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 ABSTRACT

Medium~ and low~ carbon ferromanganese are produced by the
gilicothermic reduction of slags containing MnO, Because of its
imﬁportance in thekproduction of refined ferromanganese, the reaction
between a premélted Mamatwan manganese ore and various

ferromanganese ~silicide reducing alloys has been studied with and

~without additions of fluxing agents.‘ This relatively low grade manganese

ore is partially self-fluxing and it is necessary to optv'nlze the amounts

and tlmmg of fluxing additions du ring the production of refined

' fe;romanganese toensure both efficient electric furnac:e ope:ratlon and

manganese extraction from the px‘emelt. Therefore, throughout the
laboratory investigation, emphasis has been placed on the implications

for industrial practice.

Alloys contammg different silicon concentrations were addec} toa

E promelted sample of Mamatwan ore before the sample was introduced

into a molybdermmr-wcund resistance furnace." The reaction was carried

out under an argen atmosphere and the parameters varied were reaction ime
reaction tempexature, alloy-to~ore ratio, fluxing additions and the

i N .
silicon contents of the reducing alloy, The effect of stirring of the reacting

melt was also examined.

The highly exothermic nature of the reactions involved in'this

investigation constituted a major obstacle to any attempt to maintain

close control of temperature in the sys‘cem.' This also adversely affected

the pOSaibilJLIE}S of carrying out controlled ethbmurn and kinetic studies

in this slagmmc‘cal system‘

Because of the highly exothermic reaction, temperature appeared
to have little effect on the rates of manganese transfer to the metal and
silicon transfer to the slag and an apparent equilibrium was rapidly
approachﬂd; Limits were detexmined for the favourable effects of fluxing
additions and manganese recoveries declined as the CaQ-tu»MgO ratio
decreased for any percentage of basic flux additions, As the silicon
content of the alloy was progressively increased, the recovery of manganese

- passed through a maximum and subsequently decreased, Similar resulis
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- were obtained with variations in the alloy.to~ore ratio, When aluminium

was used as a reducing agent together with silicon, substa~tial increases

in manganese recovery were achieved because the alurainot* . . .«

rezction displaced the apparent equilibriumf The silicor = %, . of the
fresuflting alloy was above the specifn‘.cétions fb:r: refine " ~:1“0u.'mgan35e.' :
Stirring of the reacting melts decreased the mang‘rméac ~wcovery and
this result conflicts with the results of a previous investigation but

may be expiained by theexothermic nature of the silicon reduction

reaction,

The results obtained when used in conjunction with other physic‘ochemical :

data related to this slag.metal system suggest optimum slag compositions

for more efficient manufacture of medium-~ and low.carbon ferromanganese

from sdamatwan ore, ' i
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1. INTRODUGTION

The processes for the extraction of manganese from South African

Mamatwan ore must be improved and further processes must be
developed to utilise the substantial manganese ore reserves in tha
Northern Cape. l.imited tonnages of this ore are now being used in

the production of medium « and low - carbon ferromanganese.

Thls research project was mltlated to optumze certain

4

parameters associated with this process. It had been suggesLed that

it is not necesscwy to use lime ag a flux when Mamatwan ore is melted

for snbsequent' reduction by silicomanganese. The high lime and

magnesia contents in the Mamatwan ore make the ore at least

paxtially self fluring and hence a possible alternative to existing

practice would be to:

'(ij}; Melt the ore without fluxing additions

(ii) Mix the premelted ore with ferromanganese and after fusion

add the required lime in stages to complex the resulting silica as

2Ca0., SiOz.

It was considered that this procedure might save electric powexr

and reduce the consumption of lime. Heat required for the

disgolution of the lime could be provided by the exothermic reduction

reaction and not by electric power as in present practice. Thus

‘electric power could be saved and furnace output increased. Stricter

control of the consurnption of lime might be possible to give lower

slagwto~alloy ratios and ultimately lower losses of MnO in the slag.

- Although flux additions decreage the MnO content of the slag, they

do not necessarily decrease the total amount of manganese lost as
larger slag volumes are created., Optitnum slag compositions which
result in the most efficient plant operation need not neceésarily give
the lowest operating expenses as the cost of raw materials to form
the most suitable slag could be excessive, Thus dolomite was also

considered as a possible riplacement for part ox all of the lime,
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Other aspects of the production of medium «~ to low - carbon

ferromanganese which required investigation were the effects

‘of temperature, time, changes in alloy composition and

stirring on the reaction equilibrium. Thus in order {or the
industry to more efficiently process Mamatwan ore, it is essential

that the metallurgical variables be optimized.

Thus experimental investigations examined the effect on
manganese recovery from the slag and alloy silicon content for

variations in reaction time, temperature and the composition of the

reducing alloy. The composition of the ore premelt was also varied

to examine the effect of the basicity of the premelt on manganese

and silicon partitioning between the alloy and the premelt.
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2. RESERVES, PRODUCTION AND USES OF MANGANESE AND
MANGANESE ALLOYS )

2,1 Manganese QOre Deposits in South Africa

World manganese ore deposits are estimated to exceed two billion
tons and the reserves in the U.S. S, R,’ account for over 50 per cent |
of this tonnage. South African ore reserves are estimated to be
the second largest in the world after those of the U, S, 3, R.. Most
of South Africa’s manganese oreis in the Kuruman - Postmasburg
area of the North - Western Cape and the three types of ores are

Hotuzel, Mamatwan and Wessels,

Hotazel ore is mainly of the hausmannite type M which is rich

in manganese and low in both lime and magnesia with a relatively

“low manganese -~ to - iron ratio in the order of 5to 1. However

this deposit has reserves of only three million tons.

The Mamatwan deposit is believed to be the largest single deposit
of manganese ore in the world, as 50 rillion tons are proven Wiﬁh
the possibility that the deposit is in excess of 400 million tons(z).
This ore is mainly braunite with smaller amounts of manganite,
hausmannite and hematite Gangue minerals are main;ly calcium
and magnasium carbonates with some ankeritic dolomite, "The ore
has a consistently low iron content with manganese « to « iron
ratios between 6 to 1 and 10 to 1. Unfortunately its manganese content

is the lowest of the three deposits.

Ore from the Wessels deposit is intermediate in character
between the Hotazel and Mamatwan types and its manganese - to -
iron ratios are normally about 4 to 1, Table 1 compares the composit ions

of ores from other leading producers in the world.

The expangion of the South African ferromanganese industry
based on these assured vast reserves of manganese ore has

resulted in the initiation of research into some of the more fundamental

‘aspects of ferromanganese production, The Mamatwan manganese

gy b R st
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~deposit is the largest South African deposit and has thus been of

considerabl: interest in the deveiopment of this research program.

It has been shown that at present this low grade ere cannot be

regarded as a suitable source of manganese for the production of high

grade slag containing 40 per cent MnO. For slag containing 2Q per
cent MnO, m.aximum production is associated with minimal amounts

of this ore iy the mix. Mamatwan oxe, because of its consistently

high CaO and MgO contents, is certainlynot suitable for the production
of éilicomang anese as high SiOz activities are essential in the furnace

slag.

.

Sme‘ltingbf Mamatwan ore in a blast furnace is carried out
‘effectively as the addition of small quantities of SiDz results in
workable slags. The only other process which uses solely Mamatwan
ore is the process for the production of low - and medium - carbon
ferromanganeise. This process uses comparatively small amounts of
ore and as the demand for refined ferromanganese alloys is increasing,
this @pplicatibu of manganese ore is becoming more itaportant,
Consequently, research into mouve effective use of this low grade ore

has been stimulated.

2.2 Indust rig‘l Production of Low ~ and Medium - Ca‘rboanerromanganese

‘Medium -~ to low ~ carbon ferromanganese is produced by the
silicothermic reaction between a silicomanganese alloy and a lime - ore
melt, The twd most common processes are a single stage operation
and a multi « 'st‘age operation. In both processes alumina is added to

the furnace ore blend in the form of clay.

The singli: stage process uses an electric arc furnace in which
silicomangans:se, manganese ore and a suitable flux are melted
together. Both slag and metal can be tapped inte rmittently from the

furnace.

