT (acon)’) 2.6)
These constants were defined as
43 = {(%FeY[%Ce] M{(%Cr)[%Fe]‘} @7
Kis = [%CH7{(FCrY as]"} (2.8)
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In K35 the silica term was omitted, since it was approximately constant for each group
of runs (silica saturation).

These expressions may be rewritten in terms of activity coefficient raultiplied by
concentration for each activity, Finally, by taking loparithms and rearranging, the
following equations were obtained:

log{{%BCo)[%Cr]} = xlog{(%Fe)|[%Fe]}
+log{ (yre0) [y Cr M{ [yl (ycro)K 25} 2.9)
log{(%Cr)/[%Cr]} = -(x/2)log(asi)

+og{ (yreo) [yl CaH { [yl (yoo)K2a} (2.10)

where C) and C; 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 1.07. This meant
that 86 per cent of chromium present in the slag was in the form of Cr™ ions and the
balance was Cr™, Por the second series of experiments under silica saturatinn(silica
cracibles), the average value of x for all groups was found to be 1,04. This corresponds
to a value of 92 per cent of C** ion in the slag, the balance being Cr™. The present
results are fairly consistent with their study.

In their sindy on slag-metal equilibrium in the smelting of high-carbon ft *rochromium,
M. Akyuzln and R. H. Bric™ utilized the same .hermodynamic treatment and found the
slope is 0.86 at 1500°C under an argon atmosphere, .62 at 1500°C, 0.73 at 1600°C
both under carbon monexide, Normalty the slope should be between 1 and 1.5, which
means that CrQ is the only chrominm oxide in the slags if the slope is unity and CrOws is

219







InjI%Crd /(Z2Cr)}

[ah

N W

BN

N

\

\

I
B

|
—
w
N\

i
()

|
)

IU‘I

A

1

(%]

|

[\ 8]

Figure 4.4.1. Variation in the In{partition ratic of chromium) with the In
(partition ratio of carbon to 0.83atm Pco) at 1500°C in Cr-oxide crucible,
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ZCrD of (CrO+Cr01.5)
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Figure 4.4.4. Formalisation oi chromium in slags with partial pressure of carbon
monoxide. Case 1 at 0.034atm Pco in silica crucible at 1580°C; case 2 at 0.83 and
0.05atm of Peo in Cr-oxide crucible at 1500°C,

224



M
N h

—

(=]
()]

Activity ratio of CrO to Cr01.5
wn

,z'/'/( Peo = 0.83atm |

G .

]

0 0.1 0.2 0.3 0.4

0.5

Mole fraction of C, Cr, S, Siin metals

0.6

—=— gilicon —— gulphur —%— carbon

=5 chromium

Figure 4.4.5. Influence of C, Cr, S and Si on (aco)(acows) ratio with base metals

of 0.15C.0.55Cr-0.0015-0.0058i-Fe by mole fraction at 0.83atm Pco and 1500°C.

225



Activity ratio of CxO to CrO1.5

[

—
o

>
/

(o]

o
]

o+

Wl 4
% [Peo = 0.05atm |

0 1 1 1 I T
0 0.1 0.2 0.3 0.4 0.5 0.6

Mole fiaction of C, Cr, 8, Si in metals

3

~#— gilicon —+— sulphur —%—cartbon = —&— chromium

Figure 4.4.6. Influence of C, Cr, S and Si on the (acwo)(acwows) ratio with base
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Figure 4.4.7. Influence of C, Cr, § and Si on the (aco0)/(aco1s) ratio with base
metals of 0.15C-0.45Cr-0.0018-0.605Si-Fe by mole fraction at 0.034atm Pco and
1580°C.

227



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. _ sition and partiat pressure of carbon
monoxide. Becanse no reliable and affordable method is available to be used to analyse
the contents of different chromium oxides in the slags, the chromiom 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 chrominm 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 cathon monoxide (0.05atm),
the chromium content in slags is about ! 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 (.22
mole fraction of chromium relevant to the situations of stainless-sieel making, The
chromium in slaps increases from .03 to 0.15 with the increase of chromium content in
the 1.2k phase from 0.06 to about 0.22. The chromium content in he slag phase is less
than that with the metals of a higher chromium content, compared with the results in
fipure 4.4.5.

The relations between chromium content of slags and carbon content of metals are
elucidated in figure 4.4.10. Chromium of slags is quite low, shown from the resuits i
silica crucibles and the decreasing of chromium smoothly from (.17 to about .1 whan
carbon content of metals increases from 0.005 to 0.225 by mole fraction. The resuits
carried out in Cr-oxide crucibles clarify a sharp decline of cheomium in slags, from about
0.55 to about {). 1 when carbon coatent increases from (.03 to 0,225 by mole fraction. A
lower chrominm content in the slags is procured by utilizing lower partial pressure of
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carbon monexide. The difference of chromium content between 0.05atm and 0.83atm of
the partial pressure of carbon monoxide is about 0.05 mole fraction in the slags. Figure
4,4.11 illustrates the results from the experiments condoctad 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 (.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 fetals and lowering the partial pressure of
carbun monoxide in the gas phase, could be expluined by introducing the rteaction
between carbon dissolved in the metal phase and CrO of the slegs,

[C] +(CrO) =CO +[Cx] (4.4.10
AG° =4775445-32.22T (Keal/mole) (44.11)
{Xoo) = {[acr]Peo }{ [acllyoo)Kaaro}

