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ABSTRACT

The role of chromite dissolution in the smelting of
fe1":rochromiumw'as investigated with the object of improving
the throughput and chromium recovery of the process. The
solubility of a typical Transvaal chromite in silicate slags
with cao/si02 ratios from 0,03 to 0,55 at 1550·C and 1650·C was
determined. Synthetic slags were melted in porous chromite
crucibles and the slag u.nderwent repeated reactions with the
chromite grains as it penetra'ted the crucible wall. Finally
the slag came into equilibrium with -''the ,original chromite
towards the outer part of the crucible wall. Microprobe
analysis of this slag yielded the maxi111umor saturated
solubilities of the chromite constituents in the slag.

The solubility of cr203 was found to be low (-1 per cent) while
the r.tmaining components' solubilities (A1203 -16 per cent,
FeO)T ....12 per cent and MgO-8 per cent) were significantly
higher. CaO/Sio2 ratios greater than 0,1 lowered the
solubility of MgOsignificantly (e.g. from 14,1 per cent to
5,8 per cent at 1650·C).

The complete dissolution of this chromite in these slags
requires the slag to contain less than the solubili.ty limits
of each of these species simultaneously. It was recommended
that the best way to achieve this in practice would be a
well-stirred slag bath containing suspended carbon particles,
in which a cao/Sio2 ratio of less -than 0,1 was maintained.
:Further work to investigate the effect of slag composition
(including Na20 and CaF2) on the kinetics of chromite :ceduction
in such a system was recommended.



To my wife, Clair~



ACKNOWLEDGEMEf.lTS

The financial support provided by the Council for Mineral
Technology (Mintek) is gratefully acknowJ.edl)ed as is the
pe;!:"mission of Mintek to publish this dissertation.

"

The assistance provided by the Mineralogy and 1\.nalytical
Science Divisions at Mintek in cmalysing the samples and the.
provision of facilities and equipment by the pyrometallurgy
Division at Mintek i,s gratefully acknowledged.



contents

1 INTRODUCTION 0 0 0 o. · 0 o· · · · · · · · · 1
1.1 The Submerged-arc FurnaCe · 0 · 0 · · 3

1.2 New Processes · 0 0 4
2 CHROMITE SMELTING · · · · · · 5

2.1 Chromite Composition and structure 6
2.2 Reduction Reactions · · 9
2.3 Reduction Mechanism · · · · 13
2.4 Chromite dissolution 0 · , . · 16

3 EXPERIMENTAL PLANNING · · · · · · 19
3.1 objectives and Scope · 19
3.2 prior Work · · · · · · • · 20 .)
3.3 Design of Experiments · · · · · · · · 22

4 EXPERIMENTAL WORK · · · · · · · · · · 26
4.1 Preparation of Materials · · · · 26

4.1.1 Chromite crucibles 26
4.1. 2 Master slags 32

4.2 Description of Apparatus · · • 36
4.3 Experimental Method · · · · · · 38

5 RESULTS . . . · • o · · 43
6 DISCUSSION · · · 50

6.1. The Porous Crucible Technique · · · · 50
6.2 °rheEffects of Temperature and CaO/si02

Ratio · · · · · 0 · 57

6.3 Implications for Chromite Smelting 62

7 CONCLUSIONS . 0 · 0 0 0 65

8 RECOMMENDATIONS " · · · 0 · 0 0 · · 67

i



contents (continued)
9. APPENDICIES

APPENDIX 1.
69

Calculation of I-.heactivities of
various chromium oxide compounds in
equilibrium with Fe-Cr-C and Fel-Cr-Si
alloys 69

APPENDIX 2.
Details of the experimental equipment 73

Figure A-l.
Schematic diagram of the vertical tube
furnace facility 76

Figure A-2.
Location of the crucible in the furnace 77
Figure 1\.-3.
Resistivity of molybdenum 78

"Figure A-4.
Molybdenum heating element, winding pattern 79

APPENDIX 3.
Calibration of reference thermocouple 80
Figure A-5.
comparison of calibrated thermocouple w·.ith
American National standard data 83 .J

APPENDIX 4.
Details of the experimental test runs
Table A-l - Details of test runs at 1550·C
Table A-2 - Details of test runs at 1650°C

85

88

88
APPENDIX 5.

Detailed results of micro-analyses 89

Table A-3. Detailed results of
microanalyses for each run 90

10510. REFERENCES



Tables

Table 1: composition of chromite ores, 'after
Healy12 . . . . . . . . . .. . 7

Table 2: Equilibrium activities of Cr203t CrO and
MgCr204 in slags in contact with Fe-Cr-C
alloys . . . r • • • • • • • • • 12

Table 3: Equilibrium activities of "cr203~CrO and
MgCr204 in slags in contact with Fe-cr-Si
alloys • I' • • . ., . . 13

Table 4: Effect·of dissolution on chromite
oomposLt.Lon after Roos36 (:mass%) 23

Table 5: winterveld chromite fractions after gangue
removal 28

Table 6: l?aranletersused in the preparation of
chromite crucibles 31

Table 7: composition of chromite and a sintered
chromite crucible 32

Table 8: Paz't.LcLe size distribution of the
chromite 32

Table 9: Preparation of master slags 34

Table 10: Chemical analyses of master slags . 36

Table 11: Summary of final test runs 43

Table 12: Si9'llificanceof the conce.rt ra'tLon
gradients measured in Chi.omite grains from
the outer part of the crucible wall . . 47

Table 13: Effect of slag on chromite composition at
equilibrium . . . • .. • • • CI • • • e • 49



Table 14~ chxomdce saturated slag"compositions 50
Table 15: comparison cf initial and final slag

compositions r.J" ••• - •• 56
Table 16: compositions of the edges of chromite

grains from the crucible inner wall . . 56
Table 1'1:Activity coefficien'c.sof MgO, A~ 031 (FeO)r

and Cr2~ in chromite saturated slags. 62

.'

.)



Figures

Figure 1~ Schematic arrangements of chromite
smelting furnaces • • . •

Figure 2: Smelting reduction mechanism aft,er
Ful<:agawaand Shimoda33 15

Figu:r:e3: Poss'tble concentration gradients of Cr203
in a chromite-slag-metal-:,carbon system .18

Figure 4: Chromite crucible ..•• • e • e 29
Figure 5: 100 kVA graphite crucible plaE!ma

furnace 34

Figure 6: Composition of the master slags as the
pseudeo-ternary (Si02 + CaO) -MgO--Alz03

Figure 7: Schematic arrangement of vertical tube
furnace .

.36 ;)

37

Figure 8: Arrangement of crucible and
thermocouple 39

Figure 9: Typical appearance of chromite grains near
the inner and outer surfaces of the
crucible wall after slag contact 44

Figure 10: comparison of the Cao/SiOz ratios of the
master and equilibrium slags . • . • . 51

Figure 11: Composition of elags .inequilibrium with
chromite at 1550 ·C . . . . . . . . . 52

Figure 12: Composition of slags in equilibrium with
chromite at 1650 ·C . . . . ';' . . . . 53



LIST OF SYMBOLS .
Units

Activity of species i (mole fraction
relative to pure species at system
temperatures)
Molar concentration of crZo3 at slag-
metal interface
Molar concentration of Cr203 in bulk
slags
saturation molar concent~ation of
Cr203

mole.m-3

i (g)

i(l]'
i(8)

Denotes gaseo1:;sspecies i
Denotes liquid species i

.'
Denotes solid species i

(i)

Denotes species i dissolved in liquid
metal phase .
Denotes species i dissolved in liquid
slag phase
Denotes species i dissolved in solid
solution

i

[i)

Mass transfer coefficient
(FeOh Denotes total iron expressed as FeO mass %

Molar flux of crZo3 at the slag-
metal interface
Partial pressure of species i atmospheres

cal.mole-'.K"'R Gas constant
T Temperature
K·J , Equilibrium constant for reaction j

Mole fraction of species i
Activity coefficient of species i
Activity coefficient of species i
at infinite dilution

AG~
J

Standard free energy change for
reaction j cal.mole-'



Change in sample mass as a
percentage of initial mass

llT Maximum-minimum temperatures
recorded

e~
I Interaction coefficient of species k on

species i in dilute iron solution
i% Concentration of species i

Phase
Angstrom

cf. Compare

DC

mass %

/J

\\



LIST OF CHEM1CAL EOUATIONS

Page

1- FeOx (s) + xC(s) = Fe(l) + xCO(g) 9

2. cr203(s) + 3C(s) = 2Cr(l) + 3CO(g) 9

3. Fe304(s) + 4C(s) = 3Fe(l) + 4CO(g) 9

4. Fecr204 (s) + 4C(s) = 2Cr(1) + Fe(l) + 4CO(g) 9

5. MgCr204(s) + 3C(s) = 2Cr(1) + MgO(S) + 3CO(g) 9

6. (ero) + C = Cr + CO(g) 11-
7. C + j02 (g) = CO(g) 11

8. (cr203) + si = (Si02) + <.~rO) + Cr 16

9. 2 (CrO) + si = (Si02) + 2Cr 16

10. (Cr203) + Cr = 3{CrO) 17

1.1. 1,5Si + (CrZ03) ; = 2Cr + 1,5 (si02) 71

12. 0,5Si + (CrO) - Cr + 0,5 (SiOz) 71

130 1,5Si + [MgcrZ04J = 2Cr + (MgO) + 1,5(Si02) 71.

14. --;1 + °2(g) = (sioz) 71



1 INTRODUCTION

stainless steels have become widely accepted materials in both
the industrial and the consumer markets since their discovery
in 1912'. The world-wide consumption of stainless sceeL has
grown at more than 3 per cent per annum since 1960 when
large-scale production methods became available2•

Ferrochromium is an intermediate alloy used for the production
of stainless steel and is the ultimate source of all the
chromium contained in the final steel (typically 18 per cent
chromium). Ferrochromium is, in turn, produced from chromite,
the only commercially significant chromium ore. The majority
of the ferrochromium produced is designated hig-h-carbon
ferrochromium and contains typically 6 to a per cent carbon
and 50 to 65 per cent chromium.

The production of this alloy is usually carried out in
submerged-arc electric smelting furnaces3 from chromite, a
carbonaceous reducing agent and flux'9s. '1'heuse of plasma
furnace technology for this purpose has recently become an
industrial reality4 and several new processes, based on
pneumatic steel :making technology in a converter, are under
developments. All these processes yield liquid slag and liquid
high-carbon ferrochromium together with carbon monoxide gas as
the major reaction products and are energy-intensive processes
because of the high t~mperatures of the liquid produots
(>i650 0 C) and the strongly. endothermic reduction reactions.
The processes differ , hcweve.r, in the manner in which the
energy and feed materials are introduced into the reaotion
zone (see Figure 1) and a brief description of the maj or
featureS of these units is necessary here to define the role
of chromite dissolution in ferrochromium production.
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1.1 The Submerged-arc Furnace

This furnace usually consists of a carbon-lined circular st:eel

Shell containing three vertical graphi,te electrodes submerged

in a burden of solid raw material. Alternating current

electric power supplied to the electrodes creates a high

temperature smelting zone beneath the tips of the electrodes

into which raw materials fall and away from which molten slag

and metal run to collect in the hearth. The off-gases pass

upwards through the, permeable burden of raw material which is

thereby pre-heated. The slag and metal are removed

intermittently from the hearth by 'tapping the furnace while a

choke-type feed system maintains a constant level of raw

materials around the electrodes.

An examination of; the discard slags from submerged-arc

fUrnaces at three different ferro-alloy plants by Oosthuyzen

and Vilj oen6 has shown that when pre-reduced chromite pellets

are used as the feed material the total chromium content (1.e.

oxides plus nletallios expressed as chromium) of the slag was

as low as 4,4 per cent while, when briguetted chromite or

unagglomerated chromi.te fines were used, the slag contained

between 14,6 per cent and 16,5 per cent chromium. SOUUl

African reserves of ehromite are extensive7 (81 per cent of

world reserves) but over 70 per cent of these ores are friable7

and only a relatively small proportion of South Africa's

pr'oduobi.on capac LEy uses the pelletized pre-reduction of

chromite route7• The loss of chromium to the discard slag is,

therefore, a significant factor in the production of

ferroehromium from Transvaal chromites in South Africa. The

high chromium corrcent.s of discard slags (14,'6 to 16,5 per

cent) results in a low recove:r.y of the input chromium to the

ferro chromium alloy, typically ;tess.' than 75 per cent.

- 3 -



Oosthuyzen and Viljoen6 also dei:ermined t.hat more than 60 per

cent of the chromium present in the high chromium cont€:nt

discard slags was 'contained in undissolved and partly altered

chromite particles'. It was also found that the s~agr sample

with a low chromium content (4,4 per cent) had virttlally no

undissolved and partly altered chromite particles present.

The presence of undissolved chromite particles in the slags

from submerged-arc furnaces is therefore associated with poor

chromium recoveries and an understanding of the mechan Lsm of

the dissolution process may well be of importance.

1.2 New Processes

The South African plasma smelting process for chromi t.e4 uses a

refractory-lined steel shell with a single graphite electrode

located centrally. '.An electrically conduct Lve hearth is useCl

to complete a dired: current path consisting of thE~graphite

electrode, the plasma arc, the molten bath of slag and metal

and the furnace heaz+h (see Figure 1). The process is an

open-bath type and no burden of solid raw matiez'LaL exists

,)

above the molten bath" The requirements for a en.lffichmtly

permeable burden, to ,allow the release of ·the reaction gases,

falls away thereby allowiug the direct USl~ of chz'omd t.e are

fines. The pilot-scalle testwork by Barcza, et a1.8 showed that

slags with low levels of chromium « 3 per cent) could be

produced despite the unagglomerated nature of tha chromite.

I~ was found, hoWever, that in cases where poor recoveries of

chromium to the metal were obtained, that the slag contained

large numbers of undissol ved and partly aLtered chromi·te

particles.

The new processes based on a converter5,9,10 utilize coal

oxygen combustion - to provide the energy and solids injection

...4 -



technology to introduce var:i.ous combinations of chromite/
coke/coal/fluxes into the metal bath and/or top charging
chromite/coke/fluxes as well as using an oxygen top lance10

(see Figure 1).. There is again no solid burden present above
the molten slag/metal bath and final slags with low chromium
contents are attainable «1 per cent chromium) 5 • The form of
the chromium in the slag was reported9 as consisting primarily
of oxides of chromium in solid particles when~ver the total
chromium content of the slag exceeds 4 pet'cent.

The dissolution rate of the chromite and the solubility of
chromium in the slag vlere considered by Enolcido, et ah9 as
controlling the reaction rate as long:'as chromite particles
rema:Lned suspended in the slag.

The two new types .of processes for ferrochromiuro production
both introduce the chromite directly into a molten slag/metal
bath and virtually all the chromium lost to the slag above the
3 to 4 per cent total chromium content level consd.sced of
undissol ved ohz omd.tieparticles. This form of los~ also
occurred in the submerged-arc furnace practice. The
dissolution of chromite therefore appears likely to play a
significant role in the reduction of chromite to ferrochromium
Whenever a liquid slag forms part of the smelting process. An
examination of the current status of knowledge on the smelting
of chromite is therefore presented in the following section.

2 CHROMITE SMELTING

The carbothermic smelting of chromite is carried out3 by the
addition of fluxes and reducing agents (typically quartz,
dolomite, limestone, serpentine, char and coke) to form
silicate slags and ferrochromium. The final slags formed, if

- 5 -



good recoveries of chromium are aohLeved contain less than 3

per cent by mass of cr203 +"'FeO/ and can then be adequately

described by the system Sio2-cao-Mgo-AI203 for which well

established phase diagrams are available11. The smelting

process itself on the other hand involves the slag system

Feox-CrOy-SiCl2-cao-Mgo-A1203(where x and yare variable between

0,95 and 1,5) for which no complete phase diagrams are

available. The complete smelting system also involves at

least three other phases; solid carbon, liquid metal (Fe-Cr-

c-s r) and a gas (principally carbon. monoxide). The presence

of at leas1: blO phases in the slag, solid chromite and a

liquid silicate melt should also be "inclt;tded as discussed

earlier. ,]~his highly complex process is discussed here in.

three sub-sections for clarity; the principal raw material

chromite, thL .ost; ;applicable reduction reactions and finally

some likely reaction mechanisms in which the rate of chromite

dissolution will be examined.

2.1 Chromite composition and structure

Chromite ores and concentrates consist of a chromium

containing spinel and relatively small amounts of gangue

minerals, usually magnesium silicates12. These ores are

variable in composition, particularly with regard to their

Cr/Fe ratio, chromium content and MgO/A1203ratio. Healy12 has

listed a range of chromites that illustrate this variability

(s ee Table 1). The subj ect. of chromite spinels has been

comprehensively treated by Ulmer13and some of the information

which was considered most relevant to the chromite smelting

process is reproduced here.