In the multi ~ stage process, a premelt of manganese and lime ore

is smelted in an open arc furnace. The furnace premelt is then tapped

into a ladle in which the reduction reaction is carried ont by adding

MR 78 i B
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silicomanganese alloy, usually in solid) form. Re~ladling ‘is‘ used

to achieve adequate mixing of the reactants. The initial lime - ore
premelt normally contains 50 to 60 per cent MnO. This should be
reduced to between 30 to 35 per cént‘ MnO during reladling and ‘this
reduction in the MnO content of the slag represents a manganese
recovery of apbroximately 40 per cent. The final slag would normally
have the approximate compositions MnO 30 to 35 per cent, CaO

24 to 26 per cent, MgO 6 to 10 per cent, SiOz 24 to 26 per cent and
FeO less than 1 per cent.

0

The alloy manganese content would increase from between 65 to
7O per cent to between 80 to 85 per cent. GCarbon concentrations in
the alloy would fall to below 1 per cent with a final silicon content of

approximately 1to 1,5 per cent.

A small amount of coal or coke is charged along with the other
components to the lime - ore melt in an open arc electric furnace.
The coal or coke partially reduces the higher owxides of ’both iron ,
and manganese, ‘contained in the ore, to their lowest oxidé gtates (5, 6)

The burden is heated as it moves through the furnace and there is

thermal decomposition of the manganese ore with the liberation of

oxygen, However, this reaction does not go to completion, and hence

a small amount of carbonaceous reducing agent is added to reduce as

~much of the iron and manganese to the divalent state as possible,

Carbon is used as the reducing agent for econvmic reasons.
Silicomanganese is eésential for the reduction of the lower metallic
oxides to metal withou! the introduction of large amounts of carbon,
This reducikng alloy i8 move expensive than coaion coke and should
be used only for reduction of the metals in the divalent state, The use
of carbon to form melts containing lower mqngafxese oxides should
be controlled és too high a carbon addition coulé resulf; in carbide
formarion and thus in highe» carbon contents in :he final refined
ferromanganese, An additional important point is that the gases
produced by reduction with carbon escape from the furnace whilst for

reduction with silicon the silica produced has to be fluxed in order to
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achieve suitable furnace operation,

This fluxing process is costly and increases the slag ~ to - metal
ratio giving lower mangancserecoveries and increased power costs.
Lime has to be added to complex the silica produced by the reaction.
Althbugh the basicityof the slag can be kept constant maintaining a

(7)

constant MnO activity coeifficient' ', dilution of the concentration

of MnO results in a reduction in its activity.

The carbon monoxide generated in the furnace is also important
for the reduction of manganese oxides. These reactions may be

expressed as follows:

2Mn02+ CO = Mn, 0, + CO, 2.1
3Mn303 + CO = ZMn304 + COZ 2.2
Mn304 4+ CO = 3MnO + co? 2.3

It is thérmodynamically unlikely that this reducing gas will
produce manganese metal for the conditions prevailing within the
furnace. Evidence for this statement is provided by examination of

the reactions for reduction of manganese oxide!:

MnO, b GO = Mn, «+ CO. AG%: 104458 + 11, 87T Joules
() ()" 2 :
(25 to 1244°C) 2. 4

MnO ($)+~ CO = Mn ' co, AGC=124815 . 17, 14T Joules
| | (1244 to 1700°C) 2.5

Interpolated AG® values from summations of standard free
energies(g) show that manganese metal produétion by this gaseous
reduction is thermodynarnically very unfavourable. Thas is in
agreement with statements indicating that gaseous reduction of

(9-11) . '

MnO does not occur in practice )

As the furnace burden descends the burden components are
preheated and manganese ore is reduced by carbon in the solid state.
Eventually manganese metal and carbide may be formed. These

reactions are expressed by the equations
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MnO + C = Mn + CO 2.6

and 6MnO + 8C = ZMn3C + 6CO 2.7
As the theoretical initial temperatures considering unit a.cti.vity ;

for these two reactions are 1420°C and 1223°C respectively,
Mnac formation is the move likely thermodynamically. Excess .
carbon is not used in the preparation of the lime ~ ore melt and .

the problem of carbide formation does not arise.

The predominant reaction occurring during silicon reduction

oi the lime ~ ore melt is expressed as:

2(MnO) + [ = (510, ) + 2 ] 2.8

' where the svecies in parentheses are m the Slag and the square
bracketed species are in the alloy.'

This reaction is usually performed in a ladle in which crushed
silicomanganese is added to the lime - ore melt, As the reduction
réac’cicms are extremely exothermic, a coolant is usually added to
the melt. The coolant used is often meditm ~to low - carbon
ferromanganese fines, generated by the crushing of this alloy
before final dispatch to the steelworks., Within a short while
the reaction hag virtually reached completion, At this stage
'cocktailing' of the ladle is employed to increase 1nixing between
reactants and boost manganese recovery to produce a more refined

alloy.

These are the geneval procedures adopted in the industrial
production of refined {erromanganese. Several workers have

evolved modifind procedures in attempts to improve the processes.

One such example is the refining of silicomanganese by the
mixing of melts, Experiments on the production of medium - carbon
ferromanganese by the mixing of molten silicide alloy with
manganese ore - lime melts have been conducted in Russia but

poor recoveries of between 29,8 to 33,5 per cent of the manganese
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12
contained in the slag were achieved ) .

(13)

manganese ~ iron alloy and a manganese oxide melt. Gas injection

Bauer et al mixed two melts consisting of a silicon -

was used to force the molien alloy phase upwards through the

oxide melt and the alloy phase then fell back downward through
the oxide phase. This procedure was continued until the
composition of the alloy phase reached the desired manganese
and silicon contents. Agitation of the reactants has been

(14, 15)

practised by other workers to increase recoveries,

The production of refined ferromanganese from liquid

manganese silicide in a fuel ~ fired rotary furnace has been

(16)

contact between the silicide reducing agent and the slag containing

developed by Urane' '. These methods of agitation all promote

manganese,

2.3 Use‘s_ of Manganese Allovs

Manganese is used extensively in the iron and steel industry
as a deoxidizer, desulphurizer and alloying element. This
threefold role has made manganese one¢ of the main constituents
of steel and over 95 per cent of the output of manganese is
conswmned in steelmaking, Manganese is used by the steel
industry as high - carbon ferromanganese, medium - and low -
carbon ferromanganese, spiegeleisen and silicomanganese
as well as manganese metal. The total world production of
manganese alloys amounts to about six million metric tons

annually.

The most widely used manganese alloy is high ~ carhon
ferromanganese and the steel industry congumes approximately
7 kg per metric ton of crude steel or slightly below five million
metric tons annually, based on the pregent world steel

production.

The production of silicomanganese, the second largest

‘tonnage' manganese alloy, is about 20 per cent of the tonnage of
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high - carbon ferromanganese. A substantial increase in
silicomanganese consumption is not expected within the
near future as few steel producing countries inake direct
additions of this alloy to the crude steel on a large scale.
However, silicomanganese is required as a raw material
for the production of resined ferromanganese and hence
the production of silicomanganese will increase with the

production of refined ferromanganese.

The consumption of refined ferromanganese 18 expected
to increase as less high - carbon ferromanganese is
produced because of the expansion of the L, D, process and
increases in the production of thinner finighed steel sections
which require manganese alloys with lower carbon and silicon
contents. Silicomanganese and refined ferromanganese have

favourable carbon - to ~ manganese ratios and are of

particular interest for situations which require low carbon content

steels. There are many different grades of refined ferromanganese,

ranging from medium ~ carbon (O, 5 to 2 per cent) to low ~
carbon (less than O, 5 per cent) with different manganese,

silicon, phosphorous and sulphur contents.

Manganese metal, although it is not a manganese alloy,
can be included in this survey. Its main outlet is in the
production of non - ferrous metals and in the aluminium
industry in which iron is av undesirable impurity . It is also
used in the steel industry in competition with low - carbon
ferromanganese, mostly in stainless and alloyed steels with

extremely low carbon contents, *

Ferromanganese alloy production figures are difficult to
estimate accurately because thay vary from one country to
another according to the quality and type of steel p‘roduced,
the steelmaking process and the production of cast iron. The
steel industry consumes approximately 98 per cent of all

ferromanganese alloys and manganese metal whilst the cast
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; ; , iron industry only accounts for about 2 per cent of

; the total production. ~ < . { |

f ; The main producers of manganese ferroalloys and
% manganese metal during 1972 are listed inTable 2 In recent

§ years there has been a tendency to use less manganese per

3’ metric ton of steel(la), This decrease in manganese , 4'5
j ‘; | consumption per metric ton of steel is due, in part, to the | | |
introduction of the basic oxygen process which uses shorter

blowing times so that less manganese is oxidised into the slag,

| Two further reasons for this reduction in the manganese ‘ L el i
3 . content of steels could possibly he the use of iron ores and '

z; : ’ fuels with lower sulphur contents and lower rmanganese contents

o : | | in the steels., However, as world steel production is expected

to reach one thousand million metric tons in the next few

o s years, the manganese alloy industry is expected to expand j

to produce about seven million metric tons per year of high - : ]
* carbon ferromangancse, |
.

