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SYNOPSIS 

The reduction of a mixture of particles of gangue-free spinel in the size range 106 to 90 /im and particles 
of graphite in the same size range was studied by the use of a recording thermobalance. The partially reduced 
material was analysed chemically, as well as by X-ray diffraction, optical microscopy, and electron-
microprobe analysis. 

The reaction is shown to be sequential, the ferric iron being reduced to ferrous iron before a metallic 
reduction product appears. Almost one-half of the iron is reduced before the reduction of chromium becomes 
significant, and, by the time about one-half of the chromium has been reduced, almost no unreduced iron 
remains in the oxide. 

Carbon appears in the reduced material after the reduction of chromium has started. The carbon content 
rises as the reaction proceeds, and beyond the stage at which all the iron has been reduced, the reduced 
product is an iron-chromium carbide. The product is therefore in a state of near equilibrium with the partially 
reduced spinel. This indicates that, up to about 60 per cent reduction, the transfer of carbon to the oxide 
is a controlling factor in the reduction. This conclusion is supported by the observation that the reduced 
product is confined to the surface of the chromite particle, which ret?ins its external shape while becoming 
progressively more porous as reduction proceeds. Under hydrogen, a metallic reduction product is formed 
within the internal pores as well as on the surface. 

The second half of the reduction proceeds at a reproducible decreasing rate that can be modelled on 
the basis of the diffusion of chromium from within the particle to the surface. The initial reduction rate 
is slow but accelerating, and is not reproducible. Further investigation of this stage of the reduction process 
is recommended. 

SAMEVATTING 

Die reduksie van 'n mengsel van aarsteenvrye spinelpartikels binne die groottebestek 106 tot 90 fim, 
en grafietpartikels binne dieselfde groottebestek, is met gebruik van 'n registreertermobalans bestudeer. 
Die gedeelu lik gereduseerde materiaal is chemies en met behulp van X-straaldiffraksie, optiese mikroskopie 
en 'n elektron-mikrosonde ontleed. 

Dit blyk dat die reaksie opeenvolgend is aangesien die ferriyster tot ferroyster gereduseer word voordat 
'n metaaireduksieproduk verskyn. Byna die helfte van die yster word gereduseer voordat die reduksie van 
chroom beduidend word en teen die tyd dat ongeveer die helfte van die chroom gereduseer is, bly daar 
feitlik geen ongereduseerde yster in die oksied oor nie. 

Koolstof verskyn in die gereduseerde materiaal nadat die reduksie van chroom begin het. Die 
koolstofinhoud styg namate die reaksie aangaan en na die stadium waar al die yster gereduseer is, is die 
gereduseerde pro^uk 'n yster-chroomkarbied. Die produk is dus feitlik in 'n ewewigstoestand met die 
gedeeltelik gereduseerde spinel. Dit toon dat die oordrag van koolstof na die oksied, tot ongeveer 60 persent 
reduksie, 'n beherende faktor in die reduksie is. Hierdie gevolgtrekking word gestaaf deur die waarneming 
dat die gereduseerde produk beperk is tot die oppervlak van die chromietpartikel wat sy uitwendige vorm 
behou terwyl dit progressief meer poreus raak namate die reduksie vorder. Onder waterstof word daar 'n 
metaaireduksieproduk in die inwendige porieë en op die oppervlak gevorm. 

Die tweede helfte van die reduksie vorder teen 'n reproduseerbare afnemende tempo wat gemodelieer 
kan word op die basis van die diffusie van chroom van die binnekant van die partikel na die oppervlak. 
Die aanvanklike reduksietempo is stadig maar dit versnel en is nie reproduseerbaar nie. 'n Verdere ondersoek 
van hierdie stadium van die reduksieproses word aanbeveel. 
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1. INTRODUCTION 
The so-called direct reduction of chromite with carbon to produce an iron-chromium-carbon alloy 

at temperatures lower than those required to produce a liquid alloy and a liquid slag has become an important 
industrial process. In industry, it is carried out with pciletized mixtures of chromite and carbon in a fuel-
Tired rotary kiln. The time taken for a particular degree of reduction to be attained has a significant influence 
on the throughput and capital cost of the industrial process. The kinetics of the reduction reaction are 
therefore an important subject for laboratory study. 

1.1. The Reduction Atmosphere 
The atmosphere in which reduction is carried out can be expected to influence the rate of reaction. 

This is so even though the overall reaction may not involve the surrounding gas. For example, in an 
atmosphere of carbon monoxide, the reaction sequence for the direct reduction of a metal oxide, MO, is 

CO + MO - M + C0 2 , 

followed by C 0 2 + C -» 2CO. 

The overall reaction is MO + C -» M + CO, 

in which there is no net consumption of carbon monoxide from the atmosphere. This is the case in chromite 
reduction, as discussed by Rankin1, where the ratio of carbon monoxide to carbon dioxide needed to maintain 
the reaction is very high. 

Under an atmosphere of inert gas, the reaction involves reduction by carbon monoxide and the 
subsequent reduction of carbon dioxide. In this instance, the initial reduction step involves the generation 
of carbon monoxide at points of direct contact between the oxide and the carbon, as follows: 

MO + C - M + CO. 

The atmospheric conditions inside a pellet in an industrial furnace are not known. 
The pellets are porous and are not isolated from the furnace atmosphere (which is high in nitrogen 

and has a varying oxygen potential along the kiln). However, reduction is undoubtedly caused by the carbon 
within the pellets rather than by the atmosphere so, for this laboratory study, it was decided that an 
atmosphere of inert argon should be used, at least until some understanding of the reactions had been 
obtained, since ii would be convenient, safe, and appropriate. 

1.2. Selection of Experimental Charge 
Preliminary work was undertaken so that an experimental technique could be selected. As a result, 

it was decided that the reduction of mixtures of chromite and graphite should be examined by measurement 
of the change in mass as a function of time with the charge material at a constant temperature under the 
selected atmosphere. As it was intended that the chromite particles would be examined at various stages 
of reduction, it was decided that the grains used should be as similar in size as could be conveniently achieved 
by screening. Thus, all the particles could be expected to experience the same degree of reduction in a given 
time. Initially chromite ores from the Kroondal, Marico, and Winterveld Mines were tested, as were gangue-
free samples of the chrome spinels separated from these ores. The compositions of these spinels are listed 
in Table 1. However, it was decided that, in this investigation, efforts should be concentrated on one gangue-
free material so that the additional variables associated with spinel-gangue compositions could be avoided. 
As the direct reduction of Winterveld ore is current practice in industry, the Winterveld spinel was selected 
for detailed study. The size fraction selected (between 106 and 90(im) gave convenient rates of reduction 
that were not too rapid for the equipment to follow nor so slow as to require very long reduction times, 
which would not be typical of direct reduction as practised in industry. 

