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A BSTRACT
A variation of the stationary charge in controlled environ
ment (SCICE) technique was used for the first time to 
investigate the influence of two reducing agents on the 
rate and mechanisms of reduction of Mamatwan manganese ore , 
the resistivity of the charge and the processes that take 
place in submerged-arc furnaces for the production of high- 
carbon ferromanganese.

The excavation of a 5 MV A submerged-arc furnace for the 
production of high-carbon ferromanganese, the taking of 
samples and the examination of these samples was carried 
out for the first time in an attempt to study the processes 
taking place in industrial furnaces and to assess the 
extent  ̂o which the SC 11 E technique reproduced the conditions 
in industrial units.

It was shown that the use of Delmas coal or Iscor coke did 
not affect the rate or mechanisms of reduction of Mamatwan 
ore to a significant e x t e n t . The physical and chemical 
changes that take place in Mamatwan ore at temperatures 
between 1200 and 1600 C, under oxidizing or reducing conditions, 
were investigated and it was shown that reduction of manganous 
oxide occurred mainly from the slag.

I he resistivity of mixtures of ore and coal was significantly 
highei than that of mixtures of ore and coke for temperatures 
of less than 1100°C. At higher temperatures the resistivities 
of the two types of mixture were the same.

The processes that took place in the SC ICE charges were 
shown to be very similar to those that take place in 
industrial furnaces between stockline level and the level 
of the electrode tip.
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PREFACE
The recent developments in the ferromanganese 
industry of South Africa >~ave necessitated further 
research into the reduction behaviour of Mamatwan 
manganese )re when contacted with different reducing 
age nts. The Mamatwan orebody is of a relatively 
low grade but is in plentiful supply and is therefore 
of basic importance to ferromanganese producers.

The lower inherent resistance of large, modern 
submerged-arc furnaces and the increasing scarcity 
and cost of metallurgical coke have forced ferroalloy 
producers to look at alternative reducing a g e nts. The 
suitability of a reducing agent for use in a submerged- 
arc furnace is assessed mainly from the resistivity of 
the reducing a g e n t , its ability to give stable furnace 
operation and its reactivity.

A limited amount of work has been carried out on the 
rates and mechanisms of reduction of Mamatwan ore and on 
the mineralogical changes that take place when the ore is 
heated at relatively low temperatures in oxidising and 
reducing atmospheres.

The aims of this work were to investigate the reactions 
in, and the resistivity of, charges of Mamatwan ore 
and two carbonaceous reducing agents under conditions 
similar to those that obtain in the hotter regions of 
a submerged-arc furnace. The applicability of the 
experimental method used, to the study of the processes 
taking place in an industrial furnace was assessed by 
the examination ot samples taken from one such furnace.
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CHAPTER 1

1.0 IM'RODUCTION
The Republic o i  South Africa possesses vast reserves of 
manganese ores and coal and is one of the major ferro
manganese producers in the world. The industry had its 
beginning in Newcastle, Natal in 1957 when ferromanganese 
was produced in the No.l Blast Fur nace. Since t h e n , 
enormous developments have taken place in terms of 
production capacity and methods. The major tool for the 
production of the alloy today is the submerged-arc 
electric furnace. fhe s h a p e , size and rating of the 
electric furnace have changed drastically since its 
introduction in South Africa in 1942. Recent furnaces 
installed have ratings between 48 and 84 MVA while the 
total installed capacity for ferromanganese production is 
estimated to be over 300 MVA.

The first electric furnace used in this country was 
rectangular with 3 electrodes in line and a rating of 3 M V A . 
Modern furnaces are cylindrical with 3 electrodes at the 
verticv of an equilateral triangle and have power ratings 
of up to 84 MVA. Developments since 197 3 show that the 
emphasis is on units with ratings of 48 MVA or higher owing 
to the lower unit production costs incurred when operating 
in .ese units. The increases in furnai.e size h o w e v e r , 
were autended by increased technical difficulties which 
were aggravated further by material quality. The larger 
furnaces have an inherent low resistance and power factor * 
and are very sensitive to raw material quality. The 
scarcity of coking coals and the desire to increase the 
resistance of the furnace has led ferromanganese producers 
to look at alternative reducing agents.

In spite of the importance of the ferromanganese industry 
little research 5 has been carried out in the production 
of ferromanganese alloys. Areas considered to be of
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fundamental importance include the beneficiation oi m a n gan
ese o r e s , the influence of reducing agents on the reduction 
process and on burden resistance and the reduction and 
smelting processes which occur in industrial furnaces.
The work that has been carried out has dealt with the gaseous 
reduction of lumpy ore at low temperatures “ and with the 
reduction of finely ground ore with solid reducing agents 
at relatively low temperatures

This work examines the influen v of the two reducing agents. 
Iscor coke and Delmas coal on the reaction:' and the 
resistivity of an element of furnace burden as the lattei 
descends in the furnace bowl. The experimental technique , 
the mass of the c h a r g e , and the particle site of the reactants 
used, were such thrt the experimental conditions were net 
completely arbitrary. The ore used was Mamatwan manganese 
ore which is in plentiful supply in South Africa a: ... 
constitutes about 70 per cent of the total ore cue • . •• . to 
industrial furnaces in South A f r i c a .

The processes that take place in a 75 MVA furnace were 
evaluated by examining samples taken during the excavation 
of one such furnace.

The extent to which the experimental technique can leproduce 
the conditions experienced in industrial furnaces was 
assessed from a comparison between the laboratory results 
and the results obtained from the furnace samples.

1.1 Production of ferromanganese in South Africa
The total reserves of manganese ores in South Africa amount 
to some 3000 million tonnes 4 .

The most important orebodies are the Mamatwan and Ho t a :e 1 
of which the Mamatwan orebody is by far the b i g g e r . I he 
ji .latwan ore is of a lower grade compared with Hotazel 
and with high grade ores of other nations ’ . Comparative
figures have been given by Feathers tone and are indicated
be l o w :-



Hotazel Mamatwan
Element Mass per cent

Mn 51,4 39,4
Fe 10,3 4,2
M n : F e 4 ,99 9 ,38

The major manganese mineral in these ores is braunite 
(3Mn,0-.MnSiO-) while the gangue occurs mainly as calcite 
(CaCO-) and dolomite 8 (.CaMg (.CO-)2  ̂•

The Mamatwan ore has found extensive application in the 
production of high-carbon ferromanganese in s 'ite of its 
low grade and its apparent unsuitability for use in 
the electric furnace. This ore is generally blended 
with other ores to give the desired furnace characteristics
and constitutes 60 to 70 percent of the total ore charged
to the electric furnace in South Africa.

Some authors '' 9 consid, v that the high CaC and MgO
content of South African ores makes them suitable as
self-fluxing burden for the low shaft blast furnace and
there has been speculation lV that the use of the blast
furnace will increase in the :utu r e . However, blast
< urnace smelting of ferromanganese is attended by serious
disadvantages such as a high coke rate and high manganese
losses in the off-gases. The electric furnace offers9advantages such as lower labour costs " , greater
flexibility in its ability to produce different grades 
of alloys and to operate with low quality reducing agents 1

The developments in electric furnace smelting of ferro
manganese alloys can be followed from Figure 1.1 which show 
a plot of the cumulative installed furnace capacity against 
time. It can be seen that the installed capacity more than 
doubled between 1973 and 1979. The tr id indicates that 
for the foreseeable future the electric furnace will remain 
the major tool for the production of ferromanganese alloys 
in South A f r i c a .
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1.2 Reduction of Manganese Oxides

1.2.1 Reduction of the Higher Oxides 
M a n g a n e s e  can exist as the oxides M n O 2̂ 3» 'in3^4 an^ 
MnO.

The higher oxides of manganese are tl
dissociate upon heating according to

2 MnO 2 - Mn 2O 3 + 0

3Mn20 3 = 2M n 304 + 0

Mn 30 4 - 3 MnO ♦ 0

-y • . • 1.1
1 2• • • A  •

t . . • 1.3

T ’ temperature of dissociation depends on the partial 
pressure of oxygen in the system and equilibria for one o. 
all three of the above reactions have been given by previous 
investigators 10 “1 .

From the data of Malinin et al U ‘ and Hahn et al lS the 
following scheme can be derived for the dissociation of the 
higher oxides when heated in air (Pq 2 = 21, 28kPa).

M n O2  ^ — C -+ M n 2°3 --- M n 30 4 — L H ° ^  MnO

The oxide MnO is thermally stable and does not dissociate 
in practice. The equilibrium partial pressure of oxygen 
at 2000K for the reaction

MnO = Mn + JOt • • • . 1 . 4

may be calculated to be 5,7b x 10 ^ k P a .

The temperatures for the dissociation of the higher o x i d e s , 
as given by different authors vary considerably and Hahn 
et al 1  ̂ have attributed these variations to the extreme 
difficulties in attaining equilibrium in the Mn-0 system. 
Grimsley  ̂ compiled a list of dissociation temperatures f0 
the higher oxides but did not differentiate between data 
obtained from pure oxides and those obtained from minerals. 
Dressel and Kenworthv2: have shown that dissociation temperatures
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can vary significantly for small variations in the chemical 
composition of the minerals.

The gaseous reduction of the higher oxides of manganese has 
been studied by numerous investigatois • The
conclusion that can be drawn from these studies i s that the 
reduction of the higher oxides by carbon monoxide or hydrogen 
proceeds very rapidly and at low temperatures. Therefore, 
in a submerged-arc furnace the higher oxides will be reduced
to MnO in the upper regions of the furnace.

The reduction of Mn-O^ by CO may be expresses as.

Mn-0^ + CO 3MnO + C 02 . • 1 •5

- kJmo1"1 = - 59 ,9 -0 .04T (298-1517K)*

If it is assumed that the activities of MnO and Mn-O^ are 
equal to 1 then the equilibrium constant ior reaction 1.5

ACt • • • • 1-7
-19.147T

% R7 x 1012 at 25°C
1,4 x 104 at 1244°C

will be given by:

and

log K 1 S  - 

therefore

• T h e r m o d y n a m i c  data w ere taken from K u b a c h e w s k i , Evans and 
A l c o c k  (reference 140) .



Tnese values of K, . indicate that Mn-O. can be reduced at1.5 3 4
temperatures between ?5 and 1244 C in gaseous atmospheres 
that contain very low concentrations of carbon monoxide.
This assumes that tne gaseous phase contains CO and CC-, only.

According to Tol "togusov and Coetzee the gaseous 
phase in a furnace for ferromanganese contains about 70 per 
cent CO and Filter ~ " has shown that the higher oxides will 
be reduced to MnO very rapidly in mixtures of CO and CO-, 
containing as little as 10 per cent CO. Thus in the submerged- 
arc furnace there will be a very strong tendency for the 
reduction of Mn- 04 by CO to occur between 25 and 1244°C. The 
reduction of MnO, and Mn ,0- by CO will tend to proceed with an 
even greater ease under the same conditions.

The above considerations lead to the conclusion that the thermal 
dissociation of the higher manganese oxides is not of significant 
practical importance to the ferro-alloy industry. Even if 
pre-reduction of an ore were considered it would by far be better 
to carry out such a process in an atmosphere containing some 
carbon monoxide. It appears, however, that pre-reduction of 
the ore would not be beneficial because the reduction of Mn-0-
and Mn-O. by carbon monoxide is exothermic and the heat generated

29pre-heats the burden in the upper regions of the furnace ^
Thus a saving in energy may be realised.

The reduction of Mn^Oj and Mn-0^ by solid carbon is thermo
dynamically more favourable than by CO for temperatures greater 
than about 720cC 5 . In a ferromanganese furnace however 
reduction will probably occur by CO since the kinetics of gaseous 
reduction are much more favourable.

1.2.2. Reduction of Man,;anous P>:1 ic
1 he theory of the gaseous reduction of oxides has been dealti3 31 32with by several authors ’ ’ , a very good treatment
being given recently by Rankin ^1 in a study of the reduction 
of chromite in the solid state. Similar considerations can be 
applied to manganous oxide.

r
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Manganous oxide is very stable and it is generally 
held ->5 , ,  25 , ̂ o , 55 th at its reduction by carbon monoxide 
does not occur due to the high partial pressures of carbon 
monoxide required.

The reduction of manganous oxide by carbon monoxide may be 
represented by the following reactions.

Mn + J0-, = MnO . • • • . 1 . 8

AG° gJmol-1 = -384719 + 72,81 (298-1500K)
= -399154 + 82 ,4T (1500-2050K)

CO, » CO > 102 . . . . • 1-9

AG° Jmo 1~1 - 282420 - 86,8T (298-2000K)

(1.8+1.9) Mn+ C02 = MnO+CO • • . 1 . 1 0

AC? lvjJmol"1 - -102299 - 14 ,01 (298-1500K)
= -116734 - 4 ,4T (1500-2000K)

The equilibrium constant, K, for reaction 1.10 is given by:

-<1 .10  ■
fC 0 2 Mn

where a is the activity of manganous oxide or manganese and 
P is the partial pressure of the respective gases.

If it is assumed that manganous oxide and manganese are not
mutually soluble then aMnQ ■ aMn * 1 , and

* 1.10 e 7 ^  * ' ' 1,1:
C°2

From AG? * -RT In K 1.13

the equilibrium values of Pqq/P^q for reaction 1.10 can be 
calculated at various temperatures from equations 1.12 and 
1.13.
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Temperature °L  ̂CO/ ‘ Co ( re a c t i on 1.10)

1000 8,5 x 104
1200 2,5 x 104
1400 7,5 x 10^
IbOO 3,1 x 103
1800 1,5 x 10J

The significance of the 1)C0/PC0: ratios for the reduction 
process becomes apparent when the Boudouard reaction is 
cons ide red.

C0-, ♦ C * 2C0 . . . . 1 . 1 4

AC° u J m o r 1 = 170707 - 174,5T

K l. 14
P 2
y CO

pco ,ac
Since the activity of solid carbon is 1

P 2
K l . M "  ^

FC 0 2

If the total pre s s u r e , P̂ -q + P^ q , is taken as 101 ,52 5 kPa 
then the following values of Pco/^c o , can be calculated.

-  ^ f 0 ̂ ^ 0Temperature C_________ 2 (reaction 1.14)
1000 1,28 x 102
1200 1,15 X 10°
1400 6,10 X 105
1600 2,26 X 104
1800 6,50 X 104

Plots of log P^q/P^u against temperature, for reactions 1.10 
and 1.14 are shown in Figure 1.2. It can be seen that at 
temperatures of 1420°C or higher manganous oxide can 
be reduced by carbon monoxide in the presence of solid carbon. 
For this to occur the ratio of P ^ q ^ l O  bas t0 be or
h i g h e r , which shows that even small amSunts of carbon dioxide 
in the system will inhibit reaction.

r
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It is very doubtful whether such high ratios of P co/PCo, exist 
in the upper regions of ferromanganese furnaces. It is 
probable however, that they exist in the vicinity of the 
electrode tips where the temperature is high and any carbon 
dioxide present will be reduced to carbon monoxide rapidl, 
by reaction with carbon.

The reduction of manganous oxide by solid carbon has been 
dealt with by several investigators 3 * “J ’ " • lhe reactions 
considered by Grimsley  ̂ and the corresponding changes of 
free energy with increasing temperature are shown in figure l.->. 
It can be seen that reduction of manganous oxide with solid 
carbon or iron carbide will take place preferentially according
to the reactions

MnO + 10/7C = l/7Mn7C 3 ♦ CO . • 1 1,15
a g o Jmol-l = 284220 - 180T (990-1360K)

anu
MnO + 10/7Fe3C = l/7Mn7C 3 + 30/"Fe ♦ CO 1.16

AG° Jmol"1 - 246090 - 150T (990-1113K)
= 7AQ-20 - 170T f 1113-1360K) .

1.2.3. on of Manganous Oxide i r 0  ̂I
The reduction of manganous oxide from slags has not been 
investigated in any detail. The literature on this subject 
relates mostly to the reduction of manganous oxide from 
blast furnace slags in which the concentration of this oxide
is relatively low.

O p i n i o n s  vary with regard to the mecha n i s m s  of the reduction 
of manganous oxide from slags.

Tarby and fhilbrook ^  found, that the reduction of manganous 
oxiue and iron oxide from blast-furnace slags, by carbon 
saturated iron, occurred in two stages; a rapid initial stage 
due to stirring of the melt by the evolving carbon monoxide and 
a slower second stage after boiling had subsided and conditions 
were defined by natural convection. The two stages of 
reduction were also observed by other investigators 
The rate of reduction of the two oxides was influenced by the





temperature and the oxide concentration and was diffusion 
controlled. A diffusion controlled mechanism was also 
proposed by Yagi and Uno '' .

Contrary to the findings of Tarby and Phi lb rook ^  and 
Yagi and Ono ^  , Daines and Pehlke ^  found that while 
temperature and melt geometry had a significant effect on 
the rate of reduction the rate of stirring had no effect, 
indicating that the reaction rate was controlled by 
chemical reaction at the slag/metal interface. Models 
derived by Daines and Pehlke and based on a diffusion 
control leu. reaction step and on two chemical rca.t’on steps, 
were tested using data obtained with varying stirring rate, 
temperature, melt geometry and reactant concentration. The 
results indicated that the anodic reaction,

0 2" = 0 + 2e- . . . 1.17
was the rate limiting step. The cathode half cell reaction 
is ,

Mn"* ♦ 2e- » Nin . . . 1.18
From results obtained by varying the slag composition,
the ambient pressure and the carbon activity Pomfret and 

3 7Grievson proposed that the fast reaction stage took 
place by the exchange mechanism,

(MnO) + [Fe] = [Mn] + (FeO) . . 1.19
The authors concluded that the rate of reaction during 
the initial stage is controlled by mass transport in 
the slag phase and is influenced by the rate of evolution 
of carbon monoxide.

kukhtin et a 1 'jJ investigated the kinetics of reduction 
of manganous oxide from slags, similar to those encountered 
in the production of high carbon ferromanganese. Gra vi
metric and electrochemical methods were used. They assumed 
that reduction would take plac. by the reaction

(Mn°)slag + C(gr] = M n (1) + CO(g) . 1.20
and found that rotation of the graphite disc in the 
melt had no effect on the rate of reduction, which was
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; ractically a linear function of the manganous oxide 
content of the slag.

The half cell reactions

CCs) + O 2' - 2e = CO and . . 1.21

M n 2* + 2e = Mn° . . . 1.22
were studied separately by means of polarizing measure ments. 
It was established that reduction of MnO from the slags 
took p l a c e , on the w h o l e , by electrochemical m e a n s , the 
limiting factors being the delayed anode oxidation of carbon 
which in turn was inhibited by desorption of carbon monoxide. 
Diffusion of manganous oxide in the slag was rapid at 1500 
and 165G°C but the process was kinetically controlled.

1. 5 i he Mechanic;; of Reduction of Oxides
The mechanism of reduction metal oxides is an involved 
subject and in the general c a s e , reduction occurs by more 
than one mechanism, depending on the nature of the o x i d e , 
the temperature and the furnace atmosphere. It is frequently 
the case that a number of potential reducing agents coexist 
in the system and this makes it impossible to isolate the 
effect of any one of them. Although the process that is 
most likely to occur under a given set of conditions can be 
determined from thermodynamic considerations, the kinetics of 
the process may be unfavourable and a different process may 
occur.

/ 3Kolchin discussed four general mechanisms for the 
reduction of metal oxides by car bon.

Me chains m 1.
MeO + CO = Me + C O , . . . 1.2 3
CO, ♦ C = 2C0 . . . . 1.24

According to this mechanism the oxide is reduced by carbon 
monoxide which is regenerated by reaction between solid 
carbon and carbon dioxide.
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Median ism 2 .
2 MeO = 2Me + . . . • 1.25
C + n O -, = CO -+ pCO . . . . 1.26

This m e c h n ' s m  is based on the dissociation of the oxide
into the metal or its suboxide and o.-ygen with the
subsequent oxidation of carbon.

\ I
Mechanism 5 .
MeO ♦ C * Me ♦ CO or CO, . . 1.27

Reduction takes place by contact between solid carbon 
and oxi d e .

Mechanism 4 .
MeO(g) + C( ' - Me + CO or CO? . 1.28

This mechanism is based the evaporation of the oxide
and its reaction with solid c a r b o n .

Xolchin cites numerous examples to support one or the 
other of the four mechanisms proposed and concludes that 
the reduction process cannot be explained by a 1 u ni vers al1 
mechanism and that reduction by carbon may take place by 
various mechanisms derending on the s;stem and the spec: cic 
conditions.

The mechanisms of reduction of iron oxides have been dealt 
witn by many investigators ^1 . Generally, the literature 
deals with systems in which an oxide of high purity is reacted 
with a solid or gaseous reducing agent. These systems are 
simplifications of actual processes since the possibility 
of slag formation and its effect on the process of reduction 
does not arise.

There is general agreement that the reduction of iron oxides 
by solid carbon occurs mainly through the inteimediate gaseous 
reaction product CO. Thus
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1. 293Fe-,0t + CO = ZFe-O, + C02L u ° ^ “
Fe_0^ + CO = 3FeO + CO, , . . • I*30

. 1.31
. 1.32

FeO + CO = Fe + CO,
CO, + C . 2CO

The rate of reduction is determined by the rate of carbon 
solution. Therefore the reactivity of the reducing agent 
towards carbon dioxide has a significant influence on 
the rate of reduction.

Baldwin 4  ̂ considers t h a t , in the blast furnace, glazing 
of the ore near its melting point would diminish the ease 
of gas penetration and contact between fayalite and coke 
would result in direct interaction. The apparent mechanisms 
and the rate of reduction of iron oxides change with change m 
in the lime to silica ratio .

The mecnanisms for the reduction of the higher oxiues of 
manganese are well established. It has already been indicated 
that reduction of M n O ,, M n - 0- and iMn^O^ to MnO can take 
place by thermal dissociation, by gaseous reduction or by 
reaction with solid ca-bon. In the submerged-arc furnace 
reduction to MnO probably occurs mainly by carbon monoxide 
for two reasons. Firstly, the area of contact between 
solid carbon and ore is extremely limited and secondly 
rapid reduction by CO will take place even in atmospheres 
containing as little as 10 per cent of carbon monoxide . 
Thus it can be assumed that all the manganese oxiues .n an ore 
such as Mamatwan ore will be reduced to MnO in the uppei 
regions of the furnace bowl.

The mechanism for the ieduction of preheated Mamatwan oie 
between 1000 and 1300°C has been investigated by Grimsley  ̂ , 
who proposed a two stage reduction process as indicated in 
Figure 1.4. The first stage involves the reduction of Mn^O^

K
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Figure 1.4 Scheme for the reduction of preheated 
M a m a t w a n  m a nganese ore (ref. 3).
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by carbon and carbon monoxide while the second stage involves 
the reduction of NlnO by a carbide and of the remaining 
Mn-O^ by CO. Concerning the second stage of the proposed 
mechanism it should be pointed out that the possible influence 
of slag formation on the mechanism of reduction was not 
considered, ""he ore used by Grimsley  ̂ contained a total of 
20,6 per cent of 1unreducible1 oxides and 48.6 per cent MnO.
It is easily seen that progressive reduction of MnO would 
increase the proportion of slag in the system. It is difficult 
therefore to visualise the maintenance of the interfaces 
proposed by Grimsley.

In comparative experiments it was established  ̂ that the 
reduction of preheated Mamatwan ore was faster than that of 
pure Mn-Oj during the second stage of the reaction. This was 
attributed to the presence of iron in the ore which may act as 
an intermediate carbide through which carbon is transported 
to the reaction interface. It is obvious however that the 
comparison is not entirely valid since the ore contained gangue 
oxides, the influence of which is not well known.

The influence of the formation of slag on the mechanisms and 
rates of reduction of oxides has not been investigated in great 
detail.

Urquhart JJ established that the addition of fluxing materials 
SiOi) to a charge of Transvaal chromite and char increased 

the rate of reduction of chromium while the rate of reduction 
of iron from the ore was unaffected.

Barcza also noted an increase in the rate of reduction 
of chromium from chromite ore upon adding silica to the mixture. 
The increased rate was attributed to the simultaneous reduction 
of chromium and silicon.

however, at temperatures of 1500°C or less Kucukkaragoz 55 
found that the addition of silica to pure chromite spinel had 
a deleterious effect on the carbothermic reduction kinetics.
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1.4 Previous Research Relating to the Metallurgical 
Applications of Mamatwan Man£anese Ore

The amount of research that has been carried out on the 
metallurgical applications of Mamatwan ore is very limited.
The thermal behaviour of Mamatwan ore has been investigated by 
De Villiers who heated samples of the ore between 600 and
1000°C for 1 to 4 hou rs. The reducibility of Mamatwan ore 
has been studied by Pentz “ who heated 5 kg sample to
1000°C in hydrogen and carbon monoxide. The thermal behaviour 
of the ore was also investigated. Crimsley 5 studied the 
characteristics, mechanism and rate of reduction of ore fines 
by solid carbon.

The findings of De Villiers and Pent: " relating to the
miner alogical ch nge which taAe place during heat treatment 
of the ore in air an- summarised bel o w .

i) Dolomite was present in samples heated to 600°C
but disappeared at 70C°C ^  . A significant
loss of mass occurred between 600 and 900cC due2to the dissociation of carbonates ~ .

ii) Calcite started disappearing at 800°C but appeared 
sporadically at 900°C ^  .

iiij CaMnO- started to appear at about 800°C

iv) CaMn-,0. formed at 900°C 3b

vj The spinel MnFe^O^ (jacobsite) started to form 
after heating at 900°C for 2 hours.

vi) Braunite decomposed abo e 90u°C and this seemed 
to correspond to the formation of hausmannite 
(Mn30 4) and silica 50 . Pent: 2 found that 
braunite started decomposing at 880°C and two 
phases rich in manganese formed. One of the phases 
contained lime and the other silica.

De Villiers 56 found that the reactions started on the edges of 
oolites and carbonate grains to form reaction rims which

F



progressively increased in size with increased heat treat
ment. Evidence of fusion could not be found on heating at
1000°C for up to 4 h o u r s .

Pentz ~ eated Mamatwin ore in hydrogen and observed tin ee 
stages oi reduction as follows.

i) A small loss of mass (3,2 per cent) between 400 
and 600°C due to reduction of manganese and iron
oxi des.

ii) An increased loss of mass between 600 and 800°C 
due to the dissociation of carbonates.

iii) Further reduction of the ore between 800 and lOOu C.

The findings of Grimsley  ̂ will not be discussed here as
frequent reference has been made to this work.

1.5 Electrical and Thermal Aspects of Subme ged-arc Furnace 
Ope ration

The electrical network of a submeiged-arc furnace in balance can 
be represented by a simplified one-phase circuit as shown^below 
if the small resistance of the conductors is disregarded

f
V

I

V = voltage 
I * current

» system reactance 
R t- * furnace resistance.

ficure 1,5 Single-phase circuit representing the electrical 
network of a submerged-arc furnace.



For this circuit the voltage is given by:

V = I [R| * . . . 1.33

the power factor by:

R fCOS 9 * -------
 ̂ ^ • • • 1 # 3 4

and the effective or smelting power by:

P£ » I2R f . . .  . 1.35

Thus the smelting power is determined by the voltage and
the furnace resistance and an increase in R^ leads to an
increase in power factor.

The resistance of a furnace is inversely proportional toC Qelectrode diameter as given by the Andreae equation

R f 1 ST? • ‘ • • 1-36

whe re
n is a constant dependent on the charge and
D is the electrode diameter.

The dependence of furnace d i a mete r, D F , on electrodeC Qdiameter has been dealt with by Kelly who proposed
the relationship

D F * 5,6D . . . .  1.37

Thus it is seen that larger furnaces will have a lower 
resistance and power factor.

The resistance, R „ can be adjusted by lowering or raising 
the electrodes. H o w e v e r , for a particular process the 
position of the electrodes is fixed within narrow limits 
for optimum metallurgical results. Outside these limits 
the resistance of the furnace has to be adjusted by altering 
the particle size and/or composition of the charge.



In furnaces used for the production of ferromanganese the 
electrodes should be kept deep in the charge in oidcr to 
minimize manganese losses in the form of vapour and to 
maintain the temperature of the slag and alio' layers at 
an acceptable level. Losses due to vaporisation of 
manganese may account for up to JO per cent of the total 
manganese charged if good operating conditions are not 
achieved.

The resistance, Rr, can be expressed as the sum of two% C Qresistances in parallel . These are the resistance 
of the charge, R., and the resistance oi the reaction zone, 
R r . The resistance, R f , is then given by

The contributions made to R̂ - by R^ and Rr are not known 
with accuracy for the difterent processes. It is 
known 5' ’ b° , however, that the resistance of the reaction 
zone, R r dominates R f . The heat generated in the reaction 
zone and in the charge will be proportional to their respecti\e 
resistance. hestly considers that the heat generated
in the charge will contribute to the melting of the raw 
materials which drip into the reaction zone where reduction 
is completed. If the resistance of the charge becomes 
comparable with the resistance of the reaction zone then 
an excessive amount of power will be dissipated in melting 
the charge and insufficient energy will be left over for 
reduction.

For optimum metallurgical results there must be a balance 
between the heat consumed in melting the raw materials and 
that left for reduction ie there must be a balance between

59 defined a heat distribution factor,
Rc and V Wes t
c, as

The va lue o jE C w
by Rf f or  a part

be f  o 1 lowed by a

must
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maintain C constant at its optimum v a l ue. In the 
production of ferromanganese it has been established 
that short term variations in R f without varying Rc lead 
to higher manganese losses in the slag.

From the foregoing it is clear that the resistance of 
the furnace, R f , must be as high as possible for high 
power input and power factor. H o w e v e r , the choice of 

is governed by the resistance of the charge R c .
Urquhart ^  found that SO per cent of the power is 
dissipated from the electrode tip and 25 per cent from 
the last 300 mm of electrode length. This indicates that 
the resistance of the charge is much higher than that of 
the reaction zone and that it decreases significantly as 
the electrode tip is approached. Andersen's b * pattern 
of the interior of furnaces used in the production of pig 
iron indicates a similar e f f ect.

1.6 The Electrical Properties of Carbonaceous Reducing Agents
The reducing agents used in electrothermic reduction processes 
have a profound influence on the resistance of the furnace 
and a great deal of work has been carried out on their 
electrical properties to establish the factors which determine 
these properties.

The results of investigations show that each material 
possesses unique characteristics which are determined by its 
physical and chemical properties and the heat treatment received. 
Some useful trends and key values have been established which 
relate the variations in resistivity with temperature to the 
chemical properties of the mateiial.

The main factors which influence the resistivity of carbon
aceous reducing agents in the granular form a r e :

a) The temperature of carbonization
b) The volatile matter and ash contents
c) The particle size and
d) The pressure.

r
-V
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The profound influence of carbonization temperature on 
the resistivity of coal is shown in Figure 1.6 •
Measurements of resistivity with increasing temperature 
for different coals have shown that temperature has a 
much stronger effect on the resistivity oi the woke  ̂^  
than the rank or composition of the original coal

The resistivity of coke increases with  ̂ increasing 
residual volatile matter and ash contents 1 ’ ° and the
addition of inorganic substances such as sand has been
suggested to increase the resistivity of coke.

It is generally accepted that the resistivity of a bed of
reducing agent is mainly determined by the nv e: of
contact p o i n t s , between the particles and con " g e n tly 
the smaller the particle sire the greater t. : resistivity
will be. 5 5 ’ 6 s - 6 " ' 72

The resistivity of a packed bed decreases with increasing 
pressure due to a decrease in the 'contact resistance 
between particles.

The mechanism of electrical conduction by carbonaceous 
reducing agents has been explained b 2 > 'Z on the basis
of the physical and chemical changes which occur during 
heat treatment.

As the temperature rises a progressive loss of hydrogen 
atoms from the edges of the polycyclic aromatic structures 
causes the graphitic crystallites to move closer together 
and to increase their degree of ordering. As the graphitic 
crystallites move closer to one another the potential 
barriers are lowered and electrons can move more freely from 
one crystallite to the other. This explains why cokes or 
graphite show little variation in resistivity with 
temperature while coals show a drastic decrease in resistivity 
as the temperature increases until at about 900 C the 
resistivity of coals and cokes becomes virtually the same.

It has been established empirically, 6 2 *o S '/-' that the



A. Decomposition of coal
B. Decom p o s i t i o n  of semi-coke
C . Degasification of coke.

9008 007000 0 0500
CARBONIZATION THMPl-RATURI! t K

4 00300

Figure 1.6 The influence of carbonization temperature on the 
resistivity of coal. (ref. 02).
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resistivity (p) of a burden component or mixtures of 
burden components is related to temperature by the 
\rrhenius-type relationship:

p = A e B / 1 . . . .  1.40

where A and B are constants and
F is the absolute temperature.

Ihe values of A and B can vary in different temperature 
ranges. The activation energy for conduction (3) is a 
measure of the energy barrier through which electrons 
'ust be thermally excited before they become conducting 

ons. The value of the activation energy decreases 
v . tcreising temperature because the energy barrier 
b mailer. For a coal the width of the energy
b. -cr drops from about 15,5A at 80 per cent carbon 
content to 0.̂  at 100 per cent carbon content ^ .

1.~ The Electrical Properties of Ores

The electrical properties of ores have not been studied to 
the same extent as those of reducing agents probably because 
in the past the resistivity of a furnace burden was considered 
to )e predominantly dependent on the resistivity of the 
reducing agent and the molten sl-g. However, the electrical 
properties of the ore cannot be overlooked since the physical 
and chemical changes in the o r t , particularly at high tem
peratures, can have a dramatic effect on its resistivity.

The main factors which influence the resistivity of a packed 
bed of ore at a given temperature a r e :

a) The particle size of the ore
b) The semiconduction characteristics

of the ore
c) The oxygen content of the oxides in

the ore
d) The distribution of the oxides in the ore
e) The amo unt, composition and distribution

of the gangue minerals.
f) The pressure on the packed bed.



The influence of particle size on the resisti\it) of an 
ore has not been investigated in great detail. It has 
been established 7 0 ’ 1 however, that the resistivity
decreases a.5 the particle size is increased.

The semiconduction characteristics of different ores 
have been shown to exert a dramatic influence on^their 
resistivity. The resistivity of chromites 
decreases by several orders of magnitude by heating up 
to temperatures of 5U0°C. Rennie '1 noted an exponential 
decrease, between 500 and 600*0, in the resistance of a 
titaniferrous iron ore and attributed this to improved 
semi-conduction. Some investigators 0 ’ ' , found that
small amounts of impurities in an oxide can have a significant
effect on its resistivity.

The effect of oxygen content and of doping on the resisti\it) 
of iron ores is shown in Figure 1.7 b ' . t is clear that 
the higher the proportion of oxygen in t.:e ore the higher 
is its resistivity. The results of Rennie and
Silveira 68 on the resistivity of iron ores in different 
oxidation states are in general agreement with those shown
in Figure 1.7.

The distribution of the metal oxides and the a m o u n t , ^
composition and distribution of the gangue are interrelated 
If the proportion of gangue and its mode of occurrence 
are such that it forms a continuous network within the ore, 
the resistivity will be governed by that of the gangue.
Fusion of the gangue at relatively low temperatv es coiud 
have a profound influence on the resistivity of the ore.

The application of pressure on a packed bed oi iron ore 
has been shewn 1 to reduce the resistance although its 
effect is not <~s pronounced as that of the oxidation state
of the o r e .

Published work on the electrical properties of manganese 
ores is scarce. Silveira ~ 5 found that during heating, 
the resistance of a manganese ore decreased up to 600 C, 
increased between 600 and 800°C and decreas d again at



KEY TO FIGURE 1.7
a) Mill scale
b) Kiruna ' E ' ore (53,2$ Fe-,0-, 24,9$ FeO) . 
cj Itabira ore (96,2$ Fe-,0,)
d) Limonite-Lj ubij a 'B ' (7 5,8$ Fe^Oj)
e) Frictal ore (54,7$ Fe^O^)
f) Magnetite
g) hematite
g ')Hematite doped with 0,30 atom percent C a “
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higher temperatures.

rhe dependence of the resistivity of ores on temperature 
can be described approximately by the Ar-henius type 
relationship of equation 1.38.

1,8 Electrical Properties of F u r n a s  R„rH.n =
For convenience, the interior of a submerged-arc furnace 
may be divided into an upper region with a hign resistance 
and a lower region with a much lower resistance. The upper 
region may be assumed to consist of the burden from stock- 
line level down to the smelting zone, while the lower region 
occupies the rest of the furnace volume.