This section is followed by a summary of the theoretical Co | ,
: and experimental background for <\e present study in the , ' X
| form of a review of previous studies on the stability ;
. ranges for manganese oxides, Data on equilibriunx and kinetic ‘ E
congiderations of slag and metal systems related to the '
production of refined fe rromanganeae are also presented: ‘
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TABLE 2(17)

FERROMA‘NG’ANESE ALLOY AND MANGANESE METAL PRODUCTION, 1972,

(Quantities are given in thousands of metric tons)

Manganese

. T s 4 o e g e

B I A Ty

High-~carbon Refined Silico~-

; Producer Ferromanganese Ferronanganese Manganese Metal
UaBoB.1, 1000

USoho 675 86 170 2l
Japan 470 131 466 12
TFrance 450 B 5k

Tagtorn Bloo 300

Noxway 250 30% 145

R.8.A. 225 15% 12
Germany 210 40%

Indie 140

Belgdum 120

Undted Kingdom 110
- Canada 80

Spain 80 15%

dustralis, 70

*Bybinated
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3, PHYSICAL CHEMISTRY OF FERROMANGANESE PRODUCTION

To understand the mechanism of reduction of manganese ores
and the nature of the slag -~ metal reactions that occur during the
production of refined ferromanganese, it is necessary to review
previously published information on the physical chemistry of

ferrornanganese production,

~ This review of the physical chemistry of ferromanganese
production will discuss the thermal deoxidation of manganese oxides,
activities in slag and alloy systems as well as slag - metal equilibria

and the kinetics of slag ~ metal reactions,

3. 1 Thermal Deoxidation of Manganese Oxides

Mamatwan ore consists principally of braunite associated with
other minor manganese minerals such as manganite (MnO(OH)) and

hausmannite (Mn304)( In natural occurrences of ore the braunite

composition can be represgented as BMnZOB‘ MnSiOS and thus the

braunite containg approximately 10 mass per cent Sioz. Braunite has
a wide range of posaible compositions ranging from pure an()3 to

& manganese silicate containing approximately 4G mass per cent Sioz.

I*Iccper(é) reported that thermal dissociation of MnO, commenced at

| ‘ 2
temperatures above 400°¢. Abdul Azim(m) discugsed differential

thermal analyses to show that Mn303 is formed from Mn()z in the
temperature range 500° to 600°C, anoa exists in two polymorphic

forms, cubic *Mn,O, and the distorted spinel XMnZO

3 3
Dissiagi%i)on of MnZQB to 1\/1111204r hag been studied by several
authors' . Mn 30 4 is the stable crystalline phase in aiy above

877 C. Tetragonal Mn,O, (low hausmannite') is stable from 877° to
1160°C and cubic Mn O 4('higl‘i hausmannite') ‘with a spinel type
structure, is stable from 1160°C to its melting point in air at
1567°C, Hahn and Muan(zo) considers that the decomposition of
MnBO"L to MnQO occurs at oxygen partial pressures of O to IQ“E

atmospheres over the temperature range 1248 to 1562°C.
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P Davies and Richardson(24> studied the non - stoichiometric
| behaviour of MnO and brought this oxide into equilibrium with
various pa.:ial pressures of cvygen by prolonged heating at 1500° to

1650°¢. The ratio of the number of atoms of oxygen to manganese in

the non - stoichiometric oxide was plotted against the oxygen partial
B , pressure: The oxygen«to ~manganese ratio increased from a value of

- w2
1 at FOQ = 10 ? atmospheres to 1,05 at POZ = 10"° atmospheres.

Figures 1to 4 show equilibria between the different manganese oxides
as a function of temperature and oxygen partial pressure. The

corresponding equilibrium equations are given as:

) o .y 0: . p
4MﬂOZ(9) w ZMnZOS(s) 4 Oz(g) AG =160512 ~ 213,26T Joules

(25 - 5500C) 3.1
6Mn,O,, \ = 4Mn.Q ., \ + O AGO=223212 .« 165,27 T Joules
2Mn.O,, = 6MaO, , + O AGT=445420 - 250,80 T Joules 3,3
? ’ | 3 4(9) (5) Z(g) | (25 ”1244,3(3)’ ;
; or AG = 392251 . 214, 60 T Joules
| | : (1244 « 1700°¢C)
,_ | 2MnO, \ = Mn, \ + O AG® = 773216 - 149, 39T Joules
b e | . or AG® = 813930 . 176,56 T Joules
: o (1244 - 1700°C)

Standard free energies for the above reactions are given over the
temperature ranges indicated 8) . From the data of previous warkexrs,
it may be concluded that MnBO 4 Was the most stable manganese oxide for
. ‘ the temperatures and oxygen partinl pressures that prevail during
< the preparation of the premelts in this thesis,

)
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3.2 Slag systems in Ferromanganese. Production

3.2,1 Properties of Ferromanganese Slags

Slag - making components are added to manganese ores for improved
¢lag control and higher manganese recoveries in the silicothermic
processes for the production of low - to medium «~ carbon ferromanganese.
Manganese recovery from the slag is influenced by the activity of
MnO in the slag and although this activity will vary during the
dmurseof the silicothermic reaction, due to silica formation, as ’high

an activity as possible is required. "I‘herefore, basic fluxing additions

‘alre egsential to ensure both high levels of manganese extraction

f1om the slag melt and low silica activities in the slag which result

in low silicon in the alloy. The relevant reduction reaction is;

2(MnO) + [B] = (8i0,) + 2[Mn] 3,5
JFrom this equz ion |
| 2 2
Bz K2 Mno 2si 3.6
%510, |

For maximum raunganese recovery from the slag, the activity of

'rrianganeae in the alloy should be as high as possible and equation

3, 6 shows that this is achieved by a high MnO wctivity in the slag as

well as a high activity of silicon in the alloy. Higher MnO activities are

‘obtzined in basic slags which may contain some MgQU, but MgO

additions do not increase the activity of Mn0 in the slag as much

27)

¢ '] 3 i i .
hasicity in ferromanganese slags in defined as:

#

a8 identical additions of Caf)( ., For the purposes of this discussion,

Basicity = GaO (%) + MzO (%) B A
510, (%)

Unfortunately basic slags often have high 1iq idus temperatures

in the temperature range 1600° o 1700°C and this means that

o v ‘
smelting temperatures between 1650 to 17507 are necessary,
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These higher smelting temperatures result in considerable losses
of manganese due to volatilization and these losses can be as much
as 8 to 10 per cent of the manganese charge:? to the electric furnace.
However under incorrect electric furnace conditions or procedure

the loss may be as high as 20 per cent . Thus a compromise is

required between a slag possessing high slag basicity and a low

liquidus temnerature.

Typical variations in slag composition in the process should not

involve any marked change in the liquidus temperature of the slag,

| The optimum slag basicity is therefore of considerable importance

and its selection will depend not only on the slag properties and
termperature but also on the operating characteristics of the
furnace and the quality of the charge materials.

Several workers have proposed that CaO can be replaced by
MgQ up to a limit of 8 to 11 per cent MgO in the final sla'g(29"34)*

This MgO addition lowers the slag viscosiyty at any particular

~ temperature and slag basicity, When MgO was substituted for CaO

up to concentrations between 3 to 18 per cent MgO in relatively low
A1203 slags (14 to 18 per cent) the basicity was increased from the
normal value of 1,4 to 1, 6 to as high as 2, 8 without a substantial
increase in the liquidus temperature and an increased manganese

"Yield(a 5) .

It has also been claimed that MgQO and Si()z can be replaced by

A1203 to increase manganese recovery from the slag. This has been

, .
substantiated by J on"36) who studied the relationship between the

basicity and the AIZO content of the slag. At optimum and particularly

3
low levels of MgO, it is possible to obtain basicities greater than
3 at A1203 levels of approximately 30 weight per cent, The main

advantage of Al slags is that the concentwation of SiO? in the slag‘

293
is reduced by dilution and the activity of SiC)2 in the melt is lowered,

In addition, the activity of 8102 is reduced at higher basiciies.