It was arbitrarily decided that graphite particles in the same size range as the chromite particles should 
be used. This would make it difficult for strong pellets to be produced without the use of a binder, which 
might interfere with the reaction. Briquetting was considered but it was found that the pressure used would 
influence the kinetic reactions, and it was finally decided that the work should be carried out on mixtures 
of uncompacted powder held in an alumina crucible. 

The applicability of this technique to a study of the reaction mechanism was confirmed as follows. 
Industrial pellets reduced under argon were compared with reduced powder mixtures by microscopic 
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REDUCTION OF WINTERVELD CHROME SPINEL 

TABLE 1 

Chemical analysis of the chrome spinel tested* 
(All values are expressed as percentages by mass) 

Constituent Winterveld Kroondal Marico Standard deviation 
C r 2 O j 47,1 46,2 48,4 0,2 
Total Fe 
(as Fe203> 28,7 28,6 23,0 0,2 

FeO 18,4 19,7 12,5 0,5 
Fe203 8.3 6,7 9,1 0,5 
AI2O, 15,2 15,8 16,8 0,2 
MgO 11,0 9,2 11,7 0,2 
SÍO2 0,12 0,30 1,00 0,1 
TÍO2 0,55 0,70 0,40 -
MnO 0,25 0,20 0,20 -
V2O5 0,36 0,40 0,30 -
NiO 0,13 0,10 0,13 -
CaO 0,08 0,03 0,05 -
CoO 0,04 0,04 <0,06 -
ZnO 0,10 0,10 0,06 -
NaOz 0,02 - 0,03 -
K0 2 0,01 - 0,01 -

* s?"-.ples of differenl size fractions were analysed at various times, some by wet-chemical 
methods, and others by optical emission spectrography using an inductively coupled plasma 
source. The analyses were for metal ions but, in accordance with convention, are reported 
as oxides. The selection of the values reported here was based on the size ranges measured. 

examination of the partially reduced chromite particles in cross-section. 
As the pellets contained chromite particles in a wide range of sizes, various particles in a single pellet 

showed different degrees of reduction. Although the degree of reduction could not be readily determined 
for an individual particle, the stages of reduction and mechanism of metallization appeared to be the same 
as those observed for reduced powders. Therefore, during the metallization reaction, pellets could be expected 
to behave as aggregates of separate particles that are reduced individually. 

It was found that the kinetic results showed no consistent variation with the ratio of graphite to chromite 
above about 1 to 4 by mass. 

A charge of 4 g of chromite and 1 g of graphite was used, since this resulted in mass losses well-suited 
to the experimental equipment. For the powder mixtures, the kinetic curve? of reduction as a function of 
time were characterized by a relatively low initial r? e of reduction followed by an accelerating rate and, 
finally by a decreasing rate. This is typical of the curves recorded in other studies (e.g. by Barnes and Finn2 

and by Barnes el a/.3) using pellets. T!..refore, while it is not claimed that the kinetics of reduction of 
uncompacted powders containing particles of equal size are the same as those of pellets, they are apparently 
closely related. Factors significant in the reduction of powder mixtures should therefore also be significant 
in the reduction of pellets. 

A reduction temperature of 1300 °C was selected as being convenient and typical of industrial practice. 
All investigations were carried out isothermally; no attempt was made to reproduce the conditions in an 
industrial kiln. 

1.3. Definition of Reduction 
The principal reducible components of natural chrome spinels are ferric and ferrous iron and trivalent 

chromium ions. However, although the aluminium and magnesium components are considered to be 
irreducible, there are other minor constituents that could be reduced during direct reduction. 
Thermogravimetric studies of reduction record the loss in mass as reduction proceeds. This loss results 
from the escape of carbon monoxide and is directly proportional to the mass of oxygen lost from the oxide. 
Reduction can therefore be conveniently reported as the loss of oxygen expressed as a percentage of the 
oxygen that would be ideally associated, in stoichiometric proportions, with the ferric, ferrous, and chromic 
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REDUC i .ON OF WINTERVELD CHROME SPINEL 

ions in the spinel. Gas chromatography confirmed that the gaseous reduction product was carbon monoxide2, 
which was evolved in direct proportion to the loss in mass. These observations related to the overall reaction; 
they did not provide information on the ratio of carbon monoxide to carbon dioxide at the site of oxide 
reduction. This definition can lead to minor errors if oxides more reducible than iron and chromium are 
present, or if the oxygen is not associated with iron and chromium in stoichiometric proportions. 
Furthermore, the use of toss in mass as an indication of reduction is valid only if the oxide under test is 
the only source of oxygen for the oxidation of carbon to carbon monoxile. It is therefore important for 
the test apparatus to be free from air leaks. 

2. EXPERIMENTAL WORK 
2.1. Preparation of the Materials in the Charge 

Chromite ore from the Winterveld Mine was processed to yield closely sized, gangue-free samples of 
pure Winterveld chrome spinel. The preparation techniques, in order, were as follows: 

crushing, 
washing with water and alcohol, 
screening to between 106 and 90 pm, 
heavy-medium separation with di-iodomethane, 
washing with acetone and alcohol, 
magnetic separation, and 
rescreening to between 106 and 90 pm. 

The chemical analysis of the resulting product is given in Table 1, and is consistent with the composition 
of the LG6 spinel as reported by De Waal and Hiemstra4. The graphite used as a reducing agent was supplied 
as 99,94 per cent carbon. This was crushed and screened to give a size fraction between 106 and 90/xm. 

The charges for the reduction experiments were prepared as follows. The required masses of spinel 
and graphite were weighed to the nearest 0,1 mg. These materials were then transferred to a pre-weighed 
alumina crucible, and mixed with a spatula. The proportion of graphite was chosen to give an excess of 
carbon after allowance had been made for the reduction of all the iron and chromium oxides in the spinel 
and for the formation of an iron-chromium-carbon alloy with a carbon content of 8 per cent by mass. 
This required 0,2028 g of carbon per gram of spinel. On this basis, a charge with a carbon content of 16,9 
per cent would contain no excess free carbon when reduction was complete. The stoichiometric calculations 
are given in Appendix I. 