- 6 -



Table 1: Composition of chromite ores, after Healy1Z

-
Chromite Composition (mass, %)
ore

Cr203 Alz03 (FeO)T MgO SiOz Cr/Fe MgOjAlz03

Transvaal 44,5 15,5 24,7 10,1 2,2 1,59 0,65

Dyke 49,2 11,4 18,3 12,4 6,6 2,37 1,09
I

Turkish 48,5 10,0 13,3 1818 6,9 3,25 1,88

Masinloc 32,1 30,2 12;7 18,1 5,0 2,22 0,60

The general formula for the oxide chr'omf te spinels is AB204

where A is divalent iron or magnesium, B is trivalent iron,

chromium or aluminium and ° is oxygen. The uni t cell is

expressed as AaB1603zin which the 32 oxygen anions are cubic

close-packed to provide 64 tetrahedrally co-ordinated cation

sites and 32 octahedrally co-ordinated cction sites. The 32
anions and 24 cations form a face-centered unit cell with an

approximate cell edge length of from 8,0 to 8,4 A depending on

the cations involve~. The chromite spinels show almost

complete solid solution among the six erid+membet-a (FeFe204,

MgFe204, FeAlzo4, MgAlzo4, FeCrZ04and MgCrZ04)at temperatures

above 1000·C. The large number of unfilled cation sites ,in

the unit cell allows for different arrangements of the cations

of which two extreme arrangements have been recognized~ The

ideal normal spinel where the tr'ivalent cations occupy only

octahedral sites and the divalent cations occupy only

tetrahedral sites and the ideal inverse spinel Where half of

the trivalent cations and all of the divalent cations occupy

octahedral sites while the remaining trivalent cations occupy

tetrahedral sites. The distribution of cations between

- 7 -



tetrahedral and octahedral sites has been discussed by Burns14

in terms of the crystal field theory to explain the dominance

of Cr3~ions in octahedral co-ordination.

The crystal field stabilization energy resulting from

tetrahedral coordination of Cr3+ would amount to less than 30

per cent of that resulting from octahedral coordination, hence

the large octahedra! site preference energy for cr3+ of 16,6

kcal/mole as given by Ulmer13• The values of this parameter

for the other chromite spinel cations define the following

increasing order of octahedral site preference: Fe3+(-13,3) ,

Fe2+(-9t9), Mg2+(-5,0), A13+(-2,5) and Cr3+(+16,6) with the
,I. •

respective energies given in parentheses. Ulmer15 in

discussing the work of Datta 16 pointed out, hoWever, that for

the case of MgA1204that the cation coordination changes tllith

the temperature of ;preparation of the compound and therefore

even in a relatively simple end-member .:>fthe chromite spinels

that 'an exact assignment of the 24 cations to the 96 possible

cation sites is an irresolvable problem'. The complexity of

chromite spinels has been further highlighted by Stubican and

Greskovich17 who demonstrated that a spinel with 3,05 Cr2+

cations pet' unit ce!"! in tetrahedral coordination could be

prepared from mixtures of MgOand Cr203heated under reducing

conditions at between 1800·C and 2000·C. The cation

coordination can therefore be seen to be affected by the

temperature and reducing conditions at which the chromd.t.e

sp'inel was formed and presumably similar changes in ,cati".n

coordination could he expected during the high temperature

reduction process. This phenomenon could have a significant

bearing on the reduction behaviour of chromites.

- 8 -



2.2 Reduction Reactions

The simplest treatment of chromite reduction assumes reduction

of the simple oxides of iron and chromium to metal and carbon

monoxide as follows:

FeOx(s) + xC(s) = Fe(l) + xCO(g)

Cr203(s) + 3C(s) = 2Cr(1) + 3CO(g)

• ••. (1)

• ••• (2)

This basic approach has been used successfully for mass and

energy balances on large furnaces 18 with minor corrections for

the observed presence of carbon and silicon in the high-carbon

ferro chromium alloys produced in practice. This method, while

highly effective for monitoring and controlling the

metallurgical performance or a smelting fu~nace, is clearly

not useful as a basis for calculating the expected losses of

chromium to the slag when these are in the form of chromite

spinels.

Healy12 has recently utilized the thermodynamic data available

for the chromite spinel end-members MgCr204,Fe3041MgA1204and

FeCr204 to predict the smelting behaviour of chromites as a

function of the temperature of reaction and the degree of

reduction achieved. 'I'he relevant equations used were:

Fe304(S) + 4C(S) = 3Fe(l) + 4CO(g) · ••. (3)

FeCr204(s) + 4C(s) - 2Cr(1) + Fe(l) + 4CO(g) · ..• (4)

MgCr20,.(s) + 3e(s) = 2Cr(1) + MgO(s) + 3CO(g) • ••• (5)

Healy12 has used this method to investigate the effects of

chromite composition upon the carbon contents of the alloys

required t.o achieve a desired chromium recovery at a fixed

temperature. This theoretical approach was shown by Healy 'co

agree well with submerged-arc furnace practice, where

chromites with high Cr/Fe ratios and high MgO/A1203ratios are

- 9 -



known12to produce alloys with lower carbon contents. This

method does not, however, consider the possible role of CrO in

the reduction process although Rankin and Biswas19r Maeda and

Sano20 and Muan21 have all found that chromium exists in

silicate slags under reducing conditions, predominantly in the

divalent form. Earlier work by Korber and Oelsen22 in 1935 and

Esin and :z"'!ct1arov23in 1958 came to the same conclusion. Muan21

has shown that a large increase (30 per cent cf. 2 per cent)

in the solubility of chromium (as CrO:i but expre<;~ed as Cr203

in the S'i02-Mgo-cr203 system occurs whan the system is in

contact with metallic chromium rather than air. Rankin and

Biswas19 equilibrated slags at 1600·C with Cuo/Si02 ratios from

0,27 to 2,1 with metals containing from 5 to 30 per cent

chromium and up to 2,5 per cent silicon. 'These slags were

usually glassy Ln.: nature and blue in colour at room

temperature and contained up to 25,6 per cent chromium. These

slag-metal equilibrium studies19,21 in the absence of carbon

differ greatly in slag chromium content from the work of Maeda

and Sano20 in which graphi te crucibles and carbon saturated

metals were used. The chromium contents of these slags lay in

the range 10 to 200 p..p.m. at 1650·C and were also considered

to be present in the slag as CrO.

[ ._"
\J

The possible forms in which chromium may be lost to the slag

can therefore include; undissolved partly reacted chromite

particles, dissolved Cr203 and CrO in the silicate phase,

chrornite spinel recrystallized from the silicate phase and

entrained metallic blebs. An estimate of the relati ve

magnitudes of these forms of loss at equilibrium was

undertaken using thermodynamic data from Barin and Knacke24 and

Toker25 to calculate the equilibrium constants for the

- 10 -



I

following reactions at 16000 C r under one atmosphere of carbon
monoxide.

(Cr203>+ 3,9. = 2Cr + 3CO (g)
(erO) -I- f = Cr + CO(g)
[MgCrZ04]+ 3C ~ 2Cr + 3CO(g) + (MgO)

• ••• (2)

• ••• (6)

• ••• (5)

where ( denotes solution in a liquid silicate slag
[] denotes solid solution in a chromite spinel

and ,9., Cr denotes solution in a liquid Fe-Cr-C alloy.

The activities of the carbon and chromium in the metal phase
were estimated from the graphs presented by Healy26 in a recent
paper. The activities of Cr203, CrO and MgCrz04 were calculated
(see Appendix I) as a function of the carbon content of the
metal which was related to the oxygen partial pressure in the
system under cons Ldexat.Lon by the reaction

• ••• (7)

where C denotes carbon dissolved in the metal as before.

The results, shown in Table 2, demonsta-at;e the ,'liderange of
reducing conditions (i.e. P02 ranging from 1,4 x 10.15 atm. to

4,a x 10.11 atm.) defined by a relatively small range of carbon
contents (8,0 to 1,0 mass per cent) in the Fe-Cr-C alloy.
This is reflected in the wide range of carbon activities (0,56
to 0,003) and of interest is the strong effect of carbon
content upon the chromium activities (0,09 to 0,40) at a
constant Ghromium content in the alloy of 50 mass per cent).

- 11 -
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Table 2, Equi librium activiti es of Cr203, CrO and MgCr204 In slags in contact with Fe-Cr-C alloys

Alloy Atmosphere Slag activities

C ac aCr p02 cr203 CrO Mgcr204
mass % atm

8,0 0,56 0,09 1 39 It 10-15 3,48 x 10-7 3,2 x 10-3 4,69 x 10-6,
4,0 0,076 0,24 753 x 10-14 9,90 x 10-4 6,41 x 10-2 1,34 x 10-2,
1,0 0,003 0,40 4 84 x 10.11 Saturated saturated Saturated,

,-,

Notes: (1) All activities relative to pure species at 1600°C

(2) Constant conditions; 50 mass per cent Cr in the alloy

: MgO activity in the sLag = 0,17

: Pressure = 1 atm., Pco = 1 atm.,

Temperature = 1600°C

The activities of ;the chromium oxides in equilibrium with

these alloys indicate that erO wouLd be the predominant oxide

form at a per cent carbon in the alloy while Mgcr204 and CrO

would be approximq(tely equal at 4 per cent carbon and all

oxide forms would be stable at unit: activities before the

alloy carbon content dropped as low as 1 per cent. A similar

pattern emerges if Fe":Cr-Si alloys are considered with silicon

contents from 5,0 to 0,05 mass per cent and associated oxygen

partial pressures between 2 x 10.14 and 2 x 10.11 atmospheres

(see Table 3) • This would i:ndicate that the activity

coefficient of CrO ("Ycro) in the syat.em studied by Rankin. and

Siswas19 was approximately unity for slag chromium dontents

from 1 to 25 per cent, whLch is similar to that reported by

Muan21 in a comparison with the behaviour of FeO in CaO-Si02

slag sy::;tems. Maeda and Sano20, however, report values for "YCrO

ranging from 30 to 300 but these were determined for very low

chromium concentrations in the slag, Le. 10 to 200 p.p.m.

()
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Table 3: Equilibriun activities of cr203, CrO and Mgcr204 in slags in contact with Fe-Cr-Si alloys

Alloy Atmosphere Slag activities
-'-

Si asi p02 Cr2~ CrO Mgcr204
mass % atm

5,0 1,34 x 10-3 2,53 x 10-1': 7,00 x 10-4 0,065 0,013
0,5 1,85 x 10-5 1,84 x 10-12 0,431 0,529 Saturated
0,05 1,48 x 10-6 2,29 x 10-11 Saturated Saturated Saturated

-
Notes: (1) All activities relate to pure species at 1600"C

(2) Constants: activity of Cr in alloy
activity of MgO in slag

= 0,4;

= 0,17;
0,4;activity of Si02 in slag

Pressure 1 atm. (inert)
Temperature = 1600'C

It can be seen, therefore that, if reducing conditions in the
smelting reduction of chromite are not maintained by the
presence of either solid carbon or metal with mor~ than 4 per
cent carbon (or 5 per cent sil:1,non),that losses of chromium
to the slag can be expected both via CrO and MgCr204. The loss
as MgCr204 contained within a solid chromite spinel is more
likely to be enhanced by kinetic factors especially the
dissolution step which will bo discussed in the following
section.

2.3 Reduction Mechanism

The reaction mechanisms for the smelting of chromite (i.e. in
the presence of a li~>uid slag phase) have not been extensively
studied, unlike solid-state reduction which has been the
subject of numerous investigations27-3o at the University of the
Witwatersrand. solid-state reduct inn can be carried out; at
temperatures as low as 1300" C in less than 2 hour-s, using
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gangue-free Transvaal chromi te and graphite30• The iron was

virtually completely reduced to metal while approximately 70

per cent of the chromium was reduced. The metal forms on the

chromite surface and Algie and Finn30 found that when the

extent of total reduction (of the chromium and iron oxides)

was less than 50 per cent that the rate was cohtrolled by a

V<lri6ty of different processes (carbon monoxide formation,

met,al nucleation and metal carburization) which were

inherently variable, i. e. non-reproducible. The reduction

rate was, however, found to be controlled in a reproducible

fashion above 50 per cent reduction, by solid-state

diffusioll of chromium ions in the ch.romi.t.e spinel t.o the outer

metal product layer. Urguhart31 simulated the smelting

behaviou't' of the burden in submerged-arc fur-naces in a series

of induction furnacq,tests at fixed temperatures and concluded

that for solid-state reduction the rate-limiting step was the

diffusion of iron and chromium ions in the spinel. The rate

of reduction was found to have increased when a slag formed at

temperatures above 1500·c. Dawson and Edward.s32 have shown

that the addition of sodium and calcium fluoride to flux a

mixture of chromite a~d graphite produces almost complete (-90

per cent) reduction at 1300·C within two hours, whereas in the

absence of these fluxes only 70 per cent reduction occurred

after four hours. The metal formed predominantly at the

surface of the carbon rather than the chromi te under these

condi tions . Dawson and Edwards32 proposed that: the mechanism

of the reduction in the presence of the liquid fluoride flux

was the dissolution of chromite spinel constituents in the

fluoride flux, diffusion of the chromium and iron oxide ions

to the reducing agent surface where reduction to metal takes

place and precipitation of the magnesium and aluminium oxides

as a spinel occurs.
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Fukagawa and shimoda33 in a recent paper (1987) investigated

the smelting reduction rate of mixtures of chromite, quartz

and limestone (which had been sinter~,;l together in a separate

prior step) in a graphite crucible. They found that

undissolved chromite particles persisted in the slag until the

reduction was complete and that only a very small amount of

metal (mainly iron) was associated with the chromite

particles. A reduction mechanism, illustrated in Fig. 2 and

consisting of the following steps was proposed:

(i) dissolution of chromite ore particles into the slag, and

(ii) reduction of chromium and iron oxide in the slag at the

Slag graphite interface.

Graph ite (CaO) + (5iOz) Sl a,9phase

C)""__(Ct'Z03} ~

(Alz03) /

. 33Figure 2. smelting reduction mechanism after Fukagawa and Shimada

The rate limiting step vIaS foUnd to be (ii) under the

conditions of this study but the authors state that it' is not

clear whether the rate is controlled by transport of chromium

oxide in the slag or chemical reaction at the slag-grapb.i te

interface. The reaction rate was found to decrease as the

reaction proceeded while the MgOand Al203 content of the slag

increased. Deliberate additionS of MgO to the slag

dramatically lowered the reaction rate.
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Robison and Pehlke34 investigated the kinetics of reduction of
chromium oxides from a steelmaking-type slag (45 per cent CaOv

35 per cent Si021 10 per cent MgOand 10 per cent A1203) by a
Fe-Cr-Si alloy (10 per cent chromium, 1 per cent silicon).
They proposed a reduction mechanism based on the following
reactions.

(cr~3) + 8i :;: (8i02) + (CrO) + Cr
2 (CrO) + si :;:(Si02) + 2Cr

•••• (8)

•••• (9)

The reduction of Cr203 (Equation 8) was found to be rate
limited by diffusion of ci:-3+ from the bulk slag to the slag
metal interface. The rate of CrO reduction (Equation 9) was
found, however, to be limited to the rate of an interfacial
chemical reaction. This system Ls; more appropriate to
stainless steel refining as was Rankin and Biswas's work19 than
chromi te smelting since it is essentially carbon-free but the,
Fe-Cr-C-Si alloy formed at the carbon surface in chromite
smelting creates a s.LmdLar slag-metal environment. It is also
interest.ing that Robison and Pehlke34 found that cr3+ transport
was rate limiting when compared with Fukagawa and Shimoda' S33
proposed mechanism of either Cr3+ transport or reaction at the
graphite interface.