In the upper region the burden consists of a mixture of
ore and reducing agent and it will be assumed here that
the resistivity of the reducing agent is much lower than
that of the ore. In this region, reduction, sintering
and slag formation occur to a limited extent and the resistivity
of tne burden is mainly determined by the following factors

a) The particle size of the components.
b) The proportion by volume of ore and

reducing agent.
c) The type of reducing agent.

Several authors 70 - 7 1 • have found that a reduction in 
the particle size of either the ore or the reducing agent 
results in i n c reased burden resistivity. However, recent 
work by Uijs () has shown that the resistivity of the bu r d e n  
is a function of the relative sizes of the ore and the 
reducing agent. Dijs found that the resistivity of the burden 
will decrease to a minimum with increasing particle size of 
the reducing agent and increase again with a further increase 
in the size of the reducing agent. The variations in the
resistivity of the mixture with varying parti c l e  size of
the reducing agent become less p r o n o u n c e d  as the p a r t i c l e  
size of the ore is increased (Figure 1.8).

Ihe resistivity of mixtures of two components, one of 
wh'ch is a c o nductor (reducing agent) and the other an
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Figure 1.8 The influence of char particle size on the 
resistivity of mixtures of clu r and q u a r t z , 
for various particle sizes of q u a r t z . (rec . 64).
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insulator (ore) , drops abruptly 'U ’ ' ' ’ ^ a t  a specific 
proportion by volume of conductor to insulator. This is 
due to the formation of continuous current paths by the 
conducting particles in the mixtures.

Buecke considered a mixture of identical spheres and
showed that the critical concentration of conducting 
spheres varie considerably witn ihe type of lattice formed 
and the extent to which the lattice is filled. The 
situation becomes even more complex when actual systems 
are considered. hilland '' found that the resistance of 
a mixture of chromite and charcoal increased steeply when 
the volume fraction of chromite exceeded 35 per cent 
(Figure 1.9). It is obvious however, that these proportions 
can change drastically with changes in the relative sizes 
of the two component). For instance, if the particle size 
of the ore is much greater than that of the reducing agent 
then the volume fraction of reducing agent necessary for 
the formation of continuous current paths will be reduced.

The influence of the type of reducing agent on burden
resistivity has been studied by several
investigators f J » ■ v > - 1 . s 1 who found that, at low
temperatures, tne resistivity of mixtures of ore and coal
is higher than thuu of mixtures of ore and coke. At high
temperatures (1200-l-'-00°C) the resistance of burdens
containing the same ore but different reducing agents is
the same . This is partly due to the fact th' ̂
the resistivities of coal and coke are the same at high
temperatures and partly due to reduction reactions and slag
formation. The latter effect reduces the influence of the
particle size of the ore on the resistivity since Downing and 

69Urban found that molten slag and coke have comparable
resistivities.

The conditions that prevail in the lower region of submerged-C 7 O')arc furnaces are not well known. It is known however ’
that most of the power supplied to the furnace is 
dissipated from the electrode tip to the molten bath under
neath it. In the general case this bath can be assumed to 
be a mixture of molten slag and solid reducing agent, in
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a state of intense agitation due to reduction and 
evolution of gaseous produces.

Investigators who studied the electric il properites of 
furnace burdens have gene rail) concentrated on the 
properties of the solid burden or of burdens in which 
some slag formation occurred. Very few attempts have 
been made to simulate the conditions underneath the 
electrode tip 0 *' ^ ® : . Dijs " simulated this 
furnace region by using mixtures of brine and reducing 
a g e nts. from basic cons idv rat ions and by regarding the 
two phases in the mixture as resistances in parallel 
Dijs 0 ' derived the relationship

"m ' <V * " f  ' ‘ • , -4’
where . i < the resistivity of the mixture

r is the resistivity of tlv reducing agent
is the resistivity oi the solution and

f is the volure tract ten occupied by the
ret uct ant .

Dijs 1 obtained reason 11 agrcement between experimental 
and calculated results, although it is difficult to assess 
the extent to which the ic nits apply to industrial furnaces

1•9 i he h i s t r ibut ion of d o m  in Subr c r ged-a rc Iurnaces
Modern furnaces used for the production of ferroalloys 
consist of a cylindrical stt I shell lined v.ith refractory 
brick and carbon pa to or blocks on the inside. Three 
elect.odes of the bodcrherg type are positioned in the 
furnace crucible at the \a rtives of an equi lateral triangle 
and supply the energy rcquirtd for the process. Carbonaceous 
reducing agents a i c used r i i n 1 \ to carry out r lie reduction 
of the oie.

I he production of alloy, of leiromangancsc, ferrochromium 
and pig-iron is accompanied by the f o m a t  ion of substantial 
volumes of slag. In these processes the position and extent 
of the different phn es and zones arc determined by the
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position and extent of the reaction zone near the 
electrode tip. The internal structure of different 
furnaces shows many similarities.

The work that has been carried out to investigate the 
internal structures of furnaces is very limited 
particularly in the case of furnaces for the nreduction 
of ferromanganese. A good understanding of the processes 
occurring in submerged-arc furnaces and of the influence 
of the various zones on furnace operation is necessary 
for process control and optimization. Research dealing 
with the physical and chemical changes of the burden 
during its descent in the furnace is scarce, and the 
various zo..es that form have not been investigated or 
defined adequately for most processes. Usually five zones 
may be distinguished:

a) The burden zon e.
This zone is situated at the top of the furnace 
where the higher oxides in the ore are reduced 
by CO to a lower oxidation state.

b) The smelting zone
This zone forms near the electrode tips and 
consists of a mixtuiv of solid and fused material.

c) The coke bed
This zone consists of lumps of coke or of a 
mixture of coke and slag and can exist directly 
underneath the electrodes in the shape of a 
cone b 1 ’ 8" , or as a layer between the burden zone 
and the smelting zone 81 ’ 88 or between the 
molten bath and the smelting zone 8h .

d) The molten bath
This zone includes the layers of molten alloy 
and slag in the furnace hearth.

e ) The dead zone
This zone consists of accretions or stagnant 
burden which adheres to the furnace wall.



The zones beneath the electrode tip of a 15,OkVA, single
phase pilot furnace for the production of pig-iron have

O ?
been investigated by Muller ' . The furnace electrode
was hollow to allow additional coke to be fed to the 
reaction zone to ensure that the electrode was riding on 
top of the coke bed at all times. Muller found that the 
coke bed had a conical shape and was symmetrical about 
the vertical axis of the electrode. The interstices 
between coke particles in the lower part of the coke bed 
were filled with molten slag. The shape and size of the 
coke bed and the temperature of the process varied with 
electrode position which determined the resistance of the 
furnace. A deep electrode position decreased the furnace 
resistance and resulted in a shallow but broad coke bed and 
a high process temperature.

Andersen hl presented a pattern for the interior of an 
industrial pig-iron furnace (Figure 1.10) based on 
observations made during 'dig outs' of furnaces taken out 
of operation and on temperature measurements made during 
operation. The subject is treated qualitatively and full 
advantage of the 'dig outs' does not appear to have been 
taken.

Other investigators studi d the internal structure of 
ferrochromium 89 and silicomanganese 84 • 83 furnaces by 
freezing and sectioning experimental furnaces. The patterns 
presented by the different authors show many similarities 
although the patterns found in experimental furnaces 85 • 89 
are much more complex than those presetted for industrial 
furnaces 6 1 • 88 . The internal structure of an experimental 
furnace for high-carbon ferrochromium 89 is shown in 
Figure 1.11. It can be seen that the coke bed consists of 
a thin layer of coke particles between the molten slag and 
the unreacted burden.

The pattern of lining erosion and the internal structure of 
a 19 MVA furnace for high-carbon ferromanganese were 
investigated by Ozeki et al 88 . The contents of the furnace 
were removed after bla^ti:.* and detailed observations of 
the furnace interior were not made. The authors however,
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Figure 1.10

A. Coke b e d .
B. Slag bath penetrating the lower part of the coke bed.
C. Metal b a t h .
D. Highest temperature zone (2000-3000°C)
E. Pre-reduction and smelting zone
F. Preheating zone
G. Solidified slag
H. Sponge iron.

Fig ure 1.11

1. Charge layer
2. Electrode 8
3. Coke Bed
4. Cavity
5. Slag laye r
6. Layer of unmolten ore
7. Layer of molten ore
8. Metal pool
9. Residual metal

10. Tap hole
11. Alumina t>alls.
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constructed a simplified pattern of the furnace interior 
from information gained from a number of furnace sections 
which were studied in connection with lining erosion.
This basic pattern, which is similar to that proposed 
by Dancoisne Sb is shown in Figure 1.12. The authors observed 
unexpectedly high erosion of the hearth and crust formation 
on the furnace walls, particularly between electrodes and 
in positions remote from the metal and slag tap holes. 
Segregation of coke towards the u r n a c e  walls resulted in 
a coke bed 1 m thick at the wall and 0,3 to 0,5 m thick 
in the centre.

Some of the zones in submerged-ar furnaces, especially 
the coke bed, may not be a pe-manent feature of the process, 
as their presence and extent is determined by the properties 
of the burden and the operating conditions. For instance, 
a decrease in the reactivity of the reducing agent or an 
increa. in its size will result in an increase of the size 
of the coke bed. Volkert S ' has demonstrated that the 
resistivity of the burden has a strong influence on the 
size and geometry of the different zones. Thus a burden o £ 
lower resistivity results in a larger reaction zone because 
the electrodes have to be raisea in order to obtain a high 
furnace resistance and power input. This is precisely the 
position with ferromanganese furnaces which can be operated 
with a partial 'dead zone' in the centre due to the low 
process temperature and the high electrical and thermal 
conductivities of the charge 11 . These properties of the 
charge would result in a proportionately larger reaction 
zone in comparison with a ferrochromium furnace in which the 
energy is concentrated in a relatively small volume below 
the electrode tips.

1. 10 Con1.1 us ions
The large reserves of manganese ores and coal in the Republic 
of South Africa place the country in a highly competitive 
position in the field of ferromanganese production. The 
recent developments in submerged-arc electric smelting of 
manganese ores indicate that this practice will continue in 
the foreseeable future.



Figure 1.12 The basic structure of a submerged-arc 
furnace for the production of high- 
carbon ferromanganese (ref.88)

KEY
1. Elect rode
2. Burden zone
3. Smelting zone
4. Coke bed
5. Mol ten s lag
6. Alloy layer p e n e t r a t m g  the furnace lining
7. Dead zone
8. Fused mat eria l.
9. Metal tap-hole.
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The low-shaft blast furnace may be a feasible 
alternative to the subnierged-arc furnace for the smelting 
of Mamatwan manganese ore. However, it will probably 
take several years and a considerable amount of research 
before this unit is able to compete with the submerged- 
arc furnace in terms of production.

The vast increase in the size of modern submerged-arc 
furnaces has resulted in lower furnace resistance and 
higher furnace sensitivity to changes in burden quality. 
Therefore, the attainment of stable operating conditions 
a s become more difficult. Ihe optimization of opera Ling 
conditions can only e achieved through a deep understanding 
of the processes that take place in the furnace. These 
processes include the following:

1. The variations in the resistivity of the burden 
as it descends the furnace bowl.

2. The physicochemical changes that occur in the 
burden components at different positions inside 
the furnace.

3. The mechanisms of reduction of the oxides.

4. The segregation of components in a furnace.

5. The distribution of the different zones in a furnace.

Some of the above processes have already been examined to a 
greater or lesser extent. However, the experimental conditions 
used were such that it is difficult to determine the extent to 
which the results represent actual furnace conditions.
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CHAP TF.P 2

2.0 EXPERIMENTAL

2.1 Choice of Experimental Technique
The conditions that prevail in a submerged-arc furnace are 
very complex and can be treated quantitatively only by the 
making of simplifications and assumptions that create 
doubts about the validity of the results. Hence, the 
design of laboratory tests that give results adequately 
related to the activity in industrial furnaces is very 
difficult.

Some investigators have frozen and sectioned experimental 
furnaces in order to study the processes that take place 
in furnaces used for the production of ferrochromium 
and si 1 icomanganese Although this technique sup
plied considerable information on the internal structure 
and the reactions occurring in these two types of furnace 
its use is limited by the scale and cost oi the experiments.

The reduction of ores has generally been studied by use 
of reactants in a fine state of comminution. Studies of 
this nature have given valuable information with icgaid to 
the reduction characteristics of o r e s , mechanisms o; re
duction and reactivities of the reducing agents. However, 
the results of these investigations cannot be readily used 
to assess the processes that take place in industr ini u n i t s .

Klemantaski9 1 , suggested the use of the "stationary charge 
in controlled environment" (SCICE) technique for the in
vestigation of processes that occur in the stack ot an 
iron blast furnace. This technique eliminates the arbi
trary choice of experimental variables and has been used 
successfully92 to investigate the processes that occur in 
the stack of a blast furnace.

I
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The theory and uses of the SC ICE technique have been given 
by Klemantaski91 and other investigators9 " ’9\  Conditions 
in the stack of an iron blast tui .a*. can be simulated 
without movement of the c h a r g e , the retention time and 
inlet gas composition being varied rather than the position 
of the c h a r g e . H o w e v e r , a knowledge ot the rate of descent 
of the charge and the temperature variations experienced 
by it during its descent in the m r n a c e  stack are required. 
The SCICE technique is ideally 1 ited to studies of the 
gaseous reduction of iron ores at relatively low tempera
tures (up to about 1100 C ) .

The SCICE technique as such cannot be used to investigate 
the reduction of manganese ore to metal owing to the high 
temperature "^(>1280°C) required tor the reduction of 
manganous oxide by carbon. At this temperature an appre
ciable amount of slag forms and the carbon monoxide 
permeability of the ore is reduced.

A variation of the SCICE technique was used by U r q u h a r V  
in a study of the production of high-carbon fe rrochromiu.. 
in a submerged-arc f u r nace. Since the rate of descent or 
the burden and the temperature profiles in submerged-arc 
furnaces are not well k n o w n , Urquhart heated the charge 
at a controlled rate of 400°C per hour to a predetermined 
temperature, maintained the temperature tor a time, and 
then allowed the charge to cool.

Early work by Pentz2 on the gaseous reduction of Mamatwan 
ore and later by Grimsley3 and Dewar and Sec \  who in
vestigated the reduction characteristics of this ore at 
relatively low temperatures by a variety ot carbonaceous 
reducing agents, indicated a lack of knowledge of the 
processes that occur in the hotter regions of ferro
manganese furnaces when Mamatwan ore is treated with 
different reducing agents.
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Since the rate of descent of the charge and the temperature 
profiles in ferromanganese furnaces are not well k n o w n , it 
was decided that the technique and heating rate in the work ̂ 
described here should be similar to those used by Urquhart 
The mass of the experimental charge, its composition and 
its particle sice were such that an attempt could be made 
to simulate the conditions in the upper regions of a sub- 
merged-arc furnace.

2.1.1 Critical Appraisal of the Experimental Technique
The SCICE technique was used in an attempt to follow the 
processes occurring in an element of furnace burden as it 
descends the furnace bowl. Obv i o u s l y , there are differences 
in the conditions experienced by the experimental charge 
and an element of furnace b u r d e n . In order to assess the 
extent to which the experimental technique simulates the 
conditions in an industrial furnace it is necessary to 
analyse the differences between the experimental conditions 
and the conditions that probably attain in a furnace.

The zones of greatest importance in a submerged-arc furnace 
are those a r o und, and directly unde neath the electrode as 
indicated in Figure 2.1(a). The zones further away from 
the electrode are partially or completely stagnant 01 and 
are practically impervious to gases due to sintering and 
decrepitation of the burden. The depth of penetration of 
the electrode below stock line level in a 4 3MVA furnace is 
on average about 3m.

Probable heating c u r v e s , for an element of furnace burden 
descending in the cone of fast moving material around the 
electrode of a 48MVA furnace, arc shown in Figure 2.1(b). 
The experimental heating rate (3S0°C per hour) and holding 
temperatures are superimposed for comparison. It is 
obvious that a lower experimental heating rate would have 
been closer to furnace conditions but this would have
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Since the rate of descent of the charge and the temperature 
profiles in ferromanganese furnaces are not well known, it 
was decided that the technique and heating rate in the wcrk_ 
described here should be similar to those used by UrquhartJ '. 
The mass of the experimei.. al charge, its composition aad 
its particle size were such that an attempt could be made 
to simulate the conditions in the upper regions of a sub- 
mevged-arc furnace.

2.1,1 Critical Appraisal of the Experimental Technique
The SCICE technique was used in an attempt to follow the 
processes occurring in an element of furnace burden as it 
descends the furnace bowl. Obviously, there are diffeiences 
in the conditions experienced by the experimental charge 
and an element o£ furnace burden. In order to assess the 
extent to which the experimental technique simulates the 
conditions in an industrial furnace it is necessary to 
analyse the differences between the experimental conditions 
and the conditions that probably attain in a furnace.

The zones of greatest importance in a submerged-arc furnace 
are those around, and directly underneath the electrode as 
indicated in Figure 2.1(a). The zones further away from 
the electrode are partially or completely stagnant bl and 
are practically impervious to gases due to sintering and 
decrepitation of the burden. The depth of penetration of 
the electrode below stockline level in a 48MVA furnace is 
on average about 3m.

Probable heating curves, for an element of furnace burden 
descending in the cone of fast moving material around the 
electrode of a 48MVA furnace, are shown in Figure 2.1(b). 
The experimental heating rate (350°C per hour) and holding 
temperatures are superimposed for comparison. It is 
obvious that a lower experimental heating rate would have 
been closer to furnace conditions but this would have
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resulted in unduly long experiments. On the other hand 
the influence of retention time on the degree of reduction 
of lumpy o r e , at temperatures below about 1300°C is very 
limited. Tnerefore, the SCICE technique, as used in this 
work, should give results that would closely resemble the 
processes taking place near the electrode of the f u r nace, 
from stockline level to a few centimetres above the electrode 
t

The heating curves suggested in Figure 2.1 (h) we re c o n 
structed from observations made during furnace 
'dig o u t s '15 ,bl, measurements of ^he mean residence time 
distributions of the charge in a 4oMVA furnace1 *, cal cu
lations of power dissipation from different parts of the 
electrode D , studies of the modes of current transfer in 
furnaces82, 96’9 and from a knowledge of the tapping tem
peratures of high-carbon ferromanganese and 'd i s card' slag. 
Dyason1 1 showed that in a 48MYA furnace , an element of 
c h a r g e , placed near the electrode takes about 15 hours to 
descend from slockline level to the tip of the electrode 
where fast reduction o c c u r s .

The heating rate of an element of furnace burden is slow 
until it gets close to the tip of the electrode. Under 
conditions of mainly resistive heating, the temperature 
in the coke-enriched zone Figure 2.1(a) is probably of 
the order of 1800°C. With the formation of long a r c s , 
the temperature in this zone probably increases to between 
2500 and 3000°C. At these temperatures, both the slag and 
the manganous oxide would melt and rapid reduction would 
take place, accompanied by rapid evolution of gaseous 
reduction products and boiling of the molten material.
The temperature decreases with increasing distance 
from the electrode tip and reaches about 1450°C in the 
alloy layer.



The above considerations show that the experimental c o n 
ditions might be considered to resemble the conditions 
in a furnace between stockline level and the electrode 
tips and in regions at some distance from the electrode 
t i p s .

2.2 Materials and the Preparation of SCICE Charges
The materials used in this investigation were Mamatwan 
manganese ore, Iscor metallurgical coke and Delmas -o a 1 
which were supplied by the Metalloys plant of Samancor 
at Meyerton in October 19 7 5.

The materials were crushed and screened, and the size 
ranges retained for the SCICE experiments were 2,85 to
12,7 mm for the ore and "!, 83 to b , 35 mm for the reducing 
agents. After crushing and screening, representative samples 
of each material were obtained by riffling.

Tables 2.1 and 2.2 give details of the proximate and ash 
analyses of the coarse fraction of Iscor coke and Delmas 
coal and of the analysis of Mamatwan ore. The fine 
fractions were also sampled and analysed to establish 
whether crushing and screening caused the segregation of 
any constituents. The fine and coarse tractions ot the 
ore and the coke showed no significant differences in 
composition. The amount of volatile matter in the coarse 
fraction of the coal was lower than that in the fine 
fraction by 6,5 per cent, and the fixed carbon content 
higher by 4,7 per c e n t . It may be noted that 57 per cent 
of the coal was less than 2,83 mm in size.

The SCICE charges were made up of ore and reducing agent 
in stoichiometric proportions. (Stoichiometric carbon is 
defined as the amount of carbon required to reduce all 
the oxides of manganese and iron in the ore to the



48

TABLE 2.1

Proximate and ash analyses of the reducing agents

CONSTITUENT

Fixed carbon 

Volat i 1es 

Ash

Moisture

Sulphur

Phosphorus

Ash
Analysis

/ M g O
/

Si02 
\ CaO
S ,

DELMAS COAL 
Ma s s %

48,55 

28,33 

15,b5 

6 , 1 1  

1 ,20 

0,1 T

2,79 
2b ,38 
43,38 
7,87 
0,95 
7,74 
2,48

ISCOR COKE 
Mass %

79,07 

2,75 

15,98 

1,28 

0,20 

0,20

1,19
30,05
50,58
4.37 
0,40
7.37 
0,35

All chemical analyses were carried out by 
The National Institute for Metallurgy
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TABLE 2 .

The chemical composition of Mamatwan ore 

CONSTITUENT MASS %

MgO 3,10

A 1 2°3 0,10

SiO, 4,27

CaO 12,96

M n , 0 - 55,CV’

Fe2°3 5,99

C r 2°3 0,36

P.O,i. 3 0,17

k 2o 0,21

co2 14,91

H-,0 0,54

* *

This is the total manganese content of the 
ore expressed as M n -,0,

Total iron expressed as Ee,03
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respective metals,. A charge of ore and coal consisted 
of 960g of coal and 3040g of ore, while a charge of ore 
and coke consisted of 600g of coke and 3400g of ore.
Fluxing materials were not added because it was desirable 
for the system to be as simple as possible and because 
Mamatwan ore is largely self-fluxing .

The ore and the reducing agent were mixed on a plastic 
sheet and transferred to a tray in which they formed a 
bed about 30 mm deep. From the tray the mixture was trans
ferred in small batches to the crucible, which had been 
placed in the furnace. This method of charging was followed 
in order to minimize segregation. It was found that seg
regation could not be eliminated entirely due to differences 
in size and specific gravity between the ore and the 
reducing agents. During charging, a metal rod 3 mm in diameter 
was used to compress the charge and to avoid bridging and 
the formation of large voids.

2.5 Apparatus and Procedure

2.3.1 SCICE Experiments

The SCICE experiments that were carried out are listed in 
Table 2.3. The charge was contained in a graphite crucible 
of 150 mm internal diameter and 515 mm depth which acted 
as a susceptor when heated in a 40kW, 3kHz induction 
furnace. The crucible assembly is shown in Figure 2.2.
The crucible was divided horizontally into a re-usable 
top and bottom.

The central graphite electrode was used for resistivity 
measurements which are reported at a later stage.

Two Pt-6$Rh/Pt-30vRh thermocouples were used to measure 
the temperature, one positioned in the centre of the charge 
and the other 15 mm from the crucible wall. The central 
thermocouple was lowered down the electrode and the outer 
one into a graphite sheath of 10 mm inside diameter and

*



TABLE 2.3.

D e t a ;ls of the SCICF experiments

Heating rate 350°C/h
Particle size: Ore 2,83-12," mm

Reducing agent 2,83-6,35 mm

Temperature
°C

Retent ion time at temperature
h

Iscor coke 
1300 0 1 2

1400 0 1 2 4

1500 0 - -  -

1600 0 1 2

Delmas coal

1400 0 • 2 4

1600 0 1 2 -

No experiments conducted under these conditions.
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14 mm outside diameter. The outer thermocouple was used 
for temperature control, and all the temperatures quoted 
in this work refer to measurements made by use of this 
thermocouple, unless otherwise stated. All the temperature 
measurements were made with the thermocouple junctions 
60 mm above the bottom of the crucible.

During the heating of a charge of ore and coke, t’.e-e 
was a small temperature difference between the inner and 
the outer thermocouples at low temperatures, and :his 
difference increased to about 140°C for temperat'res 
between 400 and about 1000°C. The temperature ifference 
decreased above 1000°C and was about 100° at K'OO C.
Heating curves obtained during the heati g of a charge of 
ore and coke are shown in Figure 2 • •

During the heating of a charge of ore and coal, there was 
a temperature difference of 140°C between the ce,tre and 
the edge of the charge for temperatures up to 850 L. The 
difference increased between 850 and 900 C, and decreased 
above 1000°C. The temperature difference between the ^ 
centre and the edge of the charge^decreased to about 80 C 
for temperatures higher than 1-00 i..

Similar cooling curves were obtained for comparably treated 
charges of ore and coke and of ore and coal. There was 
no significant temperature difference during cooling 
between the edge and the centre of the charge, tooling 
curves for charges of ore and coal that were heated to 
1400 and 1600°C are shown in Figure 2.4

The heating rate was controlled manually recording to the 
temperature of the charge measured next to the crucible 
wall. The power imput was adjusted to maintain a heating 
rate of 350°C per hour. The temperature of the charge 
was controlled to within + 5,5°C during retention at 
rrmct-.int temne rature.
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16r
Inner thermocouple

□ Outer thermocouple1400
* Inner and outer thermocouples

uo 1200

1000

800

14010040
TIME, MINUTES

Figure 2.4 Cooling curves for charges of ore and coal 
after heating to 1600°C and after heating to 
1400°C and maintaining that temperature for 
2 h o u r s .
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The optimum position for the induction coil, relative to 
thr position of the charge, was established by determining 
temperature profiles at constant temperature along the 
depth of a charge of alumina bubbles. An actual charge 
was not used because of the volume changes and reactions 
that occur at high temperatures. The temperature profiles 
obtained are shown in Figure 2.5. The temperature pro
files in an actual charge may differ from those shown in 
Figure 2.5 owing to differences in thermal conductivity.

2.5.2 Additional Experiments
The purpose of these experiments was to provide additional 
information that would contribute to an understanding of 
the changes in structure and composition found in p a " . i d e s  
of ore reacted under SC ICE conditions.

In one set of experiments, particles of ore between
4,7 and 6,35 mm were heated at 1300°C for 2, 4 and 15 hours
in air.

In another set of experiments, particles of ore in the same 
size range were heated isothermally in a molybdenum-wound 
resistance furnace, in an atmosphere of pure carbon monoxide, 
for 1 hour at 1200°C and for 6 hours at 1450°C. A further 
experiment, in which a temperature of 1200°C was maintained 
for 1 h o u r , involved loading the ore into an alumina crucible 
placed inside a graphite crucible. The graphite crucible 
was used to ensure than any carbon dioxide generated by 
reduction of the higher oxides of manganese would be reduced 
to carbon monoxide.

In a large scale experiment, a 6,0 kg charge of o r e , of 
particle size range between 2,83 and 12,7 mm, was heated 
in a graphite crucible at 350°C per hour to 1400°C and re
tained at 1400°C for 1 h o u r . The temperature was then 
raised to 1580°C within 15 minutes and the charge allowed 
to c o o l .
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2.5.5 Sampling and Examination of Reacted SCICE Charges
The reacted charges were initially examined visually. In 
those cases where, due to sintering or fus ion, the charge 
could not be removed from the crucible, the charge 
was sectioned with a diamond impregnated circular saw.
The charges were pho tographed, weighed and selected samples 
were tak en. Samples for chemical analysis (to determine 
the percentage metallization) , for X-ray diffraction analysis, 
and for microscopic examination were prepared by riffling the 
crushed c h a r g e . Attempts to determine the percentage 
metallization were unsuccessful• The techniques used and the 
results obtained are discussed in Appendix 1.

X-ray diffraction analysis was carried out b> the diffracto- 
metrie method. A Philips X-ray unit was used which consisted 
of a 1 kW X-ray generator (model PN 1010/80), a goniometer 
(Ph1050/25), a proportional counter (PW1965/50), and a curved 
graphite crystal monochromator. Copper Ka radiation was 
used and the operating conditions were in general as follows: 
^canning speed 20 (2?) per minute, divergent slit 1°, receiving 
slit 0,25', time constant 2s, chart speed 20 mm per minute, 
and a range of 400 counts per s e c o n d , giving maximum sensi
tivity of the strongest diffraction peak. A stepscan control 
(model PW1374) and a digital printer (PM2468) were used when 
accurate determination of peak intensity and position were 
required.

2-3.4 Microanalysis by the Energy Dispersive System 
(EDS)

Microanalyses obtained with the EDS system give information 
on the composition of a very small volume (typically lym3) 
of material. These analyses are normally carried out by 
use of an energy dispersive detector on a scanning electron 
microscope. The system is usually used for qualitative 
analysis although semiquant itat ive and quantitative ^  
determinations arc also possible, provided that suitable 
standard specimens are available and that the experimental 
conditions are strictly reproduced.
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The use of the energy dispersive detector on the scanning 
electron microscope and its principles of operation have 
been dealt with by several authors'" . A limitation of 
the detector is that it will not detect elements lighter 
than sodium due to absorption by a beryllium window about 
7 um thick located between the sample and the detector 
The limit of detectability of the system is very low and 
M a r s h a l c o n s i d e r s  that the minimum mass fraction of an 
element that may be detected is about 0,01 per c e n t .

The equipment used for X-ray microanalysis in this work 
consisted of a Cambridge S4 scanning electron microscope 
equipped with an EDAX ' lithium-drifted det ecto r' , a "’07B 
multichannel analyser and a NOVA 2 computer. The spectrum 
of the volume analysed was displayed on a video screen and 
a tabulated list of the elements and their proportion by 
mass was obtained by means of the computer and a tele
typewriter. Standard specimens were not available so 
the analyses presented in this work are qualitative 
although they are presented as quantitative statements.

The equipment was used to obtain the analyses of selected 
spots or areas in the sam ples. X-ray distribution maps * ̂  
were also obtained to show the major components in areas 
of interest. The samples were prepared by mounting in 
plasti resin, polishing and applying a carbon coating. 
Selected samples were analysed after etching.

"Spot" analyses101 were carried out over a period of 100s. 
. t- accelerating voltage of the microscope was kept at 
20kV to limit the depth of penetration of the electron 
beam and the lateral scatter of electrons in the specimen. 
These conditions gave excellent peak to background ratios 
for the major constituents in the alloy, the slag and the 
oxide phases.
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The composition of an unknown specimen is determined 
quantitatively by comparing the number of characteristic 
X-ray counts arriving from the unknown specimen, (‘V.pec) 
with the number (N tj) arriving from a standard specimen 
in the same time and under the same experimental conditions. 
The concentration of the required element in the unknown 
specimen, C SpCC should then b p v e n  by 1IJ*

NC = sP ec y rspec N <tJ A u s a . . . 2.1

where Cst^ is the accurately known concentration of the 
element in the standard specimen and each value of N is 
a peak count minus a background count. B e c a u s e , in the 
general c a s e , the composition and the density of the u n 
known specimen are different to those of the st ■rdard 
specimen equation 2.1 may need correction for som ■ all 
of the three e f f e c t s : atomic number (Z), absorpti (A) 
and fluorescence (F). The origin of these effects has 
been discussed by G o o d h e w 101 and M a r s h a l l .

In the case of the samples under consideration, the c o m 
puter was programmed to carry out corrections for Z, A 
and F. Without the use of standard specimens the com
puter makes the comparison shown in equation 2.1 by using 
values of h'st(j and C st^ from a calibration curve that 
relates counting rate t< the atomic number of the element 
for the K , L and M X-ray series. This procedure may 
introduce significant errors in the analyses because the 
computer programme is not precisely matched to the ca l i 
bration c u r v e . The accuracy is best for close atomic 
numbered elements.

Attempts to produce standard specimens were not made because 
of time limitations. Such specimens must conform to the 
most s t ; m g e n t  specifications with regard to composition, 
poiosity and homogeneity because of the extremely small 
volume analysed each time.



A numbei of tests were carried out to assess the accuracy 
and reproducibility of the analyses, which were normalised, 
without provision for o x y g e n , to 100 per cent and are pre
sented in terms of cation concentration.

The reproducibility of the analyses was assessed by carry
ing out 'spot' analyses in the centre of a grain of impure 
manganous oxide. 1 he electron beam was positioned succes
sively at the vertices of a square with side 0,1pm. The 
results showed a high degree of reproducibility in the 
majoi constituent (Mn) while the reproducibility decreased 
for the constituents in lower concentration as indicated 
below. It may be noted that the diameter of the electron 
beam at the surface o I a sample is about lym and increases 
with decreasing sample density and increasing accelerating 
v o l t a g e .

Element, mass per cent
Mg Si Ca Mn

Mean value 12,9 0,3 1,5 85,3
Standard deviation 0,59 0,15 0,02 0,73

Th- iccuracy ot the analyses was assessed by analysing an 
austenitic steel low in carbon and high in m a n g a n e s e , and 
the high-carbon ferromanganese produced by reacting the 
ore with coke at lb 00 (. for 1 h o u r . The composition of 
these two alloys was known from conventional chemical 
analyses.

The composition of the steel obtained by the two methods
of analysis was as shown below.

Mn C r Si C P

12,87 NA* 0,56 1 ,23 0,045
11,4-1,2 1,4-0,2 1,0-0,3 ND+ ND+

NA* Not analysed
ND+ Not detected

Fe
Chemical

analysis NA*
EDS Analysis 86,5-1,3



63

The iron plus chromium content of the alloy obtained by 
the EDS method is within 3 per cent of that calculated 
from the conventional chemical analysis. It is well 
known ^ ~ t h a t  this type of steel normally contains 
between 1 and 3 per cent chromium. Hence the major com
ponent of the steel (Fe) was determined to within less 
than 4,9 per cent of its actual value. The undetected 
carbon in the material does rot alter the proportions 
of the other elements by a significant amount owing to 
its low concentration.

The error in the Mn content of the alloy is 11,4 per c e n t , 
and that in the Si content 84 per cent.

The composition of the high-carbon ferromanganese o b 
tained by the two methods of analysis was as follows:

Element, Mass per cent
Mn Fe Si C

Chemical analyses 80,3 10,1 0,2 7,5
EDS analyses 9 2,4-0,6 7,1-0,8 0,4:0,1 ND*
Chemical analyses

corrected for carbon 88,6 ,1 0,21

The major element (Mn) was determined to within 4,3 per 
cent of its actual value. The elements Fe and Si were 
determined to within 36,1 and 90 per cent respectively 
of their actual v a l u e s .

The magnesium oxide content of the ore was 3,1 per c e n t .
If during the early stages of reduction, 75 per cent by 
mass of the non-metal lie component of the charge was oxide 
and 23 per cent slag and if all the magnesium oxide dis
solved in the manganous oxide, then the magnesium oxide

ND Not detected
Since carbon cannot he detected by the energy dis
persive detector comparison between the values ob
tained by the two methods is carried out after re
calculating the values obtained by conventional 
analysis disregarding the carbon content.
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content of the oxide should rise to about 5,5 per cent 
by mass. The EDS analyses gave a much higher magnesium 
oxide level in the manganous oxide. This and the low 
accuracies obtained in the determination of the silicon 

ntent of the alloys discussed above, indicated that the 
error was higher for the lighter elements. The error was 
assessed by analysing analytical grade magnesium chloride. 
The results obtained are indicated below:

Element, mass per cent 
Mg Cl 2

Calculated analyses -5 5
EDS analyses 42-6 58-6

Hence the magnesium content was determined to within 68 
per cent and the chlorine to within 23 per cent of their 
actual values. These results do not necessarily hold in 
the case of a solid solution of manganous and magnesium 
oxides where the concentration of magnesium oxide is very 
low.

From the results presented above, the following conclusions 
may be drawn with regard to the EDS analyses.

a) The technique was consistent in detecting all 
the elements of atomic number greater than 10 
and in its ability to indicate the major and 
minor elements in the volume analysed.

b) The reproducibility of the analyses was within
1,5 per cent of the mean value, for elements 
whose concentration in the oxide was greater 
than 85 per cent by mass. The reproducibility 
was within 12 per cent of the mean value i or 
elements whose concentration in the sample was 
between 7 and 13 per cent. The reproducibility 
was generally much lower for elements in con
centrations of less than about 2 per cent.
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c) Iron and manganese in the alloys were determined 
to within less than 1,9 per cent of their actual 
values in samples containing these elements in 
proportions exceeding about 85 per c e n t . The 
accuracy for these elements decreased to about 
36 per cent or less for samples containing iron 
and manganese in proportions between 11 and 13 
per cent by mass.

d) The analyses were grossly inaccurate for the 
lighter elements which were present in low 
concentrations.