2.2. Procedure 
Reduction experiments' were carried out in a Stanton-Redcroft Model HT-M recording thermobalance 

(maximum change in mass 2g and maximum sensitivity 1 mg). The standard furnace was replaced with 
a molybdenum-wound resistance furnace, cracked ammonia being used to protect the windings. The furnace 
work tube had an inside diameter of 25 mm and a length of 350 mm, giving a working volume of 170 ml. 
The furnace moved vertically, and a rubber ring was used to seal the lower end of the work tube onto 
the top of the balance. The furnace atmosphere was controlled by a down flow of dried spectroscopic-
grade argon (deoxidized in a copper-chip furnace at 500°C at a flowrate of 50mlmin"'). 

The temperature of the charge was not measured directly. A thermocouple was mounted in the work 
tube of the furnace at the position occupied by the charge during reaction and was raised slightly so that 
it would avoid touching the charge as the furnace was lowered. 

Each experimental run was started by flushing of the furnace (which was set at the desired temperature) 
with argon. The charge was placed on the pedestal of the balance and tared, and the furnace was then 
lowered over the charge. A period of 3 to 5 minutes was required for the charge to reach the temperature 
of the furnace. 

Each experimental run was terminated after the desired change in mass had occurred, when the furnace 
was raised until the charge was positioned in the cool part of the work tube with argon flowing over it 
to prevent re-oxidation. Any re-oxidation by air could be observed directly on the thermobalance record. 
The facility that enabled changes in mass to be measured while the furnace was being moved was found 
to be a useful feature. 

The reduced charges were analysed chemically so that the composition of the metallic alloy formed 
during reduction could be determined. Reduced iron and chromium were determined by a method (described 
in Appendix II) in which the metallic alloys and carbides are leached selectively. Unreduced iron and 
chromium in the residue were determined by optical emission spectrography using an inductively coupled 
plasma source. A few samples were analysed for their total carbon content by use of a Leco gravimetric 
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REDUCTION OF WINTERVELD CHROME SPINEL 

carbon apparatus. The reproducibility of the total-carbon determination was found to be poor owing to 
the small sample required (SOmg). Repeat analyses showed that the carbon content differed typically by 
1 per cent by mass at the IS per cent level. So that free carbon could be distinguished irom carbide carbon, 
the method used by Woollacott et al.6 was applied as well. The free graphite was burnt from the reduced 
sample in oxygen at 700 C C, and the carbon in the residue, assumed to be carbon in the metallic alloy, 
was determined by the Leco combustion method. The reproducibility was better in these instances (200mg 
sample), the estimated precision being 0,2 per cent carbon. The results of the chemical analyses arc given 
in Table 2. 

TABLE 2 
Chemical analysis of mixtures of partially reduced Winterveld spinel and graphite powder, 

and calculated alloy compositions 

Run 
no 
Sp 

Analysis of reduced charge, % by mass Calculated alloy composition 
% by mass 

Run 
no 
Sp 

Leached portion Unleached portion Total 
Calculated alloy composition 

% by mass 
Run 
no 
Sp Fe Cr C Fe Cr C Fe Cr C 
60 19,0 17,6 2,89 0,39 14,55 - 48,1 44,6 7,3 
61 2,635 0,465 - 13,35 24,90 - - - -
63 10,4 0.88 - 6,37 25,9 - - - -
64 12,4 1,60 0.0 4,59 25,7 - 85,6 11,4 0,0 
65 18,2 14,7 2,19 0,62 16,4 - 51,9 41,9 6,2 
65R 17,7 12,8 1,84 0,93 17,9 - 54,7 39,6 5,7 
66 18,5 15,6 2,09 0,54 15,7 - 86,0 43,1 5,8 
67 12,6 1,76 0,29 4,51 25,3 - - 12,0 2,0 
69 8,04 0,76 - 8,47 25,5 18,7 87,1 - -
70 12,2 1,60 0,20 4,82 25,8 - 49,4 11.4 1,4 
71 18,9 17,0 2,40 0,54 15,1 13,7 76,4 44,4 6,3 
72 14,8 4,28 0,29 2,72 33,9 - 50,8 22,1 1,5 
73 18,45 15,6 2,31 C.54 15,9 - - 42,9 6,3 
74 2,71 0,55 - 13,2 25,9 - 46,5 - -
75 19,3 19,2 2,99 0,31 13,4 - 51,9 46,3 7,2 
76 18,3 15,0 1,99 0,78 16,6 - - 42,5 5,6 
77 2,71 0,55 - 13,2 25,6 - 48,0 - -
78 19,0 17,8 2,78 0,39 14,4 - 89,4 45,0 7,0 
79 11,0 1,20 0,11 5,83 25,8 - 69,2 9,8 0,9 
80 15,1 5,92 0,81 2,80 22,9 - 46,7 27,1 3,7 
81 19,5 19,3 3,00 <0,4 13,5 12,9 65,1 46,2 7,2 
82 15,9 7,76 0,78 2,02 21,65 - 57,3 31,8 3,2 
83 17,0 10,6 2,05 1,48 19,6 15,9 - 35,8 6,9 

In several instances, a sample of the reduced charge was ground and examined by X-ray diffraction 
using Cu Ka radiation. Finally, the samples were mounted in resin, polished, and examined by optical 
and electron-microscopic techniques. 

3. RESULTS 
3.1. Kinetics of Reduction 

The kinetic curves recorded were typical of those obtained in previous studies, and were characterized 
by a relatively low initial rate of reduction. The period of accelerating reduction is a real effect, and cannot 
be ascribed to possible delay in the charge reaching the set temperature. A feature common to al) the 
experiments was the relative lack of reproducibility of the reactions in the early stages of reduction. However, 
the final stages were reproducible and, for a given set of conditions, the portions of the kinetic curve after 
about 50 per cent reduction had been achieved were almost identical. A selection of typical kinetic curves 
at 1300°C under argon is shown in Figure 1. 

3.2. Verification of Results for Mass Loss 
The consistency of the reduction calculated from the loss in mass was tested by use of the mass balances 

of iron and chromium. For each metal, the ratio of reduced metal to the total of reduced metal plus unreduced 
metal as determined by chemical analysis gives the degree of metallization. Hence, the degree of oxygen 
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removal can be calculated as shown in Appendix I. This test showed that the random analytical errors were 
approximately 1,5 per cent overall. Then.i ore, if the percentage reduction calculated from the loss in mass 
exceeded that calculated from the mass balance of iron and chromium by more than this random error, 
it was taken as evidence that air had leaked into the furnace, and the results of the run were rejected. 
Unfortunately, the carbon analyses were not sufficiently accurate for the construction of a carbon balance 
as a primary check. However, the loss in mass, calculated on the basis of the loss of carbon as carbon 
monoxide, was in reasonable agreement with the measured loss in mass and that calculated from the 
metallization, except where 'he latter indicated that air had leaked into the furnace. In these instances, 
the mass loss calculated from the carbon analysis was greater than the measured loss. This is consistent 
with the occurrence of air leaks. The results of the mass-balance calculations are listed in Table 3. The 
reduction calculated on the basis of mass loss was used in the subsequent analysis of the results. 