Both these factors give lower silicon concentrations in the metal in

equilibrium with the SiC)2 of the slag. Therefore, to obtain a high

recovery of manganese, it is important to use slag compositions that

18
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permit high ratios of A1203 to SiOzancl bases to SiO2 without
impairing the overall fluidity( ) :

The production of medium - to low -~ carbon ferromanganese
requires a high grade of ore with a high manganese ~ to - iron ratio
and a low SiOz content to prevent excessive slag formation and
avoid increased flux consumption. Less slag results in lower power

consumption for the electric furnace and higher manganese recovery.

Thus suitable raw materials are essential .. to achieve high
production rates and to minimise the cost of prod-iction. Raw materials
account for a high proporiion of the cost of the product in ferromanganese
production. |

Dolomite may be v «.] as a slagging component in preference to

Ca0(38’ 39). Dolomite is less expensive than CaO and the contained

© MgO tends to increase the slag fluidity, for any temperature and slag

basicity.

i

The effect of MgO on th‘e activity coefficient of MnO is dependent

on the slag composition, For constant Al, O, and SiO, contents and

2”3 47, 40)

bLigh Si.Oz values,the activity coeffirient of MnO decreases “s

. Ca0 is replaced by MgO., However in slags of high basicity, the

activity coefficient of MnO increases with increasing MgO content(7).

3.2.2 Aéﬁiviﬁies’ of Mangam se(1l) oxide

Several models have been advanced for the calculation of activities

of components of these slags. The most important models are based
on the assumption that silicon is bonded to oxygen anions and the slag

44", and oxygen anions with
and an'i‘ . Evidence for this model
' (41, 42)

structure consists of silicate anions, SiO
24 . 2+
g , Fe

is provided Ly measurements of slag viscosities by Bockris et al

o 2+
cations such ag Ca , M

and this model has been adopted by Richardson(%)‘

(44)

polymer formation by silicate auiong in binary systems, Masson's

Masson has extended this concept of slag structure to consider
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polymerization theory depends on the polymerization constant remaining

; - 8.
the same for the formation of complex anions such as Si 06 and Si, O, frem

27 3710

P . . . e . : . s
8104 anions with the liberation of O anions, Typical polymerization

" reactions are:

8104 + 8104 = 812()7 + O 3.8
d S°o6“+‘*o4"~5'08" + 02" B 3y
an 12 7 w3k 4 = 13 10 . . ;

Ancther general concept of slag constitution has beén developed
by Lumsden(%) who considers oxygen anions and cations such as
Si4+},' The existence of highly polarizing, highly charged Si4+ ions
is considered by J’o’hnston(46) to be most improbable, The formation
of Si H ions was believed to occur by means of silica dissociation, In
acid slags, excess silica over that which could be neutralised by
basic oxides to give M** and sio:“ ions may be assumed to dissociate
in the form:

2si0, = si** + sio)" e

Johnston states that dissociation of the remaining silica is most unlikely.

An explanation of the increase in the activity of MnO as slag
bagieity increases is possible from these models. In slags of
low basicity all cations are associated with silicate anion groups
and few 02"‘16215 exist, However, as the basicity increases,
gilicate anion groups collapse and the proportion of Ozu jons increases
giving free 02“ jons, Each free 02.. ion liberates a divalent cation
that is no longer associated with silicate anions but with free oxygen
ions, By increasing the slag basicity, ‘uetwork modifying' oxide
concentrations are increased, A '‘network modifying' oxide is one
which actively weakens or breaks up a network of other oxide groups,
The mechanism proposed for achieving this break « down is the introduction

of non-continuously bonded oxygen anions and cations, This mechanism
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- S10, . Thus Mn * jons are free from association with silicate anions

21

is illustrated schematically in equation 3. 1l: : = ; :

— -

0" o Ca:Q R &

L , A, - D , ‘ 2 3.1
OB O8O0 + 4Ca0 = 2/ 0—Si—Q | + 30 :

R | i

i w-irh

The interaction of silicate anions with Ca + and Mg * ions is ‘ Ll

stronger than their interaction with Mn *ions These cations are

preferentially associated with silicon cations to give silicate anions

4
and higher activity coefficients 'of MnO are obtained.

The slight increase in the activity coefficient of the MnO in
highly basic slags when MgO replaces CaO at constant A.lzo3 and i
Sin levels may be explained as a combination of two effects. The
first effect is that for any particulay weight addition of flux,the
number of moles ofj;ﬁlu,x increases as MgO replaces CaO but this

basgicity increase is too small to explain the rise in the activity

coefficient of MnO, When MgO substitutes for some CaO the formation ‘

of C.a.MgSi;O4 ig faxr more likely than either the formation of CaZSioé
or Mgz&o‘i

more negative thanthe standard free energies of formation of the othex twe

. The standard free energy of formation of CaMgSiO , is

drthosilicates or three metasilicates ap indicated in the list below where

. " . R )
standard free energies of formation are given for solids at 1500 K.

2Ca0 + 8i0, = Ca,8i0, AGolsooomel%,i&‘K Joules mole”™ 3,12
oy G s @l o B . o
2MgO 810‘2 = Mg28104 , ’AC? 1500‘(“'1{'”69' 9 K Joules mole 3,13

MgO+ Ca0 + §i0, = CaMg8iO, BG° Lo o0 =-154,2 K Toules mole™ 3,14 |
Mn®Q + S'.’\O2 = 1\/Ins':‘t(.')3 AGOISOOQI"(:"S' 8 K Joules mol’eml" 3.15
CaO + §iO, = ('JaSiQ3 AGQlSOOOngg,’ 2 K Joules rru)lémr1 3.16 ‘
MgO + 8i0, = MgSiO, AGOlSOQOKm"zg’ 7K Jouleg mole”l 3.17 |

% The term 'formation' is used for convenience., It must be emphasized thati

CaMgSio 4
and Sin'" ions tend to be associated together to give the overall composition

CaMgQsioO 4.‘ v

t ° z 2 &
etc, arve not present in the slag as such, but rather that Ca +,Mg“ :
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“cent manganese oxide as shown in Figure 5(47) The MnO-Al,O

lines for the system :E‘M)—dfvmo»S:“.Oz at 15650°C is shown in Figure 12

i, e R, S s T

JENDEEREP I ——

3.2.2.1 Binary Systems

_—

The MnO«SiOZ binary shows values for the activity coefficient
of MnO with negative deviations from Racults law up to approxirmately

70 mole per cent MnO, Positive deviations occur after 70 mole per

23

binary system is similar to the MnO-8i0, system although at low

2
alumina concentrations, the activity coefficient of manganesge oxide

is lowered furthe : nan for the same silica content as shown in

Figure 6 (48) :

3.2,2,.2 Ternury Svstems

The activities of MnO in the ternary systems MnO~CaO«SiOz,

MnO-MgO-SiO? and MnO~A1203~Si02 are shown in Figures 7, 8, 9

and 11, These diagrams reveal that, on a mole per cent basis, the
activity of MnO in the slag is raised more by CaO additions than by
MgO additions and more by MgO additions than by A1203 additions,
The MnO- Ca0-8i O? and MnO.~CaO-« A1203 systems given in Figures
8 and 10 show that, on a molaxr basis, 810‘ﬁ additions more markedly
decrease the MnQ activity at any fixed MnO concentration than A1203
additions. At low MnO concentrations, SiOz additions cause largexr
negative deviations from ideality for the MnO a.ct:.vlty than do
AlLO, addltons(io’ 47, 48),

A comparison of experimental data and calculated isoactivity
(49)
Isoactivity lines were caleulated from the following quadratic equatlon
developed {rom a regulax solution model for the partial molar excess |
free energy of a component, i.e.,

log ¥.. . =.2,2N°__  .1,0N. N

MnO Sio

0O, FeO Si('.)z - 3.18

In the MnC)».FeOuAleB system a similar quadratic expression,

lkinking the activity coefficient of MnO to the mole fraction in the

system, was put forward by these workers, i, e.,

22

i s b i et o

ey ey

et L s Seeme o rew

P

-

i

s e e




o T T A S e s

o oot

sl o T 2 0 K

s

o
g
!
{

g
i

e pee i

RO R i e

23

10 T

08

L]