CHAPTER 5

3.0 RESULTS

3.1 The Mineralogy of the Ore
The miiiei alog> of the Mamatwan ore deposit has been invest i- 
gated be tore ’ ’ How ever, for the purpose of
this investigation a certain amount of first hand experience 
was considered necessary.

The mineralogy of the batch of ore used was studied by the 
examination of polished sections, by X-ray-diffraction analy
sis and by X - r a \ microanalysis us i r <t the energy dispersive 
detec tot on the scanning electron microscope.

The microscopic examination of polished sections showed that 
the ore consisted in general of a fine aggregate of manganese 
and gangue minerals with local concentrations of gangue 
occurring in the form of veins and oolites. The composition 
of the oie varied significantly between particles and from 
point to point in the same particle (even in particles 3mm in 
size). figure 3.1 shows a characteristic structure of the ore. 
In ore particles rich in braunite the latter formed the c o n 
tinuous phase and the gangue minerals appeared as isolated 
grains. Ore particles rich in gangue showed a matrix of gangue 
with dispersed grains ot manganese and iron minerals.

The variations in the composition of individual ore particles 
become important in this investigation when the early stages 
of reduction and slag formation are considered. The morphology 
of grains of unreduced o x i d e , the amount of primary slag and 
the amount of manganous oxide dissolved in the slag will be 
influenced by the relative amounts of the different consti
tuents in the ore particles.

The relative amounts of b ra unit e, dolomit e, calcite and hematite 
were determined by X-ray diffraction analysis in six random 
particles of ore, approximately 10 mm in size. For comparison 
the same determinations were carried out on a representative 
sample of ore.



Figure 3.1 Micrograph of Mamatwan ore showing a fine 
aggregate of metallic (bright) and ganguc 
(grey)minerals. Gangue in the form ot a 
vein and as an oolite is apparent. 
Porosity appears b l a c k .
Polished, 480X.
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The samples were ground dry in a Sieb mill to less than 149ym 
and then ground in alcohol for 3 minutes in a McCrone micro- 
nising mill using agate elements. Microscopic examination 
of the powders produced showed that the coarsest particles 
present had a diameter of about Sum. The powders were c o m 
pacted in aluminium holders and analysed, by scanning over 
the 100 per cent intensity peaks of braunit e, dolomite m d  
calcite and over the 50 per cent intensity peak of hematite 
at steps of 0,05°(2 6). A counting time of 20s was used at 
each step. The procedure was repeated 3 times on one of the 
samples to test the reproducibility of the technique.

The area under the different peaks was found by plotting 
counts per second at each step against ang l e , 20, and deter
mining the width of the peak at background level. The in
tegrated relative intensity, I, was then calculated from the 
relationship:

07- 0.
I = —  M ( Y 1 + Y . - . . . + Y n )-(Ym )] . . 3.1

0,05 1  ̂ n m

where

O.-0j is the width of the peak at background level

Yj , Y ... Yn denote the number of counts per second at 
each step of 0,05°(20) and

Y is the mean number of counts per second form
background r-adiat ion.

The relative intensity of the peaks, in relation to the 
strongest peak in each sample, is shown in Table 3.1 (a). 
Examination of Table 5.1(a) will show the enormous varat ions 
in the proportions of the different phases when individual 
ore particles are considered.
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The relative intensity of the peaks in relation to the 
strongest peak of each phase is shown in Table 3.1(b). It 
can be seen that the amounts of the phases varied enormously 
between particles. The mean relative intensities for tests 
a, h and c of sample No. 3 and the maximum per cent variation 
about the mean are also shown in Table 3.1(b). It can be 
seen that the relative intensities of the dolomite and braunite 
peaks were reproduced within narrow limits. The reproducibility 
of the calcite and hematite peaks was rather poor due to the 
low peak to background counting rate ratios obtained for these 
phases .

The statistical error in the determinations of relative in
tensity was estimated by using data from Klug and Alexander10(1, 
that relate the per cent error to the total number of counts 
for different ratios of peak to background counting rate. The 
approximate error varied from a minimum of 0,4 per cent for 
braunite to a maximum of 4,7 per cent for hem atit e.

The 50 per cent intensity peak of hematite was used because 
the 100 per cent peak overlaps the 100 per cent peak of bra u n i t e . 
If it is assumed that the 100 per cent hematite peak is of 
twice the intensity of the 50 per cent peak and that the in
tensities of hematite and braunite are additive then it can 
be seen from Table 3.1 fa) that the hematite makes only a small 
contribution to the relative intensities determined for 
braunite.

X-ray diffraction analysis of the ore showed that its 
mineralogir.il composition is very complex. The phases identi
fied are indicated in Table 3 .2 together with the relative 
heights of the 100 per cent intensity peaks. Minor q u a n t i t i e s  
of other minerals were present, but these were not positively 
identified owing to interference and overlapping of peaks.
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TABLE 3.2

Qualitative X-ray diffraction analysis 
of Mamatwan ore

MINERAL CHEMICAL FORMULA
RELATIVE HEIGHT 

OF THE 100 PER CENT 
INTENSITY PEAK

BRAUNITE M n O .3Mn ?0 - .5 i07 100

DOLOMITE CaMg(CO.)1 36

CALCITE CaCO- 23

HAUSMANNITE M n 3°4 11

HEMATITE F*2°3
* *

11

CRYPTOMELANE K M n g O w 8

* This is the ideal composition of braunitc
** This is the hei ,ht of the 50 per cent intensity peak

for hematite. Ine 100 per cent hematite peak overlapped 
the 100 per cent peak of braun ^e.
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The mineralogy of the ore was investigated by X-ray micro
analysis. This technique gave a very clear indication of 
the mode of occurrence of the more abundant phases whose 
constituent elements were determined. Analyses, obtained 
by the EDS system, of the more abundant minerals in the ore 
are shown in Table 5.5.

The important findings of this part of the investigation mav 
be summarised as follows:

a) Braunite and hematite occurred in general as fine 
grains of irregular shape.

b) Hausmannite occurred as very coarse grains sometimes 
associated with oolites.

c) Small amounts of quartz re found which occurred 
as coarse grains.

d) The calcite invariably occurred in the form of veins 
and oolites.

e) The dolomite occurred as fine grains dispersed in 
a matrix of braunite and as a matrix containing 
grains of metallic minerals. These ft ms of dolomite 
contained a high proportion of manganese.

f) All the minerals discussed above contained appreciable 
amounts of impurities except for quartz which was pure.

3.2 Observations during the Heating of SCICE C h arges
When charges of ore and coke were heated a light haze (probably 
steam) was given off at temperatures between 100 and 350°C as 
measured by the outer thermocouple. At about 1100l t: a c o n 
siderable quantity of carbon monoxide was evolved which ignited 
at the top of the furnace.



TABLE 3.3

EDS Analysis of the more ;ihuinlant minerals in Mamatwan ore

Element
Cation * *

concentration in m i n e r a l , mass per cent
BRAUNITE HEMATITE ‘HAUSMANITE d o l o m i t e CALCITE

Mn 84 ,6-2 .8 4, 1 99 ,0-0,6 27,8:7,9 8,5:5,0

Fe 1 ,2-1 ,0 94 ,5 - - -

Si 12 ,4 9 0,5 0,4-0,1 Minor Minor

Ca 0,9-0,3 0,5 0 ,5:0,4 38 ,3:3 ,1 88 ,l:g ,1

A1 Minor - - Minor Minor

Mg - - - 33,l:7,- 2,7:3,7

P - - - - Minor

K - - * Minor -

* The - figures are standard deviations about the mean 
values given. Hi&h standard deviations indicate large 
variations in the composition of grains of the same 
minera1.

* * Calculated on an oxygen-free basis.
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When charges of ore and coal were heated, fumes appeared 
at 300°C, the quantity of fumes increasing until a temperature 
of 600°C is reached. Some tar condensed on the furnace 
cover. The amount of visible fumes decreased beyond b50°C, 
until no fumes were given off at about 750°C. At about 850 C, 
sufficient combustible gas was evolved to sustain a flame 
at the top of the furnace. At 1090 C the gases decreased in 
quantity and the flame was extinguished. More visible fumes 
were given off at 1430°C and the amount of fumes increased 
with temperature up to 1600°C.

5.5 Macro-examination of the Reacted SCICE Charges
Charges of ore with coal or coke reacted under the same con
ditions had a similar appearance.

The degree of metallization obtained, by heating up to 1400°C 
and holding the temperature for up to 4 hours, was very limited. 
Heating to 1500 and 1600°C resulted in significant reduction 
and a layer of alloy began to form at the bottom of the 
crucible. Holding of the charge at 1600°C for 1 or 2 hours 
resulted in the "ormation of a layer of alloy and a layer of 
slag. The slag layer formed at 1600°C for 1 hour contained 
an appreciable number of partially reduced ore particles which 
tended to settle at the interface between the alloy and the 
slag layers. The unreacted particles of reducing agent tended 
to float to the top of the slag layer although some ere found 
embedded in the slag layer. Figure 3.2 shows twe fractured 
surface of the slag layer formed by heating ore and coke to 
1600°C and holding that temperature for 1 hour. The partially 
reduced particles of ore are clearly visible in the cementing 
slag.

The amount of partially reduced ore decreased significantly 
with an increase in the holding time, at 1600oC, from 1 to 2 
h o u r s .



Figure 3.2 Partially reduced ore particles (0) in the slag 
(S) formed by heating ore and coke to 1600°C and 
holding that temperature for 1 hour.
Magnification 3X .



The slag layer was porous and there were voids between it 
and the alloy lay er. It appeared that significant amounts 
of carbon monoxide were given off during the cooling p e r i o d .
The c roon monoxide passed through the slag layer forming 
craters that became covered with minute crystals of gra p h i t e .

Four charges of ore and coal reacted under different SC ICE 
conditions are shown in Figures 5.3 to 5.6.

A summary of the examination of charges of ore and coke 
reacted under different SC ICE conditions is shown in Table 3.4

3.4 Microscopic Examination of the Reacted SCICE Chaiges

3.4.1 General Microscopic Examination of the
P hases i n P a r t i d e s  of Partially Reduced Ore

Samples from all the reacted SCICE charges were examined mic r o 
scopically in an attempt to determine the processes that occur 
during the reduction of Mamatwan ore with Iscor coke and Delmas 
c o a l . Both reflected light and scanning electron microscopy 
were used.

The inhomogeneous nature of the ore resulted in variations 
in the structure of different particles of partially reduced 
ore taken from the same charge. A particular structure h o w 
ever was seen to repeat itself in the majority of cases (see 
figure 3.7).

Samples of ore taken from the two types of c h a r g e , reacted 
under the same conditions, showed no apparent differences 
in structure. The structural changes that occurred during 
the reacting of the ore with Iscor coke or Delmas coal a e 
discussed here with reference to charges of ore and coke 
because a greater number of experiments were carried out 
using this m i x t u r e .



78

Figure 5.5 Sinter and loose particles in a charge of ore and 
coal that was heated to 1400'C and held at that 
temperature for 4 hours.
Coin 24 mm diameter.

Figure 3.4 Sinter and some loose particles in a charge of ore 
and coal that was heated to 1600 C and cooled.
Coin 24 mm diameter.

1



Figure 3.5 Slag and alloy formed by heating ore and coal to 
1600°C and holding that temperature for 1 hour.

Figure 3.6 Slag and alloy formed by heating ore and coal to 
1600°C and holding that temperature for 2 h o u r s .
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When the charge was heated to 1500°C or higher the original 
structure of the ore broke down to form a network of slag 
surrounding grains of impure manganous oxide. Random metallic 
particles appeared throughout the ore particles. Generally 
the metallic particles adhered to the oxide grains and extended 
into the slag. In some cases metallic particles were observed 
in the interior of oxide grains. The amount of metal in the 
interior of ore particles from the same charge varied c o n 
siderably from one particle to the other for charges reacted 
at temperatures between 1300 and 1600' C. The size and m o r 
phology of the oxide grains varied, due apparently to the 
amount of slag in the ore particle. This basic structure, 
which was retained until the final stages of the reduction, 
is illustrated in Figure 3.7. It can he seen that the size 
of the grains ' oxide varied and that the metallic particles 
on the surface were much coarser. Coarser oxide grains can 
be seen in areas that were originally occupied by oolitic 
gangue material. The amount of metal associated with the 
oxide in the oolitic areas was small while the metallic beads 
at the interface between the oolitic areas and the matrix 
were coarser.

Small amounts of a mixed ferrite of calcium and manganese 
were found in ore particles reacted with coke at 1400°C for 
1 hour. The mode of occurrence of the ferrite was similar 
to that shown in Figure 5.38

The size of the metallic pat t i d e s  on the surface of ore 
particles increased rapidly with increasing temperature and 
holding time. The number of metallic particles on the surface 
(Figure 3.8) appeared to be greater than the number of contact 
points between the otc and the reducing agent indicating that 
contact between solid reducing agent and metallic bead was 
not necessary for the bead to grow.

The proportion of slag in the interior of ore particles 
appeared to remain constant irrespective of experimental c o n 
ditions. The thickness of a film of slag that formed on the
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Figure 5 . ~ Metallic particles (bright), grains of oxide
(light g r e y ) , slag (dark grey) and pores (black) 
in an ore particle that was heated with coke to 
1300°C and cooled.
Polished, 60X, enlarged 33 per cent.

Figure 3.8 Beads of alloy on the surface of an ore particle 
that was heated with coke to i4 00°C and cooled. 
The surface was covered with a film of dendritic 
slag.
SEM 100X.
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surface of ore particles increased drastically with increasing 
emperature and holding time, for temperatures of 1500 and 

1 ' . For lower temperatures, soaking periods of up to 4 
ours had little effect on the proportion of slag formed.

Microscopic examination of lumps of sintered material com
posed of reducing agent, slag and partially reduced ore,
S owed that there was seldom direct contact between the alloy 
and the reducing agent.

Figure 3.9 shows a section through a lump of sinter from a
charge of ore and coke that was heated - 1600°C and cooled
It can be seen that the basic struct',-, f the partially re-
,uced ore is very similar to that si in Figure 3.7.
Larger metallic particles occurred the ore-slag interface.

slag had a duplex structure and contained many fine
grains of oxide. Metallic particles at the slag-coke inter- 
tace were not observed.

It has been seen that the particles of partially reduced ore

r:;::",:;,:'"1     -
Figure 3 10 shows the interface between a partially reduced

matrix has a duplex structure and contains many fine oxide 
particles The appearance of the interior of the ore p a r 
ticle is similar to that shown in Figure 3.7 except for 
Its coarser grain size.

The isolated grains of oxide in the slag appeared elongated 
in many cases as indicated in Figure 3.11. x-ray micro- 
analysis of these grains showed that they were enriched in
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surface of ore particles increased drastically with increasing 
emperature and hold in* t for temperatures of 1500 and

. 0r lower tempt r..tures, soaking periods of up to 4
ours h... little elicit on the proportion of slag formed.

Microscopic examination of lumps of sintered material c o m 
posed o' reducing agent, slag and partially reduced ore,
showed . there was seldom direct contact between the allov 
and the inducing age nt.

Figure 5.9 shows a section through a lump of sinter from a
c u r g e  ot ore and coke that was heated to lbOO°C and cooled
It can be seen that the basic structure of the partially re-
uced ore is very similar to that shown in Figure 3.7

Larger metallic particles occurred at the ore-slag interface.
The S l a g  had a duplex structure and contained many fine
grains ot oxide. Metallic particles at the slag-coke inter- 
tace were not observed.

It has been seen that the particles of partially reduced ore 
became embedded in the slag layer when the charge was retained

11 or ' l'ours 1 Microscopic examination of the 
m e n a c e  between the partially reduced ore particles and the 

cementing slag showed that the ore particles were in the
process of breaking up. This resulted in isolated grains of 
oxide in the slag matrix.

F. 5.10 shows the interface between a partially reduced

matrix has a duplex structure and contains manv fine oxide 
particles. The appearance of the interior of the ore p a r 
ticle is similar to that shown in Figure 3.7 except for 
Its coarser grain size.

The isolated grains of oxide in the slag appeared elongated 
in many cases as indicated in Figure 3.11. x-ray micro- 
analysis ot these grains showed that they were enriched in
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igure 3.9 Interfaces between partially reduced ore and slag (S) 
and coke (Cl and slag. Note the fine oxide grains in 
the slag.
Polished, 6 0 X , enlarged 35 per cent.

Figure 3.10 A particle of ore breaking up in the slag matrix 
formed by reacting ore and coke at lb00°C for 1 
hour. Note the metallic particles in the interior 
of some oxide grains.
Polished 12 0X.
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magnesium and depleted in manganese. The average composition 
of these grains on an oxygen free basis was; manganese 60,1 
per cent, magnesium 54,4 per cent and calcium 5," per cent. 
Particles of graphite were also found in the slag as indicated 
in Figure 3.11. The precise origin of these graphite par
ticles is not known. X-ray microanalysis showed that the 
graphite particles did not contain any of the ash constituents 
present in the coke.

The grains of oxide formed in particles of partially reduced 
ore exhibited a green halo when examined with the optical
microscope. The frequency of this occurrence was low at
1500 and 1600°C and high at 1400 and 1500°C Etching and 
scanning electron microscopy indicated that the green haloes 
were caused by a reaction rim that formed round the oxide 
grains as shown in Figure 3.1:. It can be seen that the 
etching characteristics of the reaction r'> differed markedly 
from those of the interior of the oxide g a ins and the slag. 
Variations in the rate of dissolution of different areas 
within the grains themselves are apparent. It appeared that
the thickness of the rim increased with increasing reduction 
as indicated in Figure 5.15. It c in be seen that some of the
oxide grains hardly etched at all.

5.4.2 Examination of the Metallic component
From thermodynamic considerations, when a mixture ot manganous 
and ferrous oxides is heated in a reducing environment, the 
ferrous oxide is preferentially reduced due to its lower 
stability.

The results of X-ray microanalysis showed that practically 
all the ferrous oxide was reduced before any sign!1 leant 
reduction of manganous oxide occurred. This resulted in 
the formation of random metallic nuclei throughout the par
ticles of ore. The size of the metallic particles on the 
surface of ore particles increased rapidly, partly due to 
the reduction of manganous oxide and partly due to the coale
scence of smaller particles. It follows therefore that the
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Figure 3.11 Elongated grains of impure manganous oxide (A) 
and particles of graphite (B) in a matrix of 
slag (C) formed by reacting ore and coke at 
1600°C for 2 hours.
SEM, polished, 575X.

I

Figure 3.12 The reaction rim (A) that formed round grains of
oxide (B) by heating ore and coke to 1400°C
and cooling. Slag (Cl and metallic particles (D)
are indicated.
S E M , etched 2 per cent H O ,  10000X

.



Figure 3.15 Spreading of the reaction rim towards the centre 
of oxide grains from a charge of ore and coke 
that was heated to louu°C and cooled.
S E M , etched 2 pei cent HC. , 10000X.



sequence of events occurring during the reduction oi Mamatwan 
ore ou 1 d be followed to some extent by the examination ot 
the metallic component of reacted charges • it is clear 
however that the phase composition of metallic particles 
need not bear an absolute relationship to their size.

The diameter of the metallic nuclei in the interior of ore 
particles did not exceed lOvm in the majority of cases, 
irrespective of experimental conditions. In some cases 
metallic particles with a diameter of up to 125um were o b 
served near the surface of ore particles and in positions 
where it appeared that metallic nuclei had coalesced to 
form biggei particles.

Etching tests showed that metallic nuclei with a diameter 
smaller than about 25um consisted of a single phase while 
nuclei with a diameter of between 50 and 12Sum consisted 
of one or two phases. The metallic beads on the surface 
of ore particles consisted of at least two phases.

Examination of the structure of metallic beads from charges 
of ore and coke reacted at 1300°C for 0 to 2 hours gave a 
good indication of the reactions occurring during the early 
stages of metal formation, although the structure of indi
vidual beads varied due to variations in chemical composition. 
(Table 3.5).

The iron that formed by the reduction of ferrous oxide 
was carburised either by thf' carbon monoxide in the a t 
mosphere or by solid c o k e . The structure was similar to 
that of hypereutcctoid steel and consisted of a network of 
free carbide at the boundaries of grains of very fine pear 1 i t e . 
Structures similar to that of hypoeutectoid steel were not 
observed indicating that at 1300°C the carbon content of 
the metal was in excess of 0,8 per cent. From Table 3.5 it 
can be seen that both "he carbide and the pearlite contained 
some manganese and that the manganese content of the free 
carbide was higher than that of the pea r l i t e .



TABLE 3.5

The composition of different phases or components in metallic 
particles as obtained by X-ray microana 1 vsas —  -

Figure phase or componenet 
No.

Mode of 
anaIvsi s

, ^ M a n g a n e s e  
''lab' mass per 
Per, cent cent

Free carbide in 
pearl it ic particles spot 96 4

Pearlite area 98 2

5.14 Carbide spot 92 8

Troostite area 96 4

5.15 Carbide spot 89 11

Austenite spot 92 8

. 16 Primary dendrites and 
dispersed constituent 
of eutectic spot 85 15

Carbide spot 89 11

* Carbon free basis



The structure described above was slightly modified for 
small increases in the proportion of manganese in the alloy. 
The free carbide at the grain boundaries was retained while 
the pearlite changed to troost :e (Figure 3.14) , a form of 
extremely fine pe a ^ ’ite. The piopo-tion of free carbide to 
troostite varied significantly in different particles due 
apparently to variations in the overall carbon content.
Flakes of graphite were observed in some metallic beads 
and evidence was found that some of the beads containing 
free carbon had been in direct contact with solid reducing 
a g e n t .

With a further increase in the manganese content of the 
alley b e a d , the t roost ite decreased in quantity or disappeared 
completely and the structure consisted of equiaxed grains 
of a solid solution with free carbide at the grain boundaries 
and as Widmanstatten needles. Figure 3.15 shows an alloy 
bead with a reduced amount of troostite. X-ray diffraction 
analysis showed that the grr'ns of solid solution were 
austenitic. The uneven distribution o f' the t roost ite indi
cated variations in composition across the diameter of the 
bead.

The absence of dendrites from the structures discussed thus 
far indicated that these alloy beads were in the solid state 
at 1300°C.

With an increase in the manganese content of the alloy, 
significant changes took place in the structure of the beads 
as indicated in Figure 3.16. The structure consists of 
primary dendrites ot a solid solution in a eutectic of the 
solid solution and carbide. Comparison between the amount 
of carbide in Figure 3.16 and Figures 3.14 and 5.15 shows 
that an increase in the carbon content of the alloy was also 
involved. The appearance and the hardness (Table 3.6) oi 
the solid solution in Figures 3.15 and 3.1b were similar, 
indicating that the solid solution in Figure 3.16 was 
austen ite. The type of structure shown in Figure 3.16 varied



Figure 3.14 Grains of troost ite delineated by a bright 
network of carbide precipitate in an alloy 
bead formed b\ heating ore and coke to 
1300°C and cooling.
Etched 2 per cent HNO- in alcohol,
6O X , enlarged 33 per c e n t .

Figure 3.15 Grains of solid solution (.light grey) and
nodules of troostite Cdark grey) surrounded 
by a thick network of carbide in an alloy 
bead formed by heating ore and coke to 1300°C 
and cooling.
Etched 2 per cent UNO, in a l c o h o l , 6 0 X , 
enlarged 33 per c e n t .

v 
-



TABLE 3.b

The hardness of the metallic component formed under SCICE conditions1 11 e l  I  l i  i 1 w  j  j  u  l  i  i i i r  ^  w  in  i « ^  i i v- % . . .  ^  ^   ̂ ^  ' --------------------- —_____________

Test 
N o . Description of test Load

8
Hardness

VPN

1 Single-phase nuclei between -5 and 50 
um in diameter 15 190 +

*
21

2 Two-phase nuclei between 50 and 125 
ym in diameter 25 485 + 20

3 Troost ite in Figure 3.14 50 346 - 26
Carbide in Figure 3.14 50 1485 - 56

4 Equiaxed grains of solid solution 
in Figure 3.15 50 262 + 14

5 Primary dendrites in Figure 5.16 50 277 - 21
Carbide in Figure 3.1b 50 1144 + 37

6 Carbide in Figure 3.19 100 1699 - 69
Two-phase constituent in Figure 5.19 15 506 - 125

7 Primary carbide in Figure 3.20 15 1602 - 128
Two-phase constituent in Figure 3 20 15 616 74

8 Carbide in Figure 3.21 100 1619 + 79

* The - figures are the values of the standard deviation about the 
mean hardness value.
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with apparent variations in the proportions of manganese 
and carbon in the alloy. In alloy beads oi high carbon but 
low manganese contents the primary dendrites and the eutectic 
austcnite transformed to troostopearlite upon cooling. In 
alloy beads of intermediate carbon and manganese contents 
the interior of the dendrites was austenitic while troos- 
topearlite occurred as nodules or rims around the primary 
dendrites. The primary dendrites indicated 'hat the alloy 
was in the liquid state at 1300°C.

The hardness of the phases or constituents in the metallic 
component of reacted charges was measured with a micro- 
hardness t e s ter. Loads of 50 and lOOg were used for the 
carbide, wherever possible, to obtain indentations with 
diagonals of about 10um and so minimise errors in t h e i * 
measure ment. Higher loads caused cracking o 1 the carbide 
due to excessive deformation.

A completely eutectic structure of carbide and austenite 
(Figure 3.17) formed in alloy beads with an apparently higher 
carbon c o n tent.

Eutectic structures were also observed in alloy beads formed 
by heating ore and coke to 1400 '. and maintaining that tem
perature for periods of up to 4 hn irs (Figure 3.18). Larger 
alloy beads from the same charge showed grains oi carbide 
that were surrounded by a two-phase constituent as indicated 
in Figuie 3.19. The proportion of carbide increased signi
ficant ly wit! an increase in the size of the alloy b e a d s .

The structure of alloy beads formed by heating ore and coke 
to 1500°C and then cooling was similar to that of beads 
formed at 1400°C although evidence was found of the precipi
tation of primary carbide (Figure 3.20) .

The massive alloy formed by heating to IbOO (, and maintaining 
that temperature for 0 to 2 hours consisted of carbide and 
traces of a second constituent. Specimens for microscopic 
examination were difficult to prepare from these alloys due
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Figure 3.16 Dendrites of primary austenite (dark) in a
eutectic of austenite and carbide in an alloy 
bead formed by heating ore and coke to 1300°C 
and cooling.
Etched 2 per cent HXO, in alcohol,
60X, enlarged 33 per cent.

1

Figure 3.17 Eutectic structure of austenite (dark) and 
carbide (bright) in an alloy bead formed by 
heating ore and coke to 1300 C and cooling. 
Etched 2 per cent UNO, in alcohol, COX, 
enlarged 33 per _cnt.

-L



Figure 3.18 Alloy beads with eutectic structure formed by 
reacting ore and coke at 1400 C for 1 h o u r s . 
Carbide appears b r i g h t , austenite dark grey 
and pores appear b l a c k .
Etched 2 per cent HNOj in a l c o h o l , 120X 
enlarged 45 per c e n t .

y *

9

Figure 3.19 Grains of primary carbide surrounded by a two- 
phase constituent in an alloy bead formed by 
reacting ore and coke at 1400 C lot 4 hours. 
Etched 2 per cent HNO- in alcohol , . OX, 
enlarged 33 per c e n t .
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to their extreme hardness and their tendency to chip and 
c r a c k . Figure 5.21 shows a polished section from the alloy 
formed by reacting the charge at 1600°C for 1 hour. The 
section shows obvious cracks and pores as well as man" fine 
lines. Scanning electron microscopy showed that these lines 
were either cracks or deep ridges in the alloy.

The section in Figure 3.21 is shown in Figure 3.22 after 
prolonged etching. The differences in colour between Figures 
3.21 and 5.22 appeared to be due to staining which could be 
removed rapidly by washing in 2 per cent hydrochloric acid 
in alcohol. The .rdness of differently stained reas was 
similar indicating that these belonged to the same p h a s e .
The differential staining in Figure 3.22 is probably due 
to differences in the orientation of gra ins. Comparison 
between Figures 3.21 and 3.22 showed that the darker areas 
in Figure 5.22 were delineated by lines in Figure 3.21. It 
appears therefore that these lines might have bee., grain 
boundaries at which a constituent had segregated to form 
a film, which was removed during preparation. The existence 
of such grain boundaries would also explain the curved p->th 
followed by some of the lines. In a brittle material, cracks 
would be expected to follow a straight or jagged path as 
indeed was the case with the obvious cracks in the s a m ple.

3.5 The Dist: h i ” ion of Elements in the Phases of 
Partially deduced Ore

The microscopic examination showed that the three components 
present in reacted SCICE charges were m e t a l , slag and u n 
reduced oxide. It will be seen in ection 3.5.2 that the 
unambiguous identification by X-rav diffraction a na lysi s, 
of the phases in the reacted charges was difficult due to 
their complex composition.

The proportion of manganese to oxygen in manganous oxide 
varies with the partial pressure of oxygen in the system1" ’1 0 ’ . 
The green colour of the partially reduced ore in reacted 
barges suggested that the composition of the oxide was



Figure 3.20 Laths of primary carbide (bright) and an
interstitial two-phase constituent in ailoy 
beads formed by heating ore and coke to 
1500°C and cooling.
Etched 2 per cent HNO, in aic ohol,
1 2 0 X , e n l a r g e d  45 per c e n t .

Figure 3.21 A section from the alloy formed by reacting ore 
and coke at 1600°C for 1 hour, showing p o r o s i t y , 
cracks and fine lines of uncertain nature. 
Polished 1 2 0 X , enlarged 45 per cent.



Figure 3. 2 Differential staining in the alloy of Figure 
3.21.
Etched 2 per cent HNOj in alcohol ,
120X, enlarged 45 per cent.
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stoichiometric or nearly so. The d-spacings of this phase 
however deviated significantly from those given for pure 
MnO. It was suspected that the differences in d-spacings 
were not caused by small deviations from stoichiometry 
which may have existed in the composition of the oxide 
since Klingsberg and Roy 1 found no systematic shift of 
X-ray diffraction lines in MnO that was prepared with 
different stoichiometries. The deviation of d-spacings 
could have been due to the formation of a solid solution.

The complex composition of the ore (Table 2.2) made it very 
difficult to predict which reactions would occur and what 
products would form at elevated temperatures. Further c o m 
plications arise due to differences in the physical and 
chemical properties of the two reducing agents which could 
also influence the processes that occur and the composition 
of the phases that form at high temperatures.

In a previous study ' of the reduction of Mamatwan ore with 
solid carbon it was claimed that the non-metallic phases in 
the partially reduced ore were manganous oxide and calcium 
mangnnate. These phases however do not account for the m a g 
nesium oxide (3,1 per cent) and the silica in the ore (4,3 
per cent). The affinity of lime for silica is well k n o w n ^ ®  
and it would be reasonable to suppose that a reaction should 
take place preferentially between these two oxides.

Thus it became apparent that X-ray microanalysis was necessary 
in order to determine the constituents of each phase and 
the reactions that take place at elevated temperatures to 
form the various phases.

3.5.1 X-ray Microanalysis of Reacted SCICE Charges
The distribution of elements, in the three components, slag, 
alloy and oxide, formed under conditions of different tem
perature, retention time and reducing agent, is shown in 
Table 3.7. The values given are the means of four determi
nations. Although these results are not quantitative they 
give a clear indication of the distribution of elements in 
the three components.
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The distribution of elements in the alloy, the oxide and the slay that formed by reacting Mamatwan ore 
with Del mas coal or Iscor coke under various experimental conditions.

React ion 
Tcmp.°C

Time at 
Temp. h

Rcducing 
agent

Phase 
analysed

"Cat ion concentration. mass per cent"
Mn Mg Ca Si Te A1 S

1400 0 D.C. Ox i de 97,3 1.9 0,5 0,3
1400 2 D.C. Oxide 76,8 18,0 2 ,6 0,6
1400 4 D.C. Ox idc 83,4 13,5 2,3 0,9
1400 0 i.e. Oxide 86,0 13,4 0,6
1400 2 I ,C. Oxide 86,1 13,0 0.4 0,5
1400 4 I .C. Ox idc 73,7 13,4 12,2 0,1
1600 0 D.C. Ox idc 84 ,3 13,7 1 .6 0,4
1600 0 I .C. Oxide 75,0 22,3 1 ,8 0,3 0.3 0,1 0,1
1400 0 D.C. Slag 25,1 3,8 25,7 37,0 0,3 0,4
1400 2 D.C. Slag 1.9 0,3 63,1 33,7 0,8 0,2
1400 4 D.C. Slag 3,1 0,6 65,3 30,4 0,4 0,2
1400 0 i.e. Slug 28,3 i.s 20,1 47,9
1400 2 1 .C. Slag 20,2 6,1 26,4 31 ,5 14,8 0,2
1400 4 i.e. Slag 16 ,9 2.2 40,5 1 .2 39,2
1600 0 D.C. Slag 14,4 S.7 47,5 31,5 0,9 0,1
1600 0 i.e. Slag 4,3 4,3 59,0 31 ,6 o.i 0,7 0,1
1400 0 D.C. Alloy 3 3,0 0,3 66 ,7
1400 2 D.C. A1 loy 36,0 0,7 0,3 63,0
1400 4 D.C. Alloy 60,8 0,3 0.7 38,2
1400 0 1 .C. Alloy 0,7 0,4 98,8
1400 2 I .c. A1 loy 41 ,5 0,3 58,1
1400 4 I.e. Alloy 35,8 0,6 63,6
1600 0 D.C. Alloy 26,7 1.7 0,6 71 ,0
1600 0 I .C. Alloy 35,9 0,8 0,3 62 ,5

D.C. Del mas coal Iscor coke

100



Examination of Fable 1. shovv^ that the composition of the 
three components does not e r it a clear trend with changing 
cxpe i imenta 1 conditions. This >v as probably due to inhomo - 
genei t ies in the ore and the nature of the reduction process. 
The ore was not fluxed completely by heating to 1600°C and 
cooling and it is possible that the processes occurring at 
diiferent points in the chavge varied due to variations in 
the composition of the p a r ;^ally reduced ore particles. A 
comparison between the results obtained for charges of ore 
and coke and for charges of ore and coal showed that the 
distribution of elements in the three components was similar 
It also showed that the type of reducing agent did not affect 
the composition of the components for comparable experimental 
conditions. As pointed out earlier, the analyses of ore 
particles varied considerably and therefore variations in 
alloy analysis may be due to this factor as well as changing 
experimental conditions.

The main constituents of the alloy were iron, mangane o and 
silicon. Minor quantities of other elements were dec ‘ed 
at times. These prouably occurred as inclusions in the alloy.

The main constituents of the oxide were manganese, magnesium 
and calcium with minor amounts cf silicon. The relative 
proportions of magnesium and calcium varied owing to var i a 
tions in the composition of the ore particles.

The main constituents of the slag were calcium, silicon and 
manganese. Smaller quantities of magnesium, aluminium and 
sulphur were also present. It may be noted that the propor
tion of magnesium in the slag was lower than that of the oxide. 
The variations in the analyses are due to the fact that the 
slag consisted of at least two phases.

The general distribution of the more abundant elements in 
a partially reduced ore particle is illustrated by the X-ray 
distribution maps of Figure 3.23.



Figure 3.23 The distribution of elements in an ore 
particle that was partially reduced by 
heating with coke to 1500°C and cooling.

a) Grains of oxide ind metallic particles 
surrounded by a network of slag in the 
partially reduced ore particle.
S E M , 2 7 0 0 X

b) Calcium Ka X-ray-distribution map

c) Iron Ka X-ray-distribution map

d) Manganese Ka X-ray-distribution map

e) Silicon Ka X-ray-distribution map
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3.5.2 X-ray Diffraction Analysis
Representative samples from the charges that were reacted 
as indicated in Table 2.3 were analysed by X-ray diffraction. 
The alloys that formed with the two reducing agents at 
1400 and 1600°C (temperature maintained for 0 to 4 hours 
and for 0 to 2 hours respectively) were analysed to enable 
better comparison between diffractograms. The slag that 
formed at 1600°C (temperature maintained for 1 and 2 hours) 
was also analysed.

The dilt ractograms obtained from charges of ore plus coke 
and ore plus coal were similar for comparable experimental 
conditions.

Parts of the diffractograms of charges of ore plus coke 
and ore plus coal that were reacted at 1600°C for 1 hour 
are compared in Figure 3.24. The similarities between the 
phases that formed and their approximate proportions are 
ob v i o u s .