= {lyolXcrPeo }/{[a:] (yero)Kaaaa} (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 chrominm in
slag, partial pressure of carbon monoxide in the gas phase and reaction temperatute. 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 renction temperature, which causes an enlarging valoe of the equilibrium constant
Kiaso.
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As far ay the activity coefficients of ¢hromiwm and carbon in the metal phase are
concerned, the major influence comes from the conceatration of chromium, carbon and

silicom, even SLﬂphur[ws‘l“I.
Iy =-0.562 +7.8(Xc) + 9.72(Xs) + 6.45(Xs) - 5.1(Xev)
+ 11.18(Xc) - 0.115(Xe) + (Xs)

+ 3,06(XcXor) + (XcXsi) {4.3.18)

Ivyey = -0.305 - 5.17(X) + 0.42(Xcx} - L.6(Xs) - 0.115 Ky
-4.94(Xc)’ + 5.18(XcXcy) - 2.23(Xs) (4.4.13}

Carbon is one of the most powerful elements, which decreases the content of chwomium
in the slags by decreasing the activity coeificiant of chrominm of metal phase and
increasing the activity coefficient of itself. The influences of carbon on the activity
coefficients of carbon and chromiom, and the value of fac)fac] ratio are illustrated in
figure 4.4.12, The effect of the chromivm 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 contenr and sctivity coefficient. The
influences of chrornium content of the metal phase on the activity coefficients of
chromium and carbon, and on the value of [ace]/fac] ratio are 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 163 the activities of CrO and CrOs in the siags
of CrO-CrOns-8i0z in equilibrinm with chromium metal increase with increasing
chromium oxides and incregsing CaQ in the slags. It also shows that increasing CaQ
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 CaQ behave quictly 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™!,

The relation between chrominm content and aluminum oxide content of the slag phase
is fllustrated in Bgure 4.4,16. At 0.83atm of puwtial pressure of carbon monoxide with
Cr-oxide crucibles, the chromium content of slags expressed by mole fraction increases
fromn 0.35 to 0.58 with an increase of alumina from 0.085 to 0.22. When aluming
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 0.034atm) demonstrates a similar tend, Chrominm content of the slag
decrenses at low alumina concentration in the slag and then rises when alumina is higher
than (17, with increasing alumina in the slag. The influence of alomina on the
chromium of the slag phase may be analysed by means of activity coefficient of
chromium oxide in the slag phase; yexo, as expressed in equation (4.4.14). The results
elucidated in figure 4.4.17 demonstrate that chromium of the siag phase decreases from
0.25 to 0.04 when alumina content increases from about 0.07 to (.16 by mole tmction.

Morita and Sano™) investigated the solubility of MgO.Cr20s in MgO-ALOs-8i02-Ca0
melts at 1600°C. In air the solubility of MgO.Cr20s was found to be 1.1 to 4.5 per cent
of CnnOs for MgO-Si0z melts. When ALO: was added to the melis, the solubility
decreased (o less than I per cent of Cra0;, and the Cr in the coexisting Mg0.Cr20s was
replaced by Al in proportion to ALOs content in the siag, For MgO-CaQ melis the
solubility substantially rose to a8 moch as 40 to 55 per cent of CrOy, although more than

231




50 per cent of chromium was in the form of Cr* in an air atmosphere, For MgO-AbO:-
Si0,-Ca0 melts, which are typical for smelting reduction of chromium ore, the solubility
decreased with increasing MgO and AbOs contents. The effect of CaQ/Si0 ratic on the
solubility in the melts was found to be unexpectedly small as long as CaO was added.
When 22,1 per cent of BaO was added to 20%Mg0-20%AL05-30%8i0:-30%Ca0
melts, an increase in the solubility from 1.1 per cent to 4.4 per cent CraOs was observed
in air, Under reducing conditions, for MgO-Si0O; meits saturated with Si02 however, the
Ca0 addition had no effect on the solubility of Mg0.Crz0; at Poz = 2.37x10™" atm. For
20%Mg0-ALO;-8i0:-Ca0 (Cal/SiC: = 1) melis, the solubility decreased with
increasing AkOs content at Pop = 2.73x10° % 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 shg composition, mainly by lowering MpO and ALO:
contents, is recommended to enhance the dissolution of MgO.Cr:0s for promotion the
reduction of chromium ore, and that the strongly reducing condition on smelting
reduction also finctions favourably for the disselution of chrominm ore into molten slags
through the appearance of CrQ.

The relation between chromium and silica content of slag is shown in figures 4.4.18 and
4.4.19. The chromium in siag decreases with increasing 5i0: and the lower the partial
pressure of carbon monoxide, the Jower chromium content in the slags. The influence of
partial pressure of carbon monoxide can be explained by the discussions mentioned
abave. The effect of silica content on the chrominm 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 siudy by Y. Xiao and L. Holappa ! that the activities of both CrO
and CrQOys decrease with an increase of Silica in the slags of $i02-CrOx and Ca0-Si0s-
CrQx and that the CrO percentage of (CrO+CrOns) 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 ', it is found that the chromium content of the SiOx-CrOx slag
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also decreases with the increase of $iQ; content in the slags. By studying the following

reaction:
[C] +{Ct0) = CO +[Cr] 4.4.14)
(Xeo) = Peo{ [acd/[ac] W{{yco)Ka 37} {44.15)
(Si0s) = [Si] + 2[0] (4.4.16)