0,6

a’MnQ

041 saturated
with $i0,

[}

02

- H

0405 080T 08

MNuno™
Figure 5, Activities of MnO in MnO~8i0, melts with reference

to solid MnO ‘ag standard state. (Abraharm et al(li’?))n
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Figure 6, Activities of MnO in MnO«Al?OB melts at 16500(3,
Full lines and points represent results relative to
solid MnO, broken lines relative to liquid MnO,

(Sharma and Richardson(%)).
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Pigure 7. Activities of manganese oxzide relative to pure solid

MnO in MnQa«CaQ«8i0, mealts at 1500 CM?). Broken

2
lines are probable liquidus.
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Pigure 8, Activities of manganese oxide relative to pure solid
MnO in MnO- GaQ«SiOz melts at 1650"0(40’ 47).
Broken lines are probable liquidus,
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Figure 9, Activities of MnO relative to pure solid MnO in
MQO»MnO»SiOg melts measured at 165006; crosses

(40)

show liquidus limits in binary .
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Figure 10, Activities of MnO relative to pure solid MnQ in

MnO - ('.,*,r».LO»-Al.zo3

limiting activities in MnOﬂAl?OS are taken from
(48) *°

Sharma and Richardson s crosses show liquidus
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Figure 14, Activity coefficients velative to pure solid MnO at low
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et al (4 ) NM o in all cases less than O, Ob; broken
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in this diagram, In the area of 60 mass per cent SiO
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1 K = ™ - | -
°8 %\ ino O, 6NA101 ; O’5E\I}?eol\ﬂt\.n:);l ; 3.19
#

(50)

showed a negative deviation from ideality over all concentrations of

Maruhashi established that the activity of MnO in this system

MnO. Deviations became more marked us A1703 contents increased = ;
or as the MnO conecentration increased. i

3.2,2.3 Quaternary systems

Figure 14 shows the advantages of using slags rich in CaO and ‘
AIZO 5 10 obtain high manganese recoveries in the production of |
ferromanganese, The amphoteric nature of the A1203 is demonstrated
2 the activity
coefficient of MnO is virtually unaltered by the substitution of
A1,0, fox can(*%47) .0,

However, for mass percentages of Sioz lsss than 30, the substitution

.In this reglon the Al is acting as a base.

of Al 0, 3 for CaO markedly lowers the activity coefficient of MnO and

thus mzoz is acting as an acid,

Derived expressions for the activity coefficient of MnO in
MnOnFe(DuAle 4910, quaternary systems have been obtained at
1550 °¢ by Sommerville et al and, for example,

2

log an oF -2, ZNSiO

i), 6N

) A1O 1, ON -0, 556N, N

I‘LO S('.)2 FeQ A.J.,O]w5

i b R ST e e 5 et

1,5

«1, 3N NA1O

c‘io? 195 LI B A A ] 3‘20

Caleulated and measured activities agree to within O, 03 for the
coinpogitions studied, These values were derived cn the basis of
regular solution theory, the standard state in all cases being pure

lquid oxide at the temperature conceyned,
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Wazrren g:c___g—l (7) measured activities of MnO, relative to SOIid,
in slags associated with the production of high«carbon ferromanganese
alloys. The slags used were from the SiOzmAIZO:,’_MgO-CaO-MnO

system with selected A1203 contents and CaO«to ~-MgQ ratios.

- The activity coefficient of MnQO was shown to be affected by the
MnO concentration in the melt over the range 5to 20 mass per cent
MnO for various basicity ratios. Activity coefficients of MnO at a
concentration of 13 mass per cent were plotted as isoactivity contours

on a pseudoquaternary system SiOz~A1203~CaO—MgO. These

isoactivity contours are shown in Figures 15a to 15¢c at A1203

concentrations of 10, 20 and 30 mass per cent respectively,
Increasing basicity ratio increases the activity coefficient of MnO,
At constant AIZO3 and SiOZ levels, as CaO is replaced by MgO, the
activity coefficient of MnO decreases for high Si.O‘2 levels whewreas

in basic slags where SiQ, is low the activity coefficient first increases

2

until the CaO-to-MgQO mass per cent ratio approaches four.

An increase in the AIZO3 content, for a given basicity ratio,

decreases the activity coefficient of MnO in the more basic slags but

appears to have little effect on the more acid slags., The small effect
exerted on the MnO activity when the slag A1203 content is increased
at a CaO-to-MgO ratio of 4, 57 is shown in Figure 16, This CaO-to-

MgO ratio is of particular interest as it is very near to the ratio of

 the basic fluxing components in the Mamatwan ore used in the present

investigation.

3.3 Allov Systerhs -in the ,’varoduction‘ of Refined Ferromanganese

Medium « to low ~ carbon ferromanganese is normally produced
by means of a ferromanganese ~ gilicide reducing alloy, This alloy
usually contains some carbon because it is manufactured in an open
arc electric furnace from a charge of manganese ore, silica and
coal or coke, The carbon content in the ferrornanganese « silicide

is inversely proportional to the silicon content of the metal.

31
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During the production of refined ferromanganese, sufficient
ferromanganese - silicide is added to the lime - ore melt to
reduce ti.e MnO content of the premelt to a concentration of 30 to
35 mass per cent from an initial value in excess of 50 mass per
cent. At the same time the silicon content of the ferromanganese -
silicide is reduced from an initial value to 16 to 24 mass per cent to
approximately 1 mass per cent in the final alloy. The manganese
content of the alloy increases from 60 to 70 mass per cent to

approximately 80 mass per cent,

The ferromanganese « silicide used in ladle reacticms has carbon
contents which vary from less than O, 5 mass per cent, in the case
of alloys containing 22 to 24 mass per cent silicon, to approximately
1,2 mass per cent for alloys containing 15 to 18 per cent silicdn‘.

The carbon co;ncentration’ is reduced principally by dilution of the
alloy during refining,

Although manganese and gilicon are the most ‘common alloying
elements in steel, the binary and ternary systéms with iron have not
been completely studied. In addition no information has been found
for the activity values of components in the ranges of composition of
the alloy system Mn~Fe-~Si~C used in the production of refined

ferromanganese in South Africa,

3.3.1 The A° . Systems Fe-Mn, Fe-5i and Mn-Si

32

Binary solutions of Fe~Si and MnSi exhibit strong negati‘xje deviations

from ideal behaviour indicating strong attractive forces between unlike

v (51, 52) . » . )
atoms . Studies on the Fe-3i system at 1600 C have been

sumrmarized by Darlcen(“) and are shown in Figure 17. Chipman

52)

temperature range 1«1200 to ITOOQC. They foﬁund that for this binary,

et al( have studied the activity of silicon in FeSi melts in the

the effect of temperature on the activity coefficient, at constant

cormnposition, is given by the formula:

dn¥,, L.
———i1 Si 3.21
3T RT?

i
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activity coefficient of silicon in ferrosilicon alloy.

£
o
&
K
o
W
1

T = absolute temperature. (K)
i’Si =  bheat of mixing of silicon in iron. (K cal.)

For any particular molar concentration of silicon they found that

KSi increased with temperature. This observation has been verified
1(54)
al

by TOlStOgUJ‘.’aOV et ‘ .
5 - 5

Solutions of the Fe~Mn system are almost ideal nd

activities of both components only show slight negative deviations from

(56) -

Raoult's Law .

3.3.2 The Alloy Systems Fe-Mn-G, Fe.S5i-C,Mn-8i-C and Fe-Mn-8i-C

The production of ferromanganese ~ silicide inevitably results in
carbon solution, in the metal phase and this carbon affects the
activity coefficients of components in the alloy. Thus the solubility
of carbon in Fe~Mn«Si alloys must be known in order to study slag ~

metal equilibria in ferromanganese production,

The carbon content of graphite ~ saturated liquid iron above 115300

is given by Chipman gm(52)asa
%e = 1,34 + 2,54x107°T (°C) 3,22

~ Thip ig illugtrated in Figure 18,

“For graphite~saturated manganese above 1322°C the carbon content

(52),

becomes :

3

%C = 2,68 + 3,82x107°T (°C) 3,23

Tha solubility of graphite in Fe~Mn, Mn~Si and Fe~Si alloys was |
57

interpolated from the results of previous workers by Skiredj and Elliott

and is shown in Figures 19 to 21 respectively. In the Fe-Mn system, carbon

solubility increased as iron is replaced by manganese at any particular
temperature in the range 1400 to 1650°C, However, in the FewSi

and Mn~Si systems, as silicon replaced the other major alloy
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where : KSi = activity coefficient of silicon in ferrosilicon alloy.
T = absolute temperature, (OK)
L.. = heat of mixing of silicon in iron. (K cal.)