2.4 Chromite dissolution

The role of chromite' dissolution in the reduction mechanism
proposed by Fukagawa and Shimoda33is that of an essential (but
not L't1te-limiting) step. It is significant that complete
dissolution of the chromite took place under the conditions of
their study, 1.e. all the chromi,te constituents dis sol ved in
the slag. The chromite dissolution process that is of
importance is therefore that of the original unaltered
chromite and not that of a partly reduced chromite, i.e.
lowered in chromium and iron oxides but: enriched in magnesium
and aluminium oxides. An examination of the various
concentration gradients likely to be present in the smelting
reduction mechanism proposed by Fukagawa and Shimoda33 was
carried out to define the dissolution process more exactly.
The more general case of a Fe-Cr-C-Si alloy \s the site of
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reduction was used rather than graphite to account for the
formation of a product layer of metal around the carbon
reductant. This allows for concentration gradients of carbon
Ln the metal phase to be set up and for the formation of
chromous oxide via the equation

•••• (10)

at the slag-metal interface. The reducing conditions will be
defined by th€: carbon content of the alloy at the slag-metal
interface, and at carbon saturation as shown earlier (see
Table 2) the €~quilibrium acti vi ties of both crZo3 and CrOwould
be extremely low. The system considered is shown in Figure 3
for Cr3+ concentration profiles. It was assumed that the crZo3
concentration in the slag at the slag-chromite interface was

.' .
in equilibrium with the CrZ03 concentration in the chromite
spinel at the same interface. The CrZ03concentration in the
slag at the slag-metal interface was similarly assumed to be
in chemical equilibrium with the carbon dissolved in the
metal, as defined in Equat.ful1 (2). The steps associated with
the reduction of CrZ0;)from the spinel to metal at the slag-
metal interface in the general case were considered to
compr:ise the following:

(i) solid-state diffusion of Cr3'" ions to the chromite-
slag interface,

(ii) dissolution. of CrZ03into the slag at the interface
at a rate sufficient to maintain the equilibrium
CrZ03concentration in the slag,

(iii) liquid-state. diffusion of CrZ03 through the static
boundary layer around the chromite particle,

(iv) transport of the CrZo3through the bulk slag to the
slag-metal boundary layer, whLch may take place by
bulk movement of the slag in well-mixed systems or
by diffusion through the slag in static systems,

(v) diffusion of the CrZ03through the static boundary
layer surruunding the slag-metal interface, and

(vi) reaction of CrZ03at the interface at such a rate as
to maintain the equilibrium concentration of CrZ03.
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Figur~.~~~oss!~le concentration gradients of Cr203 in a chromite-slag-metal-carbon system
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Figure 3.

The governing parameter for the dissolution process is the
equi.librium concentration of cr203 in the slag at the
chromi 1:e-slag interface, which is also the saturation
concentration of Cr203 or the maximum solubility. This
pat.amei:er will depend on the temperature, the slag composition
and thea chromite composition. The saturation concentration of
.Cr203dlefines the max.Imumconcentration gradient which can form
in the slag phase and therefore affects the driving force for
all the subsequent diffusional transport steps. The
sanur at.Lon concentration of Cr203 in air in the MgO-sio2-cr203
system is less t.han 5 per cent" and therefore the transport of
Cr203in such slags may well be slow.

The solubilities (saturation concentrations) of '.11 the spinel
constituents are of significance in thia complete dissolution
of chr-omf.t;e, However, because the solubilities of MgO, A1203
and Fet:) are much higher (typically > 10 per cent) in similar
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slag systems11 they are less likely to become rate limiting
steps. Fukagawa and shimoda3.3found that complete dissolution
took place in their slag system but that the increasing levels
of MgOand A1203in the slag (from the dissolved spinel) as the
reduction proceeded slowed the readtion rate considerably.
The concencxat.Lons of MgOand A1203attained in a steady"""state
operation will depend upon the nature and quantity of fluxes
added and it can be envisaged that these concentrations could
eXdeed the saturation concentrations defined by the original
chromite composition. The MgOand/or Al203 in the chromite
spinel will not therefore dissolve into such a slag and the
Cr203 and FeO will consequently have to diffuse through the
solid spinel structure to dissolve in the slag. The much
lower diffusivities of ions in solid solutions compared with

.'
liquid solutions35 could well result in the chromite
dissolution step becol'ning rate limiting. 'TIne importance
therefore of determining the saturation con6entrations of all
the chromite spinel' constituents, but particularly the values
for MgOand A1203, to determine the optimum flux additions
becomes evident.

3 EXPERIMENTAL PLJ!.....NNING

The planning of the final experimental work was aided
considerably by preliminary testwork to demonstrate the
feasibility of some of the experimental procedures. These
preliminary tests will not be reported here as they were not
central to the objective of the investigation.

3.1 Objectives and Scope

The primary objective of the experimental testwork was the
d,etermination of the saturation concentrations of the spinel
donsti tuents of a Transvaal chromite in silicate slags at
smel'ting temperatures (1650°C). It was decided to restrict
the scope o:f the investigation to the eff(3cts of slag
composition and temperature while keeping the remaining Inaj or
variable, the dhromite ccrmpos Ltfon , constant. An inert
atmosphere was therefore necessary to avoid altering the ~(f
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compoeLt.Lon of the chromite by either oxidation or reduction.
Tltle choice of a fixed chzomi.ce composition rather than a fixed
slag composition was made because of +he wide range of
compositions t.hal1::.could be investigated by a simple choice of
fluxes, compared with the rather narrow compos i.cLona'l ranges
of natural Transvaal chromi tes which were readily available27•
The preparation of synthetic chromites or the use of chromites
f'rom other countr.ies was not; considered for this study r, but
vlOuld provide a wider range of chromite compositions, e.g.
JFe2+/Fe3+r?.tio, Cr/Fe ratio and MgO/Al203 ratio.

It was further decided to consider only slag constituents
which were currently being employed in the chromite smelting
industry, 1.e. CaO-Si02-Mgo-Al203 slags, although the work of
Dawson and Edwards32 had shown the 'beneficial effects of
calcium and sodium fluorides on the dissolution process at
1300·C. Commercial grades of fluxing agents, e.g. limestone
and quartz rather than chemically pure materials were used,
again to simulate 'actual
possible. The choice of

industrial practice as closely as
a Cao-sio2-Mgo-Al203 slag system

implied that only the cao/sio2 ratio need be considered in the
selection of the slag compositions to be investigated since
the MgOand Al203 concentrations would be fixed by the chromite
composition at equilibrium. The qualitative behaviour of the
slag-chromite interaction under non-equilibrium conditions is,
however, also of interest in understand:'.ng the dissolution
process. Slags were therefore chosen with a range of MgOand
Al203 contents as well as caO/siol ratios so that the approach
to equilibrium could be varied. The selection of the slag
compositions also defined the maximumrange of temperatures
that could be investigated such that the temperature of any
experiment was always above the liquidus temperature of the
slag being used.

3.2 Prior Work

The dissolution of a cube of chromite into a liquid slag , in
a molybdenum crucible, was studied by Urquhart31 at
temperatures from 1500'C to 1620·C by measuring the
concentrations of iron and chromium in the slag after tests
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lasting from 0,25 to 4,0 hours. A slag containing 21, 4 per
cent MgO, 18,6 per cent Al203and 50 per cent Sio2 was used for
all the tests. It was found that the dissolution of pure
unreacted chromite at 1500'C was 'exceedingly slow', and
therefore all the dissolution experiments used a slightly
pre -reduCed chromite (1.e. 6 , 6 per cent 0f the iron and 0, 6
per cent of the chromium). The initial extent of dissolution
was found to be a linear function of t.he square. root of time
in accordance with Fick' s law of diffusion. The dissolution
rate decreased later however, which was attributed to the
approach of the chromium and iron contents of the bulk slag to
the saturation concentrations. The data of urquhart31 was used
to estimate the likely values of the saturation concentrations
of iron and chromium at 1580·C, expressed as FeO and Cr2031 as

" .
-3,5 per Cent and -3,1 per cent respectively. These values
are difficult to relate to a single definite chromite
composition because of the slight pre-reduction of the
chromite.

ROOS36investigated the dissolution of a rotating cylinder of a
Transvaal chromite from the LG-6 layer of the Bushveld
Complex, into a slag contained in a molybdenum crucible, under
an inert gas atmosphere. A temperature range of 1550' C to
1700°C was used for time periods of between 1 and 3 hours.
The initial slag composition was
per cent FeO, 45, 3 per cent Si02 ,

cent Al203 and 8, 5 per cent CaO).
found to take place over the

the same in all tests (0,35

29,2 per cent MgO, 18,0 per
Very limited dissolution was
ranges of the experimental

variables of time and temperature. Maximumvalues of 0,.9 per
cent FeO and <1,0 per cent cr203 were measured in the slag. A
'reaction-rim', some 30 ~m thick, was found to have formed at
the slag-chromi te interface which differed substantially in
composition from the original chromite (see Table 4). The
'reaction-rim' had been denuded of chromium and Lron, enriched
in magnesia and aLumi.na and was stable under stirred
conditions with respect to the surrounding slag. since both
Urquhart31 and Roos36 used slag's that were similar in
composition to the final slags from submerged-arc furnaces and
did not observe any significant dissolution of unreduced
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chromite the possibility that slag composition controls the
dissolution rate should be considered. The loss of
undissolved chromite industrially may, therefore, be a
consequence of the introduction of largely unreduced chromite
into a slag of final composition, i.e .. rich in MgOand Al203
rather than incipient slag consisting largely of si02 and CaO.

Table 4: Effect of dissolution on chromite composition after Roos36 (mass %)

cr203 feO Si02 MgO Al203 CaO

~~It.
48,2 24,7 0,03 11,3 13,6 0,01

romite·rim 32,0 1,7 0,24 23,7 38,0 0,06

The role of reducing conditions in the dissolution process is

undoubtedly importa~t as shown by Urquhart31 and in the work of

Dawson and Edwards32where they found that ' spinel dissolves

only when it is in close pro:x:imity to a reductant particle'

and suggested that this may be a result of the 'melt

immediately adjacent to the chromite particle becoming

saturated in one component, probably crZ03'.

3.3 Design of Experiments

The experimental test'lflork was required to provide conditions

where silica·te slags with a range of caoys io, contents could

come into chem.ical equilibrium with a natural chromite of

original and !Unaltered composition. The requirements of

chemical equilibrium and unaLt.erxad composition immediately

necessi tated the use of an isothermal system under an inert

atmosphere. 'rhe system can be consd.dered therefore, as a

condensed, isothermal, seven component system r i. e. CrZ03'
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A1203, Fe203' MgOf FeO, 8i02 and CaO. There are two phases

present throughout, solid chromite spinel (crZ03' Fe203' A1203,

11g0, FeO) and liquid slag containing all seven components. An

inert (argon) atmosphere was used thereby fixing the oxygen

partial pressure in the system by the Feo/Fe203 ratio present

in the original chromite spinel provided that no gain or loss

of mass took place. The actual oxygen partial pressure

cannot, however, be determined since the activities of the FeO

and FeZ03in either the solid spinel or the liquid slag are

unknown, The chromite spinel can be regarded13 as a complete

solid solution above lOOO·Cof the various components with

essentially insignificant'solubility for 8i02 and CaObased on

cation sLao , The chromite phase was assumed to display

complete stoichiome-t;:ry with regard to divalent and trivalent

cations, i.e. 1:2 molar ratio although a small degree of

cation de.ficiency in natural chromites has been reported13.

Therefore, the solid phase can be completely defined by fixing

two of the trivalent cation concentrations, one of the

divalent cation concentrations and assuming complete spinel

stoichiometry exists. The phase rule indicates that for an

isothermal, condensed system of two phases and seven

componerrt.s that the system has five degrees of freedom. The

remaining independent variable is therefore either the CaOor

8i,02 content of the slag, since at equilibrium the aoLLd phase

spinel composi.tLon will fix the compositions of the

corresponding five liquid phase components. An excess of a

natural chromite s~inel as the solid phase will result in an

effectively constant solid phase composition fixing four of

the available degrees of freedom. The selection Of a fixed
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CaO:Sio7. ratio then defines the system completely and the

effect of this ratio upon the slag composition in equilibrium

with a standard, known natural chromite can therefore be

determined.

since the solid phase composition is constant the activities

of each of the five component species are also constant at any

given temperature. The equilibrium condition between the

solid and liquid phase s requires therefore '*:hat the activit.; es

of Cr2031 FeOi A1203, MgOand Fe203in the liquid slag phase are

also constant. The independent variations of the CaO:s io,
.'

ratio in the slag phase in equilibrium with a constant solid

chromite phase effectively determines the corresponding

variation of the activity coefficients of Cr203, Alz03f MgO,FeO

and Fe203in the slag phase.

The need to investigate a wide range of slag compositions in

the MgO-A1203-siOz-CaOsystem with significant solubility for

the refractory spinel forming oxides MgO and Alz03 imposed

severe constraints on the use of conventional oxide crucibles.

It was also desirable to maintain an excess of chromite over

slag to maintain a constant chromite composition. These t\vO

considerations led to a decision to investigate the use of

chromite crucibles. Two advantages were identified over the

alternative possibility of using an inert metal crucible, e.g.

platinum. Firstly a simple system consisting only of the

materials to be brought into equilibrium and secolldly the

practical 'possibility of sectioning each crucible and its

contents i:or subsequent microscopic investigation .• The major

dLaadvant.aqe was the need to develop a technique to
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manufacture chromite crucibles of suitable dimensions and

quality (e.g. resistance t~ thermal shock, low and high

temperature strength, etc.).

Preliminary tests on chromite crucibles, during the

development of a suitable manufacturing technique, revealed

that crucibles with a high (-30 per cent) porosity provided

good conditions for the equilibrium of:' the slag and chromite

phases within the porous walls of the cruciblo. The slag was

found to alter. in composition as it flowed through the pores

of the crucible 'Y1all by successive contact with the chromite

grains, until in the outer portions of the chromite wall no

further changes were observed. It was considered that the

slag and chromite .in these outer areas were in chemical

equilibrium.

It was decided to use this method elf attaining equilibrium in

the expe.r Lmerrt.a l, programme because of the following

advantages:

(i) independent of the st:i:trting slag composition,

particularly MgOand A1203f

(ii) provides a record of thl3 approach to equilibrium

through the crucible wall, and

(iii) avoids repetitive experiments with slightly

different slag compositions to 'horne-in' on the

equilibrium composition.

The major disadvantage of this method is the need for micro-

analytical techniques (energy dispersive spectroscopy) to

determine the slag composition and therefore it is not
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possible to o.2termine the oxidation states of the el.emerrts

present .. This is of particular significance for the

measurement of the Fe2+/Fe3+ ratio in the s]qi] or chromite

phases.

4 EXPERIMENTALWORK

ffhe final 'experimental programme was detdded upon based on the

preliminary experiments to establish the technique required

and the feasibility of the. measurements. A description of

these methods is given here. in the follq,wing ,sub-section.

4.1 Preparation of Materials

The preparation OT the tvlO materials required for the

testwork, chromite crucibles and the master slags are

described separately for clarity.

4.101 Ch~omite crucibles

A 300 kg sample ot chromi.te from the LG-6 layer of the

Bushveld complex37 was obtained from the Winterveld Mine as a

standard source for the entire investigation. Approximately

200 kg was lightly ground and then tabled by the Ore Dressing

Division of Mintek to produce several low-gangue content
.

fractions. 'I'he masses and chemical analyses of these

fractions are shown in Table 5.



Table S: Winterveld chronlite fractions after gangue removal
-" _.

Fract· Mass chemicel analysis (mass%) Iion kg

Cr?,°3 Feo'Y Sio2 ~aO MgO Al203 Ti02 MnO Total

c1 29,5 48,7 26,0 <0,1 1),08 10,7 13,4 0,18 0,34 99,4

C2 27,1 48,6 26,0 <0,1 iO,04 10,8 13,5 0,17 0,32 99,4

C3 17,4 48,7 26,0 <0,1 0,05 10,9 13,6 0,17 0,33 99,8

M1 11,0 47,5 25,5 <0,1 0,12 10,7 13,0 0,16 0,33 97,3

M2 36,6 46,8 25,6 <0,1 0,06 10,8 12,8 0,17 0,32 96,6

(47,7 25,8 <0,' 0,06 10,9 13,5 I. . 0,17 0,33 98,4)*
I

'Y. Total iron eRpressed as FeO

* Duplicate analysis un fraction M2

It was deoided to oonsolidate the fraotions Cl, C2 and C3 as
the standard ohromite souroe for the preparation of the
ohromite crucibles.

It was originally deoided to produce ohromite oruoibles large
enough for the oontained liquid slag to be stirred in futUre
experiments. This relatively large si2;e (58 mm high and 36 mm
in diameter) and Lenqt.ht dLametie'rratio made the use of dies
and hydraulic pressing problematical. A technique consisting
of wet-bin~er additions, hand-ramming, drying and sintering
under argon 'N'BS adopted. The Choice of a binder was
rest.ricted to elements already present in the experimental
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system (i.e. chromium, iron, silicon, magnesium, calcium,
aluminium, oxygen) and an aqueous solution of cr03 was
selected. Th~ variables considered and the ranges

investigated in the development of a practical technique for
the manufacture of these crucibles were:

(1) ch:romite particle size distribution, 40 per cent
<150 ~m to 73 per cent <150 ~m,

(ii) cr03 solution concentration, 5,0 to 11,5 per cent

mlv,

(iii) liquid:solids addition for binder addition, 8 to 11
.'pe'rcent vim,

(iv) mould material, mild steel, stainless steel, teflon,
and

(v) sintering temperature, 1400'C to 1550°C.