When silica increases in slags, the equilibrfum silicon contenit also increases in metal
phase. The increase of silicon in the metal, iliustrated in figure 4.4.20, from 0.025 to 0.2
decreases the activity coefficient of chromium in the metal very litde from (.5 to .35
and enhances the activity coefficient of carbon from about 0.4 to 2.0 and causes the
[ac)/{ac] ratio decline dramatically from 4.0 to about (.5, which is one of the reasons
why an increase of the silica concentration in the slag reduees 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 incrense of the silicon in the metal from 0.005 to (.01 in Croxide
crucibles. The chromium content of slags i quite low and stable in silica crucibles ,
which decreases from 0.2 to only (.13 by reole 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 caloulated by using the
equations (4.4.15), (4.4.4) and (4.4.13) and is fllustrated in Ggure 4.4.22, A consistent
result has been achieved in the systern with the metal containing 0,22 mole fraction
chroraium in siliea crucibles at 0.034 atm of the partial pressure of carbon monoxide at
1580°C, ns escalated in figure 4.4.23,
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443, Expressions of Contents of C and Cr in ternary diagrams of Siag’s
Composition

The data from the experiments are the compositions of the slag phase and metal phase in
terms of Al:Os, Cra0s, Fea0s, Si0z, Ca0, Mg, 8 in shag and Cr, Fe, C, Si, § 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 ficedom. A three-dimensional graph can be used
to dlustrate the relationship among three variables in & sysiem with only two freedoms,
To meet the reguirement 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 - :uta treatment,

The phase rule is a very useful tool to analyse the multi-phase equitibria***, 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 namber of
components and R the number of independent restrictions.
The system is comprised of the following:
phases: slag, metal, gas, Cr-oxide cructble/ or silica crucible;
slag:  AlOs, Cr:0s, Fe:0s, Si0z, Ca0, MgO and S

metal: Cr,Fe,C,5iS;
gas: CO
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WhenCis9 and Pis 4,

F=9+2-4-R
=7-R

In order to express all relations among the compositions of both siag and metal in a
temary diagram, F has 1o be 2. Another three independent restrictions must be
introduced to the system except Pco=0.83 atm and T=1500"C. For instance, a control of
sificon content of (.25% by mass in the metal phase; the ratio of AizOs to MgO 1.6 and
Ca0=1.4 in slag could be taken into consideration.

Because Fe:0s changes very little compared with CraQs, only from 04% to 1.0% by
imass, it is taken into account together with Cr2Q; in terms of (Cra0Os+Fez0s), The ratio
of ALOs 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,
199517,

The results achieved in Cr-crucibles at 1500°C and 0.83atm of the partial pressure of
carbon monoxide, are expressed in Si0x-(ALC:+CaO+MgO)-(Cr20s+Fe.0n) ternary
dingrams by means of iso-concentration lines for carbon and chromium it figures 4.4.24
and 4.4.25, Siin metal is 0.21% to 0.29% (0.25% average), S 0.03% to 0.4% and Fe

the balance by mass.

The activity coefficients of carbon, chromivm 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 Si0:-(ALO+CaQ+MgO)-
{Cr205+Fe203) ternary diagrams by means of iso-activity coefficient lines for carbon and
chromium and iso-activity lines for carbon and chromiom in figuee 4.4.26, 4.4.27, 4.4.28
and 4.4.29 respectively,
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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 [om the
experiments of gas-metal equilibrium and 234 slag and metal samples were from 117
successful gas-siag-metal experiments. The experimental results related to the alloys for
toth ferrochrominm alloys containing about 45 to 65 per cent of chromium and stainless
steel containing 15 to 25 per cent of chromium by mass.

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, siticon and chrominm between slag and metal phases
has been investigated at 0.034atm, 0.05atm and {).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 vsed for
the experimentat work. The experimental results have been achieved by using chrornium-
oxide crmcible, 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 chromivm-oxide crucible done by
using SEM-EDAX, X-ray diffiaction 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 figares in the two
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subsections of pas-metal equilibria and gas-slag-metal eguilibria 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 arnong carbon content, silicon content and the partial pressure of carbon
monoxide have been conducted in terms of gas-metal equilibrium. The resuits 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 phasc
increases or when the partial pressure of carbon monoxide increases, the ratio of
(Sil/(8i0q2) decreases. The silicon partition does not decrease since the chromivm
content in the slag phase is higher than 0.2 mole fmction. The squilibrium 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 phas. A high chrominm concentration in the
metal promotes a high effect of both MgO and alumina.

The metal containing higher chn wwium 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 chromimm, which demonstrates an unretnakable effect of MgO on the silicon
patition. The silica content in the slag phase and the partial pressure of carbon
monoxide have little effect on the silicon ratio, except the resolt with the metal of Q.55
chromium at 0.034 atm Pco.

The silicon partition ratio increases with an increase of chrominm 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 Iower partial pressure of carbnn monoxide
when the content of carbon in the metal phase excesses (.14 mole {raction, The affect of
carbon concentration on the silicon partition ratio is scrutinised and discussed by using
the term of the [yc}*/{Ys] ratio.

5.3. Sulphur Distribution between Slag and Metal

The sulphur transfer from metal phase to slag phase increases with Iowering partial
pressure of carbon monoxide, increasing MgO content of the slag phase, decreasing
Si0» content of slag, dwindling AlaOs content of slag , and declining chromium oxides in
the siag phase. When Si0 content is in the range of 0.35 o 0.5 of molar fraction, the
sulphur distribution ratio increases tremendously with reducing partial pressure of
carbon monoxide from 0.83atm to 0.05atm, When Si0O; raises from 0.5 to 0.65, a ower
partial pressure of carbon monoxide favours a lower sulphur partition ratio. With a Iow

261




partial pressure of carbon monoxide, sulphur transfer from metal phase to slag phase
increases by decreasing chromium concentration in the siag phase.