For any particular molar concentration of silicon they found that

KSi increased with temperature. This ohservation has been verified

by Tolstoguzov et a.1<54) .
.. (53.55)
Solutions of the Fe-Mn system are almost ideal and

activities of both components only show slight negative deviations from

Raoult's La‘w(%)

3,3.2 The Alloy Systems Fe-Mn-C, Fe-Si-C, Mn-5i-C ani Fe-Mn-8i.C

The production of ferromanganese ~ silicide inevitably results in
carbon solution, in the metal phase and this carbon affects the
adi:ivity coefficients of components in the alloy. Thus the solubility
of carbon in Fe~Mn~Si alloys must be known in order to study slag -
meatal equilibria in ferromanganese production. |

The carbon content of graphite ~ saturated liquid iron above 153°¢

(52

is given by Chipman ¢t al )as:

3

hG = 1,34 4 2,84x107°T (°C) 3,22

This is illustrated in Figure 18,

¥or graphite-saturated manganese above 1322°C the carbon content
becomes(sz):

3

%G = 2,68 + 3,52x 1077 (°C) 3,23

The solubility of graphite in Fe~Mn, Mn-Si and Fe~Si alloys was (57)
57

interpolated from the results of previous workers by Skiredj and Elliott

and is shown in Figures 19 to 21 respectively, In the Fe~Mn system, carbon

solubility increased as ivon is replaced by manganese al any particular

temperature in the range 1400 to 1650°¢, However, in the Fe~Si

and Mn~Si systems, as silicon replaced the other major alloy
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component, there is a considerable decrease in carbon solubility.
For the temperature range congidered, increased temperature

increases the solubility of carbon in all three systems.

Turkdogan and I—Ianc:ock's(ﬁs> data for the solubility of graphite

in Fe-Mn-Si alloy at 1400°C and 1500°C shows that its solubility -

is a maximum in alloys high in manganese and low in silicon. As

the iron - to ~ manganese ratio or the alloy silicon content increased

(59, 60)

the graphite solubility diminished . This observation

agrees with those for its solubility in the Fe-~Mn, Fe~Si and Mn-Si

| systems, The effect 1s illustrated in Pigure 22.

In the Fe~Si-~C alloy system, the activity coefficient of silicon
increases with increasing carbon content at all temperatures in
the range studied by Chipman et al. Activity coefficients of

gilicon in the binary system Fe-Si were compared with act‘ivity

coefficients in the ternary Fe-8i-C at any silicon atom fraction

between O and 0, 35 and the values were found to be higher in the

ternary system than in the system without carbon.

In the Mn-Si-C system there is a marked increase in the activity
coefficient of gilicon for silicon atom fractions between O, 1 to

¢ 2 in the termperature range 1350° to 145000(58>,

Only a single refevence was obtained for values of the silicon
activity cosfficient in Fa-Mn-5i-C alloys and in this ca’sye for
equﬂibi*ium between an alloy and a slag, Tolstogux ov<6l) congidered
alloy systems containing between 60 to 78 per cent manganese and
0,07 to 23, 6 per cent gilicon, The activity coefficient of silicon in
the metal at 1570°C was found to increase marginally as the slag
bagicity ratio increased from O, 8 to 1, 3. However, average values
of «10;51@ XSi for three different gilicon levels, nameiy 1,5 and 15

mass per cent, weve given ag 1,55 1,82 and’l, 48 respectively.

It ig evident, from the available literature, that fuxther research

work should be initiated on activity determination in the quaternary

37
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Fe«Mn-Si~C alloy system, especially in the range of alloy

compositions that exist in the production of refined ferromanganese

in South Africa.

3.4 Reduction Reactions

3.4,) Slag - metal Equilibria

The reduction of manganese oxide from a basic slag by silicon
dissolved in a liquid ferromanganese alloy is the most important
reaction occurring during the production of refined ferromanga.ne‘se.
Theoretically,’ both FeO and MnO should be present in the ore -
lime melt which is subsequently reduced by silicide. However, in
most South African ores, the manganese ~ to - iron ratio is high,
leading to low iron concentrations in the orve premelt. Furthermore,
FeO is reduced nonsiderably faster than MnO <6&). Boronenkov M(yéa)’
who have studied the kinetics of reduction of iron and manganeyse
by carbon from CaO-ALO,-MgO-FeO-MnO melts state that
reduation of manganese oxide from the slag will not occur until the
FeO concentration has been reduced to its equilibrium value with
metallic manganese (about O,1 mass per cent FeO).

Standard free enexgies of redustion reactions encountered during

production of refined ferromanganese are shown in Figure 23, These

standard {ree energy values are related to one mole of metal produced

‘and not, as is usvally practised, standardised to a mole of oxygen

removed from the oxide. The non ~ continuity of the standard free
energies, results from a lack of thermodynamic data in the
temperature ranges shown. Thus, at temperatures below the breaks
golid components are considered standard state whereas above this,
liguids prevail. From thkis figure, it is apparent that at the
temperatures used in ferromanganese production, the reaction most
iikely to proceed thermodynamically is that of the reduction of FeO

by silicon to form iron and silica,

Thus it is concluded that ivon reduction will occur preferventially
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resulting in the initial dilution of the reducing silicide alloy with
iron. Once this reaction has been completed manganese mass

transfer will occur from the slag to the alloy lowering the silicon
concentration and increasing the manganese content of the final

refined ferromanganese.

The final equilibrium manganese oxide content in the slag depends
on the presence of lime and/or magnesia in the slag. If lime or
-magnesia are not present it is more difficult to reduce MnO from the
manganese silicate melt,

*

‘When a reacting melt is deficient in basic fluxing components,

¢ the foll‘owing reactions may occur( ):

MnSi + 2Mn,O, = Mn +2MnO. $i0, + 4MnO 324

MnSi+ 4MnO = 3Mn + 2MnO.§iO, - 3.25
AG® = 13480 - 18, 68T (at 1638° to 1800°K) Joules

MnSi + 3MnO = 3Mn + MnO. SiOz. ‘ 3,26

AG° = 6508 + 2, 33T (at 1410° to 1548°K) Joules

The standard free energies of formation of the compound MnSi

- were caleulated for the following absolute temperature ranges as!

(o]

AG® = .71687 « 1,705 T Joules (298° to 1000°K) o 3ar
AGP = 78329 + 4,937 T Joules (1000° to 1410°K) _ 3 28

AG® = 87930 + 11, 721 T Joules (1410° to 1548°K) . 3.29

£G® = 40596 - 18,856 T Joules (1548° to 1683°%K) 3.30

AG® = ~89799 + 10,379 T Joules (1683° to 2000°K) 3.31
- AG® = «77288 + 4,222 T Joules (1Ooo° to 2000°K) 332

Reaétion& 3.24 and 3.25 are more likely to occur ani to pwceed with
tephroite (ZMnD,SiOz) formation and are char'a.cteristic of the
production of alloy from a non~fluxed premelt. Thus, if CaO ox other
basic fluxing materials are not present in the charge, it is more

difficult to reduce manganese oxide to manganese in the alloy. The

* See comment p, 21.
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manganese is reduced to its lower oxide and remains as tephroite

in the slag.

When adequate fluxing additions are present, reactions which

could occur during the refining process are similar to:

MnSi + 2Mn O, +2CaO = Mn + 2Ca0.5i0, + 6MnO | - 3.33

MnSi + 2MnO + 2Ca0 = 3Mn + 2Ca0.3iO, 3. 34
AGS = «115673 «3, 98T (at 1683° to 1800°K) Joules |
MnSi + 3MnO + CaO = 3Mn + -,;-(zMno.SioZ
AGO = 43923 « 15,097 (at 1638° to 18000K) Joules
MnSi 4 24MaO + CaO = 3Mn + %(MnO.SiOé) + 4(@Mn0.Si0,)  3.36
‘ AG® = ~130980 + 45,02T (at 1500° to 1683°K) Joules
MnSi + 2MnO. Si0, + 4Ca0 = 3Mn + 2(2G20.8i0,) 3,37
AG° =-235660 + 4, 97T (at 1683° to 1800°K) Joules
MnSi + z(Mno,Sioz) + 6Ca0 = 3Mn + 3(2Ca0.SiO

AP

5) 3,38

=-361920 - 10, 37T (at 1400° to 1700°K) Joules

In the absence of CaO or MgO additions, reduction of manganese from
MnO. Si(f)2 (

confirmed by the following equations, where unit activities of the

e ) R :
rhodonite) and 2MnO. 810, is almost impossible. This is

-

reacting components are considered.

it

3Mn + 2810, 3,39

MnSi + ;ZMnO.S’iOZ
B 12966 + 16, 68T Joules

AG

0

3

MaSi + 2(MnO $i0,) = 3Mn + 38i0, | 3,40
AGS = 16114 4 2,13 T Joules

‘ A o R
Manganese reduction from tephroite and rhodonite in the presence
}

L
of calcium orthosilicate is thermodynamically feasible.