The final technique produced crucibles with the typical
dimens.i.onsshown in Figure 4 with a success rate of greater
than 90 per cent. The values of the various parameters used
in the successful technique are given in Table 6. The
crucibles had an average porosity of 38,1 per cent determined
by the evacuation method38 and an average bulk density of 2,7(5
g Cln·3• No significant change in chemical composition could be
observed as a result of the procedure adopted for the crucibl~
preparation (see Table 7). The details of the particle size
distribution of the chromite which was used for the
preparation of the crucibles is shown in Table 8.
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Figure 4. Chromite crucible
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Table 6: Parameters used in the preparatioh of chromite crucibles

Parameter Value

Chromite particle size* 73% <150 J,tID, 17% <75 j,lm
Cr03 binder solution concentrate 11% mlv

Liquid binder addition 9% vim
Outer mould (.reflon
Inner mould or former Polished stainless steel
Drying oven temperature 90·C
Drying oven time 16 h
sintering temperature** 1550 ± lo·e
Sintering atmosphere Spectrographic grade argon

Notes: The elltire10 kg stock of prJrificci'chromite was
milled in a ball mill with alumina balls to
reach a particular size distribution similar to
the preliminary test samples. This ensured
that 0,11 crucibleS made subsequently used a
constant size distribution roaterial.

*

** A vertical-tube molybdenum wire resistance
furnace, to be described in a later section,
was used. The work tube was well sealed and
purged with spectrographic grade argon to
rnairttainan inert s,interingatmosphere.
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Table 7: Composition of chromite and a sintered chromite crucible

Chemical composition (mass%)
Materiat

Cr203 FeO Fe203 MgO At203 Sio2 CaO Ti02 MgO Total

Chromite 47,5 18,5 7,5 9,8 13,1 <0,3 <0,2 0,6 0,3 97,8
Sinter-ed
chromite 47,9 18,2 7,6 9,8 12,9 <0,3 <0,2 0,5 0,3 97,7
crucible I-

Table 8: Particle size distribution of the chromite

Particle size Distribution Cu:nulative
range mass distribution
I'm % mass %

>1.50 27,1 27,1
<150, >125 15,3 42,4
<125, >106 17,1- 59.5
<106, > 90 21,3 80,8
< 90, > 75 1,9 82,7
< 75, > 63 14,5 97r2

< 63, > 53 0,6 97,8
< 53, > 45 0,4 98,2

< 45, > 38 0,4 98,6
< 38 0,4 100,0
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4.1.2 Master slags

A d.c. transferred plasma arc furnace was selected to prepare

the slags because of the large volumes of slag that could be

produced and the ease of melting non-metallic materials which

this fac:i.lity offers. The 100 kVAplasma facility in Bay J at

Mintek was fitted with a graphite crucihle (see Figure 5) and

the four raw materials were charged to the feed hoppers.

These materials were industrial grades of quartz, limestone,

burnt maqnasLte and al umi.na, in order to simulate an

industrial slag formed from standa::::d f],uxes as far as

possible. The plasma arc was struck on the bottom of the

crucible and the feed was started at Low' rates (-2 kg/h)

immediately. This ;,was increased to -15 kg/h as the molten

pool was observed to increase in diameter. The feed-rate of

each mat.erLa), was independently controlled t.o supply the

correct mixture of material to the furnace throughout the

melting process. A total of between 4,6 kg and 9,7 kg was fed

,J

to each heat. The furnace was operait:ed at between 60 V, 500 A

and 75 V, 600 A aiming to maintain a stable arc column and

avoid overheating the roof. A series of eight heats were

carried out, each of which was poul:'ed into mild steel tapping

trays, cooled and broken out. The masses of each component

fed to the furnace are shown in Table 9. The solidified slag

was crushed to 100 per cent < 0,5 mmand hand-sorted to remove

any metallic prills p~esent. These resulted from the

reduction of the iron oxide impurities present in the raw

materials by the graphite crucible and typically less than 20

g of prills were removed. The material was then roasted in
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large open trays at 550°C for approximately 16 hours, to

oxidize any small metallic iron or carbon particles. The

roasted slags were then milled, sampled for chemical analysis

and stored ;tn sealed containers. The chemical analyses of the

slags prepared in this way are shown in Table 10. The CaOjSi02

ratio ranged from 0,04 t.o 0 r 65 while the MgOcontents fell

between 4, 5 and 29, 4 mass per cent and the Al203 contents

varied between 0,9 and 28,8 mass per cent. The compositions

of the slags may be represented on a pseudo-tenery diagram

This form of

representation was chosen to show the relative contents of MgO

and A1203, as spinel forming oxides, as well as the total

content of fluxing components ($i02 + caoj , as non-spinel

forming oxides.

Table 9: Preparation of master slags

Slag Mass of raw material added (kg)
no.

QUartz Limestone Magnesite Alumina

1A 4,14 4132 1,15 -
1B 4,17 4,45 1,15 -
2 6,61 4,84 1,22 1,80
3 4 f 17 - 1,56 1,94
4 2,65 0,42 1,89 2,25
5 3,36 - 1,89 2,24
6 4,03 - 2,66 0,75
7 I 4103 5,70 - -

-
Note: (1)

(2)
(3)

Quartz and limestone tram G & WBase Minerals
Magnesite (dead burnt) from Vereeniging Refractories
Alumina (Bayer 99%Alz03) from Alusaf
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Ceramic
fibre

P1asma arc

o 100 mm

Figure 5.

Graphite electrode (cathode)

Graphite crucible

Molten slag

Graphite anode connection

Graphite disc

Water-cooled anode
contact

100 kVA graptlite crucible: plasma 'furnace
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TABLE.10

CHEMICAL ANALYSES OF MASTER SLAGS

w
{.]'1

composition (mass %)
Slag
no.

Si02 Cao MgO Al203 cr203 FeO Fe203 Na20 K20 caO/SiO~
Mass rat~o

..
.'

1A 53/5 25,6 13,0 4,0 0,02 0,5 0,1 0,03 0,05 0,48
1B 53,8 27,7 14,6 0,9 0,02 1/3 0,1 0/13 0,06 0,52
2 52,0 20,6 9,8 14,4 0,02 1,0 0,1 0,02 0,04 0,40
3 52,7 2,0 18~2 24,3 0,10 0,3 0,2 0,16 0,02 0,04
4 42,2 11,4 26,@ 18,0 0,22 0,3 O,l. 0,12 0,04 0,27
5 44,3 1,1 23,1 28,8 0,02 0,8 <0,1 0,09 0,05 0,03
6 55,1 4,0 29,4 8,9 0,02 0,5 0,1 0,04 0,07 0,07
'7 55,0 35,9 4,5 1,4 0,09 0,8 0,1 0,05 0,04 0,65

-

(i) MnO <0,15 per ",«..,t )
Ti02 <0,20 per ~_.tt )
ZnO <0,003 per cent)

Fe203 calculated from total iron analysis less FeO
contribution

For all slags

(ii)

(iii) Analyses by X-ray fluorescence spec'crometry except Cr203
and FeO .....wet chemical"Na20 and K20 - atomic absorptionspectrometry

\ ,
II
i'<j
\,)



Figure 6: composition of the master slags as the pseudeo-ternary (Si02 + CaO)-MgO"A1203

SiOt + CaD

4.2 ~sscription of Apparatus

A vertical tube furnace was used for the slag-chromite

experiments to maintain an inert atmosphere and isothermal

conditions. The furnace is shown schematically in Fig. 7 and

is described in more detail in Appendix 2. The work tube was

sealed and purged (0,21 g/min) with spectrographic grade argon

«0,002 volume per cent total impurities). The crucible was

positioned on a pedestal which was connected to a rack and

pinion mechanism to position the crucible accurately in the

furnace hot zone and to allow rapid removal of the sample

after the conclusion of the experiment. A rubber bellows

provided a gas-tight seal on the work-tube while allowing free
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movement of 'che pedestal and crucible.

by a molybdenum wire element wound

The furnace was heated

onto a recrystallized

alumina tube fitted close to the wo~k tube (clearance - 2 mm).

Alumina bubbles :.:orre.ed.the primary insulation layer followed

by a ceramic fibre blanket. The heating element was enclosed

in a sealed" steel shf.dl through which a stream (0, rl g/min) of

spectrographic grade argon flowed to prevent oxidation of the

molybdenumvdre. The winding spacings were varied to obtain a

constant telitperature hot zone (± 5°C) of 70 mmin length in

which the crucihle was positioned. Temperature measurements

were made by a B-type thermocouple (6.: per. cent RhPt/30 per

cent RhPt) 10 mmabove the- upper edge of the crucible. The

power input to the heating eLemer.': W';;UJ s'O.pp:.u.edby a thyristor

converter controll~d to maintain a constant temperature

acljacent to t.he element winding. A second B-type

thermocouple, fitted horizontally through the shell, was used

to provide this signal. This n:rangement limited temperature

variations over 15 minute periods to an average value of ± 3°C

and maximumvalues of ± 7°C while the long term drift (over 12

hours) was typically less than 4°C.

4 3 Experimental Method

The furnace temperature in this hot zone was adjusted to the

desired level (1550 or 1650°C) and allowed to s+abdLLae for

twenty-four hours w~th em empty chromite crucible in the hot

zorxe, The temperature at three different positions (see Fig.

8) within the crucil;>le as well as at the usual measuring

position was then. determinE:1d.. Finally, a specially calibrated

(see Appendix 3) reference thermocouple was used to check the
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accuracy of the measuring thermocouple. All temperature

measurements were made using a l?LUKE digital thermometer

(Model 2166A). The FLUKE thermometer was checked by us ing a

galvanometer (accurate to 0, 01 mVJ and no discrepancy greater

than l"C was observed.

once a well-determined hot zone temperature had been

established a series of tests in which chromite crucibles were

systematically contacted with the various master slags was

carried out. The procedure adopted was as follows:

(i} weigh and fill a chromite cr'ucible with one of the

master slags, then reweigh,

(ii) place the, chromite crucible into a recrystallized

alumina guard crucible (see Fig. 8) and position on

top of the furnace pedes'tal,

(iii) seal the bellows up around the crucible, raise into

the holding position (- 200"C) and purge with argon

for 10 minutes,

(iv) raise in stages (- 20 mm) over a 45 minute period

until positioned in the hot zone (10 mmbelow the

measuring thermocouple tip),

(v) retain in the hot zone for one h,Jur (every sixth or

seventh :run was extended to at least t:=ight hours),

(vi) lower rapidly !< 30 seconds) into the holding zone

at approximately 200"C and allow to cool for 15

minutes,
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(vii) disconnect bellows to break the furnace seal; remove

the crucib1e, place in a dessicator and weigh the

following day.

Details of the expez'LmerrcaL runs carried out are given in

Appendix 4 and summarized in Table 11.

The chromite crucibles were then sectioned and sent for

mineralogical analyses. The Mineralogy Division at Mintek

carried out analys'eS at seleoted points through the porous

crucible wall into which the liquid slag phase had penetrated.

The points were selected after microscopic examination of the

crucible wall and accompanying slag phases. Analyses from

preliminary tests had shown that only the edges of the

chromite grains had been altered by contact with the slag

phase. It

diminisher:'

was also observed that the extent of alteration

with distance from the inner surface of the

chromite crucible wall. Since the composition of the slag

phase in equilibrium with unaltered chromite was the objective

of the investigation only chromite grains in the outer

portions of the crucible were analysed. The centres and edges

of typical chromite grains were analysed to detect any

concentration gradiencs present. The slag phase adjacent to

the chromite grains was also analysed (both the glassy matrix

and any crystalline phase present within the glassy matrix).

A typical example of the differences observed between the

edgE$ of the chromite grains located near 'the inner crucible

wall and those near the outer part of the crucible wall is

shown in Fig. 9 as well as the typical location of the points

of analyses. Energy dispersive spectroscopy (EOS) was used on
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TABLE 11
summary of final test runs

I Master slag (by mass)(1) .6m(i!) M(3)RU" Slag Temperature Time
no. Iio.(1)

caO/Sio2 % ~IS0 % Al203 ·C h % ·C

1/4 5 0,03 23,1 28,8 1546 2,3 0,15 4

2/4 4 0,27 26,0 11.1,0 1546 9,8 0,02 4
3/4 6 0,07 29,4 8,9 1549 1,0 0,03 6
411, 3 0,04 18,2 24,3 1554 1,0 -0,04 6
5/4 2 0,40 9,8 14,4 1561 1,0 -0,06 7
6/4 4 0,27 26,0 18,0 1560 1,0 0,08 5
7/4 3 0,04 18,2 24,3 1554 8,1 -0,39 10
8/4 7 0,65 4,5 1,4 1555 0,.9 -0,05 7
9/4 1A O,.~8 13,0 4,0 1553 1,0 -0,01 10

,
115 5 0,03 23,1 28,8 1655 1,0 0,00 6
2/5 6 0,07 ;.29,4 8,9 1651 1,0 -0,08 7
3/5 4 0,27 26,0 18,0 1651 1,0 0,07 1

4/5 3 0,04 18,2 24,3 1649 1,0 0,09 4

5/S 2 0,40 9,8 14,4 1653 1,0 0,13 6
6/5 5 0,03 23,1 28,8 1650 11,0 0,45 6
7/5 ,A 0,48 13,0 4,0 1645 1,0 0,01 3
8/5 7 0,65 4,5 1,4 1654 1,0 e,15 8

(1) See Table 10 for definition of master slag numbers and compositions.
mass in - mass out

(2) tom = X 100% (see Table A'l for masses).
mass in

(3) M" maximum temperature· minimum temperature (see Table A·n.
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a scanning electron microscope (SEM) and on an electron
microprobe (Probe) by the Mineralogy Division for the
determination of the compositions of the material at the
points requested. A blank samp12 consisting of a chromite
crucible which had been subjected to the same procedure as
described above but without the addition of a master slag was
submitted for chemical analysis (by the Analytical Science
Division at Mintek) for comparison with mineralogical analyses
of the upper parts of the crucible wall which did not come
into contact with a slag phase.

5 RESULTS

The objective of ;the testwork was to determine the slag
composition in equilibrium with a naturally occurring chromite
(from t,heLG-6 layer of the Bushveld Complex). This objective
was sub-divided into the following steps:

(i) determine whether slag-chromite equilibrium had been
attained,

(ii) determine whether any alteration of the chromite
from the original starting matE:!rialhad taken place,
and

(iii) determine the composition of the slag in contact
wi,ththe chromite.

The data was therefore analysed in stages to meet each of
these sub-objectives.
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Inner wall
Run no. 8/4

Outer wall
Run no. 3/4

Figure 9. Typical appearance or chromite qra tns near the inner and
uuter surfaces of the crucible wall after slag contact
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0.

The criteria selected for the attainment of equilibrium

conditions was the absence of significant concentration

gradients within the chromite grains. This implies that no

further mass transfer between the chromite phase and the slag

phase was taking place, i. e. the tvlO phases were in chemical

equilibrium. A fUrther criteria was the absence of any

significant change in the chromite composition between the

tests of long dur at.Lon (8 to 11 hours) cc-. :pared to the short

duration tests (one' hour) .

The micro-analyses of the centres and edges of chromite grains

in the outer portion of the crucible wall which were in

contact. with a slag phase were carefully examined to detect

any significant differences. The raw data as r~ceived from

the Mineralogy Division is shown in APf· ~.x 5 from which tr4C u
means and standard deviations of chromi.tes' major

cons+Ltuents were extracted \see Table 12). The differences

bebveen the means of the Cr;P3' FeO, MgOand Al203 contents of

chromite grains at their centres ada thei't" edges were found to

be small. The differences observed (-0,57 per cent cr203, 0,11
per cent FeO, 0,08 per cent MgO, and 0 t 57 per cent A1203) were

not found to be significant at the 95 per cent confidence

level39•

The runs (2/4, 7/4, and 6/5) lasting longer than eight hours

had average compositions that differed from the overall

average composition by similarly small amounts (0,5 per cent

Cr203f 0,6 per cent FeO, 0 I 6 per cent MgO, and 0, 8 per cent
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Table 12: Significance of the ccncentrat lon gradients measured in chr-omite grains from the outer part
of the crucible wall

Parameter species

FeO MgO

Chromite grain centres:
Average cont~nt (mass, %) 47,20 24,57' 11,75 14,77
Standard deviation (mass, %) 1,90 1,79 1,10 1,23
Number of anaLyaee, 40 40 38 40

Chromite grain edges:
Average content (mass, %) 47,77 24,46 11,67 14,20
Standard deviation (mass, %) 2,21 1,70 1,16 1,64
Number of analyses 39 40 37 39

Pooled sbandaz'd deviation
(mass, %) 2,06 1,75 1,13 1,45

Standard error 0,46 0,39 0,26 0,33
Average difference, t:entre-

edge (mass, %) -0,57 +0,11 +0,08 +0,57

95% oorifidence,interval to,90 ±0,76 ±0,51 ±O,65

..L

.'
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The overall average (centres and edges) composition of the

chromite grains in the outer regions of thEa crucible wall was

compared (see Table 13) with the c\Verage composition (from 10
separate analyses) of chromite grains from the upper regions

of the crucible Where no slag contact had taken place.