TABLE 3 
Mass-balance calculations* on mixtures of partially reduced Wmterveld spinel and graphite powder 

Theoretical 
mass 

Difference 
oetween 

Mass 
loss due 

Mass balance Metallization Reduction Theoretical 
mass 

Difference 
oetween 

Mass 
loss due From 

Measured loss measured and toC measured 
Run mass due to theoretical bu> ning mass 
no. loss metallization mass loss to CO Iron Chromium Iron Chromium loss Metallization 
Sp g g g g g g or, It 1» % 
60 20,5 20,5 0 - 15,4 25,6 98 54,7 68,4 68,3 
61 1,6 2,8 -1 .2 - 15,7 25,0 16,5 1,83 5,4 9.4 
63 6.8 6.8 0 - 15,6 25.0 62.0 3,3 22,7 22,6 
64 8,3 8,2 O.i - 15,6 25.0 73,0 5,9 27,6 27,3 
65 18,8 18,6 0,2 - 15,2 25,3 96,7 47,3 65,0 62.4 
65R 17,6 17,4 0,2 - 15,4 25,3 95,0 41,7 58,7 57,9 
66 19.2 19,3 -0,1 - 15,4 25.3 97,2 49,9 63,8 64,2 
67 8,6 84 0,2 - 15,7 24,8 73,6 65 28,5 28 
69 5,1 5,6 -0,5 5,3 15,7 24,9 48,7 2.89 17,0 18,8 
70 8,4 8,1 0,3 - 15,6 25,1 71,7 5,8-. 28,0 26,9 
71 20,3 20,1 0,2 21,2 15,5 25.6 97,2 53,0 67,4 67 
72 11,3 11,0 0,3 - 15,5 25,0 84,5 15,2 37,5 36,7 
73 19,3 19,2 0,1 - 15,3 25,4 97,2 49.5 64,1 63,9 
7« 16 2,9 -1 ,3 - 15,7 25,8 17,0 2,10 5,3 9,7 
75 21,7 21,4 0,3 - 15,4 25,5 98,4 58,9 72,1 71,2 
76 18,9 18,9 0 - 15,5 25,6 96,0 47,5 63,0 62,8 
77 4,1 4,6 -0 ,5 - 15,7 25,0 39,1 1,84 13,7 15,5 
78 20,6 20,6 0 - 15,4 25,6 98,0 55,3 68,7 68,6 
79 7,4 7.3 0,1 - 15,6 25,0 65,4 4,4 24,7 24,2 
80 12,4 12,2 0,2 - 15,2 25,2 84,4 20,5 41,2 40,7 
81 21,5 21,6 0.1 23,1 15,6 25,8 98,0 58,8 71,4 71,9 
82 14,0 13.7 0,3 - 15,4 25,3 88,7 26,4 46,5 45.6 
83 16,0 15.9 0,1 16,1 15,5 25,4 92,0 35,2 53,3 52,8 

•Based on lOOg of charge 

Errors caused by re-oxidation after reduction cannot be detected by this method of verification. 
Furthermore, as the mass gained by re-oxidation of the chromium and iron will be partially off-set by the 
loss of carbon (as carbon monoxide or carbon dioxide, or both), neither can these errors be detected accurately 
by the change in mass. An additional problem is that a minimum of about 2,5 per cent of the chromium 
and iron was always reported as reduced, sir..; the leaching method used was not completely selective, possibly 
owing to disruption of the structure of the chrome spinel during the reduction of Fe3 + to Fe2 + . This does 
not appear to be a constant error because measurements of mass loss and calculations based on chemical 
analysis of the degree of reduction agree well at high values of percentage reduction. An overestimate of 
metallized chromium of 2,5 per cent causes an error of 1,7 per cent in the calculated reduction, and a similar 
error in the calculation of iron metallization causes an error of 0,7 per cent. 

3.3. Analysis of the Reduced Product 
3.3 1. Tho Reduction Sequence 

The iron and chromium metallisation for reduction under argon at 1300 °C, taken from Tabic 3, is 
shown in Figure 2. In the construction of this figure, use was made of additional information concerning 
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FIGURE 2. Metallization o. 'ron and chromium as functions of reduction 



REDUCTION OF WINTERVELD CHROME SPINEL 

the composition of the spinel. A reduction of 3,9 per cent removes enough oxygen to convert all the ferric 
iron to ferrous iron, and 30,7 per cent reduction removes sufficient oxygen for tne conversion of ferrous 
iron to metallic iron. Therefore, if reduction took place in a completely stage-wise manner, iron metallization 
would be represented by a line connecting the points (3,9;0) and (30,7; 100), and chromium metallization 
by a line connecting the points (30,7;0) and (100; 100). The lines in Figure 2 were drawn asymptotically 
to these relationships. Furthermore, since the metallization of iron and chromium is related to the degree 
of reduction by mass balance, the two lines were drawn to conform to this balance. The reduction sequence 
Fe J + to Fe2 + , Fe 2 + to Fe, and Cr J + to Cr, indicated previously by Rankin' and by Barnes and Finn2, 
is clearly quantified in Figure 2. The points at low degrees of reduction are not very accurate, as previously 
discussed, owing to over-estimation of the metallization by the analytical technique used. 

3.3.2. Alloy Compositions 
The compositions of the alloys formed after reduction are shown in Table 2. The three components 

(chromium, iron, and carbon) were determined separately and normalized to 100 per cent. At low reductions, 
the relative errors (especially in carbon content) were largely due to the small amount of alloy formed. 
Only the analyses for samples at reductions greater than 20 per cent were considered to be accurate. At 
a reduction of 70 per cent, the error in the carbon content of the alloy was estimated to be 0,3 per cent, 
and that for the iron and chromium contents about 0,7 per cent. The carbon content of these alloys is 
shown in Figure 3 as a function of the degree of reduction. Within the limits of the method used, the carbon 
content appears to be 0 below a reduction of about 20 per cent. Published equilibrium phase diagrams7,8 

show the saturation level for carbon in iron-chromium-carbon alloys to be about 7,5 per cent by mass. 
In this investigation, the highest carbon level in the accepted reduction runs was 7,3 per cent. 