The sulphur transfer from metal phase to slag phase increases by the factors like
increasing cicbon content in the metal; decreasing chromium content of the metal phase;
declining suiphur content in the metal; dwindling silicon content of the metal phase in
the range of (.005 to 0.02 molar fraction; and particalarly 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 (.15 in molar fraction. The
impacts of partial pressure of carbon monoxide, combined with carbon contant of metaf
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
[ys"*/Tys] and [as]**¥s], and the influences of silicon, carbon, chromium and sulphur
on the activity coefficients of sulphur and carbon and on the term of [yslfyc} have been
examined and used to inferpret the experimentat results. 22 fipures are elucidated in this

section.

5.4. Chromium Distribution in Gas-Slag-Meial Equilibria

By contemplating the formula of “ In Leoe = xIn{[%C]/Pco} + Klas “, The slopes of
1.1, 1,10 are acquired from the two series of experiments, conducted at 1500°C in Cr-
oxide crucibles at 0.83atm; and 0.05atm of partinl pressure of catbon monoxide
respectively. A slope of 1.07 is achieved by the experiments conducted at 1580°C in
silica crucibles at 0.034aum of partial pressure of carbon monoxide,
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The results represent that CrO is 75 per cent of the total chromium oxides in the siag
under the at.nosphere 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 0.034atm of partial pressure of carbon monoxide in silica crucible at 1580°C
respectively. A higher percentage of CrQO exists in the slag when a lower partial pressure
. of carbon monoxide is imposed. The percentage of CrO in slag increases with the
incrense of silica concentration in the slag.

The chromium concentration in the :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 prasswe of carbon monoxide, The effect of catbon on the
chromium concentration in the slag is higher when the metal contains lower chrominm,

The chromium concentration in the slag decreases whan 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
‘n the slag, and a further increase of alumina increases the chromiurm content in the skag,
Meanwhile the chromium in the slag only decreases with the increase of aluming when
the metal contains low chromium. The chromivm concentration in slag decreases with
increasing 810 content in the slag when the metal contains high ¢hromium,

The results achieved in Cr-crucibles at 1500°C and 0.83atm of the partial pressure of
carbon monoxide, are expressed in the Si0z-(ALO++CaO+MgO)~-(Cre0s+Fe0a) 1ernary
disgrams by means of ise-concentration lines for carban aud chromivm,. Based upon the
measuring compusitions of alloys in equilibrium with the glag phase, the activity
coefficients and the activities for carbon and chromium in the metal phase are computed
and plotted in the SiOx-(ALOHCaO+MpO)-(CraOa+Fez(Oh) ternary diagrams by means
of iso-nctivity 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

391 0.5478 0.33%96 0.0040 0.0030 0.1056 0.83

39-2 0.5705 0.3521 0.0093 0...16 0.0666 0.50

39-3 0.6013 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 0.65

396 0.5885 0.3558 0.0196 0.0016 0.0343 0.01

39-7 0.6011 0.3473 0.0178 0.0016 0.0322 0.01

398 0.6507 0.3629 04.0160 0.0016 0.0288 0.01

39-9 0.6594 0.3202 0.0188 0.0016 0.0000 0.00

421 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 0.6002 0.0192 0.01

42.4 0.6749 0.2920 0.0170 0.0002 0.0159 0.01

42-5 0.6238 03427 0.0167 0.0002 0.0166 0.01

42-6 0.6293 0.3454 0.0162 0.0002 0.0134 0.01

42-7 0.5563 0.4372 0.0017 0.0002 0.6045 0.01

42.8 0.7237 0.2450 0.0151 0.0002 0.0161 0.01

429 09411 0.0254 0.0242 0.6042 0.0011 0.0t

4210 . .4260 0.5586 0.0093 0.0002 0.6059 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 C.0002 0.0992 0.10

42-14 t 0.6140 0.3244 0.0055 0.6002 0.056" 0.01

42-15 | 0.6670 0.2930 0.0066 0.0002 0.0333 0.05
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Table 7.1. Gas-metal equilibrium data at 1500°C by mole fraction (continue).

Mo. Cr Te Si s C Peo
atm

4216 § 0.6352 0.3160 0.1069 (4.0002 0.0417 0.05

42.17 | 0.6333 0.3184 0.6071 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

4220 1 6.6213 0.0981 0.0430 0.0001 0.2375 0.83

42-21 | 0.6353 0.0470 0.0479 0.0001 0.2497 0.50

42-22 | 0.6978 0516 0.0520 0.0001 0.1985 0.50

42-23 | 0.7821 0.055%0 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 0.6085 0.0001 0.1370 0.83

43-2 0.5855 0.3448 0.0163 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 $.1339 0.0103 0.0001 0.1822 0.10

43-7 0.6204 0.2600 0.0156 0.0002 0.1038 0.10

4310 | 0.6311 0.3215 0.0144 0.0002 0.0328 0.10

43-12 | 0.6371 0.3172 0.0144 0.6002 0.0311 .83

4313 | 0.6294 0.3139 0.0164 0.6002 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 G.0368 0.01