Ny 3.41

AGT = 67432 +13,08 T Jeaules
Mn§i + 2(MnO.8i0,) + 3(2Ca0.5i0,) = 3vn + 6(C20.5i0;) 3. 42
’ AG® = ~94117 - 9, 95 T Joules

MnSi + ZMnO.SiOZ + 2(2Ca0.8i0,) = 3Mn + 4(CaO.SiO

Thus it is apparent that fluxing additions have a marked effect

% See comment p. 21,

} + $(2C20. 810,) 3.35
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on the distribution o silicon and manganese between the slag and the

metal and on the final equilibrium in a slag-metal reaction.
Optimization of types and quantities of fluxing material i3 therefore
’e,s,sential to alter the equilibrium, increase the overall recovery

of manganese and increase the manganese content of the final metal,
At equilibrium, equation 3.5 can be represented by its equilibrium

constant as:

| « =.E"Mr;]2‘.',(5‘5102),

Crmo) Psi

3, 43

This slag-metal relationship, associated ivith the production
of medium ~ and low ~ carbon ferromanganese, has been examined
by Barcz;a(m). Synthetic standard slags were made from the pure
components MnOa, CaO, MgO and Sioz. A variety of compositions
were chosen, representing a typical Mamatwan ore which had been
subjected to é. wide range of fluxing additions. The slag premelts
formed were reacted with a 22 per cent silicon ferromanganese
silicide alloy at 1500°C under an atmosphere of argon. It was
found that manganese recovery increased substanticlly from 32

to nearty 60 pex cent as the CaO addition was increased from Q

~to 30 per cent. With further CaO additions, manganese recoveries

declined. It was further observed that, for a basicity ratio of
four to three, as MgO replaced CaO there was an increase in
manganese recovery from 50 to 57 per cent until a CaO-to-MgO ratio

of one-to-one was achieved. The basicity ratio has a profound effect

~ on munganese recovery which reached a maximuwm at a CaO-to-MgO

ratio of four to three,

The equilibrium has also been studied by Turkdogan and Hancock (58)
as well as by Schenckw(éa’ 69) who equilibrated Fe~Mn~Si~C
alloys with MnQ containing slags at tempe ra(;ums between 1450°
a,nd\l.’SSOOG‘ Turkdogan and Hancmck(sg) equilibrated carbon -
saturated Mn-Si melts with MnO-Si0, slags up to"s:ioz saturation
under a carbon monoxide pressure of 1 atmosphere and with saoz -
saturated slags at varying carbon monoxide pressures at 13500, 1400°

and 1450°C, The aonclusions reached by Turkdogan and Hancock(58)
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‘evidence for this view has been provided by Stukel and Cocubinsky
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were:

(1) for a given iron concentration, an increase in the CaO--to--SiO2

ratio increases the slag-metal distribution ratio of silicon but

decreases the manganese ratio. These results are shown in

Figures 24 and 25,

(ii}  for a given CaO-to-Si0. ratio, the silicon distribution

2

" ratio increases with decreasing irnn content of metal, whereas

the reverse is true for the manganese distribution,

(iii) in CaO-MnO-8iO, slags containing A1,0,, silicon and

2

rnanganese distribution ratios increase as the ‘A1203 content is

reduced from 20 to O mass per cent or from a mole fraction of

0,14 to O. This phenomenon is illustrated in Figure 26,

(70)

This latter conclusion is disputed by Selmer Olsen )
who correlated MnO and CaOuto-.SiOz ratios in slags in equilibrium
with constant silicon concentrations in metals and found that Al O

273
content did not appear to interfere with this correlation, Further
(71)

who found no significant effect on manganese distribution when the

‘slag A1203 content was varied from 8,1 to 36,4 mass per cent.

The present investigation used a Mamatwan ore and pure

fluxing components and covered a wide composition range in order

to incorporate all the fluxing possibilities experienced with this

ore in practice. The ore premelt composition ranges are!

MnO 50 to 60 per cent, CaO 15to 40 per cent, MgO 3to 20 per

cent, Ale less than 15 per cent, Si0Q, less than 6 per cent and

3 2

FeQ less than 7 per cent,

From daily slag and metal analyses of a ferromanganese blast
furnas.ce 'I‘urkdogan((z) found that at a given CaO~to-SiOz ratio, the

MnO«to~-Mn ratio is directly proportional to the Si..tomSiOZ ratio

This proportionality factor decreasad slightly as the silicon content

of the metal increased. The conclusion was that squation 3, 43
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determined the manganese that could be reduced from a given
slag. This is not altogether correct, as in practice although.
the manganese distribution is close to the equilibriu.my value, the

silicon distribution is not.

Unfortunately, little data is available on activities in slag
and metal systems related to equilibria in the production of refined
ferromanganese and thus few thermodynamic interpretations of

equilibria can be attempted.

3,.4,2 Slag -~ metal I{ine(ti'e‘s

Eqﬁilibrium relations pertinent to the reduction ofvmanganese
oxide have been studied in order to establish the mechanisms
which control the rate of the process, The equilibrium of interest,
as given previously in equation 3.5 is that between silicon in the
reducing alloy and MnO in the slag. For this two - phase slag -
metal reaction, the kinetics ‘can be divided into the following principal

steps:

(i)  transport of the reactants from the bulk phases to the slag -
metal interface, | '

(ii) phase boundary reaction, which itself may involve several
steps. '

(iii) trahspért of the reaction products'from the slag -~ metal

kinter‘face into the bulk phases:

Under most conditions, it has been found that significant

cencentration differences occur only in the vicinity of the interface.

(73)

concentration gradients in the boundary layer and concentration

According to Wagner the theoretical analysis need only consider

differences in the bulk layer may be disregaided.

The possible rate - cotxtrolling steps can be either diffusion
control, chemical reaction control or a combination of these. If the

chemical reaction step is much faster than one or more of the

47
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diffusion steps, equilibrium is reached at the interface, and the
overall rate of the process is determined by the diffusion of one

or more of the reacting species to’ or from the interface. If,

however, the chemical reaction step is the slow step, the concentration

‘of any component is essentially the same at the slag ~ metal

interface as it is in the bulk of the pha's)e, and the procecs rate

is determined by the rate of the phase boundary reaction .

In order to determine the rate limiting sep for the reaction in

(74)

several variables on the kinetics of MnO reduction from basic slags

equation 3,5 Daines and Pehlke have considered the effects of

by silicon dissolved in liquid iron. These variables included stirring

rate, temperature, melt geometry and concentration. On finding

the large infiuence of stirring (Figure 27) and the small influence

of temperature (Migure 28) on reaction rate, they described the
zxperimental systemn as diffusion controlled, By a process of
elimination, it was cencluded that the rate limiting step was attributed

to the diffusion of manganese in the metal phase.
' This conclusion is supported by Calderon et al (75) who studied

mangan:se diffusivities in Fe~-Mn systems for which the activation

energy of manganese diffusion was small and assumed to be

(76-77)

the necessity for ag large as possible a surface area for reaction

independent of concentration. Other authors have emphasized
between metal and slag. If a large surface area is obtained, reaction
kinetics are improved by supplying a larger interface from which

the manganese can diffuse. The kinetics of reduction of manganese
oxide from slags, by silicon in an iron alloy, ars thewefore
attributed to diffusion control, unlike reduction by carbon in liquid

iron which is due to chemical reaction at the interface (78’ 79)