Earlier chemical analysis of the blank crucible had shown that

no sUbstantial difference in composition existed between the

chromite starting material and a sintered chromite crucible

subjected to the conditions of these tests but without slag

additions (see Table 7). The same statistical procedure as

used previously39 Showed that the differences observed were not

significant at the 95 per cent confidence level (see Table

13) .

Table 13: I:ffect of slag on chromite composition at equilibrium

Description Composition (maas , %)

Cr203 (FeO)T MgO Al203

Chromite in equilibrium with
slag (mean) 47,5 24,5 11,7 14,5

(standard deviation) 2,1 1,8 1,1 1,5

chromite not; in contact with
slag (mean) 48,6 25,0 12,3 13,6

(standard deviation) 1,4 0,9 0,7 0,9

Pooled standard deviation 2,1 1,7 1,1 1,4
standard error 0,69 0,58 0,36 0,49

Difference of means -1,1 -0,5 -0,6 0,9
95% confidence interval ±l.,4 ±1,1 ±0,7 ±1,0

-. {:/
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The determination of the slag composition in equilibrium with

these unaltered ctrromi te' particles was based directly on the

micro-analyses (see Appendix 5) of the slag phase adjacent to

the chromite grains (see Fig. 9 for the typical location of

the analyses pO:lnts). ':"re occurrence of a secondary

crystalline phase within the slag glass matrix in many of the

rUns (13 out of 17 in total) complicated the determination of

the overall (liquid state) slag composition. The volumetric

proportions of the' two phases were estimated visually by the

Mineralogy Division and a correspondingly weighted average of

the analyses of ea.ch of the phases was used to estimate the
.' .

overall slag composition (see Table 14). Image analysis was

used to check the accuracy of the Visuc:tl estimate in two cases

which indicated tha~ the visual method was correct to ± 10 per

cent by volume. The compositions of the two phases were

generally very similar (see Appendix 5) except for the MgO

ccntent which tended to be significantly higher in the

crystalline phase than the slag matrix (typically 10 to 20 per

cent MgO cf. 1 to 5 per cent MgO respectively). This

similarity in composition implied that the overall slag

composition was not very sensi ti ve to the weighting factor

used, as well as reducing the errors associated with the

assumption t.hat the density differences between the two phases

't...~re likely to be smal L,

since the chromite originally conta.ined very little CaO and

8i02 « 0,2 per cent of each, see Table 7) and the final

chromite grains also contain virtually no 8i02 or CaOby virtue

of their large cation siz~f the. CaO/Si02 ratio should remain

constant for any Particular slag. This provides a useful
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TABLE 14
Chromite saturated slag c~~positions

Run Slag Crystalline Analytical Composition (mass, %, totals normalized to 100%)
no. no. phase equip.

% mess
5i02 CeO MgO At203 (FeO)T cr203 Ti02 CaOI

Si02

1/5 5 0 Probe 51.4 1,2 11,3 17,8 16,3 1,5 1,3 0,02
2/5 6 60 Probe 49,3 3,6 13,8 14,5 15,3 1,2 1,5 0,07
2/5 6 50 SEM 50,0 4,3 12,4 14,4 16,2 0,8 1,8 0,09
3/5 4 60 Probe 46,1 15,6 6,1 15,3 14,5 1,1 1,2 0,34
4/5 3 0 Sl:t; 52,5 1,3 15,6 14,9 13,1 1,1 1,4 0,02
5/5 2 40 SEM 47,5 14,4 6,3 17,4 12,4 1,0 1,0 0,30
6/5 5 65 SEM 52,1 1,6 15,2 14,1 14,7 1,0 1,2 0,03
6/5 5 80 SEM 52,t, 1,3 14,,'3 12,8 16,,7 1,4 1,3 0,02
7/5 ,A 70 SEM 45,9 19,2 6,1 13,1 13,2 1,8 0,8 0,42
8/5 7 60 P~obe 43,1 22,2 4,5 \5,8 11,1 0,9 1,2 0,52
1/4 5 0 SEM 55,7 1,7 10,' 19,, 10,9 0,8 1,7 0,03
2/4 4 0 SEM 49,9 13,7 4,4 20,S 7,1 0,9 3,5 0,27
2/4 4 0 Probe 52,3 12,3 3,7 20,9 5,7 1,2 3,6 0,24
3/4 6 0 Probe 55,6 4,4 7,3 19,2 10,5 0,5 2,3 0,08
4/4 3 0 Probe 53,9 2,0 10,0 19,0 13,4 0,9 0,7 0,04
5/4 2 30 Probe 46,9 15,0 4,8 20,2 10,5 0,9 1,5 0,32
6/4 4 25 SEM 46,7 10,9 5,2 16,6 19,3 0,8 0,6 0,23
6/4 4 20 Probe 50,7 9,2 3,9 12,6 22,8 0,8 0,1 0,18
7/4 3 0 Probe 56,2 2,3 !l,2 18,9 11,8 0,8 1,8 0,04
8/4 7 80 Probe 43,1 23,7 6,6 14,2 10,8 0,6 1,0 0,55
9/4 ,A 80 SEM 44,9 21,0 5,8 12,5 '2,4 '" 1,0 0,47

(FeD)T = Total iron expressed as FeO
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means of checking on the accuracy of the overall equilibrium

slag composition by comparing the caO/Si02 ratio with the

origin'll master slag composition. This is shown in Fig. 10

and indicates that fairly good agreement Was attained. The

iron contents of the slag phase are reported as total iron

expressed as FeO, al tihouqh given the 7, 5 per cent Fe203content

of the chromite, it is likely that a significant proportion of

the iron in the slag phase \<llasin the form of Fe203'

The effect of the ca.o/siot-.:mass ratio OTl the equilibrium slag

composition at ·1550~Cand 1650'C is shown in Figs. 11 and 12

respectively.
.'

The effects of a ± 10 per cent error in the

volumes of the two slag phases have been indicated by error

bars and it can be seen that for the worst affected oxide,

MgO, the typical error was ± 0,8 per cent MgOwhile the

maximumerror was :t 1,6 per cent MgO.

6 DISCUSSION

The results are discussed in three parts, firstly the

mechanism of the porous crucible technique, its advantages and

limitations. SeccmcUyI Lhe effects of temperature and CaO/si02

ratio upon the chromite saturated slag compositions ~nd,

finally, some of the implications of these results for 'the

smelting of chromite Hre considered.

6.1 The Porous crucible Technique

The mechanism by which 1::heslag compos Ition changes from the

initial or master slag composition to the equilibrium

composition in the outer regions of the porous ohromite
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crucible wall probably ~nvolves an exchange of chemical

species with the chromite grains in the inner wall regions. A

considerable change of slag composition did, in fact, take

place, as shown in Table 15, particularly in the FeO, MgO1

For example the FeO content increased from a

typical value of 0,5 per cent to as much as 15,8 per cent,

while the MgOcontent decreased in one case from 26 per cent

to 4 per cent and the Al203 content in another case increased

from 1 per cent to '17 per cent. At a given sla9 CaO/Si02 ratio

and temperature it can be seen fro:m Table 15 thr.lt slags with

substantially different initial MgOor" Al203,contents converge

upon the same,final or equilibrium slag composition.

An examination of the chromite grains located near the inner

surface of the cruc"ible wall showed that considerable changes

in the compositions of the edges of these grains had taken

place. A summary of the data from Appendix 5 fl.)r the inner

Wall i'egion is given in Table 16 which shows that the MgO

content had increased from 12,4 per cent in the original

unaltered chrornite (see Table 13) to as much as 22,1 per cent

while the maximumand minimumAl203 contents ranged from 30,6
per cent to 5,2 per cent respectively oomper ed with the

original value of 13,6 per cent. The approach to eqUilibrium

by the slag probably consists of successive reactions between
,

the liquid slag and the edges of chromite grains as it

penetrates the porous crucible wall and flows towards the

outer regions of the crucible wall. These reactions may

involve both the precipitation of exoess MgOand Al203 on the

chromite grains and the dissolution of MgO, AI2()3' Cr203, FeO

and Fe203 f:rom the chromite grains until the slag composition
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TABLE 15
comparison of ihitial. and final slag compositions

Sll1g Composition (masS, %)
no.•

Initial Final (1550'C) Final (1650·C)

CaO/Si02 MgO Al203 FeO cr203 MgO Al203 (FeO)T Cr203 MgO Al203 (FeO)T cr203

5 0,03 23,1 28,8 0,8. 0,02 10,1 19,1 10,9 0,8 13,6 14,9 15,9 1,3
3 0,04 18,2 24,3 0,3 0,10 9,1 19,0 12,6 0,9 15,6 14,9 13,1 1,1
6 0,07 29,4 8;9 0,5 0,02 7,3 19,2 10,5 0,5 13,1 14,5 15,8 1,0
4 0,27 26,0 18,0 0,3 0,22 4,3 17,6 13,7 0,9 6,1 15,3 14,5 1,1
2 0,40 9.8 14,4 1,0 0,02 4,8 20,2 10,5 0,9 6,3 17,4 12;4 1,0
tA 0,48 13,0 if,O 0,5 0,02 5,8 12,5 12,4 1,1 6,1 13,1 13,2 1,8
7 0,65 4,5 1. ,4 0,8 0;09 6;6 14,2 10,8 0',6 4,5 16,8 11,1 0,9

TABLE 16
Compositions of the edges of chromite grains from the crucible inner ",alt

r~~--"--'-'"
Run no. Slag hO. Composition (mass, %, normaliz.ed)

M90 Al203 Si02 CaD Ti02 Cr203 (I'eO)r

1/4 5 21,4 29,3 0,7 0,1 0,1 38,6 9,8
2/4 4 18,9 '20,7 1,0 0,1 0,2 42,1 17,1
3/4 6 19,5 15,5 0,9 0,1 0,2 48,8 15,2
8/4 7 12,5 5,2 0,2 0,6 0,2 63,5 17,8

115 5 22,1 30,6 0,9 0,0 0,1 41,2 5,1
2/S 6 12,7 23,8 0,7 0.1 0,2 42,1 20,S
3/5 4 17,4 26,0 0,7 0,1 0,2 40,4 15,3
8/5 7 13,2 5,6 0,6 0,4 0,1 63,1 17,0
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changes sUfficiently for no further reaction to take place,

i. e. reach equilibrium with ·the· chromite or become saturated

with respect to the original chromite. The porous crucible

therefore provides a means by which the liquid slag can react

many times in succession with selected chromite which then

forces the slag towards equilibrium with the s;';);::iglnal

chromite. A simple mixture of excess chromite and slag if.) an

inert crucible would converge upon a different equilihriur.a in

which a different chromf.t.e composition from t.he origina.l would

be expected.

.'
The advantages of this technique therefore include the freedom

to fix the chromite composition and to vary the initial slag

composition widely. The attainment of equilibrium is z'apLd

and does not require separate lengthy tests to approach the

desired equilibrium by a process of successive approximation.

The limitations of the process are the inability to d~termine

the oxidation s·tate of the elements present so that in this

particular case the relevant proportions of FeO and Fe203 in

the slag could not be' determined. The relatively large sample

size makes rapid qUenching difficult with the associated

increased errors in determining the slag composition when a

secondary crystal phase is formed.

This technique is useful where real systems with all the

naturally occurring impurities are of interest and can provide

sufficiently accurate information upon which further work,

based on more traditional methods, can be carried out .
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6.2 The Effects of Temperature and Ca.O/Sioz Ratio

The effect of increased temperature upon the maximum

solUbility of the spinel-forming species in the slag was

generally as expected, i. e. an increase in sol ubili ty .

Typically, as can pe seen from Table. 15, the MgOconcentration

increased by 3 per cent MgO, the FeO concentration by 2 per

cent FeO and the cr203 concentration by 0,4 per cent Cr203with

an increase in temperature from 1550·C to 1650·C. However,

the alumina content of the slag decreased by about 2 per cent

A1203which was not expected. A possible reason for this

behaviour may be linked to FeO-Fe203eq\lilibrium as a fUnction

of temperatur\~. There is no data available for the complex

slags of this study but it is known that the Fe2+/Fe3+ratio in

slags is temperature dependentr", A change in the activity of

Fe20J in the slag at the higher temperature may have a

subat.arrt.LaL influence upon the activity of A1203since they are

similar compounds. A further possibility may be the influence

of temperature upon the activities of the Fe203and FeO in the

chromite spinel leading to a redistribution of the Fe3+ cations

between the octahedral and tetrahedral sites in the Lat.t.Loe,

This possibility exists because Fe3+ has the lowest octahedral

site preference energy as discussed earlier (Section 2.1). A

change in the Fe203 spinel acti vi ty in this way could again

:i.nfluence the activity of the Al203in the spinel but probably

not the cr203' which has a much higher site preference energy

compared with Al203•

The lack of information on the oxidation state of the iron in

the slag phase prevents further exploration of these
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possibilities. It should be noted that there was no

significant loss or gain in maas during the experiments at

either temperature (see Ta}:>le 11) so the possibility of

thermal decomposition of the Fe203 component at the higher

temperatures seems unlikely. The average mass lost in the

1550·C tests was 0,03 g while an average maas gain of 0,12 g

was observed in the 1650·C tests. These figures correspond to

t.he decomposition of 4 per cent of the original FeZ03in the

1550·C tests and the oxidation of 6 per cent of the FeO in the

1650·C tests.

The effect of the CaO/SiOzmass ratio upon the slag composition

was confined mainly to the (FeO)T and MgOc~ntents. The Cr203

saturation solubility (- 1,0 per cent Cr?.03) was not

significantly affected by the change in CaO/Sio2 ratio in the

measured range from 0,03 to 0,65. The A1203content at 1650·C

increased slightl}' from about 15 per cent to about 17 per cent

with increasing caO/Sio2 mass ratio. However, at 1550·C the

A1203remained constant until a caO!Si02 ratio of approximately

0, 3 after which it dropped from 19 per cent to about 14 per

cent (see Figure 11).

The FeO and Mg()contents decreased steadily with increasing

caO/siOz ratio from typically 15 per cent to 12 per cent and 5

per cent respectively at 1650·C. These oxides both displayed

a minimumat a Si02/CaO of about 0,3 in the 1550·C tests with

FeO dropping to about 8 per cent from 12 per cent and

recovering to 12 per cent at higher Cao/sio2 ratios (... 0, 55) .

The NgO dropped to approximately 5 per cent from an initial

value (CaO/SiOz- 0,05) of 10 per cent and increased to 7 per
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cent MgOat the high Cao/si02 values (see Figs. 1.1 and 12 and

Table 1.5).

The behaviour observed at l650°C is consistent with increasing

activity coefficients of MgO.and A1203as the slag CaOcontent

increases due to the stronger basic nature of CaO compared

with MgOand FeO. The lack of any strong effect upon the A1203

behaviour at this temperature is also consistent with the

amphoteric nature of Al203• The behavicur at 1550°C of FeO,

Mgoand Al;zO:sd.s not clear and may be related to the anomalous

temperature behaviour of the A1203as discussed above.
.'

si.nce the two phases (solid chromite and liquid slag) were in

equi:Librium the activities of each species in each phase must

be equal, by defini~ion. Consequently if the chromite spinel

can be regarded as an ideal solid solution especially at high

temperatures, the act.Lv Lt.Les of the spinel constituents may be

calculated. Muan21 has noted that the ideal activity

composition relationship for such solid solutions containing

different cation sites and stoichiometry requires some careful

definition. The chromite spinel can be regarded as a solid

solution of MgOand FeO on the divalent sites and of cr203,

A1203, and Fe20;Son the trivalent sites. since there are two

cations involved on the trivalent sites Muan states that the

aqtivity is the square of the mole fraction in this case.