43-16 | 0.6026 0.2693 0.0758 0.0002 0.0522 0.01

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 1.0467 0.50
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Table 7.2. Metal compuosition in mole fraction from gas-slag-metal equilibrivm

data at 1500°C under CO atmesphere in Cr-oxide crucibles

Number Cr Fe Si 5 C

48-1 0.4981 03661 | 00058 | 0.0004 | 01296
48-2 0.4959 03669 | 00054 | 0.0004 | 0.1304
48-3 0.4715 04290 | 0009 | 0.0028 | 0.0877
48-4 0.4029 0.5188 | 0.0066 | 00017 | 0070
48-5 0.2852 0.6773 | 00052 | 00017 | 0.0306
48-11 0.5305 03128 | 0.0057 | 00035 | 01475
48-12 0.2096 0623 | 00169 | 00035 | 01470
48-13 0.4295 04574 | 00065 | 00037 | 0102
49-1 0.4257 04778 | 00057 | 00021 | 0.0886
49-2 0.4676 04427 | 00044 | 00023 | 0.0829
49-3 0.5532 03499 | 00037 | 00016 | 0.0915
49-4 02102 07625 | 00039 | 0.0039 | 00194
49-5 0.4726 05040 | 00053 | 00026 | 0.0154
49-6 0.5526 03523 | 20037 | 00012 | 0.0903
49-11 0.5934 02411 | w038 | 00043 | 01574
4912 0.6666 03300 | Mt | 00049 | 0.0539
49-13 0.6004 03sss ' ez | oovar | 00362
49-14 0.3693 05245 | vondr | 00047 | 0.0767
49-15 0.5519 02705 | 0.0106 | 00025 | ul6d5
49-16 0.6240 03430 | 0.0050 | 00050 | 0.0230
49-17 0.5740 04000 | 00040 | 00040 | 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 of Peo in Cr-oxic-: crucibles.

Number Cr Fe Si ) C
521 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
525 0.4734 0.3(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
5211 0.4720 0.3368 0.0036 0.0009 0.1871
52-12 0.1945 0.5801 0.0156 0.0013 0.2084
52-13 0.45%0) 0.4040 0.0049 0.0006 0.1322
52.14 0.2800 0.4980 0.6045 0.0005 02170
52-15 0.4544 0.4066 0.0047 0.0006 0.1337
52.17 0.33%0 0.4400 0.0045 0.0006 0.1767
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Table 7.4. Metal composition in mole fraction from the gas-siag-metal equilibrinm
duta at 0.034atm of Pco and 1580°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 (.0867 0.0023 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
874 0.5528 0.1992 0.0234 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
87-11 0.5260 0.2148 0.0243 0.0013 0.2336
5712 0.5686 0.2230 0.0546 0.0041 0.1497
5713 0.5524 0.3211 0.1000 0.0855 0.0210
57-14 0.5397 0.2296 0.0294 0.0028 0.1985
57-18 0.5717 0.2518 0.0757 0.0038 0.0570
57-16 0.5380 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 compogition in mole fraction from the gas-siag-metal eguilibrium
data at (.034atm of Pco and 1580°C in silica crucibles. (continue)

Number | Cr Fe si 5 c
s7-21 05047 | 02213 | 00358 | 00018 | 0.2364
5722 05282 | 02367 | 0.0249 | 00032 | 0.2069
5723 05492 | 02827 | 00296 | 0.0032 | 0.1354
5724 05379 | 03308 | 0.07%5 | 00047 | 0.0502
57-25 05485 | 03570 | 00830 | 00043 | 0.0072
57.26 M5500 | 02319 | 0.2537 | 0.0028 | 0.1935
5731 05536 | 02470 | 0.0269 | 0.0044 | 01681
5732 05085 | 02445 | 00204 | 0.0022 | 02245
57.33 05088 | 02438 | 00205 | 00022 | 0.2246
57-34 05455 | 02728 | 0.0208 | 00025 | 0.1584
57-35 05172 | 03494 | 00447 | 00023 | 0.0864
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Table 7.5. Metal composition in mole fraction from the gas-slag-metal equilibrivm
data relevant to stainiess steel at 0.034atm of Peo and 1580°C in sii ¢ ¢;mcibles,

Number Cr Fe Si S _C
482 0.0880 0.9013 0.0073 00020 ris
485 0.0270 0.9554 0.0054 dond2 k
531 0.1377 0.6973 0.0268 00004 el

532 01132 0.7378 0.0305 0.0012 LIV |
53.3 0.104% 0.7781 0.0115 0.0013 oags1 i
53-4 0.1170 0.7669 0.6075 0.0031 0.1055
53-5 0.1076 0.5149 0,0078 0.0033 0.0665
536 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 0.0112 0.0042 0.0678
53-12 0.1231 0.8017 0.065 0.0038 0.0649
53-13 0.0917 0.8737 0.0039 0.0052 0.0256
53-14 0.0540 0.9074 0.0039 0.007¢ 0.0277
53-15 0.1303 0.8459 0.0039 0.0070 0.0128
53-16 0.0939 0.8769 0.0039 0.0052 0.0201
5317 0.0919 0.8670 0.0038 0.0045 0.0333
53-19 0.0440 0.9261 00039 00061 0.0199
53.21 0.0610 0.8770 0.0037 0.0046 0.0537

78




Table 7.5. ~ al composition in rmole fraction from the gag-slag-metal equilibrium
data releva.:: fo stainess steel at 0.034atm nf Pco and 1580°C in silica

crucibles,(conunue).

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 0.1668 0.7496 0.0220 0.0063 $.0554
56-5 0.0816 0.8814 0.0087 0.0060 0.0223
56-6 0.1575 0.7331 0.0286 0.0031 9.0777
56-13 0.1777 0.8061 0.0066 0.6002 0.0094
56-14 0.1704 0.7978 0.0169 0,0014 0.0135
56-15 0.1769 0.7976 0.0079 0.0012 0.0i63
56-16 0.1713 0.7047 0.0319 0.0016 0.0905
56-21 0.1556 0.8250 0.0038 00020 0.0136
56-22 0.1609 0.7585 0.0256 0.0044 0.0507
56-23 0.1724 0.6762 0.0304 0.0005 0.1205
56-24 0.1888 0.7125 0.0209 0.0044 0.0733
56-25 0.1660 0.7328 0.2018 0.0051 0.0069
56-26 0.1983 0.6494 0.0097 0.0071 0.0905
So-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 0.6067 0.0751
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Table 7.6. Slag composition from gas-slag-metal equilibrium data at 1500°C

under CO atmosphere in Cr-oxide erucibles in mole fraction.