The major component in charges of ore plus coke that were 
reacted at 1300 C for 0 to 2 hours was impure manganous 
oxide. Appreciable amounts of a-iron were also det e c t e d . 
Retention time at 1300 C did not ha\ a significant effect 
on the phases present or their approximate proportions.

The same phases, and in approximately the same proport ions, 
appeared in charges reacted at 1400°C for periods of 0 to 
4 h o u r s . Retention time at 1400°C did not have a signifi
cant effect on the proportions of the p h a s e s , although small 
peaks appeared due to the presence of small quantities of 
c a r bide.

The charge of ore and coke that was heated to 1500°C and 
cooled showed a small increase in the proportions of carbide 
and slag. Quantities of a-iron could still be detecte d.
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Figure 5.24 Comparison between the diffractogr m.’ obtained from charges of
a) ore and coke and
'>) ore ani coal after reaction at 1600°C for 1 hour.
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Charges reacted at 1600°C for periods of 0 to 2 hours showed a 
significant increase in the proportions ot carbide and slag 
and a corresponding reduction in the amount of impure manga - 
nous o x i d e . Manganous oxide could not be detected in the 
tracings of the charges that had been reacted tor 1 and 
hours owing to the complexity of the tracings. The presence 
of this phase however was established by microscopy and 
X-ray microanalysis. The a-iron was present as small par 
t i d e s  in the interior of partially reduced ore particles, 
b u t , the major peak of this phase was obscured by reflections
from the carbide.

The alloy formed by heating to 1400°C and maintaining that 
temperature for 2 to 4 h o u r s , by heating to 1500°C and cooling 
and by heating to 1600°C and maintaining for 0 to 2 hours 
gave almost identical diffractograms. I he alloy formed at 
1400 and 1500°C was picked from the surface of ore particles 
and was of a different composition to the metal occurring in 
the interior of the ore particles.

The alloy consisted mainly of the two carbides (F e ,
and (Fe, Mn)7C- as indicated in Figure 3.25(b). Identification
of these phases was effected by comparing Figures 3.2] and 6 . 2 d .

The diffractograms of the alloy formed with coke at 1400°C 
for 4 hours and with coal at 1600°C for 2 hours are compared 
in Figure 3.25.

The phases in the slag were not identified precisely. The 
major peaks from the slag appeared in approximately the 
same positions irrespective of experimental conditions. It 
appeared that the phases in the slag formed by heating up 
to temperatures of lbOO°C and cooling were calcium ortho
silicate (a'- C a 1Si04) and calcium manganese silicate 
(Ca,Mn)2Si04 The slag that formed at 1600°C appeared to 
be similar to calcium magnesium silicate I_ (, a 0.S i 0 2 )g ̂  
(3CaO.MgO.2SiO,)j j. The major peaks of this phase occur at 
approximately the same angular positions as those of calcium 
orthos iIicate.
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■T.Co
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ii-fMn,Fe)7C-
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Figure 3.25 Comparison between the diffractograms of the
alloy formed with coal after 2 hours at 1600°C (a), 
and with coke after 4 hours at 1400 t. (hi.
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;. . 3 Mass Losses and Alloy and h lag < om po ̂ i t i on_̂

1 he mass losses that occurred under different experimental 
conditions are shown in Table 5.8. The values given for 
charges reacted at lbOO°C for 1 or 2 hours are approximate 
since these charges were sectioned before weighing.

The mass losses are plotted against retention time at tern 
perature in Figure 3.26. The two types of charge exhibited 
similar trends for comparable experimental conditions. The 
influence of retention time at the lower temperatures on 
the final mass of the charge was relatively small. Retention 
time at 1600°C had a more pronounced effect on the final mass 
of the charge. The mass losses that occurred by heating ^
charges of ore and coke to temperature* between 1300 and loOO C 
and cooling are plotted in Figure 3.2” . It can be seen that 
the rate of loss of mass increased d r a s t ■cally between U O O  
and 1500°C and decreased above 1500°C.

The compositions of the alloys and slags that formed under 
different experimental conditions are shown in Table 0.9.
It should be pointed out that the amount of alloy that formed 
at temperatures below 1500°C was very small and that beads 
of alloy were picked from the surface of ore p ar ticl es.
These alloys therefore were not representative of the metallic 
component present in the charge. The alloy that formed in 
charges of ore and coke at 1300°C was analysed by EDS area- 
analyses on globules of alloy that had been mounted and 
polished. This procedure was used because the amount ot alloy 
that could be separated from these charges was not adequate 
for conventional chemical analyses.

The variations in the manganese and iron content of the alloys 
formed by the heating of charges of ore and coke, and of ore 
and coal, between 1300 and 1600°C are plotted in Figure 3.28 
The alloy formed in the early stages consisted mainly of iron 
Its manganese content increased with temperature changing 
at a slower rate at temperatures greater than about H.->0 C,
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TABI.F. 5.8

Effect of experimental c o nditions on the mass of various char g e s

React ion 
temperature 

°C
React ion 

t ime 
h

Reducing
agent

Mass loss 
per cent

1300 0 i.e.* 23,2
1 i.e. 24,6
2 I .C. 25,4

1400 0 I .C. 24 ,0
1 i.e. 26,6

i.e. 2?,2
4 I .c. 28 ,8

1500 0 i.e. 31 ,6
1600 0 i.e. 34 ,0

1 i.e. 38 ,4
2 I .c. 40,9

1400 0 D . C . * * 30,8
D.C. 34 ,2

4 D.C. 54 ,9
1600 0 D.C. 35,2

1 D.C. 42,2
D.C. 43,2

* Iscor coke
* * Delmas coal
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TAW I 3.‘.)
The composition of alloys and slags formed under different experimental conditions

■perature Retention E L E M I
reatocf reaction time agent ^  (. pe si

lloys 1300 O
1300* 1
1300* 2
1400 0
1400 1
1400 2
1400 4
1400 O
1400 2
1400 4
1500 0
1600 0
1600 1
1600 2
1600 0
1600 1
1600 2

1 .t. 10, 6 - 2 , 0 0 89 ,4 * 2 , 60 • ■
1 . c . 13, 1 * H.73 - 86 , 6 * 8 , 73 - -
1 . c . 10, 8 -  5 . 22 - 89 ,2 :  5 , 22 » • *
1 . c . 51,4 6 , 1 41,1 0 , 1 3 •
I . c . 57 , 8 6 , 0 31 , 5 0 , 3 6 0 , 0 9 0 , 0 4

1. . 59, 6 S.S 31. 9 0 , 3 0 0 , 0 9 0 , 0 5

I . c . 67 , 5 6 , 1 23, 8 0 , 34 0 , 0 7 0,04
[i.e. 4 8 , 9 5.6 4 1 , 0 0 , 5 9 0,17 0 , 0 6

D.C. 5 3 , 0 6 , 0 39 , 6 0 , 1 2 0 , 0 8 0 , 0 2

u. C. 67,1 6,1 2 3 , 0 0 , 4 5 0 , 0 9 0 , 1 3

I ,c. 73, 6 6 , 9 18,2 0 , 1 5 0 , 0 9 0 , 0 2

1 .c. 79,1 7.0 11,2 0 , 2 3 0,06 0,01
1 . c . 8 0 , 3 7,S 10,1 0 , 1 9 0 , 0 6 0 , 0 2

I .c. 81, 3 7 , 4 10,5 0 , 0 5 0 , 0 6 0 , 01

D.C. 78, 7 7.1 12, 0 0 , 2 2 0 , 0 7 0,03
D.C. f . , 5 7,7 10,5 0 , 1 3 0 , 0 6 0 , 0 2

D.C. 81 ,5 7.2 11 , 0 0 , 0 3 0 , 0 5 0 , 0 1

MgO Al 2°3 Si02 CaO MnO ,:e2°3 :: i E  i r S  EiE EiE EEI E:
,M0 , O X .l0.-< 4. M _

* I.C. * Iscor coke, O.O. - Delmas coal
♦ These compositions were determined by EDS area analyses and are approximate (Sec 2... I .

Ihe figures given are the means of three determinations and their standa.d deviation.
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owing to the increased volume of alloy present. Ihe com
position of the alloys was not affected significantly by 
the type of reducing agent used.

The influence of retention time on the manganese content 
of the alloys is shown in Figure 3 .19. The allovs formed 
at 1600°C with Iscor coke and Delmas coal had very similar 
compositions. The alloys formed at 1400°C with Iscor coke 
appeared to be richer in manganese than the corresponding 
alloys formed with Delmas coal for retention periods of less 
than 4 hours. The discrepancy could be due to error? in 
sampling since representative samples of the metal1iC com
ponent in these charges were difficult to obtain.

The composition of the slags formed at 160( tor retention 
periods of 1 or 2 hours is shown in Table 5.9. A sharp 
reduction in the manganous oxide and ferric oxide contents 
occurred when the retention time at 160C°C increased from 
1 to 2 hours. The slags contained lumps of partially 
reduced ore and dispersed grains of impure manganous oxide. 
The iron was present mainly as metallic globules in the 
slag and partially reduced lumps of ore.

3.6 Results of Additional Experiments

3.6.1. Ore heated in air

Microscopic examination of the ore samples that weie heated 
in air showed that the ore consisted of oxide grains that 
were surrounded by a matrix of slag. Ihe oxide grains had 
a cuboidal shape as indicated in Figure 3.30 and their size 
increased significantly with retention time at 1300°C.

X-ray diffraction analysis showed that the oxide was haus-
mannite fMn^op. The phase (s) in the slag were not identi
fied precisely.
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Mn

• Iscor coke60-
ADelmas coal

c 1 scor coke4C~
O DeImas coal

Fe

1300 1400 1500 1600
TEMPERATURE, °C 

Figure 3.28 Variation of manganese ' iron in 
the alloy on heating charges to di ierent reaction
temperatures and cooling.

1600 C80-

70- 1400

o DcImas coal
* Iscor coke
□ DeImas c o a 1
• Iscor coke

1 2 3 4
TIME, h

Figure 3.29 Variation in manganese content
of the alloy with time at temperature.



Figure 3.30 Cuboidal grains of impure hausmannite in a 
matrix of slag formed by heating Mamatwan 
ore at 1300°C for 4 hours in air.
SF.M, polished, 500X.



X-ray microanalysis showed that the hausmannite contained 
all the iron that was in the ore. The concentration of m a g 
nesium was approximately the same in the oxide and in the 
slag. The oxide also contained minor amounts of aluminium, 
calcium and silicon.

The slag contained mainly calcium and silicon with appreciable 
amounts of manganese and magnesium.

The composition of the oxide and the slag, as obtained by 
EDS analyses, is shown in Figures 3.31 and 3.32 respectively.

3.6.2 Ore Heated in C a rbon Monoxide
The structures of the ore samples reduced at 1200°C in 
carbon monoxide with and without solid carbon in the furnace 
worktube were similar.

The phases observed were impure manganous oxide, slag and 
metal. Very limited fusion occurred and the amount of metal 
varied between ore particles and from point ot point in 
the same particle, owing to differences in the chemical com
position of the ore particles. The colour of the ore changed 
in places to a light green.

The structure of an ore particle heated in carbon monoxide 
at 1200°C for 1 hour in the presence of graphite is shown 
in Figure 3.33. The composition of the metallic phase was 
investigated by EDS analyses and was shown to average (in 
mass per cent) 2,0 calcium, 2,0 m a n g a n e s e , and 96,0 iron.
Small amounts of calcium may have been present in the metallic 
phase in the form of inclusions. It is evident from thermo
dynamic considerations that calcium oxide could not have been 
reduced under the conditions u s e d .

Sectioning of the crucible containing ore particles between
4,7 and 6,35 mm that had been heated in carbon monoxide, 
without graphite in the worktube of the furnace, and had 
been maintained at 1450°C for 6 hours showed the following :

1. The ore formed a coherent mass and individual 
particles of ore became indistinguishable due 
to fusion and formation *ag. The charge
attained a brilliant gr colour and appreciable



TIME, h
Figure 3.31 EDS analyses of the oxide formed 

by the heating of ore at 1300 C
in air

• Ca 
o Si
A Mn 
■ Mg

60

Z 40

in
TIME, h

Figure 3.33 EDS analyses of the slag formed 
by the heating of ore at 1500°C 
in air.
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reaction occurred between it and the alumina 
crucible.

I. Considerable metallization took place and the
metallic particles showed a distinct tendency 
to migrate towards the crucible wall where they 
coalesced to form bigger particles. Etching in 
3 per cent nitric acid in alcohol and hardness 
testing showed that the metallic component etched 
unevenly and extremely slowly and had a structure 
(Figure 3.54) and hardness (87VPN) similar to those 
of a -  i ron .

5. The grains of impure manganous oxide were rounded
and extremely coarse as indicated in Figure 3.54.
It can be seen that after etching some grains 
appeared almost black while others were light g r e y . 
Reaction rims round the grains are apparent. Oxide 
in the form of dendrites was found near the crucible 
wall indicating that precipitation of oxide from 
the molten slag occurred during cooling (Figure 3.55) .

It can be seen from Figure 3.35 that the etching cha rac
teristics of the dendrites were different to those of the 
rounded grains and similar to those of the reaction rims. 
Scanning electron microscopy revealed that the slag surroun
ding the dendrites and the rounded grains was in relief 
showing that the etchant attacked both the dendrites and 
the grains but in different w a y s . Polishing effects can 
be excluded since the oxide polishes in relief due to its 
higher hardness.

The structure of the interior of an oxide grain is shown in 
Figure 3.36. It can be seen that the grain was attacked 
differentially to reveal clusters of slowly dissolving 
material in the matrix which appeared to consist of a regular 
network of thin planes and cementing material. The rate of
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Figure 3.33 The structure of an ore particle that was
partially reduced at 1 200°C in carbon monoxide. 
Rounded grains of impure manganous oxide (light 
grey) and metallic particles (bright) are 
surrounded by a thin film of slag. Porosity 
appears black.
Polished, 120X.

Figure 3.34 Rounded grains of oxide and metallic particles in 
a slag matrix formed by heating ore at 14 50°C for 
6 hours in carbon m o n o x i d e .
Etched 3 per cent HNO- in alcohol 400X.
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Figure 5.35 Dendrites and rounded grains of impure
manganous oxide in the slag matrix near the 
wall o l  the alumina crucible. Metallic particles 
appear bright and grains of a complex mixture of 
manganese , aluminium and magnesium oxi ippett! 
dark grey.
Etched 2 per cent HC1 in alcohol,27 0 X , 
enlarged 45 per c e n t .

Figure 3 ~b The structure of a grain of oxide after reaction 
at 1450°C for 6 hours in carbon monoxide.
SEM, etched 2 per cent HC1 in alcohol, 10000X.
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dissolution of the cementing material was the highest while 
the regular planes dissolved at an intermediate rate between 
that of the cementing material and the clu ster s. The clusters 
showed a definite orientation in the matrix and it appears 
that the differences in the reflectivity of oxide grains 
(Figure 3.54) were due to orientation e f f ects. It is of 
interest to note that metallic particles were not observed
in the centre of oxide grains.

The metallic pha s e , the slag, and the impure m m g a n o u s  oxide 
were analysed by the EDS method. The results obtained showed 
a high degree of consistency, indicating long-range diffusion 
of spec e s . The slag contained a high proportion of alumina 
owing to reaction with the crucible. The compos ion of the 
metallic phase (in mass per cent) was 9',8 iron and 1,3 
manganese. Minor amounts of aluminium, silicon and calcium 
were also detected. The c .ipos it ion of the impure manganous 
oxide was 85,6 per cent by mass m a n g a n e s e , 12,6 magnesium,
1,5 calcium and 0,3 silicon. The composition of the dendrites 
of oxide was not significantly different from that of the
rounded grains. The slag cont; ined 46,0 per cent by mass
"1 urn in ium, 26,4 calcium, 9,8 silicon and 17,9 manganese.

3.6.3 Ore Heated in Graphite C r u c i b l e .
Sectioning of the crucible and its contents showed that the 
final volume was about 44 per cent of the original, and 
that the ore had formed a coherent , porous mass because of 
extensive fusion. It is important to note here, tbrt charges 
of ore and reducing agent held at 1400°C for 4 hours showed 
only a limited amount of fusion (Figure 3.5). Also charges 
heated to 1600°C and cooled did not form a coherent mass 
(Figure 3.4). A slab of 'sintered o i i ' extending to a depth 
of about 30mm from the side of the graph_te crucible, was 
taken from a vertical section through the centre of the 
cha rge.



The section (Figure 5.5') was green to a depth of about 
10 mm, and metallic particles were found to a maximum 
depth of about 15mm. The hardness of the metal on the 
surface of the section was about 1100VPN, and that of metal 
2 mm away from the surface was about 100V P N .

The grains of impure mangancus oxide in the green zone were 
finer than those away from the edge of the section. Green 
haloes were observed with the optical microscope round grains 
of oxide only in the metallized region. In some areas of 
the non-metallized region the grains of oxide showed rims 
and needles or areas of a different phase as shown in Figure 
5.58. These rims were of a distinctly different nature to 
those described earlier in that they had precipitated from 
the oxide during cooling and a definite interface existed 
between the oxide grains and the ri m s . X-ray microanalysis 
showed that the rims consisted of a mixed ferrite of calcium 
and manganese. Microanalyses carried out on grains of oxide 
at distances of about 5 and 25 mm from the edge of the section 
showed that the oxide in both regions contained appreciable 
amounts of magnesium and smaller a-* . s of calcium. These
anlyses did not indicate a defini difference in the c o m 
position of the oxide from the two regions.

The slag in the metallized region was green while that away 
from the edge of the region was black. An interface existed 
between the two types of slag, evidenced by differences in 
reflectivity. The slag contained mainly calcium, silicon 
and manganese with smaller amounts of magnesium, aluminium 
and potassium. In the non-metallized region iron was detected 
in the oxide grains only.

Evidence for the dissolution of manganous oxide in the slag 
and its precipitation during cooling was found in both 
regions. Figure 5.59 shows a section through the metallized 
region. Many minute grains of oxide can be seen in the slag. 
Some of these grains are elongated and appear to have p r e 
cipitated at the boundaries of the slag grains.



r igure 3.37 Section of sinter formed by heating a 6 kg 
charge of ore in a graphite crucible. 
Polished, 1 ,6X.

Figure 3.38 Prec ipitat ion of a calcium-manganese ferrite on 
the periphery and in the interior of grains of 
oxide in a matrix of slag.
Etched 2 per cent HC1 in a l c o h o l , 12 0 X , 
enlarged \5 per cent.



Figure 5.59 Precipitation of fine grains of oxide (light 
grey) in a slag matrix (dark grey).
Polished 6OX, enlarged 33 per cent.
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The nature of the slag and of the impure oxide, from the 
two regions, was further investigated by X-ray diffraction 
analyses, samples being taken from the top 5 mm of the 
section and from between 5 to 20 mm below the surface.

The X-ray tracing; of the two samples showed significant 
differences in the positions of the peaks of the oxide and 
the slag.

The exact position of the oxide peaks was determined by 
scanning at steps of 3,05l (20) and counting over a period 
of 10s. The position that gave the highest count was taken 
as being the apex of the peak. This method established 
the position of the peaks within 0,025° (20) assuming that 
errors from other sources  ̂ were negligible. The maximum 
error in d-spacings introduced by an error of 0,025° 20 
in the position of a peak is about 0,08 per cent. This error 
decreases rapidly with increasing angle. The d-spacings of 
the oxide peaks are shown in Table 3.10 and are compared with 
the d-spacings of 'pure M n O ' .

The lattice parameter of the oxide from the two regions was 
determined from the last three d-spacings shown in Table 
3.10 by using the formula

a Q = d + V  + 1 “ • • •  ̂ -

where a0 is the lattice parameter and
d is the spacing between planes with indices h k 1.

The lattice parameter was determined for the three different 
d-spacings in each case and plotted against cos‘0. A straight 
line was fitted to the points by the method of least squares
and extrapolated to cos'O" 0, the intercept giving a^. This
method 10h minimises the errors in aQ .
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The relationship between a c and c o s ' 6 for the sample from 
the metallized region was :

a o = 4,430 + 0,0111 cos"0. A . • 3 •

For the sample from the non-meta 11ized region the relation
ship was :

o
ao = 4,498 - 0,058 cos “0. A . • 5 •4

The method described above for the determination of d-spacings 
and lattice parameters is not normally used because its
accuracy is relatively low. The accuracy of the method was 
assessed by determining the lattice parameter of pure MnO 
obtained by the oxidation of volatilized manganese and of 
chemically pure MgO.

The relationship obtained for MnO

aQ = 4,452 - 0,009 cos'0.

The relationship for MgO was

a o = 4,216 + 0,022 cos'0. A . • 3 *6

The lattice parameters are shown in Fable 3.11 together 
vith ASTM data for CaO, MgO and FeO. It can be seen that 
the values of aQ may contain an error of about 0,7 per cent. 
It is clear however that the lattice parameter of the oxide 
from the two regions is different.

was
o
A 5.5



TABLE 3.11

The lattice parameter and crystal structure of some oxides

Oxide Source of Oxide Latt ice
Parameter0A

Crystal 
St ructure

MnO From metallised region 4 ,430 cubic
MnO From non-metal1ised 

region 4 ,498 cub ic
MnO From volatilised Mn 4,452 cubic
MgO Chemically pure 4,216 cubic
MnO ASTM card --230 4,445 cubic
MgO ASTM card 4-829 4,213 cubic
FeO ASTM card 6-617 4,307 cubic
CaO ASTM card 4-777 4 ,811 cubic
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The positions of the major peaks of the slag were determined 
by scanning at steps of 0,05° 20 and counting for 10s at 
each step. Plots of counts against angle 2G are shown in 
Figure 3.40. The slag from the non-metallized region was 
very similar to calcium orthosilicate (a1 - Ca-,SiO^). Ihe 
slag from the metallized region showed a greater deviation 
from calcium orthosilicate although the tracings of Figure 
3.40 show some similarity.

The major constituent of the metallic phase was a -iron.
Minor amounts of carbides were present also.



h O O

500

100

500

200o-o

# non-metal Iiscd region 
o metallised region

100

33,6 33,4 32,H 32,2
AN CM! 2 0

Figure 3.40 Comparison of tlic diffraction patterns of the slag from the 
metallised and non-metal 1 iscd regions. The positions of the 
major peaks of calcium orthosilicate are indicated.
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CHAPTER 4

4.0 DISCUSSION

4.1 Some Practical Considerations on the Use of Mamatwan 
Ore in Submerged-arc Furnaces

The mineralogy of Mamatwan ore, : ^  3 - 56 the mineralogical 
changes which occur in oxidizing 8 and reducing atmos
pheres - and the rate and mechanisms ' of its reduction by 
solid carbon have been considered by various investigators 
while the physicochemical processes that occui in t he ore at 
temperatures greater than 1000°C have received little c o n 
sideration .

It has been seen that sintering and consolidation of the 
charge are much more pronounced when the ore is heated in 
the absence oi a reducing agent (compare Figures 3 .4 and 3.5 
ihe reasons for these differences may be as follows:

31 *n a mixture of ore and reducing a g e n t , the ore
particles are physically separated from each other
b> the reducing agent and therefore a more open
structure results upon heating to high temperatures.
Evidence is presented in Chapter 5 (Figure 5.5)
which shows that the particles of reducing agent
hinder the subsidence of the charge probably by
forming a type of super-structure throughout the 
c h a r g e .

>) In the absence of a reducing a r ^ n t , reduction of 
the ferrous oxide in the ore does not take place.
The incorporation of this oxide in the slag would 
result in a s ’ag of lower melting point and vis
cosity which would aid the relative movement of 
ore particles.



In the submerged-arc furnace, segregation of the ore and the 
reducing agent are bound to occur due to differences in the 
specific gravity of the components and due to the presence 
of the cone of fast descending burden around the electrode.
Segregation of the reducing agent towards the wall of a ferro-

S 8 8 2manganese furnace was observed by Oceki et a 1 ' . Muller
found that an uneven distribution of the charge a round the 
electrode of an experimental furnace resulted in the segre
gation of reducing agent in the cone of fast descen
ding material which manifested itself in the form of a d i s 
torted coke bed underneath the electrode.

The slow rate of movement of the burden in the furnace * * can 
be taken as being equivalent to the retention of elements of 
burden at a series of temperatures for prolonged periods of 
time. In a segregated charge this would result in extensive 
consolidation and redv gas permeability. The gaseous 
products of reduction generated underneath the electrode tip 
escape mostly through the cone of fast descending material 
which may have a diameter only slightly greater than that of 
the electrode at the level of the electrode tip (see Chapter 
6). Any consolidation of the charge at this level would hinder 
the passage of gaseous products and cause an increase of p r e s 
sure inderneath the electro de. This could eventually result 
in a furnace eruption which is known ‘o occur * ’

From the above considerations it is clear that steps should 
be taken to minimise the segregation of charge components 
particularly such segregation as may occur due to the common 
practice of charging the furnace by use of a number ^  of 
chutes located round the electrodes. It is probable that 
the use of charging shafts concentric with each electrode 
might reduce segregation.

Van der Walt and Gericke 1 h a w  pointed out that current 
paths in 48MVA furnaces may be controlled to some extent by 
charging burden of a higher or lower conductivity in selected 
furnace locations .



The results of this investigation show that the control of 
curient paths should not be attempted by altering the 
stoichiometry of the charge, that is, by adding more or less 
of the reducing agent in different parts of the furnace. A 
charge o" ’ ariablc stoichiometry will result in a primaiy 
slag of variable composition and vi.:cocity, and the flow of 
the burden will be altered in an unpredictable w a y .

Reservations concerning the suitability of Mamatwan ore for 
use in the submerged-arc furnace have been based on the high 
gangue content of the ore . In his investigation of the 
mineralogy of natural and h e t  treated samples of Mamatwan 
o r e , De Yil liers ^h also co Ted possible methods of e n 
riching the ore bv removing 3aiigue m nerals. From the mode 
of occurrence of the metallic and gangue minerals in, and the 
extremely fine texture -f the natural o r e , De Villiers c o n 
cluded that such enric nt would not be economical.

In the present study it has been shown that the structure of 
the ore can be altered considerably by treatment at tempera
tures of 1200°C or higher, in reducing or oxidising atmos
pheres. However, the texture of the " i1te red ore" still r e 
mains very fine and elimination of the gangue, which now 
occurs as a slag, would still not he feasible on a large 
scale. Since th^ slag occurs as the continuous p h a s e , its 
removal would result in a powder product consisting of grains 
of oxide which would require agglomeration before use in a 
submerged-a rc furnace. It appears therefore that the only 
practical means whereby Mamatwan ore can be upgraded is by 
the removal of ore lumps rich in gangue minerals. Otherwise 
the required furnace characteristics can he obtained by 
blending Mamatwan ore with an ore of higher grade as has 
been the practice in indu *■ ry .

Sintering of Mamatwan ore fines, (<25mm) has been tried by 
Featherstone in an attempt to improve the permeability of 
the burden to gases and to increase alloy production. He 
reported that the strength of the sinter was very low and 
that excessive quantities of fines were generated during 
handling of the sinter on the p l a n : . Feallu rstone does not



report the conditions used for sintering. In this study it 
is shown that an extremely strong sintered product can be 
obtained (Figure 5.37) provided a high enough temperature is 
attained. Fro \ Figure 5.5 (Curve I ) it is estimated that a 
temperature of about 1400 C would have to be used foi appre
ciable sintering to occur in a reasonably short period of 
t i m e . The statement that Mamatwan ore "begins to melt" 
at 1450°C and that it is "completely molten" at 1550°C is 
ambiguous. The indications are (Figure 5.5) that liquid 
begins to form at temperatures of the order of 1000 to 1200 C. 
It has been shown however (Figure 5.2) that the ore particles 
retain their basic character even after being held at 1600 C 
for 1 h o u r .

The conditions necessary for the agglomeration of ore fines by 
sintering must be such that the gangue minerals in the ore
are completely reacted to form a slag which will hold ore
part i.les together. At low temperatures some disintegration 
of the ore will occur during sintering due to the amount and 
mode of occurrence of gangue minerals. T h u s , the dissociation 
of veins of calcite and of dolomite particles will result in 
the splitting of ore particles and the generation of fines. 
Agglomeration of ore particles w i 11 take place only when 
sufficient time at temperature is allowed for the silica that 
is liberated from the braunite to react with the lime to form 
a liquid s l a g . Reactions leading to the formation of slag 
are considered in more detail in Section 4.3.

4.2 Reduction of Higher Oxides to Manganous Oxide
It has been shown (Section 1.2.1) that the reduction of the 
higher oxides of manganese by carbon monoxide is very favour
able thermodynamically and will occur at temperatures much 
lower than those required for the thermal dissociation of the 
oxides. Reduction of these oxides can be achieved with very 
low concentrations (10 per cent) of carbon monoxide in the 
atmosphere "5 .
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The concentration of carbon monoxide in equilibrium with carbon 
dioxide and solid carbon at a total pressure of 1 atmosphere, rises 
steeply from about 10 per cent at 500°C to about 90 per cent 
at 800°C as predicted by the equilibrium constant of the 
Boudouard reaction lin. Equilibrium conditions were probably 
never attained during the SCICE experiments. H o w e v e r , a 
high concentration of carbon monoxide in the atmosphere must 
have been attained since metallic iron was formed by heating 
the charge to 1300°C and cooling.

The kinetics of solid-solid reactions are unfavourable and 
such reactions would be extremely slow in a system such as 
the one used in this w o r k , due to the coarse size of the 
reactants. Therefore reduction of the higher oxides in the 
ore took place by carbon monoxide. Evidence for this was 
supplied by the randomly distributed metallic nuclei through
out the particles of ore. The gaseous reduction of the higher 
oxides in the ore is greatly facilitated by the porosity 
generated upon decomposition of the finely dispersed carbonate 
particles (Figure 3.1). The reduction of the higher oxides 
may be described by the following reactions :

3Mn 0 - + CO = 2Mii- 0^ + CO, • • • ■) . 1

Mn- 04 + CO = 3MnO ♦ CO, • • • 4.2

During the smelting of Mamatwan ore the reduction of the higher 
oxides to manganous oxide would occur in the higher regions of 
the furnace b o w l . The rate of movement of the burden is 
very l o w , even in the cone of fast descending material next to 
the electrode. Under normal operating conditions the p r o 
bability of encountering any of the higher oxides near the2electrode tip is very low. Pentz considers that reduction
of the higher oxides takes place over a very limited height 
of the furnace bowl and in positions where the temperature 
is greater than 1000°C.



This outlook is very conservative in view of the fact that 
an element of charge in the cone of fast d e s c e n d  inornateria 1 
can take more than 15h to reach the electrode tip and that 
the gaseous reduction of the higher oxides to MnO in braunitic 
ores is complete at 800°C The above considerations show
that, from the viewpoint of power consumption in an industrial 
furnace, no benefit will be accrued by pre-calcining the ore.
A similar conclusion was reached by Tulstogusov irom a 
consideration of the exothermic nature of the reactions leading 
to the reduction of the higher manganese oxides .

The manganous oxide occurred as more or less rounded grains in 
a matrix of slag indicating that a nucleation and growth 
mechanism was operative. The mode of occurrence of a solid 
oxide in liquid slag is related to the surface energies^ot 
the liquid, the solid and the solid-liquid interface 
amount and type of gangue oxides varied in different ore 
particles (Table 3.1) and it appears that the differences in 
size and morphology of the oxide grains were due to the varied 
composition and quantity of slag in different ore particles.

X-ray microanalysis (Table 3.7) showed that more magnesium 
oxide was in solution in the manganous oxide than in the 
slag. It is known “<1 that magnesium oxide, calcium oxide and 
iron oxide are soluble in manganous oxide in all proportions. 
The preferential dissolution of magnesium oxide by manganous 
oxide was probably due to the more favourable size factor for 
this reaction (Table 3.11). Another possible reason may be 
the fact that magnesium oxide forms less stable compounds with
silica than does calcium oxide

The magnesium oxide can be expected to decrease the reducibility 
of manganous oxide by decreasing its activity in the impure
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The microscopic examination of samples showed that the grains 
of oxide dissolved in the slag and that re-precipitation of at 
least some of the dissolved oxide took place during cooling 
(Figures 3.9,3.11, 3.39).

The increased magnesium oxide content detected in grains ot 
the impure oxide during the final stages of reduction could 
be due to the gradual dissolution of manganous oxidt by the 
slag or the simultaneous re-precipitation of manganous and 
magnesium oxides from the slag. A progressive increase in 
the amount of magnesium oxide in manganous oxide would lead 
to a rapid increase in its melting point as predicted by the 
MnO-MgO phase d i a ^ a m  "'1. This would impair the k i n e t i c s  

of reduction of manganous oxide by solid reducing agent oi 
carbon dissolved in the alloy m  a submerged-arc furnace 
since physical contact between the two reactants would be
necessary.

The melting point of manganous oxide can vary by several 
hundred degrees depending on the partial pressure of oxygen 
in the atmosphere, as indicated by the Mn-0 phase diagram 
presented by Hed et al 10 . It is not entirely certain that 
the melting point of stoichiometric manganous oxide has been 
accurately determined yet. However, a value of about 1800 C

20, 1 0 .  11- Thr> incan be deduced from various sources
corporation of 10 per cent magnesium oxide would push up the
melting poin_ to over 2000°C 2 0 . Thus, the melting of impure 
manganous oxide in a furnace would be possible only in the 
immediate vicinity of the electrode tips.

It is well known that manganous oxide is a non-stoichiometric 
compound, possessing an excess of oxygen ions in the lattice. 
Electrical neutrality is achievet due to the presence of 
M n 5+ ions in the lattice. K1ingsberg et a 1 have suggested 
that manganous oxide may also occur as an oxygen depleted 
c om poun d. However there appears to be doubt as to whether 
these investigators achieved their aim of preparing samples 
ranging in stoichiometry between MnOQ 8Q to j g  •
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Changes in the stoichiometry of manganous oxide are associated 
with a char .e in the colour of the oxide from black to green 
as the sti .chiometriv composition is approached or actually 
achieved. The exact composition of the oxide at the point of 
the colour change is not known precisely.

Davies and Richardson observed the colour change in manganous 
oxide and measured the extent to which this oxide departs 
from the stoichiometric composition as the partial pressure 
of oxygen is raised from 10  ̂or 10 kPa to 10 " kPa at
temperatures between 1500 and 1600 C.

In the SCICE experiment , the colour of the ore changed to
green at temperatures between 1300 and 1600 C while nuclei
of iron appeared throughout the ore particles. The equili
brium partial pressure of oxygen for the reduction of ferrous 
oxide to iron at temperatures of 1300 and 1600°C may be c a l 
culated from the reaction :

Fe0(s) ' Fe(s) " i02(g> • • • ■‘•3

1G° = 259617 - 62,6 T J m o l " 1(298-1642K)
On the assumption that iron and terrous oxide occur as pure 
substances in the system the equilibrium constant, K, for 
reaction 4.3 will be given by

K4.3 ’ Pi0 2 

From the relationship,

AG° = -RT In K . • • 4.4

the partial pressure of oxygen in the system at 1300 C may be 
calculated a" 1,98 x 10 'kPa and at 1600 C as 5,75 x 10 kPa. 
Thus, the value of oxygen partial pressure in the system must 
have been lower than 1,98 x 10 and 5 , 3  x 10 kPa ai tem
peratures of 1300 and 1600°C respectively for metallic iron 
to form in the ore. These values for the partial pressure of 
oxygen are consistent with the formation ot stoichiometric 
manganous oxide .
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The behaviour of the grains of oxide towards the etchant is 
of interest.

From Figures 5.12 and 5.15 it can he seen that the slag matrix 
was rapidly attacked while different parts of the oxide grains 
were attacked at different rates. The rapid attack of the 
slag made it impossible to determine whether the reaction rim 
surrounding the oxide grains was attacked at all or whether it 
dissolved evenly over the entire surface. The obvious c o n 
clusion to be drawn from the appearance of the etched grains 
is that the differential rate of attack was due to differences 
in the chemical composition of different parts of the grains. 
X-ray microanalyses did not show a definite difference between 
the composition of grains that etched and grains that appeared 
not to be att acke d. Previous investigators 1 '’ 1 8 ’ ~ point 
out that precipitation of some Mn-0^ may take place in the 
oxide during cooling. K1ingsbeig and Roy 1 found this to 
occur when the 0:Mn ratio exceeded 1,1C. It is not certain 
whether precipitation of Mn^O^ occurred in the samples under 
consideration, due to re-oxidation during cooling, or whether 
the differences observed were due to other factors such as 
the presence of impurities in the oxide.