Therefore the ideai ac1:.ivity-composition relationships uned

were:
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acr203.'_ X~r2~

aAL203= X~12~

aFe203= 2
XFe203

aFeO = XFeo

= mole fraction of
species i

activity of species i
relative to the pure
solid species

The composition g,iven in Table 7 was used to calculate the

activities of the chrom1.te species which yielded the following

values:

acr203= 0,100

aAl203= 0,017

aFe203= 0,002

aMgO == 0,246

aFeO = 0,260

This data was then used '1.':0 calculate the activity coefficients

of the various species 1.11 the slag (relative to pure solid

species at the same' temperature) • It was assumed that the

Fe203 contribution was negligible simply for the purpose of

obtaining some idea of the behaviour of the FeO. The activity

coefficients thus calculated are shown in Table 17. The

outst.anding feature of the data •~s the high value of the

act.ivity coefficient of Cr203 in the slag (ranging from 13 to

40). This reflects the limited solubility of Cr203 in siliC!ate

slags and is consistent with the available phase diagram for

The influence of the additiarnal
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Table 17: Activity coefficients of MgO, Al 0 , (FeO) and Cr 0 in chromite saturated slags

Run no. Cao/Si02 Activity coefficient
(mass)

MgO A1203 (FeO) T Cr203

1/5, 2/5,
4/5, 6/5 0,04 1,17 0,19 2,00 20,3

3/5 0,34 2,56 0,18 2,03 22,5

5/5 0,30 2,48 0,16 I 2,36 39,2

7/5 0,4,2 2,59 0,21 2,26 13,3

8/5 0,52 3,46 0,16 2,65 26,2

1/4, 3/4, 4/4 0,05 1,71 0,14 2,52 31,4

2/4 0,25 3,73 0,13 4,48 22,0

5/4 0,32 3,19 0,13 2,74 25,7

I
9/4 0,47 2,70 0,22 2,39 22,6

8/4 0,55 2,41 0,20 2,80 40,3
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components FeO, Fe203' A1203and CaO has not subs~:.aht1..ally

increased ~che aoj.ubi.Lf.t.y of cr203 in silicate slags. The

activity coefficients for MgOand (FeO>r at 1650°C increase

with increasing slag caO/Sio2 in accordance with expectations

while the A1203values remain approximately constant. This

behaviour is in accordance with the strongly basic nature of

CaO, as discussed earlier.

6.3 Implications for Chromite smeJ.~ing

This investigation set out to de'cermine the conditiohS for

chromite dissolution into silicate slags to assist in the

selection of smelting conditions, particularly the type and

quantity of fluxing additions. The use 'of the unaltered

chromite establishe$ an extreme condition without regard for

the reduction reactions, I.e. the slag composition required to

completely dissolve chromite under inert conditions. The

application of this information to the smelting process is now

considered, firstly wlt.h regard to the Cr203 solubility a.nd

secondly to the MgOand A1203solubilities.

The results of this study confirm that in a complex slag

containing iron oxides as well as the usual slag..,.forming

cO!'\ponents (MgO; A1203! CaO, Si02) that the maximumsolubility

of is low, typlcally 1 per cent at 16 , ,...,-,.

Therefore, as discussed earlier, two important conditions are

likely to be required to achieve rapid reduction of the Cr203

contained in the chromite spinel. Firstly strongly reducing

conditions must be provided, which in a smelting furnace wouLd

exist at the slag--carbon interface and/or the slag""metal

interface. Metal with more than 4 per cent carbon or 5 per

..,.62 ..,.
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cent silicon would be capable of maintaining the cr203 activity

at lO-4 or less (see Tables 2 and 3) ar.d if the activity

coefficient of .cr203 is indeed - 26, as discussed above, then

the mole fraction of Cr203 in equilibrium with such a metal

would be ... 4 x :to-6• The second requirement is the effective

mass transport (including both buLk slag movement and pure

diffusion) of the dissolved Cr203 from the chromite-slag

interface to the slag-metal interface. The rate of such

transport processes (Ngr203) has been defined by Gieiger and

Poirier42 as the product of the concentration gradient in the

follows:

Where Ngr 0 is the molar flux of Cr203 at the slag-metal
23

interface ( . l· -2 5·-, ~rna e.. I and and are moLar;

concentrations of Cr203 (mole.m-3) at the slag-met:al interface

and the bulk slag respectively.

The maximumconce. It 'cdtion of Cr203possible in the bulk slag is

the saturation solubility of CrZ03and since thE! equilibrium

Cr203 concentration at the slag-metal interface is extremely

small (on thermodynamic grounds) it can be neglected, and the

maximum rate of mass transport can be approximated by

Ngrzo3"".kt.tC~r203where C~r203is the equilibrium solub.ili ty of CrZ03

in the slag. since the equilibrium solubility of cr203 has

been found to be approximately an order of magnitude less than

the typical solubilities of other oxides in the slag, (e.g.
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FeO 1 per cent) it is <::learly

necessary to maximize the value of kHto achi.eve mass t:r:ansport

rates comparable to those of FeO sLaqs. The:c~is no reason to

expect the diffusivity of cr203 in liquid silicate slags to be

higher than that of other oxides (e.g. FeO) and therefore

efforts to increase kM in practice would probably have to be

directed towards increasing the bulk slag movement by some

form of stirring.

The solubility of MgOand A1203in the slag becomes important

if the required conditions for rapid reduct.ion of Cr203 are

met, because then the dissolution of the chromite spinel may

be expected to become rate limiting. The spinel i·tself cannot

dissol ve in the Sl~g completely as long as the Mgo and A1203

contents of the slag exceed the solubility limits of MgOand

1\12°3. The Cr203 and Fe0 can then only leave the chromite

spinel by solid state diffusi::m within the spinel. The:c~fore,

in order to ensure the dissolution of the entire spinel, SiO~

and/or CaO fluxes should be added to lower the MgOand Alz03
contents in the slag to below their solubility limits. The

Alz03 limit found at 1650·C was typically 15 t.o 17 per cent

A1203(see Table 15) and is not significant.lx affected by the

cao/si02 ratio selected. The MgOsolubility value is, however,

raised drastically (from 6 per cent to 13 per cent) at CaO/Si02

less than 0,1 and therefore lower values of CaO/Sio2 should be

selected where possible. These limits are the worst case and

should be regarded as the lower solubility limits for flux

audition calculations. The upper limit is given by the

noLubi I.Ltiy of a pure MgO.A1203spinel where, from the known
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phase diagram" at 16500 C ...; the absence of CaO, MgOlevels of

25 per cent to 30 per oenl; can be tolerated together with Al203

contents of 30 per cent; to 35 per cent. The selection of the

optimum level of flux addd'cLon in practise J:'equires a balance

between the cost of the energy requirement to melt the flux

and the benefits obtained by higher smelting rates and lower

losses of unreduced chromite in the discard slag.

Industrial practise typically utilizes slags with MgOand A1203

contents of 20 per cent MgOand 25 per cent ].,\120.,} a.t a CaO/Si02

ratio of - 0,25 Which are much higher than the saturation

values at 1650·C of 6 per cent and 16 per cent respectively.

It may, therefore, be expected that any chromite entering such,

a slag would not dissolve evun if the conditions for rapid

This is a likely mechanism for

the losses of undd.aao Lved and partly reacted chromite in such

slags. A means of preventing the chromite particles from by-

passing the initial fluxing stage is required to reduce such

losses. Possibly the addition of fluxes to the agglomerated

feed (Where used), i ~e. briquettes, could be useful in this

regard. The formation of a chz'om.i.be+fLux sint'ar as used by

Fukagawa and Shi;moda33 in 'their experiments may be another

means of ensuring that all the chromite particles are

adequately fluxed.

7 CONCLUSIONS

7.1. The compositions of silicate slags in equilibrium in a

Transvaal chromite (from the LG-6 layer of the Buahvel d
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Complex) were determined at 1550·C and at 1650·C over a

range of cao/SiOz ratios from 0,03 to 0,55.

7.2. The porous cruci.ble technique developed provided a

relatively rapid means of determining the equilibrium

slag composition relative to an unaltered :naturally

occurring chro:atite.

7.3. The crZ03 solubility ranged from 0,5 per cent to 1,8 per

cent with an' average value of 1,0 per cent. A small

increase in solubility from 1550·C to 1650·C of 0,4 per

cent was observed.

ratio was observed.

No meaaur-abLe, effe,ct of the (:ao/sioz

7.4. The MgOsOlubility varied from 4,3 per cent to 15,6 per

cent and was affected by both temperature and CaO/Si02

ratio. The average sOlubility at 1550·(: was 6,9 per cent

while at 1650·C it was 9,3 per cent. The solubility was

seen to be higher at Cao/si02 ratio <0,1 compared with

ratios between 0,1 and 0,55, i. e. 8,8 per cent cf. 5,4

per cent at 1550·C and 14,1 per cent cf. 5,8 per cent at

1650·C.

7.5. The Al203 solUbility var s.ed from 12,5 per cent to 20,2 per

cent with an avezaqe value of 17,4 per cent at 1550°C and

15,3 per cent a.t 1650°C.. No clear effect. of Cao/sioz

ratio was evident.

7.6. The total iron expressed as fee varied from 10,5 per cent

to 15,9 per cent wiLh an average value of 11,6 per cent

at 1550°(: and IJ,7 per cent at 1650·C. The solubility at

1650·C was higher (14,3 per cent) at CaO/sioz ratios of



<0,1 than for ratios between 0,1 and 0,55 (12,8 per

cent).

7.7. The low solubility of Cr203 in these slags (.... 1 i 0 per

cent) suggests that strongly reducing (P02 < iO-13 atm.)

and well stirred slag condi tions would be required to

ensure the rapid dissolution of the chromite.

7.8. A further limitation to rapid dissolution may be expected

if the MgOand Al203 contents of the s) ag exceed 6 per

cent and 16 per cent respectively at the usual cao/s io,

:ratio of 0,25.

S RECOMMENDATIONS

8.1. The use of fluxes dontaining MgOand Al203 in the smelting

of chromite ahouLd be minimized to increase throughput

and chromium recovery within the constraints of an

acceptable slag liquidus temperature and electrical

conductivity.

8.2. The lowest possible CaO/Si02 :ratio should be utilized

within the Same constr.aints as 8.1 but, in addition, the

constraints of slag viscosity (increased entrainment of

metal blebs in the slag) and alloy sulphur content should

be considered.

8.3. Further work to quantify the benefloi:::tl effects of

utilizing Na20 and CaF2 for the fluxing of chro:mite which

were identified by Dawson and Edwards32 using the porous

"chromite crucible techn.ique should be undertaken, with a
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view towards developing a low temperature (- l450·C)

smelting technique.

8.4. Further work to examine the role of slag composition in

the smelting of chromite should be undertaken. A

rotating cylinder of chromite in a graphite crucible

containing various slags is recolmmended. The reaction

rate could be followed by monitoring the off-gas or

possibly by a gravimetric method. This investigation

should clarify under which condi tions chromite

dissolution, transport of chromium oxideS through the

slag or chemical reaction at the graphite interface

become the rate lind ting step.
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APPENDIX 1

CALCULATION OF THE ACTIVITIES OF VARIOUS CHROMIUM
OXIDE COMPOUNDS IN EQUILIBRIUM WITH Fe-Cr-C AND

Fe-Cr-Si ALLOYS
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APPENDIX 1-1

1. Fe-Cr-8i Alloys

Equations to he considered

EqU.l1

l 8i + (CrO) == Cr + l (8i02) Equ.12

EqU.13

Equ.14

ASsume: (a) temperature constant 1600·C
(b) activity of MgO in slag phase = 0,17(~)

,
(c) activity of 8i02 in slag phase = 0,40
(d) activity of Cr in alloy phase = 0,40
(e) pressure::::1,0 atmosphere (inert)
(f) all activities are relative to the pure species

at 1600·C.

a~r • (aSi02) 3/2

acr203 • (as.i ) 372
= K11 :. 1,179 x 106 Barin s Knacke24

~ 1<13 = 1,108 X 104 Sarin & Knacke24

= 1,178-X 1016 Barin & I<nacke24

LlG·, for Equ. 12 = -17,54 kcal/mole CrO using LlG" data for
CrO from Toker25, remaining data from Barin and Knacke24•
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APPENDIX1-2

.. In K12 =
-b.G 012

RT

-17,54
= 1,987 x 1,873

=

o s· cIn 1si = In 1Si + fsl XSi + €s~Xcr

= -6,645 + 25,'21 XSi + 0,197 Xcr ~~.sigworth & E'11iott43

Assuming that the activity of silicon can be approximated

by the data for dilute iron alloys, since chromium and

iron behave almost ideally tmllards each o·ther, and that

the alloy contains a constant 50' per' cent chromium by

mass, the silicon activities can be calculated for the

following alloy compositions.

% 8i XSi Xtr In Esi asi

5,0 0,092 0,494 -4,23 1,34 x 10-3

0,5 0,010 0,516 -6,29 1,85 x 10-5

0,05 OyOO1 0,518 -6,52 1,48 x 10-6

The use of these silicon activities together with the

assumed activities of chromium in the metal, silica and

maqnas La in the slag in the expression :eor the

equilibrium constal1ts shown above alloW an estimate to be

made of the activities of cr2031 CrO and Mgcr204 in

equilibrium with Fe-Cr-8i alloys of the above

compositions. 'l'he oxygen partial pressure in these

systems cah also be calculated •
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APPENDIX 1-3
2• Fe-Cr-C Alloys

Equations to be considered

Equ. 7

3.9.+ (Cr203)= 2Cr + aco (g)
C + (CrO) = Cr + CO(g)
3C + MgCr20ds) = 2Cr + (MgO) + 3CO(g)

Equ. 2

Equ. 6

Equ. 5

Assume: (a) temperature constant [i~t1600·C
(b) pressure constant at 1,0 atmospheres of CO
(c) all activities relative '.'tothe pure species at

1600·C

(d) a constant 50 per cent by mass chromium in the
alloy

(e) a constant MgO activity of 0,17 in the slag.

Barin lie Knacke24

Barin & Knacke24

49,24 Barin & Knacke24 and
Toker25 for cro data

Barin & Knacke24

The activities Qf chromium and carbon have recently been
calculated by Healy26 and combining this information with the
above equilibrium equations the ef.fect of varying carbon
contents on the activities of chromium oxide compounds in the
slag may be estimated. The oxygen partial pressure variations
are also calculated for comparison •
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APPENDIX 2

DETAILS OF THE EXPERIMENTAL EQUIP1~ENT
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APPENDIX2-1

A schematic diagram of the vertical tube furnace and the

associated equipment is shown in Figure A-I. The position of

the crucible in the hot zone of the furnace is shown together

with the other important dimensions in Figure A-2. The

electrical power supply connections were made through the

bottom of the furnace by means of high tempG\rature

electrically insulating connect.cr-s, The purge gas to the

furnace shell, to protect the molybdenumwire heating element

froll( oxfdat.Lon, was supplied through an alumina tube

positioned close to the windings and discharging near the

middle of the furnace.

The heating element; was designed using recommended values by

Finn44 for the voltage drop per turn ( 2 to 3 V/turn) and the

power to surface area rut.io of the wire (7 to 18 w/cm2). The

data of Bockris45 was used to estimate the resistivity of the

molybdenumwire as a function of temperature (see Figure A-3).

The large increase in resisti vi ty (approximately ten fold)

from room temperature to a working tempe£"ature of 1800°C

requires a power supply "lith a wide range of current and

vol tage to meet both warm-Up and high temperature demands.

Although thermal losses radially through the shell were

eE!timated at only 2,1 kW it was decided to make provision for

up to 5 kW because of the uncertain extent of the end-zone

heat losses. Previous work on a similar type of furnace by

Toker25 made allowance for a 50 per cent increase in furnace

power because of end-zone losses. This design utilizes a much

larger work tube diameter to length ratio then Toker (0,086
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APPENDIX2-2

cf. 0,052} which may be expected to increase the proportion of

end-zone losses. A thyristor power supply with a 40 A x 220 V

powez- rating was therefore selected.

The element winding pattern used" is shown in Figure A-4

together with details of the wire and tube diameters. The

winding was coated with an alumina cement (TR1-MOREPURE) to

just cover the wire « 0,3 mm), oven dried at 120"C and fired

at 600'C to secure the cement and winding firmly in position.

The furnace was warmed-up slowly ove~ a per Lod of five to

1,even days to avoid thermal shock, especially of the

recrystallized alumina tubes. Considerable'care was required

to ensure the integ;rity of the fUrnace seals at the operating

temperature. Furnace life-times varied considerablY and at

temperatures of 1650' C not more than three weeks of working

life could. be expected.

"''::::''

,,",
'f'\
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Measuring thermocouple Dig'; ta1
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Figure ,{\-1. Schematic diagram of the vertical tube furnace facility
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/ Measuring thermocouple

o ,00 too i'\m
L

Work tube seal
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.'

Figure A-2. Locati~n of the crucible in the furnace
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APPENIJIX 2-6

Position of winding zones
5SD

~~----_.__---- .0440 ----11-1

3'5

350
3.5

~1 .. rr~4-1
,._,.~ I I I .'