Number AlLO; Ca0 MgO §i0; Cr Fe §

48-1 0.0222 ; 0.0193 | 0.1993 | 0.4694 | 0.1864 | 0.0032 | 0.0002
82 0.1129 | 0.015% | 0.1846 | 0.4320 | 0.253¢ | 0.0030 | 0.0005
48-3 0.1272 | 00191 | 0.2236 | 0.4578 | 0.1653 | 0.007% | 0.0010
48-4 0.1219 | 0.0192 | 01860 | 0.4554 | 0.2117 | 0.0052 | 0.0006
48.5 0.1191 | 0,032 | 0.i852 { 0.4300 | 0.2448 | 0.6073 | 0.0004
48-1%1 0.1212 | 60191 | 0.1851 § 0.8552 | 0.1149 | 0.0025 | 0.0020
48.12 0.0997 | 00125 ) 01745 | 06420 | 0.0623 | 00087 | 0.0002
48-13 0.1130 | 0.0133 | 0.1795 | 0.3656 | 0.3124 | 0.61d6 | 06.0017
49-1 0.113% | 00143 | 0.1678 | 0.4664 ¢ 0.2289 | 0.0073 | 0.00069
49-2 0.0824 | 0.0082 | 01166 | 04708 ] 03135 | 0.0059 | NOO1ID
49-3 0.0760 | 0.0089 | 01209 | 0.5138 | 0.2737 | 04051 | 0.0017
494 6.0760 | 0.0075 { 0.1009 | 0.5083 | 0.2137 | 60983 | 0.0012
49-5 0.0424 | 0.0038 | 00615 | 0.5233 | 0.349Y | O.6171 | 0.0619
49-6 00766 | 0.0009 | 0,1208 | 0.5137 | L2737 | 0.0054 | L0017
49-11 03395 | 0.0095 | 0,1308 | 0.3127 | 0.1960 | 0.0108 | 0.0007
49-12 0.2236 1 0.0045 | 0.0495 § 0.1207 | 0.5723  0,0289 | 0.0005
49-13 02443 | 00047 | 00646 | 02811 | 0.4232 | 0.0111 { 0.0010
49-14 O.1577 | 0.0043 | 0.0472 | 0.3107 | 0.4678 | 00095 | 0.0027
49-15 040658 | 0.0095 | 0.1298 | 9.6036 | 0.1700 | 00206 | 0.0117
49-16 00914 § 00080 | .I310 | 0.3320 | 0.3460 | 0.0900 | 0.0006
49-17 0.0700 { 00070 | 0,I010 | 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 0.05atm of Pco in Cr-oxide crucibles in mole fraction,

Number Alz0s | CaO MzO 510: Cr Fe 5

52-1 0.2165 | 0.0107 | 02087 | 4.4806 | 0.16383 | 0.003G | 0.0004
52-2 0.1276 | 0.0168 | 0.2120 | 0.4610 | 0.1789 | 6.6032 | 0.0004
52-3 0.1161 | 0.0141 | 01910 | 0.3763 | 02959 | 0.0061 | 0.0006
52-4 01348 | 90201 | 0.2385 | 0.5041 | 0.1030 | 0,0057 | 0.0002
52-5 01179 | 00188 | 0.1782 | 0.5059 ) 01745 | 0.0038 | 0.0008
52-6 0.1329 | 0.0196 | 02333 | 0.4884 | 0.I152 | 0.0035 | 0.0008
52-9 0.0964 ] 0.0163 | 0.1632 | 0.6354 | 0.0706 | 0.0177 | 0.0004
§2-11 0.0852 | 0.0120 | 0.1504 | {.6543 | 0.0917 | 0.005¢ | 00006
52-12 0.1006 | 0.0152 | 0.1744 | 0.6424 | 0,0585 | 0.0087 | (L0002
52-13 04115 | 0.0140 | 01829 | 0.3705 | 0.3051 | 0.0145 | 0.0017
£2-14 0.1350 | 0,0220 | 0.33%0 | 0.4G80 | 0.0830 | 0.0100 | 0.0017
52-15 0.1225 3 0,0210 | 0.1911 | 05198 | 0.1337 [ 0.0115 | 0,0003
52.16 0.1940 | 40240 | 0.4270 | 0.6366 | 0.1500 | 4.0060 | 0.0013
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Table 7.8. Slag composition from gas-slag-metal equilibrium data at 1580°C

at 0,034atm of Pco in silica-oxide crucibles in inole fraction.

Number AlO; | CaQ MgzO 8i0: Cr Fe )