The appearance of grains of oxide formed by reduction in 
carbon monoxide (Figure 5.55) was similar to that of grains 
formed under SCICE conditions. The slag that formed by re
acting the ore in an alumina crucible at 1450°C appeared not 
to be attacked by the etchant . Scanning electron microscopy 
showed that both the reaction rim and the dendrites of man- 
ganous oxide were attacked by the etchant leaving the slag 
in relief. This indicated similarities between the dendrites 
which originated from manganous oxide that had dissolved in 
the slag and the reaction rim which appeared to he an integral 
part of the oxide grains.

The d-spacings of the oxide formed under SC ICE conditions 
between 1500 and 1600°C and those of the green oxide formed 
by heating the ore in a graphite crucible (Table 5.10) were 
lower than the d-spacings found by Klingsberg and Roy 1 and 
those given in ASTV card 7-250. The discrepancy was probably

r
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due to the presence of magnesium oxide in the manganous oxide. 
From Table 3.11 it can be seen that the lattice parameter of 
magnesium and ferrous oxides is lower than that of green man- 
ganous oxide. From Vegard's rule it follows that the incor
poration of either of these oxides in the MnO lattice will 
reduce the lattice parameter of the resultant impure oxide.

The difference in lattice parameter between black and green 
manganous oxide (Table 3.11) were probably due to variations 
in the concentration of solute in the oxide. K1ingsberg and 
Roy V  found no systematic variation in the lattice p a r a 
meter of manganous oxide for nominal compositions ranging 
between MnO 8Q and MnO, 1 5 - A similar observation w a s  made 
by Davies and Richardson' for manganous oxide ranging
in composition between MnO and M n O ^ ^ g .  Those authors 
attributed t h e .phenomv m  to the precipitation of Mn-O^ in 
the MnO lattice but did not indicate whether the presence of
Mn,0 was actually established.3 4

The X-ray tracings of green and black manganous oxide did not 
show Mn,0, as a constituent phase. It appears therefore that 
the lower lattice parameter of the green manganous oxide was 
due to a higher concentration of magnesium oxide in the lattice. 
This may have been the result of the dissolution of a higher 
proportion of M n 2> ions from the oxide grains by the slag.
The differences in X-ray patterns of the slags from the m e t al
lized and non-metallized regions suggest that the concentra
tions of M n 2+ ions in the two slags were different.

It is obvious that the nature of the processes that take 
place in the grains of manganous oxide during reduction should 
be subjected to a much more detailed investigation. However 
the nature of this study and the numerous variables involved 
;a not warrant a more thorough examination of these processes.
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4.3 Reactions to Form the Slag

The softening of the SC1CE charges at about 1100°C and the 
rapid reduction in volume at temperatures between 1000 and 
1200°C (Figure 5.5) indicate that liquid started to form 
at about 1000vC .

From a consideration of the composition oi the ore and the 
relevant phase diagrams ~ it can be established that 
eutectics with a melting point, well below 1000°C can torm in 
the svstcms K->0-Si07 , K , 0 - F e O - S i O a n d  K21 ̂-1.a .■ -Si02 • The 
formation of the compound K^O.SiC^ is very favourable thermo
dynamically 108 and this was probably the first liquid phase 
that formed. The amount of potassium oxide in the ore is 
very small and the rapid reduction in the volume of the 
charge was probably not related to the formation of liquid 
K^O.SiO?. The rapid reduction in volume probably occurred 
when sufficient liquid had formed to wet the grains of the 
impure manganous oxide. An increase in the amount of slag 
could take place readily by the incorporation of calcium 
oxide or iron oxide into the potassium silicate.

In the systems FeO-CaO and FeO-CaO-SiC^ , eutectics form that 
have a melting point of 1100°C. Eutectics with a melting 
point between 1175 and L200°C form in the systems, FeO-SiC^, 
FeO-MnO-SiO-, and MnO-CaO-SiO^ 113‘

At temperatures greater than 1000°C ferrous oxide will bo 
reduced by carbon monoxide to metallic iron according to the 
react ion

FeO + CO = Fe + C0-, . • • . 4 . 5

The equilibrium constant for reaction 4.5 at 1000 and 1300°C 
may be calculated as 0,1 bb and 0,510 respectively. These 
values, which may be used as simple guidelines, indicate that 
there will be an appreciable tendency for the iron oxide to 
be reduced to metallic iron as the furnace gas is nearly pure
CO.
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The absence of iron from the slag and from the unreduced 
manganous oxide, upon reacting at 1400 C or higher i Table 3 . )  
indicates that practically all the iron oxide was reduced under 
these conditions. It follows therefore that the slag formed 
by heating to 1400°C or higher should consist mainly of MnO,
CaO and S i O ? . Table 3.7 shows that this was in fact the case. 
The variations in the proportions of the different components 
can be attributed to the analytical method used and the fact 
that the slag consisted of a mixture of phases. The variations 
in the composition of different ore particles would also have 
a significant effect on the phases formed, since the ore 
particles did not disintegrate in the slag. Thus, particles 
with a high initial CaO to SiO^ ratio would result in an 
increased solubility of MnO in the slag.

The phases in the slag were not identified prr ;isely due to
their complex nature. Thermodynamic data 1 shows that mono- f
di- or tricalcium silicate should form in preference to
silicates of MnO and MgO. However, the kinetics of formation
of these compounds are unfavourable due to their relatively
high melting point. The lowest melting eutectic in the CaO-
SiO^ system contains only about 3" per cent CaO and has a
melting point of 1436°C 11 ̂  . Therefore the slag present at
temperatures below 143buC must have been a manganese silicate
which probably contained some lime. The formation of a mag-

108nesium silicate is more favourable thermodynamically L , 
but kinetically it is unfavourable due to the high melting 
point of these silicates 11

The appearance of loose particles of lime in charges reacted 
at 1300°C indicates that this component was in excess and 
dissolved gradually in the slag as the temperature increased. 
The strong affinity of lime for silica probably caused the 
displacement of manganous oxide from the slag that formed 
originally.
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The 1:1, 2:1 and 3:1 ratio of CaO to SiO, necessary for the 
formation of m o n o - , di- and tricalc iur silicate would not he 
satisfied in all ore particles due to * he enormo > variations 
in the calcite to braunite ratio in d i : .'rent ore particles
(Table 3.1a) . Therefore the ph- es n different ore particles 
i*>uld well be expcc^ d to differ or vary in composition. The 
excess lime in ore particles would go into solution in the u n 
reduced manganous oxide while a deficiency of lime would cause 
the dissolution of .a nganous oxide into the slag.

4.4 Reactions to Form the Alloy
The reduction of Mamatwan ore was a continuous process although 
the dominant reactirr mechanism changed at different stages 
due to the physical and chemical changes that took place in 
the c h a rge. For convenience, the reactions leading to the 
formation of the alloy will be discussed under three h e a d i n g s .

4.4.1 N’uc lent ion of Metal
The mode of occurrence of the metallic nuclei in particles of 
ore and the similar microstructures observed in ore particles 
reduced under SCICE conditions and in carbon monoxide indicated 
that reduction of the iron oxide took place by reaction with 
carbon monoxide. The iron oxide was in solution in the Mn-0^ 
(Figure 3.31) and later in the MnO (Figure 3.38) . Reduction 
of wustite by carbon monoxide proceeds at an appreciable rate 
at temperatures of about 1000°C or higher. Since the iron 
oxide was in solution its. reduction probably took place at an 
appreciable at temperatures greater than 1000°C. It
has been so at quantities of a mixed ferrite were detected 
in ore reacted at 14 0 0 ° C .

The reduction of iron oxide was accompanied by the formation of 
slag and a rapid decrease in the volume of the ore (Figure 5.5). 
Slag formation and the increased density of the ore reduced its 
permeability to carbon monoxide and carbur izat ion of the m e t a l 
lic nuclei in the interior of ore particles did not o c c u r .
This was evident from the single phase observed in these nuclei 
and fror.i their hardness (Table 3.6).
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The manganese content and the hardness of the metallic nuclei 
formed in the SCTCE charges were higher than those formed in 
the absence of a solid reducing agent. This indicated that 
the reduction of MnO in the interior of ore particles proceeded 
further when solid reducing agent was present. The manganese 
content of metallic nuclei formed under SCICF conditions 
(Table 3.7) showed significant variations due to differences 
in the size of the nuclei analysed. It is shown at a later 
stage (Figure 6.30) that an increase in the size of the nuclei 
was accompanied by a significant increase in their manganese 
content. It is important to note that iron was present in all 
he nuclei that were anlysed, indicating that fresh nucleation 

o' - -al did not occur after the iron oxide had been reduced.

Rc.o ' on of manganous oxide in the interior of ore particles 
c( . place by a number of reactions.

Pomfret and Grievson "  consider that manganous oxide could be 
reduced to a limited extent by the exchange reaction :

(MnO) + [Fe] = (FeO) + [Mn] • • ‘ 4 *6

If a pure iron nucleus of 5 urn in d i a m e t e r j s  considered it 
can be shown that the addition of 4,1 x 10 g of manganese 
would result in an alloy of 50 per cent iron and 50 per cent 
manganese. Manganese oxide could also be reduced by solid 
carbon deposited in the pores of ore particles by the reaction.

2CO * C O t ♦ C • * - 4 . 7

Deposited carbon was not observed in the ore although eyidence^for 
carbon deposition has been found by other investigators 
particularly in manganese ores that contained iron.
The fact that the metallic nuclei in the interior of ore p a r 
ticles did n o t , in the general case, exceed lOum in diameter, 
irrespective of the experimental conditions, indicated that the 
reduction of MnO ceased at an early stage or that the rate cf 
reduction decreased to a very low level in the interior of ore
part i d e s  .
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4.4.2 G rowth of M e t a l l ic Nuclei

The metallic nuclei on the surface of ore particles grew 
by coalescence and by reduction of manganous oxide. The pre
sence of iron in all the alloy beads from the surface of ore 
particles indicated that growth of the beads occurred by the 
incorporation of all other metallic species into the nuclei o 1 
iron that formed originally. The phases observed in these
alloy beads can be accounted for by reference to the Fe-Fe-C

114and the Fe-Mn-C phase diagrams

The iron formed initially was carburized by carbon monoxide or 
solid carbon to form a solid solution of carbon in i r o n .
Since actual contact between solid carbon and iron would be 
required for carburization to o c c u r , the dominant c a r b u r i z ing 
reaction must have been that between iron and carbon m o n o x i d e .
The carburizing reaction has been represented ' by the formula :

3Fe + 2C0 = Fc.C + CO, • 4.8

H o w e v e r , it is evident from the Fe-Fe-C phase diagram that 
Fe5C would not be present as such in the alloy due to the 
high temperatures used. Therefore the carburization reaction 
resulted in the formation of a solid solution of carbon in iron 
(austenite). The austenite begins to melt at 150CLC when its 
carbon content is about 1,3 per c e n t .

The structure in Figure 3.14 shows clearly that the alloy c o n 
sisted of austenite with a carbon content somewhat in excess 
of 0,8 per cent. During cooling the austenite transformed to 
proeutectoid carbide and troostite. For very low manganese 
contents pearlite rather than troostite would form.

With an increase in manganese c o n t e n t , which increases the 
solubility of carbon in the alloy '1" *' , the austenite
remained stable drwr to room temperature as shown in Figure 5.15. 
This structure again indicates the presence of austenite, at 
1300°C, from which some carbon is rejected during cooling due to 
a decrease in its solubility with decreasing temperature.
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With a further increase in the manganese and carbon contents 
the liquidus temperature of the alloy is reduced and liquid 
formed as is clear from Figure 3.16. During cooling primary 
austenite was precipitated followed by the simultaneous 
precipitation of eutectic carbide and austenite. Here again 
the point of interest is that carbide did not exist as such 
at 1300 °C.

From the structure of Figure 3.16, it follows that the alloy 
bead was of a hypoeutect ic composition and that the app ro
priate increase in the carbon to manganese ratio would form 
an alloy of eutectic composition. This in fact was the case 
as indicated in Figure 5.1".

The phases observed in alloy beads formed at 1300°C and c o n 
taining an appreciable amount of manganese are in good agree
ment with those depicted in the 600 C isotherm of the Fe-Mn-C 
system (Figure 4.1). T h u s , for manganese contents of between 
2 and 54 per cent and carbon contents of between 0,2 and 6,7 
per cent the phases in the alloy should conform to one of the 
following possible combinations :

1. MjC + ot-Fe (cf Figure 3.14)

2. M-C + ot-Fe + Y (cf Figure 3.15)

3. M-C + Y (cf Figures 3.16 and 3.17).

M-C refers to a mixed carbide in which some of the iron has 
been replaced by m a n g a n e s e . From Figure 4.1 it can be seen 
that the ratio of manganese to iron in M^C can vary considerably.

Since the alloy beads adhered to the surface of the ore p- t i d e s ,  
reduction of MnO by carbon dissolved in the alloy would be more 
favourable, kinet ically, than reduction by solid carbon.
Therefore the reduction of MnO during this stage of the process 
may be represented by the reaction

Mn0 * Malloy * M  alloy * c0- ' ' 4 -9
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Figure 4.1 The 600°C isotherm of the Fe-Mn-C system 
(Ref.114).
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The manganous oxide could be in the form of solid grains or 
in solution in the slag. Reduction of solid or dissolved oxide 
would be equally favourable, thermodynamically, since the 
activity of the oxide in the solid and in the slag would be 
close or equal to unity. This disregards the low concentra
tion of magnesium oxide in the solid and assumes that the blag 
was saturated in the oxide. The reduction process would c o n 
tinue only if the alloy were carburized continuously and if it 
remained in contact with the oxide or the sl^g. During the 
early stages of reduction these conditions could he satisfied 
due to the low proportion of slag in the charge.

As can be seen from Figure 3.8 the alloy beads were not c o m 
pletely covered b v the slag film and carburization could c a s i1) 
take place by the reaction :

2C0 ' Malloy * c02 • ' ' ' •'•1U
5 H 8

The reduction of manganous oxide is often "' ‘ considered to
take place bv Fe-C and t ie metallic product ot the react ion is 
given as a manganese carbide. This is not accurate since 
neither Fe-C nor the manganese carbide are stable at the tem
peratures considered.

4.4.3 Formation of the Alloy Layer
Since the heating rate of the SCICE charges was constant, 
the initial reactions to form the metal must have been similar 
irrespective of the temperature reached ultimately, comparison 
of Figures 3.17 and 3.18 shows obvious similarities between 
the structures of small alloy beads formed at 1300 and 1400 C. 
With increasing manganese and carbon contents, the alloy 
attained a hvpereutectic composition from which crystals of 
pr ima ry carbide fo rmcd during cooling (Figures 3.1J and 3.-0). 
The remaining liquid b ame depleted in carbon and solidified 
interstitially between the carbide crystals. The alloy layer 
formed at 1600UC consisted aloost entirely of carbide at room 
temperature and was liquid at 1600 C.
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The transformations undergone by manganese-rich alloys during 
cooling from the liquid are difficult to interpret owing to 
the lack of published data on the phases in Fe-Mn-C alloys 
at temperatures greater than 1100°C.

The chemical composition of the alloys formed at 1400 and 1600°C 
showed that the phases in these alloys should be dif f e r e n t . 
H o w ever, the d i f f ractc 'rams of the alloys showed distinct 
similarities (Figure 3.25) . The alloys formed at 1400°C with 
coal or coke belong to the M^C + M ,.C , phase field of the 
Fe-Mn-C s y s tem, while the alloys formed at 1600°C belong to the 
MgC ̂ + ‘̂ 15^4 field. The apparent discrepancy can probably be 
explainer by the fact that the diffractograms of the binary 
carbides Fe-C and Mn^C-, show many similarities and it is p r o 
bable that the ternary carbides, which form by substitution 
of manganese for iron, could also show structural similarities. 
Thus the carbide M - C , for e x a mple, might be expected to snow a 
diffraction pattern similar to that of MgC-,.

With increasing reduction the alloy beads increased in size 
and the proportion of slag also increased. T h u s , the larger 
alloy beads drained to the bottom of the crucible while a 
lay r of slag of increasing t h i k n e s s  formed around the p a r 
tially reduced ore particles. The formation of a substantial 
proportion of slag enhances consolidation of the charge and 
contact between slag and solid reducing agent is improved.
Under these conditions the carbur izat ion of metallic beads 
at the interface between partially reduced ore particles and 
the slag layer may be expected to be inefficient owing to the 
extremely low solubility of carbon in the sl a g . Diffusion of 
carbon monoxide through the slag is not expected to be of 
significant importance. During this final stage of the p r o 
cess, reduction can take place by a number of mechanisms.

i) The reduction of MnO by carbon monoxide, bubbling 
through the melt, according to the reaction

MnO + CO = Mn + C O , . • . 4.11

is possible. H o w e v e r , thermodynamic considerations (1.2.2) 
show that this reaction is unlikely in the presence of carbon.
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ii) Solid MnO or MnO dissolved in the slag may be 
reduced at the interface between the alloy and 
slag layers by carbon dissolved in the alloy.
The more important reaction was probably that 
between diss, ved MnO and carbon in the alloy 
since contact between crystalline MnO and the 
alloy must have been limited.

iii) The partially reduced ore particles may be reduced 
further by dissolution of MnO in the slag and 
diffusion to the slag-solid carbon interface where 
reduction is possible. Evidence for the dissolution 
of MnO in the slag has been presented on numerous 
occasions.

It is difficult to state with certainty whether reduction by 
carbon dissolved in the alloy or by the solid reducing agent 
was the dominant reaction. If the rate of reduction of MnO 
at both the alloy-slag and the slag-solid carbon interfaces 
is controlled by the rate of the chemical reaction, as p r o 
posed by Daines and Pehlke h and by Kukht in et al res
pectively, then reduction by solid carbon would be the dominant 
process owing to the greater surface area of the slag-solid 
carbon interface. Reduction at the interface between the alloy 
and slag layer would become increasii 1 y important as the 
amount of solid carbon decreases . There is evidence * *‘ 
that the rate of reduction of solid MnO by carbon dissolved 
in Fe-Mn-C melts is controlled by the ate of the chemical 
reaction and it is probable that chemical reaction is the 
rate-controlling process during reduction of MnO dissolved 
in the slag by the carbon of the alloy.

If significant reduction occurred at the alloy-slag inter
face the alloy would dissolve carbon from the graphite crucible 
to maintain a carbon content close to its saturation point.
The crucibles were attacked by the alloy to a limited extent 
but it was not possible to relate the extent of attack to the 
significance of reactions at the slag-alloy interface. The 
fact that graphite linings in furnaces last for several years 
indicates that reduction of MnO by the molten alloy occurs 
to a very limited e x t e n t .
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The absence of alloy in direct contact with solid reducing 
agent was probably due to differences in the surface free 
energies >f the two components. This leads to the question 
of what becomes of the metal that forms by the reduction of 
MnO by solid car bon. There appear to be two possibilities.

i) The metal is transported through the slag back
to the slag-oxide interface where it is absorbed 
by existing nuclei (Figure 5.9).

ii) It diffuses through the slag and is absorbed in
the alloy layer at the bottom of the crucible.

Both of these p r o c  sses sugges' th a t , at any time, there is
a certain concentration of metal atoms or metallic mo l e 
cules in the slag.

4.5 The Influence of Reducing Agent on the Reduction Process

The speed of a reduction process may be influenced by the 
reactivity of the reducing agent towards carbon dioxide.

It is generally ^ 5 ' 1 ' ^  accepted that the reduction 
of iron oxides by carbon occurs via the intermediate gaseous 
reaction product CO, thus

3Fe3 0 + CO = 2FE304 + CO 4.12

Fe304 + CO = 3FeO ♦ CO. 4.15

FeO + CO = Fc + CO 2 4 .14

CO-, + C * 2C0 4.15

For this reaction sequence the rate of regeneration of carbon 
monoxide will influence the rate of reduction and this is 
well substantiated experimentally 1 .



The rate of reduction of M n ,0 j has been found to be 
dependent on the reactivity of the rei ing agent towards 
carbon dioxide, indicating that reduction of this oxide by 
carbon proceeds through carbon monoxide.

Grimsley  ̂ showed that the rate of reduction of Mamatwan 
manganese ore fines, by carbons of widely varying reactivity 
varied during the initial stages of reduction only. This 
indicates that the reduction of the higher manganese oxides 
and of the iron oxide in the ore occurred by carbon monoxide. 
The rate of reaction beyond about 35 per cent reduction was 
found not to be influenced significantly by the type of 
reducing agent, indicating that carbon monoxide was not an 
effective reductant for manganous oxide. Similar results 
were obtained by Lisniak and Evseev 1"  ̂ during the reduction 
of iron-containing chromite ores by reducing agents of 
different reactivities.

The results obtained from the SCICE cxperiements indicate that 
the use of coal or coke as the reducing agent does not affect 
the rate of reduction significantly. Since the temperatures 
used were 1500°C or higher the influence of the reducing agent 
on the early stages of reduction could not be investigated.
It can be seen from Figure 3.2b that the rate of mass loss 
of ore-coke and ore-coal mixtures heated at 1400°C for up to 
4 hours was virtually identical indicating that the rate of 
reduction was similar in the two cases. Comparison of the 
mass losses effected at lbOO°C is difficult since as stated 
earlier these charges were sectioned and losses occurred 
during this process. It is also evident frcm Figures 3.28 
and 3.29 that the rate of reduction was almost identical 
since the compositions of Che alloys produced, with the two 
reducing agents under otherwise similar experimental condi
tions was practically the same. These results supply further 
evidence that reduction of MnO during the later stages of 
the process occurred by solid reducing agent or by carbon 
dissolved in the alloy.
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The similarities in X-ray diffraction patterns (Figure 3.24) 
obtained from charges of ore plus coal and ore plus coke reacted 
under similar conditions is further evidence that the type o 
reducing agent did not affect the reduction process srgnrficant

4 .b Co n c lusions

1. During its reduction by carbonaceous ’•educing agents, 
Mamatwan manganese ore consists of the two phases slag 
and impure oxide. The slag contains mainly lime and 
silica while the oxide contains mainly manganous oxide.

2. The reduction of Mamatwan ore by coal or coke was 
shown to involve the following three steps:

a) The d i s s o c i a t i o n  o f  gangue minerals and the
gaseous reduction of hematite to metal and oi the 
higher manganese oxides to manganous oxide.
Slag formed by r e a c t i o n  between lime and silica.
The manganous oxide content of the slag varied 
with the lime to silica ratio in individual 
ere particles.

b) The growth of metallic particles on the surface 
of ore particles due to reduction of manganous 
oxide by carbon dissolved in the alloy and the 
formation of a slag layer on the surface of 
ore particles.

c) The reduction of manganous oxide dissolved in 
the slag by solid reducing agent or by carbon 
dissolved in the alloy.

3. Reduction of manganous oxide occurred mainly from the slag

4 . The rates of reduction of Mamatwan ore by coal or coke 
were similar for comparable experimental conditions.



CHAPTER 5

5.0 THE RESISTIVITY OF MIXTURES OF MAMA I WAN ORE AND COKE 
OR COAL_____________ __ _______________ ________ ___

5.1 Materials. Apparatus and Procedure
The resistance of mixtures of Mama tvan ore of constant particle 
size and Delmas coal or Iscor coke was determined lor three 
different particle size ranges of the reducing agents. The ore 
was used in the size range 2,83 to 12,™ mm and the size ranges 
of the reducing agents were 2,83 to 6,35 mm, 6,35 to i>, d mm 
and 9,5 to 12,7 mm. A description of the technique for the 
preparation of the charge has already been given. Segregation 
of the charge components became more pronounced with increasing 
particle size of the reducing agent.

The resistance measurements were made on the apparatus shown
in Figure 2.2. The central graphite electrode was made of two
parts. The upper part was 25 mm in diameter and 6^0 mm long, 
screwed into a lower part 40 mm in diameter and 50 mn in 
length. Aluminous-porcelain sheaths and alumina cement were 
used where necessary to ensure that conduction took place over 
a constant surface area of electrode irrespective of the level 
of the solid or partially fused charge in the crucible.

The 1 wer edge of the conducting part of the electrode stood 
40 mm above the bottom of the crucible in the bottom of which 
a recess 10 mm deep had been drilled. The bottom section of 
the electrode was located in this recoss, and, by use of a 
bridge during charging and a centering device thereafter, the 
correct positions of the electrode and the control thermocoupl,
were ensured .

5.1.1 Determination of Resistance
Initially, a Siemens meter developed by the 
for Metallurgy was used in conjunction with 
programmer to measure the conductance of thi

National Institute 
a furnace temperature 
cba rge.
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The conductance decreased when the furnace power was switched 
off, and the temperature readings were often e r r a t i c . The 
frequency of the furnace current increased rapidly at times 
and gave a very rapid increase in temperature, which resulted 
in failure of the thermocouples. Stray signals from other 
equipment altered the frequency of the furnace current and 
affected the heating rate of the charge. It was decided there
fore that the temperature should be controlled manually. In 
addition, the limited range (0,05 to 5S) of the Siemens meter 
and the uncertainties in the measurements led to the use of a 
voltmeter and an ammeter to measure the resistanre of the charge. 
This arrangement ..nich is shown in Figure 5.1, creased the 
range of measurable resistance, and made possible the m e a sure
ment of the resistance vf ore and coke m xturcs, ore and coal 
mixtures or any of these materials individually. Urquhart 
who used a similar circuit tor ferrochromium charges, established 
that this circuit did not exhibit any inductance effects.

Long coaxial leads twisted round each other were used to connect 
the measuring instruments positioned about 2 m away from the 
furnace and so minimize the effect of induced fields. The 
current through the charge was measured with an ammeter and 
the v o l rage across the charge was determined with a digital 
multimeter with an impedance of 10NK2. The voltmeter was 
connected across the charge itself so that errors would be at 
a minimum.

The error introduced by the relatively low mp^dance of the 
multimeter is high at low temperatures for coal and for mixtures 
of ore and coal, but decreases ra\ ly with increasing tempera
ture. The rror in thp resistance of these charges at room 
temperature is 17,0 per cent, decreasing to 0,2 per cent at 
about 6 0 0 ° C . The error in the resistance of charges of ore 
alone and of mixture* of ore and coke at room temperature is 
negligible. By use of this apparatus, the effect of temperature 
on the resistance of the following charges was determined.
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CHARGE SIZE RANGE OF 

mm
REDIK

Ore
Iscor coke 2,83 - 6,55
Delmas coal 2,83 - 6,35
Ore and coke 2.83 - 6,55
Ore and coke 6,35 - 9,5
Ore and coke 9,5 - 12,7
Ore and coal 2,83 - 6,35
Ore and coal 6,35 - 9,5
Ore and coal 9,5 - 12,7

The size of the ore particles ranged between 2,83 and 12," mm 
The resistance of the different charges was converted to re
sistivity bv determination of the cell constant (shape factor) 
of the apparatus. The method used to determine the cell 
constant is indicated in Appendix 2.

5.1.2 Variation in Volume Fractions of Components 
One variable that has a significant influence on the resistivity 
of a charge is the proportion by volume of the ore and the 
reducing agent . The volume fractions of the components 
in the SCICE charges were estimated by independent measurements 
of che volume of reducing agents and o r e , followed by measurement 
of their combined volumes when the mixture is not compacted. 
Compaction of the mixture during charging reduced the volume by 
about 1 per c e n t . It is clear that volume fractions measured 
in this way are meaningful only when the particle size and 
shape of the ore and the reducing agent are approximately the 
sa m e .

The coke constituted 15 per cent by mass of coke-ore mixtures 
and the coal 24 per cent by mass of coal-ore m i x t u r e s , while 
the proportion by volume was found to be 38 per cent coke in 
coke-ore mixtures and 45 per cent coal in coa 1-ore mixtures.
These measurements were made with ore particles ranging in 
size between 2,83 and 12,7 mm and particles of reducing agent 
ranging in size between 2,83 and h ,3 5 mm. I he volume of the 
charges was found to remain approximately constant iirespective 
of the size range of the reducing agent used. The volume 
fractions were therefore assumed to remain approximately constant 
at room temperature.



It h as been sugge sted
400 and 1200° C in a c
expansion and con t rac
was tested on the cha
the effect of inc reas
the different cha rges

70 that va riat ion s
hrom ite-c ha r mi xtu re
t ion of the cha rge c
rges unde r cons ide ra
es o f tempe ratu re on

in resistance between 
could be due to 

omponen ts. This theory 
tion by measurement of 
the volume changes of

The measurement of changes in volume with increases of temperature 
could also provide information on the rate of increase in the 
volume fraction of the reducing agent in the mixture because 
■h ore and the reducing agent diminish in volume at different 
r.tes. This could significantly affect the variation of the 
resistivity of the charge with increases of temperature.

The change in volume of o r e , ore and c o k e , and ore and coal 
was measured by noting the variation of the level of the charge 
in the crucible as the temperature increased. A graphite 
slab 20 mm thick was placed on top of the charge and a mass 
of 2,5 kg was placed on top of the slab. The level of the 
charge was determined by the lowering of an alumina sheath 
through the cover of the furnace until it touched the top of 
the mass.

5.2 Results and Discussion

5.2.1 Effect of Temperature on Resistivity of 
Individual Charge Components___________

The values of resistivity with increasing temperature for the 
individual charge components and for mixtures of ore with coal 
or coke are shown in Appendix 2. In the ensuing sections plots 
of resistivity against temperature or time are present ed.

Plots of resistivity against temperature for the individual 
materials are shown in Figure 5.2. Most refractory materials 
exhibit a resistance-temperature relationship that approaches 
the Arrhenius type relationship proposed by Rasch and Hinrichsen
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The relationship may be expressed as follows

where P is the specific resistance
T is the absolute temperature and 
A and B are constants.

The value of A and B vary w i t h n  he temperature range considered.

Plots of I n o against reciprocal temperature for the individual 
materials are shown in Figure 5.3. It can be seen that the 
variation of resistivity with temperature follows the Arrhenius 
type equation to a good approximation. The resistivity of the 
ore deviates from this relationship for temperatures higher than 
1000°C due to the formation of liquid slag and a change from 
semiconduction to ionic conduction.

The changes in resistivity and in activation energy for conduction 
with increasing temperature are related to the structural and 
chemical changes that take place in the materials. It c be 
seen from Figure 5.2 that the resistivities of Delmas co-1 and 
Mamatwan ore change markedly with increasing temperature, whereas 
the resistivity of coke changes onlv slightly with temperature. 
While precise interpretation of the curves for the ore and the 
coal is difficult owing to the vast complexity of the processes 
that take place in these materials during heating the following 
features are noted .

The decrease in the resistivity of coal between 25 and 2 d0 C 
appears to be due to loss of moisture, whereas the increase 
between 2 50 and 450° appears to be due to loss of some volatile 
m a t t e r . The increase in resistivity suggests that the loss of 
volatile matter during this stage results in a more random or 
porous structure. Urquh-rt S ' attributed similar variations in 
resistivity during the heating of coal char to the initiation 
of the loss of volatile m a t t e r . Further loss of volatile matter 
between 450 and about 300°C resulted in a very marked decrease 
in resistivity. The very steep decrease in resistivity between
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about 300 and 900°C coincided with an increase in the thermal 
conductivity of the coal evidenced by a significant decrease 
in the temperature difference between the edge and the centre 
of the charge during heating (.Figure 5.4). Figure 5.5 shows 
that the rate of change .'f volume of the coal-ore mi: ture 
changed between SOO and 900°C. Comparison of curve II with 
curves I and III shows that this rate change was due to a 
relatively rapid contraction of the coal up to 900 C an^ a 
reduced contraction rate above 900°C. The slow decrease in 
resistivity above 900^0 was due to a gradual loss of \olatile 
matter and an increase in the size and degree ot ordering of 
the graphite crystallites in the coal structure. At 1200 C 
or higher, the resistivity of the coal becomes practically the 
same as that of the coke. Rennie obtained similoi 
during a study of the electrical characteristics ot coke, 
anthracite, char r e d  coal, and charred anthracite These result 
conform to the findings of other investigators 
according to which the resistivity of a carbonaceous reducing 
agent is primarily a function of heat treatment and not of the 
rank and composition of the original coal.

The resistivity of the ore decreased only slightly between *.5 
and 350°C hs there is little change in its structure over this 
temperature interval. The decrease in resistivity between 400 
and 1000°C is due to the decomposition of carbonates, and the 
formation of lower oxides of manganese and iron. That the 
resistivity of oxides decreases as the ratio of metal to oxygen 
in the oxide increases has been established by a number of in
vestigators  ̂ ' bH’ l. This is due to a decrease in the con
centration of higher valency cations eg M l anu an increase 
in the number of electrons associated with the cation sub- 
lattice 1™'.

The structural changes that occur in the ore at temperatures 
between 400 and 1000°C are not well known. Filter showed 
that carbon monoxide concentrations of as Little as 10 per cent 
in the atmosphere will reduce the higher oxides of manganese to 
manganous oxide between 25 and 800 C. Because the ote in the 
present study was heated in a graphite crucible, a a appreciable
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m o u n t  of carbon monoxide must have been present, and the equi-

2 per cent at 400°C to about 99 per cent at 1000 C.

The resistivity minimum at 1000°C corresponds with the maximum

took place in the structure of the ore.

l a a e i i

E E g iiE lE L iB i . .
in the mobility and concentration of these ions.

The resistivity of the coke varied only slightly between 2S and

peratures. The resistivity of the coke measured at room t e m 
perature in this investigation is approximately the same as 

r n: 11 char  ̂̂  at 1400 C.
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amount of carbon monoxide must have been p r e sent, and the e q u i 
librium concentration of carbon monoxide in the presence of 
carbon dioxide and solid carbon rises 110 steeply from about 
2 per cent at 400°C to about 99 per cent at 1000°C.

The resistivity minimum at 1000°C corresponds with the maximum 
volume of the ch; rge of ore in Figure 5.5. The volume of the 
charge decreases rapidly at about 1000°C, whereas the resist i\it> 
increases between 1000 and 1300°C. The rapid decrease in the 
volume of the charge above 1000°C shows that drastic changes 
took place in the structure of the ore.

The results of De Villiers and the examination of furnace
samples (Figure 6.19) indicate that the initial stages of the 
reduction of the ore involve the formation of a spongy substance 
which contains most of the metallic oxides while the products 
of the decomposition of carbona es occur as loose particles in 
the interstices. Free silica, liberated from the braunite is 
probably also present. With an increase in temperature above 
1000°C the spongy substance collapses to form grains ot impure 
manganous oxide while the gangue oxides react to form the slag, 
both processes resulting in a rapid reduction in the volume 
of the o r e . The mode of conduction then changes from electronic 
conduction through the spongy oxide to ionic conduction through 
the slag which now forms a more or less continuous path through 
the charge. This is accompanied by an increase in the resis
tivity which could be due to the low mobility ot conducting 
ions fcithin the slag phase at this temperature. The decrease 
in the resistivity above 1300°C could then be due to an increase 
in the mobility and concentration of these ions.

The resistivity of the coke varied only slightly between - j and 
1400°C owing to the high thermal stability of this mateiial.
Some variation in the resistivity ot the coke can be expected 
due to reaction and fusion of the ash constituents at high tem
peratures. The resistivity of the coke measured at room tem
perature in this investigation is approximately the same as 
that of coal char ^  at 1400°C.
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. . 2 Volume Changes during Heating of Charges
The ore and reducing agent diminish in volume at different rates 
during heating and the resistance of the charge is influenced 
by the volume of ore and reducing agent at any given time.

The volume changes during the heating of three charges are shown 
in Figure 5.5. The ore loses about 18 per cent of its mass 
when calcined "* at 1000°C owing to the decomposition of 
carbonates and the thermal dissociation of higher to lower 
oxides. The loss of mass in the case under consideration must 
have been even higher than 18 per cent because the ore was 
heated in a graphite crucible and the higher oxides of manganese 
and iron were reduced to their lowest oxidation sta tes. Yet 
the volume of the ore at 1000°C w u l. higher than its initial 
volume. This volume increase was due to a more open structure 
which probably resulted from the cracking -f the ore and the 
decomposition of carbonates. The volume began to decrease 
beyoid 1000°C owing to the formation of slag. When 
different charges were probed with an alumina r o d , it was found 
that the charge softened at about llOO^C

The mixture of ore and coke showed reduced expansion compared 
to the charge of ore. This could be due to a small amount of 
contraction of the coke or a decrease in the amount of e x 
pansion of the ore caused by the reduction to lower oxides.
The volume of the mixture decreases between 1200 and 1400LC at 
a rate much slower than thit for the charge of o r e , indicating 
that the ore diminishes in volume at a higher rate than the coke.