3.3.3. X-ray-diffraction Analysis 
The phases present after cooling were studied by X-ray-diffraction (XRD) analysis. These depend on 

the cooling rate, whirh affects the approach to equilibrium. If the sample is cooled quickly, the liquid phase 
decomposes into a-(Fe,Cr) plus (Fe.Cr^Cj. However, at slow cooling rates, a much more complex structure 
results, with a-(Fe,Cr), (Fe,Cr)jC, (Fe,Cr)7C3, and (Fe,Cr)23C6 as possible constituents. Rankin9 reported 
the presence of all but the last of these phases in his work. A consistent pattern was detected in the XRD 
examination of the products of reduction obtained in the expeiimental runs during the present study (Table 
4). No metallic iron was detected at a reduction of less than 15 per cent (i.e. until there was about 5 per 
cent metallic iron in the product). At about 50 per cent reduction, a-Fe, (Fe,Cr)7C3, and Cr23C6 were all 
present but, above about 65 per cent reduction, no a-Fe was detected. Up to 70 per cent reduction, the 
chrome spinel structure persisted, but there was no evidence of O2O3 or MgCr2G4 spinel. The carbide 
(Fe,Cr)7C3 was always present in greater quantity than Cr23C6. No Fe3C was observed in any sample, which 
is consistent with the chromium content being higher at a given carbon content than that reported by Rankin9, 
who studied products obtained at a much slower rate of reduction. 

3.4. Microscopic Examination 
The reduced powders were mounted in epoxy resin, ground on abrasive paper, and finally polished 

with 1 fim of diamond paste. Only particles that appeared to have been sectioned through the middle were 
selected for microscopic examination. As all the chromite particles in each charge were in the size range 
between 106 and 90/xm, they were all expected to have undergone a similar degree of reduction and to 
appear similar in cross-section. Qualitatively, this appeared to be so except at high degrees of reduction 
under argon atmospheres. The identification of the iron-chromium alloy and the chromite particles was 
confirmed by energy-dispersive analysis of the X-rays emitted from the samples during electron-microscopic 
examination, which was applied to a few samples in addition to the optical microscopic examination to 
which all the samples were subjected. 

3.4.1. Argon Atmosphere 
The samples examined (including some from preliminary investigations) covered the range from 4 to 

95 per cent reduction. No metallization was observed at 4 per cent reduction, which is in accord with step
wise reduction (Section 3.2.1). Photomicrographs of representative grains from metallized samples are shown 
in Figures 4 to 11. Metallization starts with the nucleation of metallic beads at points on the surface of 
the grain (Figure 4). These nuclei grow over the surface of the particle, maintaining a nearly constant thickness 
of 2 and 3 /im until the particle becomes superficially covered at a reduction of between 30 and 40 per 
cent (Figures 5 to 7). If the particles are assumed to be spheres of lOOj'.m diameter, calculations based 
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TABLE 4 

X-ray-diffraction analysis of partially reduced Winterveld spinel 

Run • 
no. Reduction 
Sp *h by mass Phases (approximate, in decreasing amounts) 
60 68 Ch, G, (Fe.CrhCj, Cr2,C« 
64 27 Ch, G, Fe 
66 64 Ch, G, (Fe,Cr)7Cj 
69 17 Ch, G, Fe, 
76 63 Ch, G, (Fe,Cr)rCj, Cr2,C« 
78 69 Ch, G, (Fe,Cr)7Cj. Cr 2 JC 6 

83 53 Ch, G, (Fe,Cr)7C3Fe, Cr 2 )C 6 

Ch = Chromite Cr23C» = Chromium carbide, possibly mixed 
G = Graphite Fe = a-iroi» 
(Fe.CrhCi = Mixed carbide 

on the iron and chromium contents of the particles indicate thai a reduction of 35 per cent should result 
in an average metal thickness of 2 /im, which is in agreement with the observed thickness. 

Apparently, the surface layer does not form a complete envelope; carbon monoxide continues to have 
access to the chromite through breaks in the metallized skin. 

In Figure 7 (28 per cent reduction), signs of incipient fusion of the alloy can be seen. At greater degrees 
of reduction, the skin thickened. Between 41 and 46 per cent reduction (Figures 8 and 9), there was clear 
evidence that the metal had been liquid at 1300 °C and had tended to drain to the junctions between contacting 
particles. Isolated particles maintained intact uniform skins. At high degrees of reduction (Figure 10), the 
particles began to disintegrate and metal began to penetrate into the centre. This process culminated in 
general disruption of the particle structure, although individual particles could still be discerned. 

3.4.2. Hydrogen Atmosphere 
Supplementary work in which hydrogen was used instead of argon was undertaken because preliminary 

tests had indicated that reduction under hydrogen was faster than under argon. 
The reaction sequence under hydrogen involves water vai our as an intermediate species with carbon 

monoxide as the final gaseous product and no overall consumption of hydrogen: 

H2 + MO - M + H 2 0, 

followed by H 2 0 + C - CO + H2. 

The overall reaction is MO + C -» M + CO. 

A possibility of error that arises in reduction under hydrogen is the consumption of carbon by the formation 
of methane: 

C + 2H2 - CH4. 

This possibility was investigated by analysis of the gaseous products of reduction at 1000 °C by gas 
chromatography. Approximately 1 per cent methane was found, which is in general agreement with the 
equilibrium for the reaction. As methane becomes increasingly unstable at higher temperature and the 
hydrogen flowrate was about 50 ml • min " ', the loss of carbon as methane during the experiments is considered 
to be negligible. 