533 00759 | 0.0128 | 0.1020 | 0.5643 | 0.1931 00307 0.0013
57-1 0.1314 { 00164 | 0.0954 | 0.6129 ) 0,170 | 00056 | 0,0013
57-2 0.088%8 | 0.0088 | 0.0790  0.5631 | 0.1314 0.1222 0.4468
57-3 0,1158 | 0.0127 | 0.1443 | 0.6352 | 0.0867 6.0052 0.0002
574 0.1136 | 0.0138 | 0.1538 | 0.5984 | 0.1142 | 0.0855 | 0.0006
57-5 0.1159 | 0.0134 | 0.1478 | 06018 | 0.1159 | 0.0046 | 0.0006
57-6 0.1353 | 0.0090 ; 0.1140 | 0.7213 | 0.009% 0.0094 6.0012
57-11 0.143% | 0.0109 | 0.175L | 0.5983 | 00677 | 0.0042 | 0.0004
§57-12 06,1108 | 6.0120 | 01204 | 0.6397 [ 0.1121 0.0045 a,0008
57-13 4.1214 | 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 | 01644 | 0.5632 | 0.J228 0.0639 0.0006
57-16 0.1314 | 0.0089 | G.1464 | 0.5877 | 0.1216 0.0037 90004
57-17 0.1231 | 0.0084 | 0.1231 | 0.6235 | 0.1166 | 00049 | 0,0004
57-18 01250 | 00090 | 0.1283 | 0.6080 | 0.1250 0.0039 0.6008
57-21 0.0975 | 0,0085 | 0.1739 | 0.6167 | 0.0974 0.0051 0.6010
5722 0.9620 | 00086 | 0.1855 | 4.58G0 | 0.1182 00044 | 0.0012
57-23 00923 | 0.0082 | 0.1576 | 0.6080 | 0.1280 6.0050 0.0008
57-24 0.0911 | 00070 | 0.1122 | 0.6425 | 0.1417 1.0045 0.0010
57-25 0.0880 | 0.0067 | 0.1285 | 0.5892 | 0.1825 0.0042 0.0008
57-26 0.0754 [ 0.0032 | 4.160% | 0.6138 | 0,1421 0.0050 0.0012
§7-31 0.0748 | 0.003] | 01§96 | 0.5762 | 0.1696 | 0.0053 | 0.0014
57-32 00717 | 0.0022 | 0.1549 | 0.5662 | 0.1961 0.0069 0.0012
57-33 0.0918 | 00077 | 0.1654 | 0.6177 | 0.1107 0.0054 1.40412
57-34 00732 | 0.0033 | 0.1634 | 85759 | 01772 | 0.0058 [ 0.0012
§7-35 00748 | 0.0032 | 0.148% | 0.5783 | (,1885 | O0.0058 | 0.0004
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Table 7.9. Slag composition from gas-slag-metal equilibrium data at 1580°C
at 0.034atm of Pco in silica-oxide crncibles relevant fo stainless-steel in mass per
cent (%).

Number | ALOy | CaO | Mg0 | SIO; Cr Fe s
53-1 01393 | 10171 | 02181 | 0.6054 | 00165 | 0.0034 | 0.0004
53-2 0.1303 | 0.0147 0.1812 0.6432 0.0189 11055 0.0003
533 01294 | 0.0159 0.1886 1.6105 0.4470 0.0083 0.40004
53.4 01243 | 0.0144 | 01785 | 0.6063 | 0.0661 | 0.0099 | 0.0005
53.5 0.1176 | 0.0132 0.1528 0.6678 0,0937 0.0145 10005
53-6 0,1127 | 0.0122 6.1388 0.5896 01254 0.0207 0.0006
537 01056 | 0.0116 | 012217 | 0.5897 | 0.1493 | 0.0213 | 0.0009
53-11 900945 | 0.0112 0.1363 0.6570 0.0804 040201 0.0006
5312 040966 | 0.6112 01375 0.6640 00772 0.0131 0.0004
§3-13 0.0848 | 0.0098 | 0.1182 | 0.6169 | 0.1465 | 0.0233 | 0.0005
53-14 0.080_7 00077 0.0761 0.6319 L.1634 0.0394 20007
. 53-15 0.0725 | 0.0086 1036 #.5104 0.2506 0.0551 0.0012
53.16 9.0813 1| 0.0096 0.1217 0.5641 0.19246 0.029¢ 0.0007
53.17 00911 | 00100 0,1172 0.6598 0.1023 0.021 0.0005
5319 0.1383 | 0.0076 0.1668 0.6057 0.0588 0.0222 0.4005
5321 01495 | 0.0082 | 01722 | 06109 | 0.0420 | 0.0066 | 0.0005
56-1 0.1415 | 0.0089 0.1574 0.6170 0.0677 00073 60002
56-2 0.1493 | 0.0095 91804 0.5191 0,0523 4.0093 .02
56-3 0.1429 | 0.0110 0'1843.., J !1.5477 0.1050 0.0086 0.0004
56-4 02,1390 | 0.0087 0.1570 - _!:'.ulll’? 00775 0.0067 0.0004
56-5 0.1272 | 0.0079 *1x I 06055 0,1014 3.0205 0.0004
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Table 7.9. Slag composition from gas-slag-metal equilibrium data at 1580°C

at 0.034atm of Peo in silica-oxide crucibles relevant to stainless-steel by mass per

cent (continue),
Number Al O5 CaO MgO Si0: Cr Fe S
56-6 0.1551 { 0.0107 | 0.2414 ] 0.5968 | 0.0289 | 0.0067 | £.0004
£6-13 0.0842 ! 0.0030 | 0.0092 | 0.6627 | 0.2207 [ 0.0198 | 0.0004
5614 00791 | 00028 | 0.0018 | 0.7182 | 0.1801 | 0.0177 | 0.0004
56-15 0.0839 | 0.0028 | 0.0017 | 0.7156 ﬂ.1763 0.0187 | 0.0004
56-16 0.0831 | 0.0027 | 0.0017 | 0.6630 | 02299 | 0.0189 | 0.0006
56-21 0.1411 | 00091 ] 0.i518 | 06324 | 0.0592 | 0060 | 0.0004
5622 0.1520 § 0.009% | 0.1805 | 0.5930 | 0.0509 | 0.0135 | 0.0002
56-23 0,1589 | 0.0105 | 02083 | 0.6009 | 0.0243 | 0.0044 0.0006
56-24 01532 | 0.0105 | 90,2015 | 9.566% | 0.0621 0.0062 0.0004
56-25 0.1375 | 0.0087 | 01436 | 06370 | 0.0721 6.0007 0004
56-26 0.1452 7 0.0806 ! 6.1843 | 0.8515 | 0.1014 | 0.0068 0002
56-27 0.1384 | 0.0093 | 01530 | 0.5908 | 0.064% | 0.0430 | 0.0006
56-28 0.1428 | 0.0107 | %1742 | 0.5512 | 0.1121 | 0.0087 j 0.0004
56-29 0.1438 | 00108 | 0.2025 | 0.4549 : 0.1802 | D.0074 | 0.0004