The initial volumes of ore and coke in the mixture were 1800 
and 1100 ml respectively, whereas the combined volume was 2 800 ml. 
From the curve of volume against temperature for the ore 
(curve I), the calculated volume of ore in the coke-ore mixture 
at 1 300°C is 1470 ml if it is assumed that the presence of coke 
does not affect the volume of the ore. The volume of the 
mixture at 1300°C is 2720 ml, which gives a theoretical volume 
of coke in the mixture of 1 2 59 ml at 1300vC if it is assumed 
that the coke does not take part in any chemical reactions.
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Hence the volume fraction of the coke in the mixture increases 
with heating. The coke inhibits subsidence of the charge, 
probably by forming a more or less continuous network throughou 
the c h a r g e , which increases the conductivity.

The charge of ore and coal showed very little expansion between 
room temperature and SOO°C indicating that the coal begins to 
contract as soon as hearing starts. The charge contracted 
significantiv between 500 and 800°C due to the evolution oi 
volatile matter. Contraction was very slow between 800 an 
1000°C and very rapid above 1000°C. It has been seen that the 
thermal and electrical conductivities of the coal increase 
siderablyabove 800°C when most of the volatile matter lias been
eliminated.

The charges of ore plus coal and ore plus coke showed similar 
rates of contraction during the stage of rapid contraction.

5.2.3 Resistivities of Charges of Ore and 
Reducing Agents________ —  --------

The variation in the resistivity of mixtures of ore and coke 
with temperature is shown in Figure 5.6. The curves of resis- 
tivitv against temperature for the individual charge components, 
ore and coke, are superimposed for comparison. It was observer, 
that the current through the charge was unstable at temperatures 
below 400°C and small vibrations of the furnace were s u f u c e n t  
to cause the current to fluctuate. This effect was attributed 
to arcing between particles. The current became increasing!) 
more stable at temperatures higher than 400°C. Evidence for 
arcing was not observed when ore or coal were used on t h e n  own 
or when mixtures of ore and coal were heated. However, when coke 
was used on its own, arcing occurred at voltages above 51. 
Urquhart 53 observed arcing in charges of char and in mixtures 
of chromium ore and char and determined a critical voltage for 
arcing with increasing temperature. He found that this critical 
voltage increased steeply with increasing temperature.
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□ Mamatwan ore
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Figure 5.6 The influence -f temperature on the resistivity 
of mixtures of ore and coke.
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The mechanism for arcing proposed by Urquhart 53 involves the 
dissipation of power and an increase in temperature at points 
of contact between particles. A sufficiently high temperature 
at points of contact induces reaction between carbon and oxygen 
from the ore or the atmosphere to produce carbon monoxide. This 
generates a gap between the particles which if sufficiently 
small may satisfy the volt ,ge gradient for arcing in CO fakl/mm). 
The striking of an arc increases the temperature and further 
reaction takes place until the gap between the particles is 
too large for the prevailing voltage to sustain an arc and the
arc is extinguished.

The behaviour of the coke-ore charges below 400°C was similar 
to that of the charges investigated by Urquhart and a similar 
mechanism for arcing probably prevailed.

^rcing did not occur in charges of ore or coal or mixtures ot 
these two materials owing to their much higher resistivities.
The resitivitv of coke at room temperature is about 10 Om and 
that of coal is 10*0* (Figure 5.2). If it is assumed that these 
measurements were made under identical conditions then the 
following relationships may be written :

For the charge of coke

and for the charge of coal

v = 12R 2

Since R 1 « P^K and R2 = P 2K

where o ̂  is the resistivity of coke,
p, is the resistivity of coal and
K is a constant (the shape factor)

= —  * io
12 P 1 10

i L = i o 7 i 2



It is thus seen that for a given voltage, the current flowing 
through the charge of coal is " orders of magnitude smaller than 
the current flowing through an identical charge of coxe. con
sequently the heat generated in the charge of coal is orders 
of magnitude smaller since the heat generated is proportional 
to the product of current and voltage. Thereto e the probabi.i.- 
of increasing the temperature at points oi ccntac- between par 
tides in a charge of coal, to that required for reaction to 
occur between carbon and oxygen, is very limited. Arcing show.a 
occur in beds of materials of high resistivity only at extremely
high voltages.

From Figure 5.6 it can be seen that the resistivity of mixtures 
of ore and coke is determined mainly by the resistivn'. of ...e 
ore, although coke does lower the resistivity of the charge between 
2 5 and 900°C. This decrease in resistivity resuit- iron -he low 
resistivity of coke and the reduction of oxides to a lower 
oxidation state. The more important factor is probably reduction 
to lower oxides with lower resistivities « ' • Figure , . 6

shows that the resistivities of the ore and of the mixture cr 
ore and coke are similar at 25°C indicating that the coke has 
little influence on the resistivity of the mixtures at this torn-
perature.

Svstems composed of particles of a conductor and an insulator 
show an abrupt increase in resistivity when the volume traction ^
of insulator particles ex cee ds  a certain critical value
Wi1 land found that the resistance of mixtures of chromium 
ore and char increased dramatically when the volume fraction of 
ore was increased above 35 per cent. The resistance of the system 
showed only slight changes when the volume fraction of char was 
increased above 70 per cent. Since the volume fraction o: ore 
up to i:00°C was about 60 per cent this could explain the simi
larity in resistivities between coke-ore mixtures and ore alone 
at these temperatures.

The resistivity of the mixtures begins to drop as soon as heating 
starts, whe.eas that of the ore remains constant up to 550 C.
As shown in Figure S.S the changes in volume experienced by a 
charge of ore and by a mixture of ore and coke between and
900°C are not very different, indicating that the volume fraction 
of coke in the mixture remains reasonably constant. These results
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m i T u r e s T f  o r r l n d ^ o L ' b l t ^ e n i r a n d  900°C is mainly due to 
the reduction o£ the higher oxides of manganese and iron 
lower oxidation state.

: : t :“ - r

Ei;B™HEEEb:-
oxides to iro n.

The resistivity of the mixture drops above liOO°C o " " «  

of coke in the mixture and improved contact between particles.

is primarily d e t e r m i n e d  by the resistance of the insulator. 

D o w n i n g  and Urban 69 found that equal volumes of coke and molten

and 1400°C was mainly due to the rapid contraction of ore par 
t i d e s ,  which resulted in an effective increase in the volume 
fraction of coke in the charge.



1 72

It can be seen from Figure 5.6 that no definite changes occurred 
in the resistivities of ore-coke mixtures for coke in the ranges 
2,85 to 6,35 mm and 9,5 to 12,7 mm. H e n c e , for temperatures 
below 1200°C, the resistivity of the charge was determined mainly 
by the resistivity of the o r e . The differences between the 
curves of the three mixtures were no greater V'an the differences 
obtained in duplicate experim ents. Some variations between 
curves btained from identical charges can be expected owing 
to segregation and some re-arrangement of the bed during heating.

For temperatures be low 12 C 0 °C, the coke did not form continuous 
current paths through the c h a r g e . Thus, the use of coke of 
different size ranges cannot be expected to influence the resis
tivity of the charge significantly.

The influence of time at constant temperature, on the resis
tivity of mixtures of ore and coke containing coke in different 
size ranges, is shown in Figure 5.7. The resistivity showed 
an initial steep decrease and then remai: ?d essentially c o n 
stant . The time period for the rapid d ;use in resistivity 
was longer at 1200°C and the resistivity varied by less than 
one order of magnitude after 2 hours at temperatures between 
1200 and 1400°C. The size range of the reducing agent did 
not have a definite influence on the resistivity for temperatures 
of 1500 and 1400°C.

That the resistivity remains essentially constant after the initial 
drop is explained by the fact that the rate of mass loss 
(Figure 3.26) is very low during retention of the charge at 
temperatures of up to 1400°C. This indicates that under these 
conditions, the proportion of slag and the volume traction ol 
reducing agent in the charge remain approximately constant.

The resistivity at 1 100°C of the coke-ore mixtures is slightly 
lower than that of the coke at the same temperature.
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The variation in the resistivity of mixtures of ore and coal 
with increasing temperature is shown in Figure 5.8. The curves 
o r resistivity against temperature for the ore and the coal 
individually are superimposed for com pari son. It can he seen 
that, at temperatures less than 600 C , th° r c s i st i\i t> of the 
mixtures is influenced strongly by the resistivity of the coal. 
Between 600 and 750°C, the resistivity of the mixtures appears 
to be influenced by the resistivities of both the coal and 
the ore. As shown in Figure 5.5 the coal begins to contract 
at 600°C and reduces the volume fraction oi coal in the mixture. 
The resistivity of the mixtures continues to drop beyond 600 C 
when the volume of the charge (Figure 5.5) has reduced to less 
than the original volume. Hence the changes in resistivity 
cannot be related to the expansion and contraction of the charge.

The resistivity of the ore-coal mixtures is higher^tnan that 
of either the ore or the coal between 800 and 1200 C. The 
effect is similar to that observed with mixtures of ore and
c o k e .

With mixtures of ore and coal, the decrease in resistivity 
starts at about 1050°C, as compared with 1200 C with mixtures 
of ore and coke. This appears to be related to the fact that 
mixtures of ore and coal begin to contract at 1050 C 
while for mixtures of ore and coke contraction starts at 
1200°C . This is further evidence that the decrease in 
resistivity at high temperatures is mainly due to an increase 
in the volume fraction of the reducing agent.

At a constant temperature of 1300°C the resistivity of ore- 
coal mixtures decreased rapidly during the first 40 mintutes and 
remained reasonably constant during the next 80 minutes as 
shown in Figure 5.9. As for the lower temperatures, the size 
range of the coal did not have a definite influence on r c s i s - ^  
tivity. The resistivty of the mixtures after 2 hours at 1300 C 
is slightly higher than that of the coal at the same temperature.

Plots of against reciprocal temperature are shown in Figure
5.10 for mixtures of ore a al and ore and coke containing
reducing agents in the si; age 6,35 to 9,5 mm. It can be 
seen that the activation energies for conduction at temperatures
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- _ 3 Resistivity measurements and furnace r e s u t a n ^
I he resistivity of electric furnace feed materials has been 
measured by numerous investigators in an attempt to establish 
the factors that govern furnace resistance. The direct app l 
cation of experimental results to determine furnace resistance 
and power distribution in the furnace has been hampered by a 
number of factors. These include the una void abl e ^ , l i e r e n c  
between experimental and furnace conditions ' and t, 
possibility of current transfei by arcing in the 

63, 67, 71, 96furnace

In general, the results of experimental investigations have

to the use of this material in varying proportions in ch. g
for ferromanganese production h  Silveira ' reports increased 
production rates upon use of reductant of reduced site whic. 
led to increased furnace resistance.

These examples show that the deductions drawn from laboratory 
investigations can be used to advents However, it
entirely certain that the improveme in furnace operation 
were directly related to the alterations made on the basis
of laboratory tests.

The furnace resistance R- may be represented as the sum of two 
resistances in parallel ? so that,

where
Rc is

±  . _1_ + J_
R f R r Rc

• •

the res i stance of the reaction zone
the res i stance of the c h a r g e .

5.4
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This model is obviously very crude, since as indicated in 
Figure 5.11 the resistance of the burden changes in a gradual 
rather than in an abrupt manner. It may be used however to 
assess the apparent influence of different reducing agents on
furnace resistance.

figure 5.11 indicates that the resistance of the furnace will 
be" determined predominantly by the resistance of the reaction 
.one which will be lower than that of the solid or partially 
fused charge by several orders of magnitude. Since the - d i s 
tance of coal-ore and coke-ort mixtures is the same for tem
peratures greater than 1200°C the furnace resistance should 
remain constant irrespective of the type of reducing agent used. 
However, it is found in practice that coal increases furnace 
resistance. This may be due to factors such as the physica 
„„d chemical properties of the coal. During its descent in the 
furnace, coal undergoes carbonization which increases its poro- 
sitv and reactivity Fragmentation of the coal will ta e
place with increasing temperature and depth in the furnace due 
to thermal and mechanical stresses as well as the melting ot 
ash constituents which usually occur as layers in the coal 
lumps. Coke remains unaltered in physical characteristics e x 
cept for the gradual reduction in size due to reaction with 
the ore or slag. It follows therefore that no direct comparisons 
can be made between the resistance of a furnace operating on 
coal and that of the same furnace operating on coke of the 
same initial size. Volkert 8 considers that use of a reducing 
agent of coarser size and lower reactivity results in the 
formation of a coke bed of increased size. This suggests that 
the type of reducing agent will determine the geometry, the 
size, the temperature and the chemical composition of the zones 
near the electrode tip. It is evident therefore that a reduc
tion in the size or type of reducing agent in the burden will 
have a number of side effects that may be of significant impor- 
tanre in determining furnace resistance.
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The influence of reducing agent s i z e  on the resistiv it> of 
experimental charges has been found to vary. Lorenz and M a r m c c  
report a slight change while Silveira h ' found significant 
changes in resistance upon changing the size of the reducing 
agent. In the present investigation the influence of reducing 
agent size on the resistance of the charge was not strong enougi 
to detect by the techniques used. One of the reasons tor this 
is believed to be the fact that pressure was not applied to
the c h a r g e .

These findings show that the influence of reducing agent size 
on charge resistance is not well understood. The recent findings 
of Dijs go a long way towards establishing the importance
of reducing agent size relative to the size of the ore in the 
charge. Dijs found that it is not the absolute size of the 
reducing agent that determines the resistance of the charge 
but its size relative to the size of the ore. Furthermore he 
found that the variations in resistance decrease enormously, 
when the size of the ore is increased, irrespective of the size 
of the reducing agent. It is clear therefore that what is needed 
now is an extension of the basic theory formulated by Dijs .
The determination of the electrical characteristics of particular 
charges in the laboratory appears to have little to offer in 
improving furnace resistance.

5 .4 Conelus ions
!. The resistivities of Mamatwan ore and Delmas coal

decrease by several orders of magnitude during heating 
owing to the physical and chemical changes that occur 
with increasing temperature. The resistivity of coke is 
little affected by temperature changes.

2. The resistivities of ore-coal and ore-coke mixtures are
vastly different at low temperatures, decrease by 
several orders of magnitude during heating and attain 
the same value at about 1200 C.
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a .

4.

5.

6 .

Use of coal and coke in three different part tele stte 
ranges in mixtures of the two reducing agents and ore 
of a constant particle size did not influence the rests- 
tivity of the charges significantly.

Conduction of current in the higher regions of a sub- 
merged-arc furnace is practically non-existent and the 
fore the resistance of the furnace is determined > 
the conditions underneath the electrode tip-..

The higher resistance of furnaces operating on coal, 
compared to the resistance o:tained with coke of the 
same initial size, appears to be the result ot t e 
physical disintegration of the coal and the attendant 
changes in the internal structure of the furnace rat or 
than to the higher resistance of the coal at low tern-
peratur es.

In order to determine the factors which govern furnace 
resistance it is necessary to carry out experiments 
under conditions similar to those obtaining in the 
molten regions of a furnace.

r
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CHAPTER 6 

b . 0 EXAMINATION OF FURNACE

6.1 Gene ra 1
The samples discussed in this chapter were taken from furnace 
M10 at the Kookfontein plant of Metalloys Limited. The e x 
cavation of this furnace, and the collection and examination 
of samples was undertaken for two main reasons. Firstly it 
was believed that the excavation of the furnace would supply 
valuable information on a macroscopic scale with regard to 
the tones in a 75MVA unit. The number of production and p.lot 
furnaces that have been excavated and examined to date is very 
limited. The furnace M10 is the first ferromanganese furnace 
to be excavated and certainly the first furnace of this site 
to be studied in this way. Secondly the detailed examination 
of samples from furnace M10 could provide valuable information 
with regard to the reactions that occur in the dilterent 
furnace tones. A comparison between the results obtained from 
the furnace samples and those obtained from the SLICE experi
ments could indicate the extent to which the SCICE technique 
simulates furnace conditions and indicate refinements or 
alterations in t xperimental m e t h o d .

The furnace under consideration was commissioned 1 in 19"3 
and had since been used for the production of high carbon 
ferromanganese. The values of the more important parameters 
of the furnace are shown in Table A3.1 of Appendix 3.

During the ten days prior to close d o w n . control of the furnace 
operation was erratic and the furnace load was at a reduced

close' dowt^on0 the 20^ 0^ 50^ , ^  1977, was 494 and 4 22 MWH 
respectively. The total power consumption per day under goo 
r-nnH i r i nns is about 840MWH.
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The types of raw materials and the quantities charged to the 
furnace during the last ten days of operation are shown in 
Table A3.2 of Appendix 5. The size analyses of the raw 
materials for that period are shown in Table A 3.3 of Appendix

Under normal operating conditions feed to the furnace is through 
13 chutes, 4 around each of the three electrodes and one in 
the centre of the furnace roof. During the period 10 to 20th 
September 1977, feed to the central chute consisted of Manatwan^ 
and Hotazel ores and quart:. An extra 50kg of quartz per batch 
of charge was added to the mix of the central chute. Reducing 
agents were not fed through the central chute during this 
period. The central chute normally drew three batches of 
charge per day, while during the period 10 to 20th September 
1977 it drew 1 batch of charge per day.

On the last day of operation 45 tons of metal were tapper from 
the furnace. After tapping, the furnace was operated for a 
further 2 hours and then closed down. Normally a 'heel' of 
metal is left in the furnace after each tap. hith the procedure 
used to close the furnace down and the routine normally used 
for tapping an appreciable quantity of metal could be expected 
to have remained in the furnace.

The furnace was quenched with water for about - hours after 
close down. The quenching was interrupted when it was realised 
that the water gas reaction was occurring in the hot charge.
Thus the furnace burden cooled down extremely slowly.

6 2 Sampling Prof cdure and Sample 1 dent-i f ic_at_j_on
The excavation of furnace M10 commenced on the 11th ol October 
1977 when the top layers of the charge were reasonably cool. 
Sampling of the contents of the furnace was carried out on a 
24 hour basis by a team of scientists and technicians provided 
by the National Institute for Metallurgy.

* A batch of charge consists of 2800 kg of ore plus the appro 
priate amounts of reducing agents, 'return' slag and flux.
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Samples were mainly taken from the three planes indicated in 
Figure 6.1. The plan for sampling in the three planes is shown 
in the vertical section oi Figure b . 2

Access to the furnace interior was gained at the No. 1 electrode 
(Figure 6.1) by removing an arc of steel shell subtending an 
angle oi about -,5° at the centre of the furnace. A front-end 
excavator and a back h o e , which could enter the .urnace via a 
r am p, were used to remove excess material as the excavation 
progressed.

The excavation commenced by knocking down part of the brickwork 
and carbon lining from the top of the exposed arc to level C 
approximately (See Figure 6.2). Loose material from the top 
layers of the charge was then removed manually through the 
opening in the wall. The brickwork and carbon paste were re
moved in successive stages until the hearth of the furnace was 
reached. As the excavated plane approached the h e a r t h , the 
working area was increased by removing material from the a d 
jacent wall to minimise the possibility of contamination by 
collapsing b u r d e n .

During the excavation, samples were taken, observations made, 
sketches drawn and many photographs were taken to provide 
visual evidence of the internal structure ot the furnace. The 
location of a sample was established by using measuring tapes, 
the roof, the shell and the electrodes of the furnace serving 
as reference points. The sample location was then photographed 
together with an identifying marker and the sample taken. A 
number of samples appearing on the plan for sampling (Figure 
6.2) were not taken due to c o 1lapsing of the burden and con- 
tamination.

The samples were identified with reference to electrode number, 
level and position. Electrode number reters to the proximity 
of a sample to a particular electrode. Sample level refers 
to the vertical distance between the sample locality and the 
highest point of the furnace shell and sample position refers
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Firebrick

Carbon liningCentra 1 
region

Slag taphole2 metal 1 
rapholes

Scale 10mms 1mArc of shell removed

Figure 6.1 Section of furnace M10 in plan showing the 
position of the electrodes, the furnace 
diameter at roof and hearth levels and the 
planned sampling localities.
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Figure 6.2 Vertical section through the furnace along
radius C F . ^  (Figure 6.11 showing the planned 
positions for sampling.
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to the hoi i2onta 1 distance between the electrode and the 
locality ot a sample. Position 0 refers to samples taken 
at any level directly underneath the centre of an electrode.
Thus the sample designated by 1/E/2 (Figure 6.2) was taken in 
the sampling plane i-Ê  1\̂  i Figure 6.1) at level E and in position 
2 * Similarly, sample 1/E/O was taken in the same plane at level 
E and in position 0 which is directly underneath the electrode 
(Figure o._). I he ident ifying code of samples that were taken 
from the central region (Figure 6.1) starts with C. For e x a m p l e , 
sample C/l/E/2 (Figure 6.2) was taken from the central region 
in plane (E^Uj at level E and position 2.

h '3 Appraisal of the Furnace Excavat ion
Ideally the excavation of a furnace such as that considered 
here should be carried out manually with possible use of 
small pneumatic or other mechanised equipment. The burden 
should be removed from the top downwards in layers of .bout
0,3 m and samples taken at intervals of 0,5 m both in the ver-
ii<wal and horizontal directions, in predetermined vertical 
planes. These planes should be chosen in such a way as to 
facilitate a detailed analysis of the processes occurring in 
the entire volume of the furnace.

A procedure such, as the above would furnish samples from locali
ties known with precision. A disadvantage of this method would 
be that synoptic visual evidence of the different zones in 
the furnace would not be obtained in any one vertical plane. 
However, since the sampling intervals would be small it would 
be relatively easy to construct the picture of a plane that 
was sampled. I he gradual removal of the burden would allow 
ample time for a meticulous visual examination of the burden 
at the dit tercnt levels. In addition it would allow the furnace 
to cool down far enough for manual excavation to be undertaken 
comfortably. It i obvious that such a procedure would furnish 
a great number ot samples and their examination would probably 
be beyond the scope of an investigation such as the p r e s e n t .
Also the cost ot such a venture would be enormous.
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The manual excavation of furnace M10 would have been an eno r
mous task due to the enormous proportions (net t volume = 405 m ) 
of this furnace. Also, a close-down period of unlimited duration 
would not be considered by any p l a n t . Therefore, a compromise 
had to be made between manual and mechanised operations.

The gradual excavation ~f the burden around electrode No. 1 
made t possible for many samples to be taken from plane 
(Figure 6.2), The zones in the vicinity of electrode No. 1 
were successfully exposed, sketched, measured and photographed. 
Some samples from plane E^IV^ were not taken due to c o n t a m i n a t i o n  
from collapsing burden.

In order for the excavation to continue electrode No. 1 had to 
be removed. Removal of this electrode caused several tonnes of 
material from the central region to collapse into the excavated 
a r e a . Thus most of the sa-’oles from the top layers of the 
burden in the central reg were not tak en. Samples from the 
central region were mainly taken from levels E and F .

Sampling in planes E 7I V a n d  E-W. (Figure 6.1) was successful 
from level C downwards. The samples from level B were not 
taken due to contamination. O v e r a l l , only 62 per cent of the 
planned samples were successfully retrieved.

Approach to the N o s . 2 and 3 electrodes .«as from within the
furnace and a detailed exposure of the zones around these 
electrodes was not obtained due to the collapsing of burden 
and it.- removal by excavator.

The use of excavators offered the advantage of removing large
quantities of loose or sintered material very rapidly. However, 
it. was not always possible to remove material to an accurately 
predetermined level.

The heat from the charge and the dust from the collapsing burden 
made it very difficult for the sampling team to remain in the 
furnace for very long periods at a time to carry out very acc u
rate measurements and pin-point the sampling localities. The 
sampling localities given arc estimated to be within 0,25 m of 
the planned localities.
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b . 4 The Internal St ruetui^_gi_FurnaiL^Mi2
The internal structure of furnace M10 is described with re t ci c m  i 
to the observations and measurements made around the No. 1 e l e c 
trode since this electrode was exposed more successfully than 
electrodes 2 and 3.

Figure 6.3 shows section AA indicated in Figure 6.1. The d i f 
ferent zones around the electrode are delineated by discrete 
boundaries a though the boundaries in the furnace were diffuse. 
The different zones were distinguished by differences in the 
size of the charge components, the colour of the c h a rge, its 
composition and the apparent stage of reaction reached. The 
appearance of the different zones in the vicinity of electrode 
No. 1 is shown in Figure *.nd described briefly below.

Zone 1 : This is the cone of fast descending burden around 
the electrode. The " f e r i a l  at the top was loose and had u n d e r 
gone little physical 'ange. Sintering of material was apparent 
at level C with considerable fusion and consolidation of the 
charge at level D. The charge in zone 1 retained its lumpy- 
character .

Zone 2 : This zone consisted of loose charge at the top and 
loosely sintered material at the level ot the electrode tip.
An enrichment in reducing agents was a pp aren t. Significant 
decrepitation of material had occurred and the colour of the 
charge was brown. The amount of decrepitation indicated that 
the charge had been retained at relatively high temperatures 
for prolonged periods. The boundary between zones 1 and 2 was 
enriched in reducing agents particularly at level B where s u b 
stantial volumes of reducing agent were seen oxidising during 
the excavation. The oxidation of reducing agents produced ash 
which indicated clearly the areas enriched in reducing agents. 
The boundary between zones 1 and 2 is shown in Figure 6.5.
The segregation of reducing agent evidenced by the light colour 
of the ash is clearly visible.
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Figure 6.4 The appearance 
of the zones in the 
v i c i n i t y  of electrode No.l

Figure 6.5 The diffuse bv indary between zones 1 and 
2 (Figure 6.3) made apparent due to 
segregation of reducing agents. Note the 
penetration of the furnace shell.



Lone 3 : The material in this zone was loose at the top and 
loosely sintered at the b o t t o m . Decrepitation of the charge 
and segregation of reducing agents were very extensive. The 
rate of movement of material in this zone was probably extremely 
l o w .

one 4 . This zone consisted of loosely sintered charge and 
extended upwards from the hearth as indicated in Figure 6.3. 
Sintering and slag formati.cn were more extensive than in zones 
2 and 3.

Zone 5 : This zone consisted mostly of accretions of carbonaceous 
material and occupied the position of the original carbon lining 
of the furnace.

Zone 6 : This zone consisted of the original carbon lining 
of the furnace which had not reacted with the c h a r g e . The 
thickness of the carbon lining varied from place to place in 
the furnace being completely absent in some a r e a s .

Zone ~ : This zone consisted mainly of reducing agents and some 
slag and corresponded to what is commonly referred to as the 
'coke bed'. The material was firmly packed a round and under 
the electrode tip leaving no cavities, as was also the case 
with electrodes 2 and 3.

Zone 8 : This zone was a mixture of slag and reducing agents.
The material could he broken easily owing to the crumbly nature 
of the slag. Zone 8 was similar to 7 except for its lower c o n 
centration in reducing agents Zones 7 and 8 are illustrated 
in Figure 6.6. Figure 6.7 is a close-up view of zone 8 and 
shows the decrepitating nature of the slag and the reducing 
agent embedded in it. The lumps ot reducing agent exhibited a 
smooth surface indicating erosion due to reduction and mechanical 
act i o n .

Zone 9 : This was a layer of slag with some reducing agents.
The slag was powdery underneath the electrode and had a sand
stone consistency further to the sides of zone 9. Towards the 
edge of the zone the slag was hard and crystalline. Part of



Figure 6.6 The 'coke bed' directly underneath the
electrode (E) and the coke-enriched zone 
■i♦ some distance from the electrode tip.

Figure 6 . n A close-up view of zone 8 (Figure 6.3)
showing lumps of reducing agent embedded 
in the slag.



zone 9 is shown in Figure 6.8 together with some ot the nei gh
bouring zones. Lumps of slag with the sandstone consistency 
can be seen in the layer of powderv m a t e r i a l .

Zone 0 : Zone i0 consisted of alloy and slag. Ihe alloy in 
some egions contained graphite flakes and cleaved along these 
flakes under pressure. Alloy that contained graphite flakes 
was also found higher in the furnace.

Pieces of carbon paste that had broken off from the electrode 
are indicated in Figure 6.3 as zone 11. A layer of slag was 
present arcund the lumps of paste (Figure 6.8) indicating re
duction of the ore by the electrode paste.

The casing of the electrode had been eroded by reaction with 
the environment and the electrode tip showed a 'finger-like' 
structure due to reaction and erosion. The mild steel 'ribs 
used to re-enforce the electrode had been removed close to 
the electrode tip and it appeared that most of the gaseous 
products of reaction escaped through the channels so created.
The shape of the tips of electrode Nos. : and 3 was similar 
to that of Electrode No. 1 except for a less pronounced 'finger- 
like' appearance. The diameter of the electrode was slightly- 
reduced over a distance of about 800 mm from the tip. The 
appearance of the tip of the No. 1 electrode is shown in
Figure 6.9.

The dimensions of some of the zones were obtained from measure
ments made during the excavation and are shown in Figure 6 . a.
The boundaries of the zones that were not measured were drawn 
to a first approximation from sketches made during the e x 
cavation and from photographs.

The zones around electrodes 2 and 3 were not observed in great 
detail due to the collapsing of the burden upon removal ot the 
No. 1 electrode.



Figure b.8 The variable consistency of rone 9.

Figure 6.9 The 'finger-1 ike' appearance of 
the tip of electrode No. 1.
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A large heap of sintered charge in the central region from 
Level E downwards indicated a partially 'dead zon e1 in the 
centre of the furnace. In this region the lumps of reducing 
agent were surrounded with slag and appreciable amounts of 
metal were observed at the interface between the slag and the 
reducing agent as indicated in Figure 6.10. This mode of 
occurrence of metal was not observed in other areas of the 
furnace.

6.5 Processing of Furnace Samples
It is to be expected that samples taken from an industrial 
furnace would be heterogeneous even on a scale of a few tens 
of millimetres. It was therefore necessary to take fairly 
large samples in order to ensure that maximum benefit was 
gained from t h e m . The mass of the samples varied with locality 
being in general greater than 2 k g . The samples taken from 
face CE-^Wj ranged n mass between 2 and 10 kg the average mass 
being 4,6kg.

The samples were processed according to the general scheme 
shown in Figure 6.11. Through this procedure it was possible 
to investigate aspects of furnace operation such as the d e 
crepitation of the b u r d e n , segregation of the reducing agent 
and the reduction of the ore. It is clear that the procedure 
shown in Figure 6.11 could not be used with all the samples 
since some of them consisted entirely of slag or metal.

The approximate temperature in a limited number of furnace 
localities was determined by establishing the phases in lumps 
of quartzite flux.

The phases present in lumps of partially reduced ore or in the 
metal were studied by the microscopic examination of mounted 
sepc imens, by X-ray diffraction analysis and by X-ray m i c r o 
analysis. Chemical analyses were carried out mainly on the 
metallic component of the samples to determine the processes 
occur ing in the formation of the alloy.



Figure 6.10 The appearance of the par t i a l l y 
dead zone in the central region 
of the f u r n a c e . Lumps of reducing agent 
are embedded in the slag and alio) 
appears at the interface b e t w e e n  
the slag and the r e d u c i n g  agent.
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I

Photograph sample

Screen through 3,33 mm screen 
____________ :___ i-------------

Material < 3,53 m m — ►weigh

Note components 
►present and 
a p p r o x . proportions

Take samples (generally 
1 sample taken for X-ray 
diffraction analysis).

Material > 3 , 55 mm1
O r e  ► Weigh* Reducing

agent

Note components (eg 
►ore, jlag, met al) 
retain samples of 
inttre '

Fake ; t i.e

Crush

Separate metal for 
►chemical and X-ray 
diffraction analysis

Take samples ror 
microscopy and X-ray 
diffraction analysis

Figure 6.11 Scheme for the processing of furnace samples,
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6 . 6 Examination of Samples rrom Face Cli ̂ IV ̂

6.6.1 V i sual Exam i n a t ' in
The samples tint were success'!, 1 taken from face Cb^.V^ are 
shown in Fignr 6.12. A r ;n!m.i y of the visual examination of 
the coarse f r : t ion of these samples is shown in Table 6.1 
The fine fraction consisted mainly of reducing agent and some 
ore or sl a g .

The term slag n Table 6.1 is used in a very broad sense to 
describe a product formed by the fusion and fluxing of burden 
components that was more or less homogeneous on a macroscopic 
sca le. The appearance of the slag varied with furnace locality 
and the differences will become apparent in subsequent sections 
where the results of microscopic investigati ns and X-ray 
diffraction analysis are considered.

The samples from level E in the central region of face CE^W^
showed extensive sintering and metallization although the 
original ore lumps could still be distinguished.

The slag at level E underneath the electrode was powdery as 
shown in Figure 6.15 and indicated that the material in this 
locality had been in the liquid state. The slag at level F 
was coherent and consisted of the hard crystalline and sandstone
varieties as indicated in Figure 6.14.

The a 1'1 '' in this sample occurred as globules disseminated 
in t* .3, as 1 graphi t ized1 lumps and as lumps that showed
no a p p c * . _ n t  graph it i zat ion . This type of mixture was encountered 
in samples from levels E and F . In such cases chemical analyses 
were carried out on the different types of alloy.

The samples from position 1 between the electrode and the furnace 
wall formed a continuous series and supplied a lot of infor
mation with regard to the physical ”nd chemical changes und e r 
gone by the ore during its descent towards the hearth.
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Figure 6.12 Vertical section through plane C E . ( F i g u r e  6.11 
Closed circles indicate samples that were taken 
Open circle indicate samples that were not 
taken .
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Table . 1
Summary of the visual examination of the coarse fraction 
of samples from face C E ^

Sample
SAMPLE POSITION

leve 1
3 2 1 0 1 2 3 4

B X X B B B X X

C X x X B+S+A X B X

D X X X X S+A X X S + R

E SL+S+ S+R 
A+R

S + R SL SL+A SL+A+R A SL+R

F X x X SL+A SL+A SL+A SL+A A

B = bvrden-mLxture of unreactcd or partially reacted ore
and reducing agent.

S = sinter-mixture of any number of constituents held
together by slag.

A = alloy-any metallic phase
R = reducing agent - any carbonaceous material
SL = slag - a homogenous constituent (macroscopically)

formed as a result of fusion and fluxing 
X = samples not taken from these localities



Figure 6 .

Figure 6 .

Powdery slag in sample 1/E/0.

Lumps of slag with associated alloy in sample 
1/F/O.
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A faint green colour in the ore at level B indicated that 
reduction of manganese oxides to manganous oxide was taking 
place. It has been seen from the results of the SC ICE experi
ments that this colour change takes place under conditions 
that would cause the reduction of iron ox'de to metallic iron.

At level C considerable sintering occurred and appreciable 
amounts of alloy appeared as globules on the lumps of ore.
A lump of sinter from sample 1/C/l is shown in Figure t>.15.
The ore is covered with a layer of slag of the order of 1 to 2 
mm thick and a lump of coke is cemented in the centre. Met a l 
lic globules appear as finsures on the surface of the sintered 
ore. This structure shows clearly that direct contact between 
coke and ore or slag is not necessary for reduction to metai.
It will be seen from Table 6.5 that the alloy contained 54 per
cent by mass of mangane se.

At level D the proportion of slag increased significant]> as 
indicated in Figure 6.16 which shows a section through a 1 -mp 
of sinter. The positions from where lumps of reducing agent 
became dislodged are indicated. The general distribution of 
metallic globules in the section is indicated for clarity by 
circles or d o t s . It can be seen that there is little direct 
association between the solid reducing agent and the alloy and 
that the bigger metallic particles are situated at the inter
face between the partially reduced ore and the slag.

The structure shown in Figure 6.16 was not encountered in 
samples from levels E and F. The nature of the samples from 
these localities indicated that as the sintered mateiial 
from level D descended to level E it entered a region of
very high temperature and vigorous stirring. These conditions
made the slag that held together lumps of ore and grains ot 
oxide very fluid causing the complete dispersal of the oxide 
grains in the s l a g . Th< mixture formed a coherent mass upon 
cooling and solidification. TV a appearance of samples from 
levels E and F was similar to that shown in Figure 6.14.



Figuie 6.15 Sinter from sample 1/C/1 showing the distribution 
of metallic part ides .
Actual size.

v  s- %

„ure 6.16 Sinter iron sample 1/0/1 showing partially reduced 
ore (dark grey) , slag (light grey), alloy, and the 
positions of particles of reducing agent (C).
Pni i <hpd 4 X



Samples further away from the electrode showed less extensive 
reduction and a higher proportion of reducing agent and tine 
material at all furnace levels.

The fine material that resulted from the oxidation ot reducing 
agents during the excavation and from the decrepitation of 
burden components is illustrated in Figure 6.1" which shows
sample 1/3/2.