Data: Molybdenum wi re diameter = 1,0 mm
W'inding tube diameter = 76~ 1 mm
Wire length = 11 ,9 m
Total number of turns = 50.Windin.g tube material = recrystallized alumina
Cement = TRI-MORE pure
Watnr = Deionized
Firing temperature = 600°C

Figure A-4. Molybdenum heating element, winding pattern
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CALIBRATION OF REFERENCE THERMOCOUPLE
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APPENDIX 3-1

Council for Scientific and Industrial Research

National Measuring Standards and Metrology Division
National Physical Research Laboratory

POBox 395 Pretoria 0001-South Africa
Telex 3 - 21312 SA Telegrams: Navorsfis

Tel' National (012)86-9211 ext 3439
, International + 27 12 86-9211

CERTIFICATE OF CALIBRATION

No: 13144/Met/Temp

.'

CaLf.br ab.i on of: TYPE-B THERMOCOTJPLEWIRE

Manufacturer:
Model No:
Serial No: NIl 4-86

Calibrated for: Council For Mineral Technology
Randbur-g Tvl,' _..-...-.,

Calibration procedure: T8-El
Date of Calibration:
Expiry Date:
Calibrated by:
Checked by:

June .L986

D J Bmubs

R F Smith

No. of pa.ges: 7

for Chief Director
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APPENDIX 3-2

2 T8-El
CALIBRATION OF A THERMOCOUPLE TYPE B

SERIAL NO: WB 4-86

The thermocouple was calibrated at 18 different points over
the range 01:' C - 17500 C

In the equation:

Emf ::::a ,~,+ a,. t. + a-It" ( where n = 8)
.

The following values were obtained for the constants:

a .:.-; =-2. 6861231E-04 mV
a 1 =-2.1032808E-04 mV * c'G-"
a ~' = 5.3075572E-06 mV * CJG'-'~;~,
a :::r. = 1.8948983E-09 mV * C:J C·_·:-$
a -'"I· =-6. 5138172E-12 mV * I:JC-.q·

a t':J = 8.7564988E-·15 mV * CJ c-t.~
a c. ::::-6.5515077E-18 mV * I:'C--c.

a "7" -- 2.5511919E-21 mV * =c+
a 1.1 =-4.0673059E-25 mV * CI C--I:~

Using these constants an emf - temperature table has been
computed and is attached bo the oertificate.

Uncertainty of the ~alibration: ±1 K between 0 and 1150 CJC

±0.2% between 1150 and 1600 °C
:~O. 3% between 1600 and 1750 CIC

The uncertainty is estimated in terms of 99.7% oonfidenoe limits.

No: 13144/Met/Temp
Date of calibration: June 1986
Calibrated bY:~/':' ._..,_.._.,.~.
Checked by:, -

r .... ~~ ..
for Chief Director
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APPENDIX 3-3
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Figure A-5. Compa.rison of calibrated thermocouple with AmericanNational Standard data
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APPENDIX 3-4

VALUES USED FOR lllMPERATLJRES & E:MFs
INSTRUMENT SERIAL NO:WB 4-86

T ( 1) == 0.01 V( 1> = -1).0<)02

T ( 2) == 19.967 V<. 2) == "':0. 0024

T ( 3) == 49. 9721 V( 3) == o.0026
T ( 4) == 122. 282 V( 4) = 0.0557

T ( 5) == 231 .9681 V ( 5) = 0.24625
'~_.V""'_'·_. __ .

T ( 6) ~ 419. 58 V { 6 >., = D.8675

T{ 7} == 500 V( 7) = 1.240826
T ( 8) 630. 755 V ( 8) I 1 976= = .
T( 9) == ;.800 V( 9) ::::: 3. 14911

T( 10) :: 961 .93 V ( 10) = 4.48555

T( 11) = 1064. 43 V ( 11 ) = 5.42835

T ( 12) == 12(1) V ( 12) == 6.776353

T( 13) == 1300 V ( 13) = 7.834981

T ( 14) == ~ 4CH) V( 14) = 8.939463

T( 15) == 1554 V ( 15) = 10.705

T( 16) - 16(10 V< 16) == 11.23969

T ( 17) == 1700 V ( 17> == 12. 39164

T ( 18) == 1750 V ( 18) == 12.95015

Rsquare = 1
Polynomial degree == 8
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DETAILS OF THE EXPERIMENTAL TEST RUNS
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APPENDIX 4-1

1. Runs at a nominal temperature of 1550°C

Nine acceptable test runs were performed at this
temperature. Details of the furnace temperature

calibration were as follows:

Reference
Thermocouple

Measuring
Thermocouple

Bottom of empty crucible
Middle of empty crucible
Top of empty crucible
Normal measuring position,
i.e. 10 mm above top of
crucible

1548°C
1550°C

.'1551°C

1552°C 1554°C

It was assumed that the actual temperatures in the centre
of the crucible during the subsequent test runs could be
estimated from the indicated value obtained from the
measuring thermocouple by applying the following
corre(:tions:

(i) 6~~or relative to reference thermocouple
(ii) error due to posLcLon of measuring

thermocouple

2°C (high)

2°C (high)

Accordingly all temperature readings taken during the
subsequent tests were reduced by 4°C.

The details of the runs are shown in Table A-I.
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APPENDIX 4-2
2. Runs a.ta nominal temperature of ~650 °C

l<·urnacetemperature calibration
Reference
Thermocouple

Measuring
Thermocouple

Bottom of crucible
Middle of crucible
Top of crucible
Measuring position (10 mm

above top of crucible)

~644°C
1647°C
1647°C

1649°C ~648°C

Estimated actual temperature at middle of crucible in
subsequent test runs relative to the indicated
temperature by the measuring therm6couple corrected by:

(i) Error relative to reference = 1°C (low)
(ii) Error due;to measuring position = 2·C (high)

All measurements were therefore reduced by I·C in
reporting the subsequent runs.

Details of the runs are presented in Table A-2.

- 87 -



APPENDIX 4
TABLE A·l

Details of test runs at 1550'C

Run Date S~ag Chromite Slag Chromite Time at Temperature Average
no. no. mass mass and slag Temperature

in(g) in (g) out (g) h
Min. Max. Current Voltage
·C DC A V

1/4 87.02.19 5 93,44 22,70 115,97 2,3 15[,4 1548 14,5 148
2/4 87.02.19 4 94,32 23,23 117,53 9,8 1544 1548 14,5 143
3/4 87.02.20 6 92,94 23,78 116,68 1,0 1546 1552 14,5 148
4/4 87.02.20 3 92,13 23,70 115,87 1,0 1551 1557 No steady readings
5/4 87.02.20 2 91,63 21,98 113,68 1,0 1557 1564 No ste~.'1yreadings
6/4 87.02.20 4 89,92 22,47 112,30 1,0 1557 1562 No ste8~1 readings
7/4 87.02.21 3 88,72 23,25 112,41 8,1 1549 1559 No steady readings
8/4 87.02.21 7 90,29 21,40 111,75 0,9 1551 1558 14,5 141
9/~ 87.02.21 lA 92,24 23,90 116,15 1,0 1548 1558 14,5 138

-
APPENDIX 4

TABLE A·2
Details of test rUns at 1650'C

Run Date Slag ChrolQite Slag Chromite Time at Temperature Average
no. no. mass mass and slag Temporature

in(g) in (g) out (g) h
Min. Max. Current Voltage
·C ·C A V

1/5 87.02.22 5 92,80 25,22 118,'12 1,0 1652 1658 16,0 166
2/5 87.02.22 6 94,57 25,32 119,99 1,0 1647 1654 15,8 165
3/5 87.02.22 4 92,11 22,40 114,43 1,0 1647 1654 15,7 160
4/5 87.02.22 3 93,80 23,31 117,00 1,0 1647 1651 16,0 160
5/5 87.02.22 2 93,18 21,50 114,53 1,0 , 1650 1656 16,0 160
6/5 87.02.23 5 93,33 21,67 114,48 11,0 1M7 1653 16,0 159
7/5 87.02.23 1A 93,03 26,74 119,76 1,0 1643 1646 16,0 161
8/5 87.02.23 7 93,60 22,88 116,31 1,0 1650 1658 15,8 146
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DETAILED RESULTS OF MICRO-ANALYSES
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APPEIIDIM5-1
TABlEA-3

Detailed results of microanalyses for oach run
Run no. 1/4
Position : Inner wall Equipment SEM l'otal Normalized
Sample no.: AY 603 Polaroid no •.: 04123

a...,.,

Point description Composition (mass, %)

MgO At203 Si02 CaO Ti02 r.r203 FeO.
Altered edge 1 21,17 26,34 G,77 0,06 0,00 42,15 9,52
Altered edge 2 21,80. 32,28 0,69 0,02 0,10 35,47 9,64
Altered edge 3 21,09 29,29 0,63 0,17 0,26 38,25 10,36
Centre 19,~1 20,14 0,86 0,14 0,31 49,64 9,69
Slag crystalline, 75% 23,28 16,38 52,69 0,49 . o 39 0,79 5,98. ,

Slag matrix, 25% 7,15 21,34 59,56 3,12 0,48 0,86 7,49
_ ...---

Position : Outer wall
Sample no.: AY 603

Equipment StH Total Not normalized

Point description
I

Composition (mass, %)

1-190 N203 SiOz CaO Ti02 cr203 Fer., Total

: Unaltered centre 1 12,58 14,51 0,00 0,11 0,23 42,28 21,87 91,58
Unaltered centre 2 12,57 14,68 0,13 0,00 0,18 43,44 22,62 93,62
Unaltered edge 1 12,82 15,28 0,34 0,0f! 0,10 43,12 22,59 94,25
Unalt~red edge g 12,85 15,28 0,30 0,17 0,17 42,63 23,01 94,41
SLag matrix 100% 1 9,52 17,98 55,03 1,57 1,80 0,91 10,26 H,u7

Slag matrix 100% 2 10,32 19,72 54,96 1,72 1,65 O,UO 11,25 ';00,22
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Run no. 2/4
Position : Inner wall Equipment : SEM Total Normalized
Sample no.: AU 602 Polaroid no.: 04119

Point description Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 feO

Altered edge 1 19,07 19,37 0,67 0,11 0,20 43,53 17,07
Altered edge 2 18,13 19,72 0,91 0,04 0,17 43,54 17,50
Altered edge 3 19,52 22,97 1,26 0,18 0,15 39,28 16,64
Centre 18,87 15,43 0,97 0,07 0,48 48,01 16,18
slag trystall ine 80% 15,96 11,44 49,10 11,76 0,78 0,61 10,34

ISlag matrix 20% 3,51 20,17 55,26 12,17 0,85 0,71 7,32

position : Outer wall Equipment : Probe Total Not normalized
S~mple no.: AW 602 Poi~roid no.: 0087
:-' ,
Point description Composition (mass, %)---

MgO • (ll203 $i02 CaO Ti02 Cr203 FeO Total

Unaltered centre 1 11,20 15,31 0,01 0,00 0,28 47,75 25,65 100,21
Unaltered centre 2 11,16 15,27 0,00 0,03 0,21 47,56 25,55 99,80
Unaltered edge 1 11,14 14,24 0,01 0,06 0,23 47,96 25,69 99,36
Unaltered edge 2 11,03 14,24 0,00 0,10 G,33 47,58 25,72 99,00
Slag matrix 100% 1 3,76 20,77 51,76 12,34 3,71 1,33 5,68 99,75
SLag matrix 100% 2 3,51 20,69 51,95 12,11 3,44 1,07 5,52 96,55

Position : outer wall
Sa~ple no.: AY 602

Equipment SEM Total Not normalized

Point description composition (mass, %)

~lg0 (ll2()3 sI02 CaO Ti02 cr203 FeO Total

Unaltered centre 1 11/.7 13,81 0,34 0,14 0,26 46,04 23,99 97,07
Unaltered centre 2 12,33 14,09 0,38 0,07 0,20 47,13 23,90 96,02
UnaL telcr.ledge 1 12,22 13,60 0,13 0,27 0,25 45,60 23,97 96,04
Unaltered edge 2 12,56 13,66 0,34 0,00 0,32 ',6,04 23,58 96,54
SLag matrix 100% 1 4,03 19,30 47,70 13,15 3,37 0,65 6,44 94,64
Slag matrix 100% 2 4,25 19,59 46,69 1~,88 3,16 0,65 7,01 94,65
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APPENDIX 5·3
Run no. 3/4
Position : Inner wall Equipment : SEM Total Normalized
SampLe no.: AY 601 Polaroid no.: 04118

Poi.It descriptioH Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 FeO

Altered edge 1 19,63 16,91 0,58 0,12 0,31 46,98 15,48
Altered edge 2 19,95 16,46 1,05 0,00 0,17 46,87 15,48
Al tered edge 3 18,77 12,96 0,95 0,15 0,16 52,!';4 14,54
Altered centre 18,72 16,21 0,44 0,00 0,31 47,77 16,55
Slag crystalLine 50% 48,18 0,85 44,65 0,32 0,01 0,90 5,08
Slag matrix 50% 8,89 15,41 61,82 6,05 0,36 1,08 6,38

Position : outer walt
Sample no.: AY 601

Equipment Probe Total Not normalized

Point description Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cf203 FeO Total

Unaltered centre 1 11,29 14,93 0,00 0,00 0,43 47,94 26,96 101,55
Unaltered centre 2 11,12 14,44 0,02 0,00 0,55 46,96 26,08 99,17
UnaLtered edge 1 10,83 13,86 0,02 0,04 0,28 47,34 27,19 99,57
Unaltered edge 2 10,74 13,90 0,01 0,02 0,19 47,60 26,23 98,70
Slag matrix 100% 1 7,52 19,09 55,41 4,44 2,36 0,52 10,25 99,84
Slag matrix 100% 2 7,15 19,09 55,34 4,28 2,16 0,55 10,26 99,50
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Run no. 4/4

Position : Outer wall
Sample no.: All614

Equipment probe
Polaroid no.: 0095

Total Not r.ormalized

Point description Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 FeO Total

Unaltered centre 1 10,64 14,78 0,00 0,00 0,43 46,68 25,04 97,58
Unaltered centre 2 10,45 14,87 0,00 0,00 0,40 46,94 25,36 98,06
Unaltered edge 1 10,53 15,79 0,25 0,00 0,11 46,05 26,80 99,59
Unaltered edge 2 10,33 15,24 0,02 0,02 0,19 47,57 25,87 99,24
Slag matrix 100% 1 10,07 18,93 53,00 1,95 0,74 0,97 13,25 98,99
Slag matrix '100%2 9,73 18,70 53,73 2,00 0,72 0,86 13,29 99,16

Run no. 5{4
Position : Outer wall
Sample no.: All615

Equipment : Probe
Polaroid no.: 0099

lotal Not normalized

Point description composition (mass, %)

MgO Al203 Si02 CaO Ti02 cr203 FeO lotal

Unaltered centre 1 10,65 15,22 0,00 0,06 0,30 48,44 25,95 100,67
Unaltered centre 2 10,83 15,10 0,00 0,02 0,40 48,00 26,16 100,52
UnaLtered edge 1 10,68 13,95 0,06 0,17 0,18 49,33 25,83 100,26
Unaltered edge 2 10,69 14,28 0,00 0,18 0,21 49,14 25,63 100,18
Slag matrix 70% 1 3,33 21,71 48,42 12,94 1,49 0,92 11,02 99,98
Slag matrix 70% 2 3,09 21,73 49,26 13,09 1,31 0,88 9,40 98,94
Slag crystalline 30% 1 8,13 16,21 41,54 20,11 1,54 0,96 10,04 98,55
Slog crystalLine 30% 2 8,43 15,93 40,76 19,48 1,72 0,77 11,51 95,67
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APPENDIX 5·5
Run no. 6/4
Position : Outer wall
Sample no.: AY 612

Equipment SEM Total Not normalized

Point descr iption Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 FeO Total
-

Unaltered centre 1 12,18 14, 1~ 0,01l 0,07 0,48 44,27 24,53 95,64
Unaltered Centre 2 11,97 14,24 0119 0,00 0,52 46,89 23,77 97,58
Unaltered edge 1 12,25 14,81 0,32 0,21 0,50 47,37 23,46 98,92
Unal tel'ed edge 2 12,17 14,92 0,19 0,17 0,63 47,57 23,75 99,40
Slag crystalline 75% 1 18,28 9,92 47,55 10,42 0,63 0,70 n,71 101,21
slag crystall ine 75% 2 15,70 11,99 45,54 12,43 0,80 0,34 13,71 100,51
slag matrix 25% 1 0,78 17,68 43,36 10,02 091 0,91 20,82 94,31, "

Slag matrix 25% 2 1,15 17,51 45,09 10,33 0,89 0,89 19,48 95,13

RUn no. 7/4
Position : Outer wall
Sample no.: AI-! 616

Equipment : PIIOBE
polaroid no.: 001)0

Total Not normalized

Point description conpost t ion (mass, %)