285




Table 7.10. Relations between Xc and [ycd, [ycl, lac/{ac] and (aco) with

metals of C-0.45Cr-Fe-0.001S-0.0058i in mole fraction at 1550°C,

Xc Iyeel Iyl [aceMeac] (acro) {acro}
0.634Pco 0.05Pco

0,025 0.7997 0.0752 191.42 0.4552 0.66%4
0.050 0,7380 0.0976 68.69 0.1633 0.2402
0.075 4.6769 0.1261 32,21 0.0766 01126
0.100 0.6171 0.1667 16.66 0.0396 {16583
0.125 0.55%0 0.2235 92.01 0.0214 0.0314
0.150 0.5033 0.3039 4.97 9.0118 0.0173
R175 0.4504 0.4190 2.76 0,0066 06.0097
62040 0.4006 06.5859 1.53 6.0036 0.0054 N
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Table 7.11. Relations between Xer and [yed, [vcl, [acWac] and (aco) with

metals of 0.15C-Cr-Fe-0,0018-0.0055i in mole fraction at 1550°C.

Xer Yol Ive) [acelac] {ncro) {(acro) {ac:o)
0.034Pce 0,05Pco 0.83Pco
o025 03007 2.2356 0.0231 2.5E-5 8.1E-5 L3E-3
0.050 4.3091 1.9902 0.0534 1L3E-] 1.9E-4 3.1E-3
0.075 0,3287 1.7716 009928 22E-4 3.2E-4 54E-3
0.100 0.3286 1.5767 0.1389 33E-4 4.95-4 8.1E-3
0125 0.3485 1.4031 0.2070 4.9E-4 7.2E-4 12E-3
150 0.3583 1.2484 0.2874 6.8E-4 1153 16.8E-3
9.175 0.3694. 1.1106 0.3880 9.2E-4 14E-3 22.5E-3
0.200 0.3809 0.9879 0.5241 1.2E.3 1.8E-3 29.8E-3
0.300 §.4261 1.6175 13801 33E3 4.8E-3 80.2E.3
0.400 0.4764 0.3851 32989 7.8LE-3 1.2E-2 6,1910
o500 0.5315 0.2396 7.3943 1.76E-2 2.6E-2 44290
0.600 0.5915 01488 159005 3.78E-2 5.65-2 4.9230
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Table 7.13. Relations between (aco)(aco1s) and mole fraction of C, Cr, 8, 8i at
0.034atm of Pco at 1550°C. The metals contain 0,15C-0.45Cr-0.0015-0.0055i-Fe,

X (acroM{acrors) (acco){acro1} {accoM(Bcons) {acrol(acro1s)
X=C X=Cr X=5 X=8

D025 116692 8.9374 3.5604 3.6315
0.05¢ 1.0732 - 8.4326 3.8590 4,1005
0,075 1.5009 7.9650 4.1833 46305
0.100 1.9927 7.5056 4,.5346 5,2284
1.125 2.5796 7.0804 49183 5.9040
0.150 3.2952 6.6787 53279 6.6666
0.175 41792 6,2993 5.7752 7.5280
0.200 52832 59411 6.2600 8.5005
0.300 _ 4.6971 13.8200
0.400 37094

0.500 2,9259

1.600 2.3058

289

e



‘Table 7.14. Relations between (aco)/{acons) and mole fraction of C, Cr, §, Si at
0.05atm of Pco at 1550°C. The metals contain 0.15C-0,45Cr-0,0018-0.0058i-Fe,

X (zero)(acrons) (acra)(acvors) {acroM{acro1s} (acrol(acrons)
X=C X=Cr X=5 X=8i

0.025 0.5510 7.3699 2.9360 2.9946
0.050 0.8849 6.9537 3.1822 3.3814
0.075 1.2377 6.5607 34496 3.8184
0.100 1.6433 6.1893 3713932 4.3115
0125 21272 58386 4.0532 4.8686
0,150 27273 5.5073 4.3935 54974
0.175 3.4462 5.1945 4.7624 6.2077
0.200 4.3566 14,8992 51621 7.ﬁ097
0.300 31,8733 11.3962
0401 3.0588

0.500 24127

0.600 1.9014
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Table 7.15. Relations between (aco){anons) and mole fraction of C, Cr, S, Si
under CO atmosphere at 1550°C. The metals contain 0.15C-0.45Cr-0.001S-

0.0055i-Fe.
X {Acro}iacrons) (acra){ncrors) {(acro)(ccors) (acro){acions)

X=C X=Cr X=8 X =51
0.025 0.1345 1.7969 0.7159 0.7230
4,050 02172 1.6954 0.7759 0.8244
0.675 0.3038 1.5996 1.8411 0.9318
0,100 0.4033 1.5091 0.9117 1.0542
0,125 0.5221 1.4236 0.9883 1.1870
4,150 0.6669 1.3428 1.0712 1.3404
8,175 08459 1.2665 1.1611 ];.5136
n200 1.0693 1.1945 1.2586 1,7091
0,300 0.9444 2.7786
0.400 0.7458
0.500 0.5833
0.600 0.4636
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