The segregation of reducing agent and excessive decrepitation 
of the burden are illustrated in Figure 6.18 which shews sample 
l/C/3. Samples from position 4 showed a similar appearance 
to sample l/C/3 with a greater or lesser proportion ot ore or
s l a g .

The proportions of fine material (less than 3,33 mm) and r e 
ducing agent in samples that contained these components are
indicated below.

: : :

l/B/2 
l/C/3 
1 /D/4 
l/E/4

19,5 0
33 65
40 63
78 88

6.6.2 M icroscopic examination
All the samples taken from face C E ^  were examined mic ro
scopically. The changes that occurred in the ore were similar 
to those observed in samples taken from the SCICE ex p e r i m e n t s .
The progressive changes in the structure of the ore, with in
creasing depth in the furn e, and the changes in the alloy 
will be discussed by reference to the samples taken trom position 
1 in plane CE^W^ (Figure 6.21.
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Figure b .

\ igure 6 .

Fine material in sample l/B/2 generated by the 
oxidation of reducing agents and decrepitation 
of ore lumps.

18 Segregation of reducing agents and excessive 
decrepitation of the burden in sample l/C/3.



209

The dissociation of gangue minerals and the reduction of highei 
manganese oxides to manganous oxide occurred at level B in the 
furnace. These reactions led to the formation of a sponge
like mass of oxide as indicated in Figure 6.19. The pores m  
the structure were probably filled, in part, by oxides such as 
CaO, MgO and SiO, resulting from the decomposition of calcite, 
dolomite and braunite. Traces of metal were present in some 
ore particles.

At level C the gangue minerals reacted to form a slag while 
the spongy oxide began to break up into discrete particles as 
indicated in Figure 6.20. An appreciable amount of metal forme 
and the amount of porosity was reduced due to the surface 
tension of the viscous slag. The pores began to attain a more 
or less rounded configurat n.

At level D the amount of porosity in the ore was reduced to a 
very low level, the oxide grains in the slag matrix attained 
a well rounded shape and increased in size, the number of 
metallic particles in the interior of the ore particles increased 
while their size was basically unaltered and the size of 
metallic globules on the surface of ore particles increased 
drastically. The metallic particles in the interior of ore 
particles showed a single phase while the alloy globules on 
the surface consisted of at least two phases (Figure 6.211.
The structure of alloy globules on the surface of ore particles 
varied from hypoeutectic to hypereutectic. The large alloy 
globule shown in Figure 6.21 has a eutectic structure showing 
dispersed particles of austenite in a matrix of carbide.

The structures observed in samples 1/E/l and 1/171 were dr a s 
tically different to the ones already d es crib ed. These two 
samples consisted of 'slag' of the sandstone and hard crystal
line varieties. Microscopic examination showed that the hard 
crystalline material consisted almost entirely of MnO which 
occurred as extremely coarse grains (Figure 6.22). These grains 
were surrounded by a thin film of slag while metallic particles 
occurred intcrstitially between oxide grains. Some metallic 
particles were found in the interior of oxide grains. These 
were invariably smaller than interstitial metallic p a r t i c l e s .
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Figure 6.19 The porous structure of partially reduced ore 
from sample 1/B/l.
Polished 120X, enlarged 45 per cent.

Figure 6.20 An ore particle from sample 1/C/l showing MnO 
particles flight grey I and metallic particles 
(bright) in a matrix of slag. Pores appear black. 
Polished 120X, enlarged 45 ;er cent.



211

Figure 6.21 Metallic nuclei and grains of MnO in a matrix
of slag. An alloy globule of eutectic composition 
adheres to the surface of the ore particle from 
sample 1/D/l.
Etched 2% HNO- in alcohol, 120X, enlarged 4s per 
cent .

Figure 6.22 Coarse grains of MnO surrounded by a film of 
slag in sample 1/E/1 .
Polished, 6OX, enlarged 33 per cent.



The sandstone-1 ike material was similar in structure to that 
described above although the proportion of slag was much 
higher and the oxide grains significantly smaller (Figure 6.23).

The 'massive' alloy in samples 1/E/l and 1/F/l was of two d i f 
ferent varieties the one consisted of crystalline material 
while the other showed flakes of precipitated graphite. 'Ihe 
graphite flakes reduced the strength of the alloy to the extent 
that it could be broken by h a n d . Figure 6.24 shows thick flakes 
of graphite in the alloy from sample 1/F/l. Very thin t lakes 
of graphite were also found in the alloy. Lines in the alloy, 
similar to those shown in Figure 3.21 were probably due to 
extremely thin graphite flakes which could not be reso 1'e d .

6.6.3 X-ray Diffraction Analysis

6.6.3.1 Analysis of the Non-netal1 ic Constituent
X-ray diffraction analyses were carried out on all the samples 
from face CE^v, . Table 6.2 shows the phases identified in 
samples which contained mostly non-metal 1 ic m a t e r i a l . Lumps, 
of alloy were not included in these samples in order ro obtain 
better peak to background intensity ratios from the phases 
present. The phases are given in decreasing order ot abundance. 
It may be noted that ihe phases identified in samples trom 
nos i t ion 1 between the electrode and the furnace wall confirm 
the results of the microscopic examination given in the p r e 
ceding section.

Further X-ray di ffraction analyses were carried out on selected 
constituents of some of the samples from face CE^IV^. The 
constituents analysed and the phases identified are shown in 
Table 6.3 in decreasing order of a bu ndan ce. It may be noted 
that the presence of carbon as the major constituent of the 
fine fraction of many samples coniirms the results of the 
visual examination of these samples.

6 .6 . 5 . 2 Analysis of the Alloy
The phases in the metallic component of the samples were in
vestigated in more detail by X-ray analysis. Samples were 
prepared from lumps of alloy or from alloy gle )Ules separated 
from slag or sinter.
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Figurv 6.2? Grains of MnO and metallic particles in a 
matrix of slag from sample 1/F/l.
Polished, 60X, e..larged 5 5 per cent .

Figure 6.24 Thick flakes of graphite in the alloy from 
sample 1/F/l .
Polished 12 0 X , enlarged 45 per cent .
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The phases identified are shown in Table 6.4. It should be 
noted that constituents in low proportions in the alloy were 
also present but they were not positively identified trom t e 
diffractograms. For samples 1/F/O and l/F/2 analyses were 
carried out on alloy of two different chemical compositions 
(Table 6.5). The 'graphitited' alloy from sample 1/F/O e x 
hibited (Fe, M n )7c .  as the major phase. The 'crystalline' 
alloy contained mainly (Fe, Mn)7 C 3 with a small proportion o!
(Fe , M n ) gL .

The ' g r a p h i t ized' alloy in sample l/F/2 showed (Fe, M n ^ C .  
and (Fe, MnlgCw while the alloy globules that were s e p a r a t e d  
from the slag showed a pattern that agreed well with that ot

FeO , 4 N,n3.6C and M n *
It can be seen from Table 6 . 4  that the lower carbides form in 
the higher regions of the furnace while the higher carbides 
form in the lower furnace regions. Discrepancies occur in 
samples which did not contain alloy in the massive form.

The diffractograms obtained were, in most cases, significantly 
different to those obtained from SCICE samples. Definite 
changes in the diffractograms were found with increasing carbon 
content of the alloy as shown in Figure 6.25. For a carbon 
content of 7,7 per cent (sample 1/F/O, Table 6.41 the diffracto- 
gram (Figure 6.25a) was similar to those of SCICE samples 
(Figure 3.25) . As the overall carbon content increased the 
intensity of certain peaks was reduced until they finally 
disappeared (Figure 6.25 b and c'. This sequence indicated 
that an increase in the overall carbon content was accompanied 
by an increase in the proportion of combined carbon in the
a l l o y .

The phases (Fe, Mn),C and (Fe, M n ) 7Cj in Table 6.4 were not 
arrived at by direct comparison of experimental and known 
d-spacings but by comparison with the data for Fe,C and O - C  
The carbide Fe.C is isomorphous with Mn,C U i  which is isomorphous

1 76with (Fe, Mn)gC
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a)

i-(Fe,Mn)5C2
ii-(fe,Mn)7C5

Sample 1 / F / O  

7,7 per cent 
carbon .

1 + 11

b)
i-(Fe.Mn) r*- , 

ii-(Fe,Mn)7C“

Sample l/E/2 
;i 8,8 per cent carbon.
| Graphite precipitation

c)
i - (Fe ,Mn)rC? 

i i - (Fe.Mn)Re

s a m p l e  1 / F / O  

10,2 per cent carbon. 
Graphite precipitation

i ■ i i ■ i t 1 I 1-- 1--- 1— J-- 1 J, L— J-
60 56 52 48 44 40 .̂ 6

ANGLE 2 0

Figure 6.25 Variations in the X-ray patterns of the alloy 
with increasing carbon content.
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Similarly, Cr^C, is i somorphous with MruC- ~ which is iso-1 ? 6morphous with (F e , M n ) 7C^ “ .

It should be noted from Table 6.4 that in some samples <-Mn 
and a-Fe occurred as separate phases and not as a solid 
solution or austenite as predicted by the Fi-Mn phase diagram ^  1. 
This indicates that the manganese formed by the melting of pre
viously volatilised material which condensed in the colder 
furnace regions.

6." The Chemical Composition of Alloy?
Chemical analyses were carried out on the metallic component 
of samples from face CE^IV^ in an attempt to establish possible 
trends in the composition of the alloy and deduce the processes 
that occur during furnace operation. The results are shown 
in Table 6.5 and Figure 6.26, 6.2™ and 6,28.

Figure 6.26 shows the composition of alloys from position 1 
between the electrode nd the furnace Wu 11. It can be sec., 
that the alloy became richer in manganese as it descended from 
level C to E . The decrease in manganese content between levels 
E and F was due to a drastic increase in the carbon content of 
the alloy. The iron content of the alloy decreased with in
creasing depth in the furnace. It is clear that the hematite 
in the ore was mainly reduced between levels A and C in the 
furnace. The carbon content of the alloy increased between 
levels C and D and decreased between levels D and E . These 
changes in carbon content can probably be explained on the basis 
of the physical condition of the c h a r g e . Carburization of the 
metal between levels C and D by carbon monoxide, was possible 
due to the porous nature of the sinter (Figure 6.15) . The 
carburisat ion of alley globules at level E was probably not 
efficient due to the absence of porosity (Figure 6.22). T h e r e 
fore any reduction of manganous oxide by carbon dissolved in 
the alloy would result in an alloy of reduced carbon content.
The alloy at level F formed a pool and dissolved carbon from 
the reducing a g .*nt with which it was in c o n t a c t .
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Figure 6.27 The composition of alloys at level E and 
at various distances from the centre of 
the furnace hearth.
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to the electrode. Samples from the central region 
furnace showed the opposite behaviour.

= S E B = i '
than by its horizontal distance from the furnace centre.

5 8 X-ray Microanalv s is of r ^lag_arid Ox ide_

e e

compos it ion.

The analyses of the oxide show that this phase contained mainly 
MnO with MgO as the main impurity.

: : : t : : - r : : ^ i r : i : t a : : ^ y c: i : ^  » h i u  th= proPo,.-
thp r.aO and MnO varied v
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The variations in the analyses of the oxide and rhe slag were 
investigated by carrying out duplicate tests and by micro- 
ana lys is traverses which indicated that the variations observed 
actually existed. A microanalysis traverse from the centre of 
an oxide grain through the slag to the next oxide grain in a
partiiii from sample 1/E/ 2, is shown in figure 6 . _ U . It ‘.an
be seen that the analyses of both the oxide and the slag are 
highly consistent and that they are in good agreement with 
the average values shown in Table 6.6.

The alloy globules contained mainly Mn and Fe with small p r o 
portions of Si.

The ratio of Mn to Fe increased with an increase in the size of 
the alloy globules. Figure 6.30 shows a plot of percent Mn
and Fe .gainst globule size for samples trom fac• . and
CE ,W7 . The analyses show appreciable scatter as might be e x 
pected from the nature of the reduction pro cess. However, the 
trend of increasing Mn to Fe ratio with increasing globule 
size is evident. As in the case of SC ICE samples all the 
globules analysed contained manganese. The total manganese 
plus iron analysed was equal to or greater than V S ,6 per cent 
in all cases indicating that globules as small as 1 u m in dia- 
meter could be analysed without significant interference from 
the matrix. Interference from the matrix would be indicated 
mainly as Ca and Si since the globules were surrounded by slag 
in the main. This was in fact observed when attempts were 
made to analyse globules of about 0,5 urn in diameter or less.

6 .9 Examination of Samples from Face CE , lv ,
The examination of samples from face CE^W, (Figure 6.31) was 
carriec. out by use of procedures similar to those described 
for samples from face C E ^ W ^ .

6.9.1 Visual Exam i nation
ae location of samples that were successfully taken from face 

CE ,1V, is indicated in Figure 6.31. The samples were examined 
visually to assess the condition of the charge at the different 
levels and positions within the furnace. A consise description 
of the components in the samples is given in Table 6.7.
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Sample position

0 ,"5m

1 ,0m

1 ,0m

5 ,0m

■ • i successfully
in plane CE.W-, (Figure 6.1).

Figure 6.31 The location of samples that were 
taken (full circles) i
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The appearance of the samples indicated that reactions in 
plane CE.W, had not progressed to the same extent as in plane 
C E jW j . Ore samples taken from levels C and D showed little 
sintering and metallisation.

Appreciable sintering had occurred in samples from the central 
region of plane CE-^W, although the original ore lumps could 
still be distinguished. The alloy in samples C/2/E/2 and 
C/Z/E/l occurred as spongy lumps that contained apprec abie 
quantities of non-metallic material.

Complete fluxing of the ore had occurred at level F where slag 
of a sandstone consistency formed. The hard crystal 1 r.e type 
of slag that was found in samples from plane C F ^  wai not 
observed in samples from plane CE^hj.

The samples taken directly underneath the electrode indicated 
that complete fluxing and fusion of the ore had not occurred.

The presence of a coke bed, such as was observed underneath 
electrode No. 1, was not indicated by the samples taken near 
electrode No. 2.

Lumps of alloy showing precipitation of graphite were not 
found. Screen analyses were carried out to determine the pro
portion of fine material (<3,35 mm) in the samples and to 
facilitate separation of the lumpy reducing agent trom the 
charge. The proportions of fine material and reducing agent 
in the coarse fraction of the samples are shown in Table 6.8. 
The fine fraction of the samples contained varying amounts of 
reduc ing a g e n t .

6.9.2 Microscopic Examination
The ore and sinter in samples from tace f.E^h, were re-sampled 
and examined microscopically after mounting and polishing.
The phases identified are indicated in Table 6.9.
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TABLE 6.8 The proportions of fine material and r e d u c m g  agent
—  5 rtf cninnl PS from f aCC LtyA-

Samp 1e 
code

2/C/l
2/C/2
2/C/3
2/C/4
2/D/O
2/D/1
2/D/2
2/D/3
2/D/4
C/2/E/2
C/2/E/1
2/E/O
2/C/l
2/E/2
2/E/3
2/E/4
C/2/F/2
C/2/F/1
2/F/O
2/F/l
2/F/2

Ma terial
<3,33 mm mass

7
14
0
0

29
19
5

25
31
0
0
0
0
0

54
22
0

28

37
31

Reducing agent in material 
>3,33 mm mass 1 ____

12
23

100

100
19
14
95
100
100

8
5

5
100
46
78

32

63
69
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The degree of reaction in these samples was significantly lower 
than that of samples at the same level in face C E ^ .  It can 
be seen from Table 6.9 that the original phases in the ore, 
namely silicate and carbonates, were present in samples taken 
from level C. These phases were completely reacted to man- 
ganous oxide and slag at level B in plane C E ^  f Table 6.2). 
Complete reaction of the silicate and carbonates to form slag 
and grains of MnO occurred at level D or lower.

The microstructures observed in partially reduced particles 
of ore were similar to those presented in section 6.6.2.
(Figures 6.19 to 6.21) .

6.9.3 X-rav Diffraction Analysis

X-rav diffraction analyses were carried out on the different 
constituents of the samples. The phases identified are shewn 
in Table 6.10 in decreasing order of abundance.

It can be seen that the analyses confirm the presence of 
the original minerals in sample 2 /C/1. However, comparison 
between Tables 6.10 and 3.2 shows that the order of abundance 
of the different minerals in sample 2/C/l changed from what 
it was in the raw ore. It is evident from Table 6.10 that 
some of the braunite in sample 2/C/l had decomposed to form 
hausmannite ( M n ^ )  which was the second mineral in order of
abundance.

The phases in the alloy in samples from plane CEjW, were not 
identified precisely. The chemical composition of the alloys 
(Table 6.11) shows that these belong to the (Fe, M n l F e , M n ) j L ,  
or the (Fe, M n ) 2,C6 + (Fe, M n ) 5C 2 phase fields (Figure 4.1).
Crystallographic data on the carbide (Fe, Mn)23C6 do not appear
to have been published.

6.9.4 The Chemical Composition of Alloys 
The chemical composition of the alloy in samples trom face 
CE-.W 7 is shown in Table 6.11.



rABLB b. H) Phan • ln_the dtffeient consi itnent j : ' • ' 1 . h.■
Constitnent Phases

2 /C/i Ore
material <3,33 mm

Braun i te , Mn^O^, Ca Mg(COj)2, CaCOj, Fc 0̂  ̂
Braunitc , C, CaMgiCO^) ̂ , CaCOj, MiijÔ  , Fe20j

2/C/2 Ore
material <3,33 mm

MnO, C, x*
MnO, C, Ca2Si04 , x

2/D/O ore
material < 3,33 nun

MnO, Ca,Si04 , x 
MnO, C, x

2/D/1 ore
material <3,33 mm

MnO, Ca2Si04 , x 
MnO, x, C

2/D/2 ore MnO, Ca2Si04, C

2/D/3 material <3,33 mm C, MnO, (Ca,Mn)2Si04

C/2/D/2 ore
quartz ite

MnO, (Ca,Mn)2Si04 
glass, tridymite

C/2/E/1 ore
quart zitc

MnO, (Ca,Mn)2Si04 
tridymite

2/E/O ore MnO, 1e
2/E/l ore

qua11 Z 1 te
MnO, (Ca,Mn)2Si04)
u-quartz, low o-cristobalita, tridymite

2/E/3 material ■ 
slag

=3,33 mm C, MnO, x
MnO, (Ca,Mn)2Si04 , C , x

C/2/F/2 slag MnO, (Ca,Mn)2Si04

C/2/E/1 material <3,33 mm (Ca ,Mn)2Si04

2/F/l material <3,33 mm C, (Ca.Mn) Si04 , MnO

2/F/2 material <3,33 nun C, (Ca,lm)2Si04
* One ore more unidentified phases in appreciable proportions.
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The alloy in sample C/2/F./1 was low in carbon and contained a 
significant amount of slag as indicated by the high silicon 
content, of the alloy and by the presence of calcium. The m a n 
ganese content of the alloys from le.el F was significant ly 
higher than that of samples from level F.

6.9.5 X-ray Microanalysis of Metal, Slag and Oxide
The results of X-ray microanalyses on samples from face C E ?W- 
are indicated in Table b .12 which shows the mean values of a 
m i n i m u m  of s determinations on each constituent.

The concentrations of the major elements in the three consti
tuents, m e t a l , slag and oxide were in good agreement with those 
obtained from samples of face C E ^ .  Variations in the analyses 
of different samples could be expected due to sample inhomo
geneities and to variations in the composition of the ore lumps. 
For instance, the low Mn and high Mg contents of the oxide in 
sample 2/D/2 were due to the presence of ore lumps that were 
depleted in manganese min e r a l s . Upon partial reduction the 
oxide grains that formed were enriched in Mg content. The 
appearance and the mode of occurience of these grains was simi
lar to those of other samples as indicated in Figure b . 52. It 
is evident from the amount of sl a g , metal and oxiue in Figure 
6.52 that the ore lump was originally depleted in manganese 
minerals. The oxide grains analysed about 70 ner cent Mg, 27 
per cent Mn and 5 per cent C a . The composition of the grains 
illustrates clearly the tendency for magnesium oxide to form 
a solid solution with manganous oxide rather than to dissolve 
in the slag. The slag natrix in which the oxide grains occurred 
contain ’ mainly lime and silica with smaller amounts of MnO,
K,0 and Na-,0.
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i Grains of a solid :oluc ion of MnO and MgO 

idark grey) with adhering metallic particles 
(light grev) in a matrix of slag.
SEM 500X.



CHAPTER 7

7.0 DISCUSSION

• 1 Some Practical Aspects of Suhnerncd-arc Furnace Operation

The problems associated with the excavation of and the taking of 
samples from furnace M10 have already been pointed out. One of 
the major problems associated with the entire project was the 
fact that only the zones a round electrode No. 1 were observed 
and studied in some detail. The zones a round electrode N o s . 2 
and 5 could not be reconstructed with a sufficient degree of 
certainty because the number of samples taken from planes 
CE.,ls., and i.F.l\. was insufficient. In spite of these problems 
useful information may be obtained by analysing the entire furnace 
volume on the basis of the observations and measurements made 
in the vicinity of electrode No. 1 (Figure 6.3). It is obvious 
that some assumptions have to be made in this respect.

'.1.1. Burden Movement and Distribution of Zones in Furnace M10

Since the furnace cooled down extremely ly significant
changes could be expected to take place the hotter furnace
regions where solid and liquid phases coexisted. However, the 
slow cooling rate would have little effect on several of the zones 
shown in figure 6.3. It has been seen from the results of the 
SCICE experiments that retaining the charge at 1400°C for periods 
of between 0 and 4 hours did not have a profound effect on its 
physical or chemical n a t u r e . The appearance of the furnace 
samples suggested that the temperature in a significant 
proportion of the zones observed was well below 14 0 0 ° C .

The material around the electrodes (zone 1, Figure 6.31 descends 
rapidly into the high temperature region underneath the electrodes 
where melting and smelting take p l a c e . If it is assumed that 
zone 1 (Figure 6.3) will tend to attain a circular shape of 
equal diameter around the three electrodes then the area of 
rapidly descending material at stockline level can be traced as 
in Figure 7.1. It can be seen that the burden over a 
substantial proportion of the cross-sectional area of the furnace



Figure 7.1 The area occupied by partially or
completely stagnant burden (shaded) 
at stockline level.
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is partially or completely stagnant. Calculation wi 
show that, to a first approximation, only 45 per cent o 
t h e  cross-sectional area, at stockline level, is active.
\s can be seen from Figure 6.3 the proportion of the cross- 
sectional area of the furnace occupied by partially or 
completely stagnant material increased with increasing dept 
in the furnace. It is evident, therefore, that the active 
volume of the furnace was significantly less than 45 per cent 
of the entire volume. It could be expected however, that 
the active furnace volume would increase with an increase 
in furnace load. Andreae, U  Kelly " a n d  Koetzee 
consider that the reaction zone around the electrode 
is circular in cross-section with an area proportional to 
the power imput. Thus if the size of zones 8 and 9 in 
Figure 6.3 increased, the size of zone 1 can also be expecte
to increase.

If it is assumed that the zones beneath all three electrodes 
will tend to attain a circular configuration ot equal 
size then Figure 7.2 may be constructed from the dimensions 
of zones 8 and 9 shown in Figure 6.3. Figure .- shows 
the extent of the slag layer and of the mixed slag/oxide
layer.

zones 8 and 9 as well as zone 7 probably comprised a single 
zone during furnace operation as might be expected from 
the enormous quantities of the gaseous reaction products 
generated which would keep the reaction zone in a state 
c. intense agitation. If it is assumed that the reduction 
of manganous oxide by carbon takes place according to 
t h p  r e a c t i o n :

MnO + C » Mn + CO .

it can easily be shown that the reduction of 1 kg of MnO 
by 0 17 kg of carbon will produce 0,77 kg of manganese 
and 0 39 kg of carbon monoxide. At an estimated reaction



S c a l e  10 mm a 1m

Figure ^ .2 Horizontal section through furnace M10
showing the diameter of the furnace at roof 
and floor levels and the extent of the 
reaction zone around the three electrodes.
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temperature of 1600°C this quantity of gas, at standard 
pressure will occupy about 2140 1. Since the production 
rate of the furnace is 8,56 tph (Appendix 3) of about 
80 per cent ferromanganese the reduction of 1 kg of MnO 
takes approximately 0,4 s e c . It is evident that under 
these conditions the separation of cones according to 
specific gravity is unlikely.

As shown in Figure 7.2 the reaction zones overlapped in
the central region of the furnace, touched in the centre
and tended to penetrate the furnace lining. The last
condition is undesirable since it could result in
reactions between the charge and the lining. This was
probably one of the reasons why the furnace shell had
been penetrated in places as can be seen from Figure 6.5.
The extent of the reaction zones in Figure 7.2 related
to the spacing of the electrodes has been termed by 

5 8Kelly "the optimum furnace reaction zone" since these 
do not leave a dead or an overactive area in the c e n t r e .
It is evident how ever, that the diameter of the furnace 
at floor level was about 1,0 m smaller than that determinedC Qby Kelly ' who assumed that power is dissipated over a
fixed area of reaction zone and that the kilowat input is
proportional to the square of the reaction zone diameter.
Kelly further assumed that the electrode spacing determined
by experience was the proper one and concluded that
the diameter of a furnace should be 1,15 times greater
than that determined from a consideration of the optimum

58reaction zone diameter. If Kelly's ‘ criteria are used
in the case of furnace Ml0 it may be shown that the diameter
of the furnace at floor level should have been 12,54m.
It may be noted that the diameter at f1~or level, of the

129rebuilt furnace was increased from 9,9 • to 12,6 m " .
T li

7.1.2 Decrepitation and Segregation of Burden Components

The geometry of the furnace, the mode of burden movement 
and the differences in density of burden components make 
segregation of the reducing agents towards the outer parts 
of the furnace unavoidable.
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Since the density of the ore is considerably higher than 
that of coal or coke it can be expected to flow faster 
in the active furnace volume forcing the reducing agents to 
segregate towards the upper and outer furnace regions.
This was evident from the observations made during the 
excavation and from the results of sample examination 
(('.6.1 and 6.9.1). The segregation of burden components 
in a furnace is a subject that appears not to have been 
treated by previous investigators. Studies on this 
subject could prove to be of significant importance 
due to the similar resistivities of coke and molten slag 6 9 . 
T h u c , it a continuous layer of coke formed between the 
electrode tip and the furnace wall current could be 
conducted from the electrode to the wall rather than from 
the electrode to the 1urnace floor through the slag layer.

In plane the segregation of reducing agent was extremely
high (Table 6.8), especially in samples taken in positions 
3 and 4 between the electrode and the furnace wall. From 
Table A3.2 of Appendix 3 the proportion of reducing agents 
in the charge may be calculated at 17,10 per cent by mass. 
Thus, the segregation of reducing agents at the level of 
the electrode tip (between levels D and E) could cause 
conduction of current between the electrode tip and the 
furnace wall. This would be likely if "cold" burden of 
high resistivity collapsed into the reaction zone or if 
an electrode were raised too far causing an excessive increase 
in electrode to hearth resistance. The conduction of 
current between an electrode and the furnace wall would 
induce smelting reactions in the current path and generation 
of slag which could react with the furnace lining and 
eventually penetrate the furnace shell.

The adverse effects ot conduction between an electrode and 
the furnace wall may be self-rectifying. The smelting 
processes that occur in the current path will generate 
a reaction zone and cause the flow of burden into it.
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This would increase the resistance to the H o w  of current and 
conduction from the electrode tip to the hearth could be 
re-established.

The high proportions of fine material in samples taken at some 
distance from the active zone indicated that decrepitation 
of the ore was caused by long retention periods at relatively 
high temperatures (600 to 900°C ) . The structure and mineralcgica 1 
constitution of Vamatwan ore (Figure 3.1) suggests that the 
finer the ore lumps in the burden (i.e. the greater the surface 
ar e a ) , the greater will be the apparent amount of fine material 
due to the dissociation of che different minerals. As the amount 
of fine material increases the permeability of the burden to 
gaseous reaction products decreases. This aggravates the 
situation further since low burden permeability results in low 
heating and reaction rates and complete stagnation of some 
zones may follow.

The appearance of zones 2 and 4 in Figure 6.3 indicated that the 
material in these zones moved slowly while zones 3 and 5 were 
completely stagnant.

Decrepitation and stagnation of burden in a furnace is highly 
undesirable, because they limit the area through which the reaction 
gases can escape. Figure 6.3 indicates that the gases generated 
in the reaction zone escaped mostly through zone 1. This is 
also evident from the shape of the electrode tip (Figure 6.9) 
which showed severe erosion by solid particles carried in the 
gas es.

The pattern of the electrode tip suggested that electrode wear 
was mainly due to erosion and not to vapor cation by arcing 
as suggested by Muller ' . Arcing would tend to occur preferen
tially from the protuberances at the electrode tip and a smooth 
rounded tip might be expected to result  ̂ . The observations made 
during resistance measurements (5.2.3) and measurements made by 
Urquhartj5 support this view since the tendency for arcing 
decreases with increasing temperature.
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A na r r o w  passage for the gaseous reaction products increases the 
p r o b a b i l i t y  of a pressure b u i ld-up in the reaction zone and of 
furnace 'blow-outs', e s p e c i a l l y  under conditions of redu c e d  load.
It would appear that the risk of 'blow-outs' could be reduced b> 
increas-ng the size of the reaction zone. This could be a c h i e v e d 
by o vercoking the furnace and raising the electrodes to m a i n t a i n  
the same resistance or by increasing the electrode to hearth 
v o l t a g e  i : 8 . If the voltage is increased the electrode must be 
raised in order to increase the resistance which reduces the current 
and makes it possible for the power to be kept constant. An 
increase in the size of the burden c o mponents could also be 
beneficial. However, when the nature of M a m a t w a n  ore and Figure 
6.3 are c o nsidered it can be seen that an increase in the size of 
the reaction zone offers the better solution.

7.2. Reduction of the Ore in the Submerged-arc Furnace_

The e x a m i n a t i o n  of samples from planes C E ^  and C E ^  showed 
that the degree of reduction at a given depth in the furnace 
varied in the two planes. However, the sequence of the reactions 
that o c c urred with increasing depth in the furnace r e m ained the same

The m ajor propo r t i o n  of the ore was reduced in the cone of fast 
d e scending material around the electrodes and in the molten 
regions under n e a t h  the electrode tips. The processes taking place 
during the descent of the bu r d e n  will be d i scussed ma i n l y  with 
reference to the o b s e r v a t i o n s  and m e a s u r e m e n t s  made on samples 
from position 1 in plane C E ^  where it appeared that at the 
time of the shut down the burden was d e s c e n d i n g  in a steady manner.

The main reactions that occur r e d  betw e e n  t,.e dit terent levels in 
the furnace are summarised in Table .1. C o n s i d e r a t i o n  o.
Table 7.1 and of the reactions that took place i.n the SC ICE charges 
(sections 4.2 to 4.4.3) will show that the same reduction 
m ech a n i s m s  were operative in the two cases. Thus the SLICE 
technique can be used to simulate conditions in an industrial
f u r n a c e .
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TABLE 7

Sample
level

A to B

B to C

C to D

D to F

.1 Summary of the main reactions that occurred at 
different levels in the furnace.

Depth
in Reaction Reaction

furnace number
m

0 to 1 1 3 ( M n 0 . 3 M n 20 3 .Si02) = ZlMn^O, + 2 0 2 * 3SiO,

2 CaCO. = CaO + CO,
3 C a M g ( C O - ), = CaO + M g O  + 2C0,
4 M n - 0 4 + CO = 3MnO + CO,
5 Fe,0- + CO = 2FeO + CO,

o FeO + CO = Fe + CO,
CaO + SiO, = C? 0 . S i O ,

1 to 2 8 FeO + CO = Fe + CO.,
9 2CO - [C] a l l o y * C 0 2

10 [C] alloy * Mn0 * > 1  a l l o y  * C0
2 to 3 11 ( M n O ) slag ♦ C - [Mn]a l l o y  ♦ CO

4G?. - 287441 - 170,07T J ' m o l " 1

K j t (lb00°C) ■ 7,41 
12 CMnC»slae * CO - [Mn] a l loy * C 0 2

A G j , • 16734 ♦ 169,37 J ' m o l " 1

K u  (lbOOc,C). 7,94 x 1 0 ' 12
3 to 5 13 (MnQ)s ia g * C - M a l l o y  * C0

14 (MnO) » [ C l llov - [Mn] a l l o y  * c 0 '



Braunite and the gangue minerals dissociated between levels 
A and B and the higher oxides of manganese and iron were 
reduced to their lowest oxidation state by carbon monoxide. 
This was evident from the fact that reduction had taken place 
throughout the cross-section of ore lumps of substantial size. 
Some of the wustite was reduced to metallic iron and reaction 
between lime and silica took place to a limited extent to 
form slag.

Further reduction of wustite to metallic iron occurred between 
levels B and C . The amount of slag increased and formed a 
continuous network through the ore lumps and a film on the 
surface which resulted in appreciable sintering of the burden. 
The formation of slag reduced the permeability of the ore to 
carbon monoxide and carburization of the metallic particles 
in the interior of ore particles did not occur. The metallic 
particles on the surface 01 ore lumps or sinter were readily 
carburized by carbon monoxide and reduction of manganous o x ’de 
by carbon dissolved in the alloy took place leading to a 
subtantial increase in the size of the particles. The 
manganous oxide could be in the form of solid grains or as 
dissolved oxide. Reduction of these two forms of oxide 
would be equally favourable if it is assumed that the 
solid oxide was pure MnO and that the slag was saturated 
in the oxide. It has been seen (2.3.4) that the concentration 
of magnesium oxide in solid solution with the manganous 
oxide was very low during the early stages of reduction. 
Therefore the activity of the oxide in the solid and in 
solution would be close to unity. It can be seen from 
Table 6.5 that alloy globules from the surface of ore lumps 
in sample 1 /C/1 contained j4 per cent manganese while the 
metallic particles in the interior of ore particles contained 
of the order of 2 per cent manganese (Table 6.6). The 
fact that the amount of metal in the immediate vicinity of 
lumps of reducing agent was not greater than elsewhere 
indicated that reduction down to level C occurred mainly by 
carbon monoxide as an intermediate oro duct.

Between levels C and D the proportion of slag increased 
drastically and the partially reduced ore lumps became
completely covered by a thick layer of slag. This facilitated 
the draining of the larger metallic particles to the furnace



hearth while smaller particles adhered to the p a r t i a l l y  
reduced ore lumps. The formation of a substantial 
volume of slag reduced the amount of contact betw e e n  lumps 
of ore and reducing agent and improved contact between 
lag and reducing agent was a t t a i n e d . Under these c o n d i t i o n s  

the ieduction ot m a n ganous oxide appeared to occur by 
d i s s o l u t i o n  of the oxide into the slag and transfer to the 
»lag/reductant i n t e r f a c e . Carbon monox i d e  passing 
through the charge could also reduce m a nganous oxide from 
the slag. However, when the reactions 11 and 12 in 
Table ".I are consi d e r e d  it becomes apparent that 
reduction by solid carbon is t h e r m o d y n a m i c a l l y  more f a vourable

As the burden descended from level D to E and F it entered 
a region of much higher t e m p e r a t u r e  and vigorous stirring 
due to the rapid evolution of gateous reaction products.
These conditions caused the complete d i s i n t e g r a t i o n  of 
p a r t i a l l y  reduced ore lumps and formation of a s u s p e n s i o n  
ha, consisted of liquid slag, -vlid reducing agent and solid 

grains of m a nganous oxide. The prop o r t i o n  of m a n g a n o u s  
oxide in samples from level E (Figure 6.22) was s i g n i f i c a n t l y  
higher m a n  that o b s erved in p a r t i a l l y  reduced ore from 
o t h e r  furnace regions or from SCICE samples. This indicated 
that the structures o b s erved were a result of the settling 
and co a l e s c e n c e  of oxide grains and of the displacement 
of slag rather than of the settling of ore luims.

Ihe processes that took place betw e e n  levels D and F are not 
certain. It appeared however that reduction occurred, in 
the main, by .eaction between solid reducing agent and' 
m a nganous oxide d i ssolved in the slag since these two 
con s t i t u e n t s  were p ermanently in contact. Reduction by 
carbon monoxide would be possible although less favourable.