There is a striking difference between particles reduced under an atmosphere of hydrogen and those 
reduced under an atmosphere of argon in that chromite particles reduced under hydrogen always showed 
internal metallization, whereas this phenomenon was extremely rare under argon, where metallization was 
confined to the surface of the particles and in obvious cracks. Under hydrogen, internal nucleation was 
not confined to cracks, and led to the continued growth of metal within the particles. A sample reduced 
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FIGURE 4. Photomicrograph of a representative grain from run Sp 74 (5 per cent reduction) 
showing the nucleation of metallic beads at points on the surface of the grain at 
the start of metallization 

100 jim 

FIGURE 5. Grains from run Sp 69(17 per cent reduction) showing further growth of the nuclei 
on the surface 

100/xm 

i i 
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FIGURE 6. The nuclei on the surface of a particle from run Sp 63 (2^ per cent reduction) have 
attained a nearly constant thickness of 2 to 3/xm 

100 pm 

FIGURE 7. Signs of incipient fusion of the alloy appear in grains from run Sp 70 (28 per cent 
reduction) 

100 pm 
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FIGURE 8. The skin on the surface of a particle from run Sp 80 (41 per cent reduction) has started 
to thicken 

100 urn 

FIGURE 9. There is clear evidence that the metal was liquid at 1300 °C and has tended to drain 
to the junctions between contacting particles from run Sp 82 (46 per cent reduction) 

lOO/im 
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FIGURE 10. At 72 per cent reduction, this particle from run Sp 75 has startc J >o disintegrate, 
and metal is starting to penetrate into its centre 

100 pm 

FIGURE 11. At 74 per cent reduction, a particle from a sample reduced under hydrogen <*t 1200 "C 
clearly reveals the extent of internal metallization 

100 /tm 
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under an atmosphere of hydrogen (74 per cent reduction calculated from metallization) is shown in Figure 
11. This clearly reveals the extent of the internal metallization, and can be compared with Figure 10. Nc 
evidence of fusion between contacting particles was observed in sampics reduced under hydrogen at 1200 °C. 

Interna] reduction was observed under hydrogen, but not argon, for two other chrome spinels (Kroondal 
and Marico) in a preliminary phase of this investigation. 

3.5. Diffusivity of Chromium in the Spinel 
Electron-microprobe analysis was applied to the sample from run Sp 82, wt ich had been 46,5 per cent 

reduced under argon at 1300 °C. The concentration profiles obtained along a ine approximately normal 
to the surface of a particle are shown in Figure 12. Almost all the iron had been removed and a gradient 
of chromium, indicating transport to the surface, was evident. The measured rate of reduction was used 
in an estimation of the mass flux of chromium at the surface and, if the gradient at the surface could be 
determined, the diffusion coefficient for chromium in the partially reduced spinel could be estimated. In 
fact, the determination of the gradient is extremely uncertain, and the diffusivity can be expressed only 
as brng less than 10" ' W s"'. The calculation is shown in Appendix III. 

4. DISCUSSION 
4.1. Reduction Sequence 

The sequential nature of chromite reduction is clearly shown in Figure 2. The reduction of FeJ * to 
Fe2 + appears to be essentially complete throughout the particle before the next stage starts, i.e. the reduction 
of Fe2 * to metallic iron. The reduction of CrJ + to chromium stafs at a later stage, and is clearly evident 
after about one-half of the iron has been reduced. This is consistent with the XRD observations shown 
in Table 4 and with Rankin's examination1 of the thermodynamic data relating to this reaction. 

As alloy composition is related to reduction, as shown in Figures 2 and 3, the phases present at 
equilibrium can also be related to the extent of reduction. The curve that traces the course of alloy composition 
on the 1300°C isothermal section of the iron— i.romium-carbon phase diagram (Figure 13) was assumeo 
to hold good for temperatures in the range 1200 to 1400 °C. This represents a development of the intersectir n 
of the phase diagram with the curved vertical surface where alloy composition is shown as a function of 
reduction. This diagram reveals the sequence of phase combinations that would occur at alloy equilibrium 
during isothermal reduction. 

The fusion of the alloy layers evident in Figures 8 to 10 is consistent with Figure 13, but neither the 
interpolation of the phase diagram nor the measurement of reduction temperature is claimed to be very 
accurate. 

The observation that metallization under argon atmospheres occurs on the outside of the chromite 
particle is significant in the analysis of the kinetics of reduction. In particular, it explains the inapplicability 
of certain common forms (such as that based on the existence of a shrinking core of unreacted material) 
to this reaction. 

A major difference between chrome spinels and simple oxide ores such as hematite (Fe 20 3) is the 
proportion (in excess of 25 per cent) of oxide material that is not reducible under the conditions that allow 
complete reduction of the iron and chromium. This residual material forms a stable and refractory spinel 
structure, which results in retention of the external shape of the chromite particle while the internal porosity 
increases as reduction proceeds. The simplest explanation for the absence of metallization within the porous 
interior under an atmosphere of argon is that carbon monoxide is consumed entirely near the external surface. 
In the later stages, the rate of reduction and the corresponding rate of carbon monoxide generation are 
low, and the major source of carbon for reduction is probably that contained in the metallic carbide, which 
is confined to the surface. 

Under an atmosphere of hydrogen, the major reducing gas is hydrogen, even though no hydrogen 
is consumed in the overall reaction. The concentration of reducing gas is therefore essentially independent 
of the rate of reduction, and there is an excess of hydrogen to penetrate into the porous particle and cause 
internal metallization. The diffusivity of hydrogen is higher than that of carbon monoxide, but the dominant 
difference between hydrogen and argon atmospheres appears to be the concentration of reducing gas rather 
than the rate of transfer to the interior of the particles. The metallization results given in Figure 2 were 
used in the construction of the two additional curves in Figure 3, which show the carbon content of the 
alloy as functions of iron metallization and of chromium metallization. The carbon content remains close 
to zero until about 60 per cent of the iron in the chromite has been reduced. It then rises as the chromium 
is reduced from the chromium-enriched, partially reduced spinel. The alloy becomes saturated with c?rbon 
when about 98 per cent of the iron an J 60 per cent of the chromium has been metallized. 
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Diffusion in the thin alloy layer is sufficiently rapid for a uniform composition to be maintained. This 
is not the case in the spinel particle (Section 3.S), and the iron and chromium contents are lower at the 
surface, where reduction occurs, than at the centre. If this is acknowledged, the observed variation in the 
composition of the alloy with reduction is consistent with a condition of near equilibrium between the alloy 
and the partially reduced oxide. In the limiting cases of high oxide activities, iron can be reduced with a 
relatively low carbon activity, whereas the reduction of chromium requires the high ratio of carbon monoxide 
to carbon dioxide corresponding to carbon saturation. The intermediate situation represented by the partially 
reduced spinel requires increasing carbon activity with an increase in the ratio of chromium to iron in the 
oxide. 

This is shown in Figure 14, which is based on the bulk concentrations of chromium, iron, and carbon 
in partially reduced spinels. At low ratios of chromium to iron, the iron concentration at the surface is 
lower than the bulk value, whereas, at high reductions, the chromium content at the surface is lower than 
the bulk value. Qualitatively, the curve in Figure 14 should be shifted to the left for lower values of chromium 
to iron, znd to the right for higher values, if it is to reflect conditions at the surface adjacent to the alloy layer. 