MgO A,l203 Si02 CaO Ti02 Cr203 FeO Total

Unaltered centre 1 11,00 14,13 0,00 0,02 0,14 48,00 26,13 99,43
Unaltered centre 2 10,88 14,34 0,00 0,00 0,23 47,51 26,28 99,26
Unaltered edge 1 10,5,~ 13,68 0,06 0,03 0,17 47,28 26,98 98,81
Unaltered edge 2 10,38 13,96 0,06 0,02 0,15 46,42 26,42 97,43
Slog matrix 100% 1 7,88 18,37 54,18 2,16 1.77 0,73 11,45 96,68
siag matrix 100% 2 7,97 17,94 54,11 2,20 1,68 0,72 11,21 96,01
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Run no. 8/4
Position : Inner wall Equipment : SEM
Sample no.: AY 600 Polaroid no.: 4115

Total Normalized

Point description Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 FeO

Altered edge 1 11,46 4,69 0,22 0,59 0,23 64,63 17,67
Altered edge 2 12,95 5,65 0,00 0,33 0,09 63,53 17,45
Altered edge 3 12,58 5,21 0,58 0,74 0,24 62,39 18,26
Altered centre 15,91 . 15,00 0,38 0,26 0,71 48,00 19,74
Slag crystalline 50% 8,78 7,95 47,87 25,91 0,50 1,04 7,95
Slag matrix 50% 0,01 8,99 49,36 38,87 0,19 0,65 1,94

"

Position : Outer wall
Sample no.: AY 600

Equipm~nt : Probe
Polaroid no.: 0085

Total Not normalized

-
Point description Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 FeO Total

Unaltered centre 1 10,99 14,08 0,04 0,12 0,47 47,24 26,40 99,34
Unaltered centre 2 11,10 14,42 0,03 0,11 0,39 47,36 26,37 99,79
Unaltered edge 1 10,70 12,07 0,07 0,25 0,23 49,13 25,47 97,92
Unaltered edge 2 10,59 10,23 0,34 0,36 0,15 50,70 24,94 97,33
Slag crystalline 80% 1 8,13 13,74 41,38 22,72 1,00 0,67 11,84 99,49
Slag crystalline 80% 2 8,13 13,67 40,70 22,62 1,13 0,51 12,31 99,08
Slag matrix 20% 1 0,38 15,85 50,52 27,67 0,56 0,45 5,29 101,43
Slag matrix 20% 2 0,39 15,74 49,75 26,90 0,75 0,43 5,23 99,53
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APPEtlDIX 5-7
Run no. 9/4
Position : outer wall Equipment : SEM Total: tlormall zed
Sample no.: AY 601 Polaroid nos: 04131 and 04130

point description Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 FeO

Unaltered centre 1 11,88 14,99 0,78 0,08 0,57 47,00 24,70
UI.altered centre 2 10,88 13,2& 0,43 0,30 0,29 50,46 24,37
Unaltered edge 1 10,80 14,18 0,13 0,18 0,:;3 49,80 24,58
Unaltered edge 2 11,15. 12,38 0,90 0,20 0,27 50,56 24,54
Slag crystalline 80% 7,04 11,61 43,94 23,27 1,05 1,28 11,82
Slag matrix 20% 0,73 16,00 48,77 11,98 0,61 0,53 14,86

.'

position : Upper I~alt(no slag contact)
Sample no.: AY 665

Equipment SEM Total Not normalized

IPo'".""'P"'" Composition (mass, %)

MgO Al203 SI02 CaO Ti02 Cr2~ FeO Total

Unalter~d centre 1 13,32 1~,04 0,00 0,00 0,32 48,12 26,29 103,11
Unaltered centre 2 13,65 15,72 0,17 0,15 0,40 48,52 26,01 104,62
Unaltered edge 1 12,97 13,35 0,24 0,35 0,20 49,98 26,55 1G~,64
Unaltered edge 2 12,1.3 13,11 0,28 0,15 0,30 50,74 25,75 102,76

-
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APPENDIX 5-8
~un no. 1/5
Pos ition : Inner wall Eq~iPlnent : SEM Total Normal Ized
Sample no.: AW 607 Polaroid no.: 04114

Point description Composition (masS, %)

MgO Al2~ Si02 CaO Ti02 CrZ03 FeO

..

Altered edge 1 21,72 27,49 0,81 0,00 0,05 44,89 5,01
Altered edge 2 22,87 33,81 1r 18 0,13 0,17 36,68 5,16
Altered edge 3 21,82 30,40 0,74 1',00 0,04 41,98 5,02
Alt,~red centre 2.1,72. 21,44 0,90 0,08 0,58 50,04 5,.24
Slag crystalline 70% 24,29 15,59 54,26 (),62 0,37 1,03 3,84
Slag matrix 30% 12,64 19,67 60,17 1,g9 0,38 0,82 4,34

"

Position : Outer wall
Sample no.: AW 607

Equipment : Probe
Polaroid no.: 0096

Total Not normalized

point description composition (mass, %)

MgO Al203 Si02 CaO Tio2 cr203 FeO Total

Unaltered centre 1 10,94 15,58 0,00 0,00 0,56 46,62 25,69 99,39
Unaltered centre 2 10,74 15,36 0,02 0,00 0,42 46,63 26,04 99,26
Unaltered edge 1 10;99 15,09 0,00 0,03 0,23 45,97 26,17 98,56
Unaltered edge 2 10,95 15,00 0,04 0,00 0,24 46,36 25,43 98,04
Slar.matrix 100% 1 11,39 18,03 51,40 ',16 ',40 0,59 16,46 100,62
Slag matrix 100% 2 ",33 17,71 51,70 1,.20 1,20 2,35 16,18 100,07
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APPENDIX 5·9
Run no. 2/5
Position : Inner wall Equipment : SEM Total Normalized
Sample no.: AW 606 Polaroid no.: 04111

Point description composition (mass, %)

MgO Al203 Si02 CaO nCt! cr203 FeO'

Altered edge 1 13,51 27,00 0,55 0,01 0,05 39,36 19,53
Altered edge 2 12,34 21,74 0,86 0,04 0,26 43,52 21,24
Altered edge 3 12,22 22,71 0,78 0,11 0,24 43,31 20,84
Altered centre 11,49. 18,70 0,63 0,00 0,38 47,74 21,05
Slag matrix 100% 5,34 19,60 52,89 6,38 1,32 0,92 13,55

Position : Inner wall Equipment : Probe Total Not normalized
Sample no.: AW 606 Polaroid no.: 0091

Po int descr iptior' composition (mass, %) I
MgO Al203 Si02 CaO Ti02 Cr203 FeO Total

Unaltered centre 1 10,53 14,82 0,01 0,00 0,46 48,49 24,84 99,20
Unaltered centre 2 10,64 14,95 0,03 0,02 0,48 48,11 24,52 98,77
Unaltered edge 1 10,31 13,45 0,04 0,03 0,24 49,32 24,46 97.88
Unaltered edge 2 10,46 13,41l" 0,'11 0,02 0,30 49,34 24,75 98,48
Slag crystalline 60% 1 21,22 11,85 46,68 0,88 2,06 1,12 12,96 101,32
Slag crystalline 60% 2 22,11 12,08 47,20 0,73 1,73 1,2'. 14,27 .102,32
Slag matrix 40% 1 2,02 18,62 54,71 7,97 0,96 1,19 18,48 99,71
Slag matrix 1.0% 2 2,70 18,45 53,75 7,67 0,78 1,27 '18,10 100,06
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APPENDIX 5-10
Run no. 2/5 (continued)
Position : Outer wall Equipment
Sample no.: AY 606

SEM Total Not normalized

Point description Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 FeO Total

Unaltered centre 1 11,05 14,20 1,46 0,00 0,47 43,01 22,06 92,25
Unaltered centre 2 11,92 14,79 1,33 0,00 0,28 43,80 21,25 93,31
Unaltered edge 1 11,77 13,17 1,24 0,18 0,35 43,98 21,48 92.,17
Unaltered edge 2 11,65 14,43 1,20 0,17 0,40 , 44,01 2',88 93,74
Slag crystalline 50% 1 22,08 11;48 47,38 0,97 1,08 0,58 17,55 101,12
Slag crystalline 50% 2 21,90 11,60 46,48 0,90 1,37 0,75 18,32 101,32
Slag mt-ltrix50% 1 1,95 16,74 50,76 7,56 2,55" 0,6'6 13,96 94,18
Slag matrix 50% 2 2,71) 16,38 50,94 7,20 2,10 1,24 13,60 94,16

Position : Upper wall (no slag contact)
Sample no.: AY 666

Equipment SEM Total Not normalized

Point description composition (mass, ~,
MgO Al203 Si02 CaO Ti02 cr203 FeO Total

Unaltered centre 1 13,45 14,92 0,00 0,17 0,40 49,41 24,35 102,70
Unaltered centre 2 12,43 14,)43 0,15 0,17 0,52 48,03 24,43 100,16

.,

Unaltered edge 1 12,33 12,58 0,13 0.20 0,10 50,79 24,74 101,17
Unalter~d edge 2 11,78 12;67 0,28 0,20 0,17 49,53 23,73 98,36
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APPENDIX 5-11

Position : Inner wall
Sample no.: AW 605

Equipment : SEM Total Normalized
Polaroid no.: 4107

point description Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 FeO

Altered edge 1 17,04 19,46 0,62 1),10 0,41 46,47 15,90
Altered edge 2 17,18 29,08 0,73 0,01 0,07 37,81 15,12
Altered edge 3 17,87 29,50 0,60 0,18 0,19 36,83 14,83
AlterEd centre 13,12 15,66 0,38 0.,01 0,34 47,37 23,11
Slag crystalline 30% 4,92 16,05 47,90 17,31 0;49 1,13 12,20
Slag cryst,'IUine 30% 38,72 ·2,21 43,26 10,81 0,07 1,23 13,31
slag matrix 40% 1.3,97 12,·39 45,94 1,18 0~48 1,55 14,80

·Position : outer wall
Sample no.: Ali605

Equipment : Probe Total Not normal ized
Polaroid no.: 0089

Point description Composition (mass, %)

MgO Al203 Si02 CaO ii02 cr203 FeO 'rotal

Unaltered centre 1 12,16 15,09 0,00 0,02 0,55 48,49 23,05 99,38
Una;ltered centre 2 12;04 15,-;5 0,00 0,01 0,48 47,99 23,25 99,19
unaltered edge 1 12,48 15,43 0,00 0,06 0,53 48,73 22,85 100,09
Unaltered edge 2 12,21 14,94 0,02 0,08 0,36 49,29 22,56 99,54
Slag crystalline 60% 1 8,63 12,52 41,54 18,07 1,30 0,96 14,44 91,51
Slag crystalline 60% 2 8,92 12,97 43,00 18,1il 1,22 1,16 13,84 99,2':
Slag matrix 40% 1 1;48 18,76 50,73 10,68 0,91 0,97 14,12 98,07
Slag matrix 40% 2 1,63 18,2/• 48,55 ,1,62 0,94 1,26 14,49 97,76
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APPENDIX 5-13
RUn no. 6/5

PoSition : outer wall
Sample no.: AW 613

Equipment : SEM Total: Normalized
Polaroid nos: 04145 and 04144

Point description Composition (mass, %)

MgO Al203 Si02 CaO Ti02 Cr203 FeO

Unaltered centre 1 12,61 16,52 0,37 0,10 0,16 48,10 22,14
unaltered centre 2 12,38 17,00 0,56 0,14 0,30 47,05 22,56
Unaltered edge 1 12,36 16,51 0,49 0,15 0,26 47,61 22,62
Slag crystalline 80% 1 16,78 . 12,05 50,47 0,76 1,00 1,65 17,29
Slag crystalline 80% 2 17,65 12,16 50,63 0,48 0,76 1,11 17,20
Slag matrix 20% 1 3,14 15,25 62,14 3,41 1,47 1,31 13,27
Slag matrix 20% 2 2,20 16,09 57,42 4,83 2,08' 1,40 15,97

Position : Outer wall
Sample no.: AY 613

Equipmeht SEM Total Not normalized

Point description Composition (mass, %)

HgO Al2DJ S;02 CaO Ti02 cr203 FeO Total

Unaltered centre 1 14,58 17,17 0,43 0,20 0,18 47,00 20,43 99,99
Unaltered centre 2 14,90 16,98 0,43 0,18 0,28 ·~5,26 20,58 98,61
Una ltered edge 1 15,00 17,83 0,00 0,10 0,13 46,59 20,93 100,58
Unaltered edge 2 14,93 18,44 0,15 0,13 0,30 47,06 21,27 102,28
Slag crystall ine 65% '1 25,30 13,30 51,99 0,22 0,95 0,99 15,34 108,09
Sl~g crystalline 65% 2 20,82 13,90 51,24 0,76 0,85 0,86 17,32 105,75
Slag matrix 35% 1 2,92 17,17 61,20 4,23 1,98 1,34 13,11 10',95
Slag matrix 35% 2 3,48 17,47 61,84 3,77 2,10 1,10 14,93 104,69
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APPENDIX 5-14
Run no. 7/5

Position : Outer wall
SampLe no.: AW 611

Equipment : SEM Total : tlormalized
Polaroid nos: 04135 and 04134

Point description composition (mass, :Y.>

MgO Al203 Si02 CaO Ti02 Cr203 FeO

Unaltered centre 1 10,14 14,27 0,00 0,06 0,40 48,94 25,21
Unultered centre 2 11,21 11,59 0,98 0,34 0.23 ,51,31 24,35
Vnaltercd edge 1 11,46 11,43 0,78 0,48 0;15 51,63 24.,0'i·
Unaltered edge 2 11i78 14,59 0,20 0,21 0,45 47,39 25,38.
Slag crystalline 70% 8,38 11,69 44,38 22,16 0,91 1,20 11,27
Slag matrix 30% 0,89 ; 16,35 49,40 12,12 0,60 3,09 17,.'i5
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APPENDIX 5-15
Run no. 8/5

Position : Inner wall
Sample no.: AY 604

Equipment SEM
Polaroid no.: 4106

Total Normalized

I

Point description composition (mass, %)

MgO Al203 Si02 CaO TiOZ Cr203 FeO
---~, ----
Altered edge Y 13,.66 6,22 0,68 0,23 0,01 62,60 16,59
Altered edge 2 13,47 5,39 0,70 0,43 0,11 62,70 17,16
Altered edge 3 12,50 5,30 0,49 0,58 0,13 63,89 17,12
Altered centre 14,21 15,16 0,29 0,36 0,57 50,74 18,69
Slag crystalline 80% 7,86 8,29 48,06 26,64 0,50 0.75 7,91
Slag matrix 20% 0,01 9,48 48,83 37,45 0,31 0,60 3,32

.'

Position : Outer watl
Sample no.: AU 604

Equipment P,'dJ(i
Polaroid r ••• 006n

T~.ta{ Not normalized

Point descrlption Comp9sition (mass, %)
.......... ,...,.........._ ....... .......-- ........_-

MgO Al203 Sio2 CaO TiO:! cr203 FeO Total

Unaltered centre 1 1039 1!,;86 0,00 0,09 0,48 49,00 25,03 100:28
Unaltered centre 2 10,68 14,92 0,00 0,07 0,42 48,50 24,85 99,47
Unaltered edge 1 10,43 ,3,03 0,00 0,21 0,14 51,43 24,27 99,54
Unaltered edge 2 10,42 12,09 0,00 0,20 0,14 51,23 24,04 99,00
Slag crys~alline 60% 1 7,09 16,7', 39,72 22,1.3 1,71 0,98 11,64 100,35
Slag ~rystalline 60% 2 7,72 16,57 40,08 22,7/, 1,53 1,10 11,55 101,32
Slag matrix 40% 1 0,18 16,82 47,53 21,82 0,4/} 0,65 12,48 98,48
Slag matriX 40% 2 I 0,21 16,93 47,99 21,59 0,43 0,88 10,36 98,94
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APPENDIX 5-15
Additional analyses to check accuracy

position : Upper wall (no slag contact)
Sample no.: AY 665

E(!uipment Probe Total Normalized

Point description composition (mass, %)

MgO Al203 Si02 CaO Ti02 ("";,03 FeO

Unaltered centre ." 11,15 13,12 0,01 0,00 0,23 48,93 26,45
Unaltered edge * 11,41 12,96 0,00 0,00 0,25 Its,14 26,00

." Milan of foUr determinations

"

Run no.: 614

Position : Outer wall Equipment SEM lotal Normalized
Sample no.: AU 612

point description Composition (mass, %) .:J
MgO Al2(J1. Si02 CaO Ti02 Cr203 FeO

Unal.tered centre 10,01 10,80 0,00 0,02 0,11 51,12 27,94
Unaltered edge 10,29 10,78 0,00 0,07 0,10 51,23 27,52
Slag crystal! ine 20% 15,95 7,81 50,82: 8,58 0,09 0,96 15,80
Slag matrix 80% 0,89 13,80 50,62 9,35 0,09 0,70 ie4,S2
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