The reduction of d i ssolved manganous oxide by the carbon 
di s s o l v e d  in the alloy layer on the bottom >f the furnace 
would be equally favourable to reduction by solid carbon 
since the alloy would be saturated in carbon. However, 
the area of contact between the a lloy and the slag could 
nc expected to have been much smaller than that between the
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slag and the solid reducing agent (Figure 6.7). If, as 
considered by Daines and Pehlke, •)h the rate of reduct ion 
of manganous oxide from a slag, by carbon dissolved in the 
alloy, is controlled by the rate of the chemical reaction, 
then, the amount of reduction carried out by carbon in 
the alloy ca.. be expected to be small relative to that carried 
out h\ the solid reducing agent, since the area of contact 
between slag and metal is relatively small.

Any reduction of manganous oxide by carbon dissolved in the 
alloy would reduce the carbon content of the alloy and 
dissolution of carbon would occur from the furnace lining 
or from the reducing agent in * burden. The fact that 
the ‘.arbon lining at the bottc submerged-arc furnaces 
can last for as many as 20 yea is128 indicates that 
dissolution of the lining by the alloy layer is normally 
very low. It would appe therefore that the alloy dissolved 
carbon mainly from the stagnant zones of the furnace 
which were rich in reducing agents.

The appearance of samples from the central region ;f the 
furnace indicated clearly that reduction of manganous oxide 
could also take place by a mechanism somewhat different to 
the mechanisms proposed a b o v e . The sequence of carbon/ 
alloy/slag plus oxide interfaces (Figure 6.10) showed that 
under certain conditions the metal reduced by the solid 
reducing agent can remain in contact with it and eventually 
form aii envelope a round the lumps of reducing a g e n t .
Further reduction would then occur by dissolution of carbon 
ir.o the alloy and transfer to the alloy/slag plus oxide 
interface. Ihis reduction mechanism is not dissimilar 
to that proposed by Grimsley^ for temperatures greater than 
1200°C.

The conditions that would favour this mechanism would 
appear to be relatively low temperatures giving a charge 
in a mushy state. Under these conditions the fluidity of 
the slag would ce low and the alloy being formed would not 
drain to lower levels very easily. The appearance of 
the large quantity of sintered material in tb» rentral region



"5:

of the furnace indicated that the above conditions actually 
prevailed. It is also evident from the reduced rate of 
burden consumption by the central feed chute that the central 
region of the furnace was one of relative inactivity.

7.5. Temperatiue Gradients in Submerged-arc Furnaces

Temperature gradients in blast furnaces producing pig iron 
have been determined by probing techniques * ’ 'L ~'> * .
Techniques for the determination of temperature gradients 
in submerged-arc furnaces appear not to ^ave been developed. 
Some of the measurements made on samples from turnace M10 
can be used to determine the approximate temperature in the 
region from where the sample was taken. For instance, the 
phases identified in lumps of quart: ite give a reasonably 
accurate indication of the range of temperatures that 
prevailed in a particular region.

The phase transformations of silica with increasing temperature 
are shown in Figure ".5. The interconversion of q u a r t z , 
t ridymite and cri stoba1ite requires the breaking and reforming 
of bonds; consequently these transformations tend to occur 
very slowly. At a given temperature, though only one form 
is stable, the other t.o may also exist metastably without 
appreciable change. At room temperature all three forms 
may coexist although the stable form is quartz only. T h u s , 
in ordinary heating and cooling the behaviour does not follow 
the relationships of Figure 7.3. except for the a to 6 
quartz transition and the changes from high to low temperature 
mod if icat ions.

During heating, quartz may remain stable above 8 70°C and 
transform directly to c n  stoba1 ite at 1250°C or higher.
Tridymite transforms to cr istoba1ite at 1470°C and cr istobalite 
fuses at 1728°C. Tridymite may remain stable up to temper
atures close to 17281 C when it transforms to vitreous 
silica directly.

Once liquid silica, cristobalite or tridymite are formed each 
phase tends to be retained on cooling so that when a furnace 
structure is cooled from the operating temperature the phases 
existing at that temperature are largely retained.
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STABLE

i  2 50°Cr

870°C

2— quartz

573°C

a-quartz

UNSTA B L Er
14 70°C

I

| S-cristobalite

|3-t ridym i te

I
2 7 5°C 
200°C

163°C 
1 17°C
a— trid'-mite

a-Cristobalite

vitreous
silica

Figure 7.3. The phase transformations of silica
as a function of temperature (Ref. 130).
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It can be seen from Tables 6.3 and 6.10 that quartz and 
c r y s t o b a l i t e  or c r i s t o b u 1 ite on its own were not detected 
in any of the s a m p l e s . Therefore it may be said that 
the direct c o n v e r s i o n  of quartz to c r y s t o b a 1 ite did not o c c u r . 
The presence of t lass and t r idymite in sample C/2/E/2 (Table 
6.10) indicated that the direct c o n v e r s i o n  of tridymite 
to glass o c c u r r e d . In general h o w e v e r , it appeared that 
the q u a r t z , tridymite, C r i s t o b a l i t e  c onversion sequence 
was followed. Thus from the phases present in the different 
samples the following te m p e r a t u r e  ranges may be derived.

Quart; T<870°C

T > 1 4 70UC

T > 1728U C

125 0 < T > 870 C

- t r idymite 1470O C < T > 8 7 0 ° C -

—  cr istobal ite
T>14 70 C

_ glass

The phases in qua r t z i t e  samples (Tables 6.3 and 6.10) in
dicated that the t e m p e r a t u r e  at level E in planes CE^W^ and 
CE,W, was generally greater than 14 7 0 ° C . It appeared that 
the temperature in the region of sample C/2/E/2 was greater 
than 17280 C while that in the region of sample C/2/E/1 
could have been between 870 and 1 4 7 0 ° C .
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Ihe Carbon C o n tent- of Alloy Samples from Furnace M10

The solub i l i t y  of carbon in alloys of m a n ganese and iron has 
been investigated by several authors 115,116,133 g^d T u r k d o g a n 
et al d e t e r m i n e d  the solu b i l i t y  of carbon in melts of 
pure manganese. From the results of Chipman et al 1 1 5 ’ and 
T u r k d o g a n  et al 134 curves shown in Figure 7.' ma y
be plotted. 1 he results of Petru s h e v s k i i  and Geld 
were in good agreement with those of Chipman et al 1 1 5 •
From Figure ’ .4 it can be seen that the e q u i l i b r i u m  carbon
content oi alloys of iron and man g a n e s e  is a linear
function of the m a n g a n e s e  content for temperatures betw e e n 
1290 and 1690°C. The curves indicate that it w ould be safe 
to assume that all vs . t 1400 an: lbOO°C will show carbon 
solubilities intermediate to those exhibited by alloys at 
t emperatures between 1290 and lb90°C. If the assumed
s o l u b i l i t y  lines are d rawn as indicated in Figure 7.4 and
the carbon contents of the alloys p r o d u c e d  in the SCICE 
experiments are plotted it will be seen that the carbon 
content of the alloys was gen e r a l l y  lower than that pre d i c t e d  
from the solubility curves e s p e c i a l l y  for alloys produced 
at 1400°,,. This indicates that the alloys in general did 
not attain equilibrium. The alloys produced at 1600°C 
showed much better agreement the m a x i m u m  dev i a t i o n  from 
the assumed curve being about 0, 1 per cent carbon.

ff the overall carbon content of furnace samples is c o n s i d e r e d 
(Figure 7.4) it will be seen that, in general, alloys which 
showed graphite p r e c i p i t a t i o n  had carbon contents far in 
excess of those predicted by the e q u i l i b r i u m  curves. Alloys 
that did not show graphite p r e c i p i t a t i o n  had carbon contents 
s i g n ificantly lower than those predicted by .he curves.

A thorough discu s s i o n  of the reasons for the vast d i s c r e 
pancies in carbon content of laboratory and furnace samples 
is not possible due to the limited extent to which the 
Fc-Mn -i. system has been investigated * 26
tn fact the phases present in this system at temperatures 
g rea t e r  than 1100 C do not a p p e a r  to have been investigated.
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• 1/F/l

* l/F/2
—  From data of Chipman ct a l ^ J and Tu r k d o g a n  

e t a 1 116.
Assumed solubility lines for 1400 and 1600o C 

* SCICE e xperiments at 1400°C
m SCICE experiments at 1600°C

e 1/F/O
* l/F/4

1690°C

* 1/E/2

C/l/E/3
1/F/O

1490 C C/2/

90°C

• C/2/F/2

C/2/E/2 1/C/l l/F/2

40 50 60 70 80 90

MANGANESE, MASS PER CENT

Figure 7.4 The solubility of carbon in alloys 
of iron and manganese.
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Carbon contents below the equilibrium values indicate that 
equilibrium conditions were not attained. Overall carbon 
contents greater than the equilibrium values are more 
difficult to explain.

The int imate mixt ure of carbide grains and graph i te flakes
(Figure 6.24) ind icated that the carbon was in solut ion
in the liquid all oy and was exsolved during cooling and
solidif icat ion. Simple extrapolation from the equil ibrium
curves will show that fo r a carbon solubili ty of 12 per
cent the temperature would have to be in the region 
of 6000°C. Temperatures of this order of magnitude are 
not likely in a ferromanganese furnace although temperatures 
in excess of 1690°C a r e . It is possible that the solubility 
of carbon in alloys of manganese and iron at temperature^ 
greater than 1690°C deviates considerably from the established 
tre nds.

7.5 CONCLUSIONS

The problems associated with the operation of the furnace 
during the 10 days prior to close down and the cooling c o n 
ditions of the burden have already been discussed (b.1 and 7.1.1). 
The conclusions that follow must therefore be considered in 
the light of the conditions of furnace operation prior to 
close-down and the rate of cooling of the b u r d e n .

1. There are some 10 zones in a 75 MY’A subrnerged-arc 
furnace for the production of high-carbon ferromanganese.

The active furnace volume w a s , to a first approximation, 
less than 45 per cent of the entire volume.

2. The decrepitation and segregation of components in 
the furnace are extremely high particularly in areas 
remote from the active zones.



The mineralogical changes that took place in the 
ore with increasing depth in the furnace were similar 
to those that took place in the SCICE charges with 
increasing severity of reducing conditions.

The reduction mechanisms between stockline level 
ana the level of the electrode tip were similar to 
those operative in the SCICE charges for temperatures 
between 1300 and 1600° C . Reduction of manganous
oxide in the molten regions below the electrode 
tip took pla c e , in the main, by reaction between 
manganous oxide dissolved in the slag and solid 
reducing a g e nt.

Evidence was found that electrode wear could be 
mainly due to erosion by j irticles in the gaseous 
reaction products.

I he carbon content of alloy samples was found to 
deviate significantly from established laboratory 
d a t a .

fx>
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C H A P T E R  3

8.0 SUMMARY OF CONCLUSION'S

1. The reduction of Mamatwan ore by coal or coke 
involved the following three basic steps :

a) The dissociation of gangue minerals and
the gaseous reduction of hematite to metal 
and of the higher manganese oxides to 
manganous oxide.

b) The growth of metallic particles on the
surface of ore particles due to reduction 
of manganous oxide by carbon dissolved in 
the alloy and the formation of a slag 
layer on the surface of ore particles.

c) The reduction of manganous oxide dissolved
in the slag by solid reducing agent or by 
carbon dissolved in the alloy.

Reduction of manganous oxide occurred mainly from the 
slag.

5. The rates of reduction of Mamatwan ore by coal or coke 
were similar for comparable experimental conditions.

4. The mineralogical changes that took place in the ore 
with increasing depth in the furnace were similar to 
those that took place in the SC ICE charges with 
increasing severity of reducing conditions.

5. The reduction mechanisms between stock 1ine level and 
the level of the electrode tip were similar to those 
operative in the SCICE charges for temperatures between 
1300 and 1600°C. Reduction of manganous oxide in the
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m o l t e n  regions b e l o w  the e l e ctrode tip took place, in 
the main, by reaction b e t w e e n  m a nganous oxide di s s o l v e d  
in the slag and solid reducing agent.

T h e  resistivities of ore-coal and ore-coke mixtures 
are vastly different at low temperatures, decrease by 
several orders of m a g n i t u d e  during heat i n g  and attain 
the same value at a b o u 1: 1200 l .

T he higher resistance of furnaces operating on r u  c o m 
pared to the resistance o b t a i n e d  with coke of •' -ime 
initial size, appears to be the result of the y. -sical 
disinte g r a t i o n  of the coal and the attendant winges 
in the internal structure of the furnace rather than 
to the higher resistance of the coal at low temperatures



261

A P P E N D I C E S

A . 1.0 D e t e r m i n a t i o n  of Percent e ’ tall n a t i o n
A. 1.1 Chemical Tec* tiques
A . 1.2 Quan t i t a t i v e  X-ray Analysis
A . 1.3 Point Counting

A . 2.0 Determinate n of the Cell Constant of the SCICE
Apparatus

A . 2.1 The Influence of T e m p e rature on the Resistance 
of the System

A . 2.2 The Influence of the Depth of Solution on the 
Resistance of theSystem

A . 2.3 The Influence of Small Vari a t i o n s  in the Position 
of the Electrode on the Resistance

A . 2.4 The Influence of the Distance of the Electrode 
from the Cell Bottom on the Resistance of the 
System

A . 2.5 Calcul a t i o n  of the Cell Constant
A . 2.6 Error in the Cell Constant
A . 2." The Re s i s t i v i t y  with Increasing Te m p e r a t u r e  of 

Different SCICE Charges
A . 3.0 Furnace Parameters and Feed Material D a t a .



262

\FPENDIX 1.

■

' • established analytical methods for the d e t e r m i n a t i o n
of the proportion of metallic material in mixtures such as 
those examined in this investigation could not be found in 
-iv literature. However, a number of methods are d e s c r i b e d  

i" the literature for the determination of metallic iron in 
the presence of its oxides.

• temica! methods thit appealed to be the most p r o m i s i n g  
‘ on mixtures of industrial ferromanganese and slag.

The c of these materials is j u stified by the fact that
the:r ion was similar to that of the alloy and slag
produc. from the SC.ICE charges. Both analytical meth o d s  
..v.o.' ec the pretercntial d i s s o l u t i o n  of metallic material 
. . Tii mixtures or metallic material and oxides.

he rirst method ‘ used bromine in methanol as the solvent, 
and the second used copper sulphate 1 "b . Haba s h y  156 
c o nsiders that his method should also be applicable to the 
d e t e r m i n a t i o n  of the m e t a l l i c  form of any of the elements 
that have a higher o x idation potential than that of copper.

'ther methods c o nsidered were q u a n t i t a t i v e  X - r a y - d i f f r a c t i o n  
analysis and point counting.

V•1.1 Chemical Techniques

I he chemical c omposition of the alloy and slag were determined,
and m i x tures of known pr o p o r t i o n s  were made. The p r o p o r t i o n
of m e t a l l i c  material in the mixtu r e s  was varied betw e e n
0 and 100 per cent in steps of 25 per cent. The materials
e x a m i n e d  by the bromine-methanol me t h o d  were dried in n i t r o g e n 
at 780°C.

iteliminary tests showed that ferromanganese dissolved rapidly 
in b romine-methanol, leaving a small q u a n t i t y  of a black, 
linelv divided substance as residue. This was assumed to be



the carbon that was c o ntained in the alloy. The slag was more- 
r e s istant to dissolution.

The results obtained with the b r o m i n e - m e t h a n o l  method showed 
that, in all the tests, the amount of m a n g a n e s e  in solution 
was higher than that present in the f e r romanganese used 
to make up the sample. The error increased as the p r o p o r t i o n  
of slag in the sample was increased.

For iron, the relationship between error and p r o p o r t i o n  of 
slag was r e v e r s e d , although the trend was not consistent.
An ap p r o x i m a t e  mass b a l a n c e  on six m i x tuies reacted with 
br o m i n e - m e t h a n o l  showed that the slag was attacked arid ha 
the p r o p o r t i o n  of the slag that d i s s o l v e d  increased w ith an 
increase in the propo r t i o n  of slag in the mixture.

Subsequent to this investigation J o s e p h s o n  et el * used
various solvents to d e t ermine the d i s s o l u t i o n  beha\ ur o. 
synthetic mixtures of metallic iron and m a n ganese nd heir 
lower oxides, and att e m p t e d  to apply the process to 
fe r r o m a n g a n e s e  samples. They found that it wa.-
difficult to obtain selective d i s s o l u t i o n  of m e t allic iron 
arid m a n g a n e s e  in the presence of their oxides and c.onvludeo 
that the methods used are not suitable tor f e r romanganese  
alloys and slags because of the c o m p l e x i t y  an^ insutticient 
1 nowledgo of the phases presort.

For copper sulphate, the amounts of iron and m a n g a n e s e  were 
calc lated on the a s sumption that the copper sulphate react e.. 
wit h  iron and man g a n e s e  only in the alloy. However, the 
results showed that reaction between the copper sulphate 
and the slag also took place. The nature of this reaction 
is not well understood, but it was noticed during the 
experiments that cement a t i o n  of copper was not involved.

The results showed that the addition of slag to alloy caused 
a sudden increase in the amounts of d i s s o l v e d  iron and 
manganese, the c a l c u l a t e d  amounts of d i s s o l v e d  iron and 
m a n g a n e s e  exceeding the amount initially present in the allo>
and the slag.



A . 1 .2 Q u a n t i t a t i v e  X-ray Analysis

As the chemical methods used for the d e t e r m i n a t i o n  of 
p e r c e n t a g e  m e t a l l i z a t i o n  did not show promise of s u c c e s s , 
q u a n t i t a t i v e  X-ray d i f f r a c t i o n  analysis was considered.

The theory of q u a n t i t a t i v e  X -ray d iffraction analysis has
138b een reviewed by H e r b s t e i n  et al ' . On the a s s u m p t i o n  

that all the requirements relating to the p r e p a r a t i o n  of
the pow d e r  sample are met * h ’  ̂ ' it can be shown t h a t ,
for any two components A and B of a m u l t i c o m p o n e n t  m i x t u r e ,

I, ( h k l )  Y
A  A  ^

* (,AB _  • • A . 1.1
I3 (HKL) X B

w here K  is the integrated intensity of the hkl reflection 
from component A, and X ̂ is the mass fraction of A in the 
m i x t u r e . The symbols w i t h  B subscripts have analogous 
me a n i n g s  for component B, r e flection H K L . The constant 
G^g can be c a lculated if the crystal structures of A and B 
are known. Alternatively, it can be m e a sured if mixtures 
c o n t a i n i n g  known c o n c e n t r a t i o n s  of A and B caw be obtained.

Equation A . 1.1 forms the basis for q u a n t i t a t i v e  X-ray
d i f f r a c t i o n  analysis by the di rect-compari s o n , i n t e r n a l - s t a n d a r d ,138and dilution methods 1 .

For the mixtures c o n s i d e r e d  here, the constant G ̂  c ould not 
be c a l c u l a t e d  since the crystal structures of the materials  
in their phase states are not k n o w n . A second factor 
making measurement of G,g impossible was that mixtures in 
known p roportions could not be prepared owing to the nature 
of the c h a r g e s .

1)8The intensity - f r a c t i o n  method for q u a n t i t a t i v e  analysis 
also requires pure samples of the phases to be determined, 
as well as the mass abso r p t i o n  c o e f f icients of the pure 
phase and the m a t r i x . These requirements could not be m e t .
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Because of the above considerations, quantitative X-ray 
diffraction analysis was abandoned.

A . 1.3 Point Countj.n^_ 111*6. 
lailiK:
sneed of reduction.
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APPENDIX

4.2.0 Determination of the Cell Constant o f the SCICE Apparatus 

For a conductor of regular geometry the resistance R is given by: 

R - p l A . 2.1

where R is the resistance of the conductor over a length L
o is the resistivity of the conductor, and
A is its cross-sectional area.

geometry of the SCICE charges was not regular, 
cell constant of the system (4) was d e termined b%

HenceThe
the cell constant or tne ic... 
measurement of the resistance of a solution of known 
resistivity in order to convert resistance to resistivity.

The measurements were made with the apparatus shown in 
Figure A 2.1 using a 0,1 molar solution of sodium chloride.
The geometry of the apparatus was the same as that used 
for the SCICE experiments. The depth of solution in the 
cell was the same as the depth of the Sl ICE charge at the 
start of an experiment. The lower edge of the conducting 
part of the electrode was 40 mm above the cell bottom. 
Experiments were also carried out with the electrode at oO 
and 50 mm above the cell bottom to establish whether appreciable 
differences in resistance resulted from small variations in 
the vertical position of the electrode.

A . 2.1 The Influence of Temperature on the Resistance 
of the System

The cell constant was determined for a temperature of 20 C.
A relationship between the temperature of the solution and 
the resistance of the system was established so that a 
resistance value obfa'ned at a somewhat higher or lower 
temperature could be corrected to a value at 20°C.

1 F
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Figure A 2 .1 Apparatus for the determination of the cell constant of the 
SCICL system.
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The temperature of the electrolyte was raised gradually oy 
passing a small current through it. Measurements of 
temperature, current and voltage were taken every 15 minutes. 
Measurements were made between 1" and 2^ C. A plot of rchist 
ance against temperature is shown in Figure A - —

The relationship between temperature and resistance, established 
by linear regression analysis by the method of least squares
was:

R = 4 ,055 - 0.06 7 T ..................... *.2.2

r2= 0,99

where: R is the resistance in ohms
T is the temperature in L C , and
r2 is the coefficient of determination
r" = 1 for a perfect fit.

From equation A . 2.2 the resistance at 20°C is 2,"2 ohms.

A .2.2 The Influence of the Depth of Solution on the 
Resistance o f the bystem

p-om equation A . 2.1 it can be seen that the magnitude of the 
cell constant (3) is a function of the resistance (R ) •

Variations in resistance were determined witu increasing depth 
of solution in order to establish whether a significant change 
in resistance could be expectec as the volume of the SCICE 
charge diminished with reaction temperature and time.

From Figure A 2.3 it can be seen that the resistance ot the 
system changes slightly when the depth of the solution is
increased from 90 to 110 mm. Further increase in the depth
of solution causes no appreciable change in resistance.

From Figure A 2.3 it can be established that an increase in 
the depth of the solution from 130 to 160 mm decreases the 
resistance from 2,75 ohms to 2,70 ohm,, a change of 1,9 per cent.

w ■
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resistance of the system.
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During resistance measurements on SCICE charges the level of 
the charge was 40 mm or more above the upper edge of the 
electrode. Therefore the maximum variation in resistance due 
to a decreasing charge level was 1,9 per c e n t .

A .2.5 The Influence of Small V a r iations in the Position 
of the Electrode on the Resistance

As can be seen from Figure A 2.1 the electrode hau no fixed 
position on the bottom of the cell. Therefore, the vertical 
position of the electrode was found to vary slightly when 
it was withdrawn ard replaced.

The influence of small variations in the vertical position 
of the electrode on the resistance of the system was 
investigated by raising the electrode out of the solution 
and re-positioning it.

A mean resistance of 2,"0 chms with a standard deviation 
of 0,02 ohms was obtained from 10 determinations, at a 
constant temperature of 20,81°C. From equation A . 2.2 * he 
resistance at 20°C is 2,71 ohms. This is 0,4 per cent 
lower than the resistance determined in A . 2.1.

A . 2.4 The Influence of the Distance of the Electrode from 
the Cell Bottom on the Resistance of the System

The influence of the distance of the electrode from the cell 
bottom on the resistance was investigated by using 'spacers' 
(Figure A 2 . 1) of 30 and 50 mm height in addition to the 
usual 40 mm 'spacer' .

A mean resistance of 2,64 ohms with a standard deviation of 
0,02 ohms was obtained with the 30 mm 'spacer' at a constant 
temperature of 21,10°C. From equation A . 2.2 the resistance 
of this system at 20°C is 2,71 ohms.
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The mean resistance obtained with the 50 mm spacer was 
2,71 ohms with a standard deviation of 0,0: ohms at a 
constant temperature of 21,10 C. 1 he resistance at -0 0 
is 2,78 o h m s .

The resistance at 20°C is plotted against the distance of 
the electrode from the cell bottom in Figure A ~ .4
The estimated maximum error in the vertical position of
the electrode during SCICE experiments is indicated.
This error corresponds to a change in the resistance of
the system of 0,7 per cent.

A . 2.5 Calculation of the Cell Constant

The cell constant may be calculated as follows:

1 ' RFrom equation A. 2.1 T = "o

Specific conductivity ^ " of 0,1 molar solution of N'aCl at 20 I

9,7 m mho cm  ̂ * 0,009 mho cm

Resistivity of solution o = p t00!T7 3 103 ohm cm

= 1,031 ohm m

Therefo re:

L _ 2,72 = 2,638 m " 1a irmr

A .2.6 Error in the Cell Constant

The estimated maximum error in resistance introduced by reduction 
in the charge volume and by variations in the horizontal ^and 
vertical positions of the electrode is [1 >9 + ° * 4 + °» * = 1,7 
per c e n t . This corresponds to an error in the value of the
cell constant of 2.1 per cent.



maximum estimated 
error in the vertical 
position of the * 
electrode in SC ICE 
charges

30 40 50

ELECTRODE DISTANCE FROM CELL BOTTOM mm

Figure A2.4 Variation in resistance with distance 
of the electrode from the cell b o t t o m .



A . 2.' : iu .̂ .sist ivitv with Increasing Temperature of
H i fer^nt SCICF. Charges

.he resistivity with increasing temperature of different SC ICE 
charges is shown in Tables A 2.1 to A  2 . 9 iable A ..I'1 
shows the resistivity of SC 1 CP charges at constant t em pera ture.



TABLE A2.1

The resistivity of a charge of ore of size range
2,83-12,7 mm.

Temperature Resistance Restivity
°r ft Q m

25 7700 2917
150 7700 2917
2 2 0 7150 2 708
269 6760 2 561

318 6660 2523
357 4350 1648
408 5640 1379
477 1940 735
540 765 290
629 182 68,94
719 52 19,69
796 23 ,8 9,02
845 16,7 6,33
880 11,5 4 , 36
922 6,25 2,37
964 4,35 1 ,65
1013 4 ,3b 1,65
1066 5,7-1 2,17
1172 13,6 5,15
1285 2 0 , 2 7,65
1400 13,5 5 ,11
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TABLE A2.2

The resistivitv of a charge of coal ot s i-e range
2,83-6,35 mm .

Temperature Resistance Resistivity
° c n Q m

25 2 2 0 0 0 0 0 835 333
84 880 0 0 0 333 533

1 2 0 354 0 0 0 134 091
162 182 0 0 0 68 939
2 2 0 80 800 30 606
290 109 0 0 0 41 288
325 218 0 0 0 82 576
354 4 55 0 0 0 172 348
370 678 0 0 0 256 818
418 730 0 0 0 276 515
456 730 0 0 0 276 515
492 595 0 0 0 225 379
519 406 0 0 0 153 788
550 167 500 63 447

608 25 150 9 527

660 14 170 5 367

720 3 4 80 1 318
769 2 270 860
816 19,5 7,39
874 1,75 0 , 6 6

934 1,19 0,45
1005 C , 92 0,35

1062 0,72 0,27

1118 0,59 0 , 2 2

1177 0,48 0 , 18
1230 0,40 0,15
1.8 5 0,33 0,13
1 . 00 0, 31 0 , 1 2



TABLE A : .3

The resistivity of a charge of coke of size range 
2 , 83-0,55 r.n .

Temper a t u r e  Resistance Resistivity
cC H fi m

2 5 0,346 0,131
85 0 ,3 ' 6 0,142
162 0,54 0 ,129
250 0,31 0,117
300 0,246 0 ,095
340 0,205 0 ,078
3" 3 0,183 0 ,069
403 0,1'5 0  ,066
445 0,175 0  , 0 6 6
504 0,1'4 0  ,066
56' 0,176 0 ,06 7
660 0 , 160 0  ,061
744 0,13' 0,052
796 0,125 0,04’
856 0,123 0,04'
8 8 ' 0,137 0,052
957 0, 143 0,054

1031 0,160 0,061
1094 0,172 0,065
1124 0,182 0 ,069
1148 0, 194 0  ,0 '4
1 2 2 0 0,204 0 ,0 "’
1290 0 , 2 0 0 0 ,0 ' 6

1340 0,196 0 »0'4
1398 0,190 0,072



T A B L E  A : . 4

The res is tivit y of a c o k e - o r e  m i x t u r e .
Size range of coke 2> 83-6 ,35 mm.
Size range of ore 2,83-12, 7 mm.

Te m p e r a t u r e  Resistance R esistivity
°c n fim

360 1380 522 ,7
450 316 119,7
540 175 66,3
590 65,5 24,8
620 44,3 16,8
650 28,4 1 0 , 8
680 2 1 , 2 8,03
705 16 ,4 6 , 2 1
740 15,4 5,83
770 14,5 5,49
800 14 ,0 5,30
830 11,9 1,51
860 11,5 4,3n
890 8 , 6 3.26
920 8,4 5,18
950 10,4 3,94
980 10,7 4 ,05

1 0 1 0 1 1 , 6 4 ,59
1040 1 4,4 5,45
1070 19,5 7,39
1 1 0 0 25,9 9 ,81
1140 25,5 9,66
1170 32 ,0 1 2 , 1 2

1 2 0 0 23,4 8 , 8 6
1230 10,7 4 ,05
1260 6 , 8 2 .58
1280 3,6 1,36
1310 2,4 0,91
1340 1,5 0,57
1370 0,93 0,35
1400 0,37 0,14



T AB LE  A2.5

The resis ti vity of a co' -ore mixture.
Size range of coke 6,56-;', 5 mm.
Size range of ore 2,85-12,7 mm.

Temperature Resistance Resistivity
° c  f2 f2 m

25 6450 2443
lib 5900 2235
2 0 0 4080 154 5
272 5080 1167
551 950 360
575 1550 504
410 665 252
452 232 87,9
488 : 33 0.4
525 77 1 9 , 2
580 48 1 .2
644 27,4 10,4
704 2 0 , 0 7 ,58
774 16 ,7 6 ,33
865 1 2 , 8 4 ,85
972 1 0 , 0 3 ,79
1068 1 0 , 0 3 ,79
1142 14 ,3 5 ,42
1205 14 ,3 5,42
1247 7,75 2 ,93
1265 2 , 6 6 1 ,01
1277 1 ,27 0, 48
1286 1 ,30 0,49
1505 0,87 0,33
1580 0,56 0  ,21
1400 0,38 0 ,14
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T AB LE  A 2 .t

The res is tivit y of a co ke -o re mi xt ur e
Size range of coke 9, 5-12, ? mm.
Size range of ore 2, 8 3-12, 7 mm.

Temperature
°C

Res istance
fi

Resistivity
ftm

25 6 2 0 0 2548
1 0 0 9600 3636
190 3520 1333
271 1170 443
309 1640 621
350 880 333
376 615 233
413 473 179
452 334 127
510 191 72,5
585 62,6 23,7
644 28,8 10,9
692 19,6 7,42
770 19,9 7,54
870 13,8 5,22
915 8 , 1 3,07
964 6 , 8 2 ,58

1 0 1 2 6 ,8 2 ,58
1072 8 ,7 3 ,30
1130 16 ,8 6 ,36
1192 2 0  ,2 7 ,65
1250 7 ,1 2 ,6 9
1322 0 ,95 0 ,36
1375 0 ,50 0 ,19
1425 0  ,52 0  ,12



TABLE A 2 ."

The resistivity of a coal-ore mixture. 
Size range of coal mm.
Size range of ore 2,83-12, mm.

Temperature Resistance Resistivity
o^ o H m

25 1 160 000 439 393
9 6 696 000 265 636
143 138 000 52 273
206 120 800 45 758
233 170 800 64 697
2 o 9 260 000 98 485
283 330 400 125 152
300 4 30 100 162 917
325 590 100 223 523
346 620 700 235 I N
368 590 100 223 523
3 9 9  515 000 195 076
465 158 500 60 038
5 2 9  41 100 15 568
608 3 040 1 15-
6 8 6  568 215
750 408 155
806 137 51,9
8 5 7 155 58,7
900 145 54,9
9 4 4  153 57,9
1004 170 64,4
1066 107 40,5
1144 20,2 7,65
1209 6 ,9 2,61
1260 1 »9 0 , 7 2
1300 1 *64 ° > b 2



TABLE A2.8

The resistivity of a coal-ore mixture.
Size range of coal 6,35-9,5 mm.
Size range of ore 2,83-12,7 mm.

Temperature Resistance Resistivity

°C fl fi m

25 1 890 000 715 909

107 7 55 000 285 985

180 190 000 71 970

246 503 0 0 0 114 773

504 802 500 303 977

357 401 750 158 178

396 178 300 67 538

438 116 0 0 0 43 939

488 85 500 32 386

542 40 500 15 341

598 14 240 5 394

653 3 7 20 1 409

713 910 345

780 288 1 1 0

857 142 53,8

922 2 0 2 76, 5

965 288 1 1 0

1015 341 129

1063 354 134

1 1 2 0 156 59,1

1192 25 9,47

1262 7,6 2 , 8 8

x 4 1,29
1300
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TABLE A.:. 9

The resistivity of a coa 1 -ore m i x ture. 
Size range of coal 9,5-12, mm.
Size range of ore 2,85-12,7 mm.

Temperature Resistance Resistivity
°c n n m

25 1 0 6 0 0 0 0 401 515
1 Jl 580 0 0 0 219 697
180 87 400 33 106
245 128 0 0 0 48 485
280 238 700 107 462
297 380 2 0 0 144 015
315 470 800 178 333
328 380 2 0 0 144 015
348 157 2 0 0 51 970
380 64 0 0 0 24 242
434 54 900 20 795
492 25 1 2 0 9 515
564 760 1 04 5
633 1 2 70 481
714 316 120
790 63,1 25,9
862 195 73,9
911 260 98,5
971 236 89,4

1020 252 95,5
1081 224 84 ,8
1200 15,8 5,99
1235 7,9 2,99
1288 5,0 1 ,89
1300 3,0 1,14
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APPENDIX 3.

A.3.0 Furnace Parameters and leod Matcri.il Data

The important furnace parameters 1 are shown in Table A3.1.
Tables A3.2 and A3.3 show the raw material type and quantity 
charged to ihe furnace over the period 11 September 1977 
to 20 September 1977 and their size analysis respectively.



TABLE A3.1

Values of some parameters of Furnace M10

A. DESIGN' PARAMETERS
Inside shell diameter 13,2 m
Inside shell depth 7,04 m
Inside hearth diameter (Floor level) 9,9 m
Inside depth 5,27 m
ELECTRODE PARAMETERS
r .ameter 1,9 m
Spacing - P.C.D. 5,43 m
Average length 3,57 m
Average tip to hearth distance 2,75 m

C. ELECTRICAL PARAMETERS
i) Design Values

Transformer rating * 4 8 ,0MVA
Primary voltage 33,OKV
Primary current 840,OA
Number of transformer taps 22
Secondary voltage range 176-300V
Maximum secondary current 111,3kA

ii) Typical Operating Values
Furnace load 2 3,1MW
Secondary current 92,9kA
Secondary voltage f phase to phase) 287 V 
Power factor 0,50
Resistance 0,90 m Q
Reactance 1,56 m Q
Power consumption per ton hot metal 2700KWH
Electrode current density 3 ,28A/cm"
Production rate 8 , 56tph
k factor 0,42

*The 4 8 MVA transformer was replaced by a 75 MVA 
transformer about 18 months before the excavation of 
the furnace.
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TABLE A 3 . 2
Raw material type and quantity charged to Lurnace M10

Date
Hotazel 

o re
Mamatwan 

ore

TONS
Return
slag

PER DAY 

Quartz Coke
Large nuts 
(Delmas coal)

11.9.77 17,22 117,18 5,7 3,67 15,67 15,66
12.9.77 24,92 247,08 12,6 7,69 29,26 29,56
13.9.77 20,16 181,44 21,6 6,24 23,25 22,92
14.9.77 24,36 224 , 28 19,8 9,00 26 ,67 28,62
15.9.77 20,44 194,04 10,8 6,90 24,14 17,41
16.9.7- 56,96 532 ,64 21,0 8 ,46 42,57 37,56
17.9.77 22,96 206,64 6 ,0 5 ,29 26,18 26,85
18.9.77 25,20 226,80 13,8 5,75 27,61 28,45
19.9.77 70,00 310,80 20,1 6,64 46,46 45,82
20.9.77 25,20 58,80 4,8 2,10 10,00 9,10

TOTALS 287,42 2099,70 136,20 61,74 271,81 261,55

TABLE A3.3

The size analyses of the raw materials ted to Furnace M10 
over the period 10 to 20 September 1977

Material Size range mm

Mamatwan ore 38 to 62
Hotazel ore 25 to 90
Quartz 38 to 60
Rest 15 to 40
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