These observations indicate that, at a reduction of up to about 60 to 70 per cent, the reaction is controlled 
by the rate at which carbon is supplied to the oxide surface. If carbon is present in excess of the stoichiometric 
requirements for reduction, the thin (2/xm) metallic layer becomes saturated with carbon almost as quickly 
as it is formed. 
4.2. Reduction Kinetics 

In an industrial process, a balance must be decided on between the time of reaction and the degree 
of reduction, but the aim of the process should be consistent achievement of the fastest possible rate of 
reaction. The low and variable rates observed in the initial stages of reduction are therefore of particular 
concern. 

No detailed analysis is possible until the problem of variability is resolved. However, the conclusions 
drawn regarding the reaction sequence indicate the general considerations involved. The dominant influence 
on the rate of reduction is the supply of carbon (or carbon monoxide) to the oxide surface. At first, carbon 
is available only at the points of contact between the graphite and the chromite particles. As the reaction 
proceeds, carbon monoxide is generated and is present in the mixture at a concentration proportional to 
the rate of reduction, which might suggest an exponential form of rate equation. However, this was not 
observed; the rate of increase in reduction was less than exponential. Part of the reason for the lower rate 
may be the decreasing reducibility of the partially reduced spinel as the reduction proceeds. This does not, 
however, apply to the period of up to about 20 per cent reduction, when the product of reduction is essentially 
metallic iron. Further analysis is not warranted at this stage, and will require reproducible observations 
on materials in a range of particle sizes. 

The practical importance of the initial rate of reaction would justify an investigation on ways in which 
the initial supply of available reducing agent could be increased. The effectiveness of the hydrogen atmosphere 
in supplying a reducing atmosphere to the oxide surface suggests that the volatile components of a 
carbonaceous reducing agent could have a similar effect. The addition of volatile chlorides, such as ferric 
chloride, or of sodium chloride might also be of use in increasing the rate of supply of gaseous reducing 
agent to the oxide. The consistent rates of reaction observed at reductions greater than about SO per cent 
are more amenable to analysis. These rates correspond to the stage at which the spinel particle is enveloped 
by carbon-saturated iron-chromium alloy. Even though the envelope may not be complete, the physical 
situation remains one in which most reduction occurs round the outside of a fairly intact particle. Only 
v en it has been almost completely reduced does the particle disintegrate. 

Finn and Kticiikkaragoz5 modelled reduction in this stage as being controlled by the diffusion of 
chromium ions from the interior of a spherical particle to the surface where reduction takes place. This 
is a considerable simplification, since the particles are neither dense nor spherical, but it is a reasonable 
supposition that the diffusion of chromium in particles of reduced chromite will depend on diffusivity and 
particle size in a way that is more or less closely related to the model. 

If the diffusion-controlled stage starts with a uniform chromium distribution in the particle at ?() per 
cent reduction and the diffusivity is 10" , 2 m 2 -s~ ' , the calculated rate of reduction is in fair agreement witn 
the observations. However, with only one particle size and a scarcity of reliable kinetic data on high degrees 
of reduction, more detailed analysis is not warranted. 
5. CONCLUSIONS 

Several conclusions can be drawn from this investigation of the reduction of particles of ganguc-frec 
Winterveld chrome spinel in the size range between 106 and 90/xm with particles of graphite in the same 
size under an atmosphere of argon at a temperature of 1300°C. 
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The initial stages of reduction show a variable, but generally slow and increasing, rate. At reductions 
greater than about SO per cent, the rate is reproducible and decreasing. The reaction is sequential, essentially 
all the ferric iron being reduced to the ferrous stage before any reduction to the metal is observed. 

Approximately one-half of the iron is metallized before the chromium content of the metallic product 
becomes significant. Almost all the iron has been reduced by the time about one-half of the chromium 
has been reduced. The carbon content of the reduced product remains low until about 60 per cent of the 
iron has been reduced. It then rises to the point of carbon saturation, as the mixed carbide (Fe,Cr)7Cj, 
which is reached when about 60 per cent of the chromium has been reduced. The variation in the carbon 
content of the reduced product is consistent with a condition of near equilibrium between the product and 
tiie partially reduced oxide. This indicates that the rate of supply of carbon to the oxide is a limiting factor. 

The reduced product is confined to the surface of the particle until a very high degree of reduction 
has been reached. The particles retain their genetal external form but become progressively more porous 
as reduction proceeds. 

In an atmosphere of hydrogen, metallization appears in the interior of the particle, which indicates 
that the partially reduced material insid' the pores is reducible. The absence of internal metallization under 
argon is further evidence that the rate of carbon supply is a limiting factor in the rate of reduction. 

The rate of reaction for a reduction greater than about 50 per cent can be modelled, to a degree sufficient 
for an understanding of the controlling factors, by the diffusion of chromium ions from the interior of 
a spherical particle to the surface, where they are maintained at low activity by the envelope of metallic 
carbide. 
6. RECOMMENDATIONS 

Additional investigations should be undertaken so that the causes of variability in the initial rate can 
be determined and the effects of varying sizes of chromite and graphite particles can be studied. 

The effects of additives or variations in processing should be examined, the aim being an increase in 
the initial rate of reduction. 
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APPENDIX 1 

STOICHIOMETRIC CALCULATIONS FOR WIN1ERVELD SPINEL 

1. REDUCTION BASED ON THE REMOVAL OF OXYGEN 
(All values are expressed as grams per lOOg of spinel.) 

Ferric iron 5,80 
Ferrous iron 14,30 
Total iron 20,10 
Chromium 32,23. 

Oxygen lost in 

Mass of oxygen lost per 
100 g of spinel 

g 

As proportion of 
reducible oxygen 

Reduction of F.^Oj to FeO 
Reduction of FeO in spinel 
Reduction of FeO from Fe203 

0,83 
4,10 
1,66 

3,9 

Reduction of total FeO 5,76 26,8 
Reduction of iron oxides (total) 
Reduction of Cr 2 0 3 to Cr 

6,59 
14,87 
21,46 

30,7 
69,3 

2. CALCULATION OF REDUCTION FROM CHANGE IN MASS 
Example 
The charge has a Winterveld spinel content of 80 per cent by mass, and a graphite content of 20 per 
cent by mass. 

(Values are expressed as grams per lOOg of charge.) 

Reducible oxygen = 0,8 x 21,46 
= 17,17g per lOOg of charge, 

and loss in mass as carbon monoxide for 100 per cent reduction 

28 
16 

x 17,17 

= 30,05g per lOOg of charge 
= 30,05 per cent by mass. 

Therefore reduction ("It) = loss in mass (%) x 100 
30,05 

= 3,328 x loss in mass (%). 

3. CALCULATION OF REDUCTION FROM METALLIZATION 
Example 
In run Sp 80, the metallized iron content is 84,4 per cent, and 

the metallized chromium content is 20,5 per cent. 

(All valu-s are expressed as grams per lOOg of spinel.) 

Oxygen lost in the reduction of Fe20] to FeO 
= 0,83, 

and reduction of FeO (from FeiOj and in the spinel) 
= 0,844 x 5,76 
= 4,86. 
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Therefore the total iron oxide "eduction 
= 5,o>. 

The reduction of CtzO) to Cr 
= 0,205 x 14,87 = 3,05 

and the total metallization 
= 5,69 + 3,05 = 8,74. 

Therefore reduction (%) = ?Xy.f?n l o s t

 x 1 0 0 

reducible oxygen 

= m x loo 
= 40,7. 

4. CALCULATION OF LOSS IN MASS FROM METALLIZATION 
Example 
In run Sp 80, the oxygen lost in metallization = 8,74g per lOOg of spinel 

for a charge with a spinel content of 80 per cent by inass, and 
a graphite content of 20 per cent by mass. 

28 Therefore the loss in mass as carbon monoxide = 0,8 x 8,74 x -r? lo 

= 12,2g per lOOg of charge. 
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APPENDIX II 

DETERMINATION OF METALLIC CHROMIUM AND IRON IN MIXTURES OF PARTIALLY REDUCED 
CHROMITE AND CARBON 

1. APPARATUS 
Simple reflux condensers are constructed by the attachment of glass lubes of 30 to 40cm length and 

8 mm inner diameter to 250 ml Erlenmeyer flasks via rubber stoppers. 

2. PROCEDURE 
A sample (0,5 to l,0g) is weighed into a 250ml Erlenmeyer flask and 50ml of a mixture of 1 part 

of phosphoric a .id, A parts of sulphuric acid, and 5 parts of water is added. The sample solution is then 
boiled under reflux for 1 to 1V2 hours at 120 °C and cooled. The metallic chromium and iron are dissolved 
by this process, whereas the chromite is virtually unattacked. The solution is filtered under suction through 
an asbestos pad in a Gooch crucible and washed well with water. The filtrate is then diluted to 250 ml in 
a volumetric flask and aliquot portions (one of 50ml and one of 100ml) are pipetted into Phillips beakers. 

3. DETERMINATION OF CHROMIUM 
The 50 ml aliquot portion is diluted to 150 ml, and brought to the boil. The chromium is fully oxidized 

to the hexavalent state by being boiled with ammonium persulphate in the presence of silver nitrate. After 
cooling, the chromium is determined by the addition of a known amount of 0,1N ferrous ammoni'.m sulphate 
and b? k-titration of the excess with 0,1 N potassium dichromate. 

4. DETERMINATION OF IRON 
The 100ml aliquot portion is diluted to 250ml, 7ml of 1:1 sulphuric acid is added, and the solution 

is brought to the boil. The iron is reduced to the bivalent state by the addition of 30ml of 2 per cent 
thioacetamide solution and boiling of the solution until all traces of hydrogen sulphide have been removed. 
(About 30 minutes of boiling are required.) The solution is then cooled, 10 ml of phosphoric acid is added, 
and the iron is titrated with 0,1 N potassium dichromate, sodium diphenylamine sulphonate being used 
as the indicator. 
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APPENC'X III 

ESTIMATION OF DIFFUSIVITY OF CHROMIUM IN PARTIALLY REDUCED CHROME SPINEL FROM RUN 
SP80 

Figures 8 and 12 of the Report refer. 
The rate of reaction at the end of the run, i.e. the rate of carbon monoxide evolution, 

= 5,5 x l f / g s 1 . 
If only chromium is diffusing at this stage (41 per cent reduction), 

the mass flow of chromium at the reacting surface 

2 x atomic mass of Cr 
3 x molecular mass of CO 

= 6,8 x 1 0 _ 4 g s '. 

x 5,5 x 10'* 

It is assumed that chromium is reduced uniformly over the external surface of a particle and that the 
particles are spheres of 100 fim diameter. Also, it is noted that the external surface area remains unchanged 
during reduction. 

Therefore the total surface area of the particles 

_ Massjjfchrornite ^rea per particle 
Density of chromite volume per particle' 

Mass of chromite = 4 g, 
and measured density of unreduced spinel = 4,5g-cm~'. 
Therefore the total surface area of the particles = 533,3 cm2, 

b 8 x 10~ 4 

and the flux of chromium at the surface = ' . — 

= 1,275 x 1 0 - 6 g - c m - 2 s _ l . 

The gradient of the chromium at the surface, as determined by electron-microprobe trace, is complicated 
by fluorescence, but the minimum gradient is approximately -0 ,5 per cent chromium per micrometre. 

At 41 per cent reduction, the spinel particles appear to be unchanged in size. They are porous and 
of reduced density. 

Chrome spinel is assumed to be a closely packed array of oxygen ions with interstitial cations. The 
reduction in volume is therefore proportional to the loss of oxygen. It is estimated that 90 per cent of the 
iron and 25 per cent of the chromium were metallized. 

From Table 1 of the Report and Appendix I, on the basis of grams per 100 g of spinel, the following 
quantities can be estimated: 

Oxygen present in 
Reducible oxides 21,46 
AljO, 7,15 
MgO 6,60 
Others (approximately) 0,80 

Total 36,01 

Oxygen lost in reduction of 
Fe2Oj to FeO 0,83 
FeO 5,18 
Cr2Oj 3,72 

Total 9,73 

Fractional oxygen, hence volume, remaining = 0,7298. 
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Mass lost in reduction 
Oxygen 9,73 
Iron 18,09 
Chromium 8,06 

Total 35,88 

Fractional mass remaining = 0,6412 

and reduced density = ' x 4,5 

= 3,95gcm" 3 . 

3 95 Therefore concentration gradient of chromium = -0,54 x -~^ x 104 

- 1 9 8 g c m \ 

Flux = -€^, 
ar 

_. . , . . Flux 1,275 x 10"6

 2 . , 
D , f f u s , V , t y - -(Gradient) = Ï98 C m S 

= 6,4 x 1 0 _ , c m 2 s " ' 

= 6,4 x 1 0 " 1 3 m 2 s - ' . 

This is an upper limit for the diffusivity since, owing to fluorescence effects, the measured gradient 
at the alloy-spinel interface probably appeared to be steeper than it actually was. 
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