When a process is limited by a slow diffusion step, the vate can

be defined mathematically Ly applying Fick's first law which states

that the flux of component i is proportional to the concentration

gradient of component i in the direction of diffusion,
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J, = «D _. ‘ 3. 44
1 .?.“ ’ _
i e - . = -1
where Ji = Molar ﬂux of component i, molesm s =,
o D = Diffusion coefficient, mzsﬂl,
. . wd
Ci = Concentration of component i, moles m ;
and y = Rectangular coordinate m. ‘
Equation 3.44 can be rewvitten as:
fni | R A‘ ‘E’i(in‘cerface) - Ci(bunc)] ‘ - 3.45
dt - - |
where n; © Moles of component i,
t = Time, s,
A == Interfacial area, rnz,
' and 8§ = Boundary layer thickness, m
The concentration of component i at the interface isthac concentration
which is in equilibrium with the other components at their
instantaneous compositions in the bulk phase.
As the diffusidn of manganese ig considered the rate - limiting
step in equation 3.43, Daines and FPehlke have shown that at any
time during the course of this reaction the concentration of MnO
in the slag can be related to that of manganese in the metal, which
ig always zevo at t =0, by the stoichiometric relationship:
‘ %MnO = (%MnO) - [W_.Mw, ] |
b & B ( WG M’ MﬂO[ %[Mn:] 3, 46
WS" MWMn_J
where (eano)° = Initial MnO weight per cent,
Wit = Weight of metal phase, Kg,
' WS = Weight of slag phase, Kg,
¢ 9 \ 1 " N 5 -
, MWMnO Molecular weight of MnO,
. and MW = Atomic weight of Mn.,
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A8 previously stated, Daines and Pehlke (74) showed that for
manganese oxide reduction from basic slags by silicon dissolved
in liquid iron the rate limiting step was diffusion of manganese in the
metal phase for low silicon concentrations in the liquid iron

phase.

As the initial alloy silicon concentration increased the value

for D/8 decreased markedly for gilicon in the metal and to a lesser

extent for manganese in the metal as shown in Figures 29 and 30,

D and 8 refer to the diffusion coefficient and effective thickness of
the concentration boundary layer regpectively. The rate equations
for the diffusion of silicon and manganese in the metal phase are

given respectively by equations 3,48 and 3. 47 as:

%M | |
A 0[: 191;:1;7 d(‘%ﬂ\dl‘g) | 3.47

<,(%Mno)0 ~ Q% [Mn] )/ K‘l% E}:LO] - 0, zssz«floiol}vxrﬂ ~ % [Mn]

%o [M‘lﬁtzO

: . “and
to [Ml}] t=t

fl

WMaé  Bh
(KM ol %)

%iSi | ~ 0,258%[Mn] - _

% [Mn] £=0

where hm height of metal phase, m,

i

and Q

1

slag ~ to ~ metal ratio.

Tor a diffusion controlled veaction, an eguation of the type

e

Rate = B =x Driving Force , 3,49

will determine reaction rate wheve B is defined as the reaction rate

constant .

From Daines and Pehlke's work, the driving force is increased

by approximately three times with increased silicon concentration

and the reaction rate should also increase by three times, This increase

in reaction rate was not obtained and in fart the reaction rate decreased

SN R

0, 258d (% [Mx] ) ' Dt 3,48
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- Figure 30,
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Slope = D /6hp,
3,85°% Si

A
v}
Q

1
1

,96% Si
,32%s Si

§ 1 - {

g 16 9%
Titne , min

eimon ey

Effect of silicon concentration on the reaction:

2(MnO) + [81] = (810,) + z[Mn] ; model for

(74)

silicon diffusion in metal .

0,61

Slope = D /h.
A 3,85%Si

1,96 Si

1,32%Si

(W]
0

>
y:d

Time , min

o

Effact of silicon concentration on the reaction:
2(MnO) + [si] = (SiOz) + 2[Mn] ; model for

(74)

manganess diffusion in metal .

52

S R TS AR R T e K




4 Agetan At e W

et

ol

BT e AR ST

“Ehae

i

PRI
U,

i g R

range.

35 Summérx

53 4
when these silicon concentrations were consgidered.
The work of Daines and Pehlke is only concerned with a small %
~concentration range of silicon but Calderon §_t__§._1_(75) have studied -
manganese and silicon diffusion in liquid iron over the whole range i
of composition. Available literature on silicon and manganese |
diffusion in binary alloys is limited and data on diffusivities in the
ternary Fe-Mn-Si systemhave not been'publishked. : | : %
The relationships between diffusion s efficients and conCent"rations ;
for the Fe~-Mn and Fe-Si systems at 1600°C are given in Figures g §
31 and 32. For the binary Fe-Mn system the diffusion coefficient
- of manganese is a minimum at about 30 mass per cent rnanganese.
For the bimary Fe-~8i system, the maximum value of the diffusion
'coefficient is at a silicon mole fraction of O, 4. Variations in the :
diffuéion coefficients are far greater for the Fe-Si syster’n“than
for the Fe~Mn systeni for which the diffusion coefficient of
rha'nganese does not change very much over the * ,oite composition
During the silicothermic reduction of a manganese ore premelt,
for each gram mole of silicon which diffuses towards the slag -~
metal interface, two gram moles of manganese product must diffuse (
aWay‘frorn"the slag - metal interface and into the bulk metal phase
“to maintaih equilibrium conditions at th‘e slag - metal interface during
“ the course of this reaction. | :
i 'E
, i i
From this review of previous work it is apparent that further ;
research must be conducted to improve the knowledge of the physical ’
chemistry of slags and alloys used in the production of mediurn- - and
low ~ carbon ferromanganese. Particular attention should be given g
to the determinétion of the activities of éomponents in both MnO slags ‘
and ferromanganese - silicon alloys. * SN
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i It should be emphasized that there is very little data on the
activities of components in the Fe~Mn~5i system. Data on the
activities of components in this alloy system, with particular 4
¢ reference to compositions used in medium - and low - carbon %
¥ E : . i
; o ~ferromanganese production, would be a sound foundation for
future studies on the kinetics and aquilibrium of the silicothermic
reduction,
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4, EXPERIMENTAL

-

4.1 Materials

The metal and slag combpositions chosen were representative
of those used in the production of medium - and low - carbon

ferromanganese in South Africa. Hence the experimental results

could be compared with data cbtained in industry as well as with

more fundamental data.

4.' 1.1 Materials in Slag Premelt

Mamatwan ore was used for the premelt in preference to
Hotazel and Wessels ores because there are virtually unlimited
reserves of Mamatwan ore The ana‘lyses of the run - of - mine

oxe and the premelt are shown in Table 3,

N A bulk samplé of this ore was crushed and pulverized in a
Keegor rotating disc pulverizer to reduce the sample to ~-48 mesh
‘(T'Yi'@.l") This sample was coned and quartered so as to form batches of
approximately 500 g and the final ore sample for subsequent fluxing was

taken from these batches.

- Three forms of fluxing additions were used during the investigation:
lime (Baker analysed reagent), magnesia (chemically pure) and

Transvaal dolomite, These three forms of fluxing additions were

heated at 1000°C for two hours before use to drive off any

contained volatiles, cooled and stored in a desiccator,

The dolomite was a Transvaal Dolomite Series type with the
analysis shown in Table 3. The analysis is representative of this
dolomitic deposit in which some manganese is present in the
carbbzia‘r.es If dolomite is to be used industrially in the production
of medium - to low - carbon ferromanganese it will undoubtedly be

fror this deposit.

4.1.2 Reducing Alloy Materials

An industrial ferromanganese ~ gilicide alloy was used in most
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T A ear———

LTOITE

Constituent

; Manmatwan Ore

As mined

Prenmelt

Dolomite
Calcine

Mo
*Mn0

-
Mn50 4 -
' H?_O
co,
F‘ezo3
Mg0
Ca0
1505
Sio2
 Other minor
Components
¥n
Te
¥niFe

29,14
25,03

1,80
15,44
6,22
2977
13,04
0,14
4,57
1,85

37,79
4,35
8,69

64,80

1,74
3,35
15,57
0,17
5,52
2,85

46,92
9139
8,70

0,53

0,81

45,95
1,07
18,75
30,45
0,08
1,67
0,71

¥Thene are manganese oxide contents normally reported

in chemical analyses. However, manganese oxides ave
- present in the Mamalwan ore mainly as braunite

(81)

(3Mn,0,) and hansmanni te (M0, ARt
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experiments. This alloy was‘cruShedto -48 mesh (Tyler) and had z - i
the typical composition given in Tablé 4, : i
TABLE 4 o
CHEMICAL COMPOSITION OF INDUSTRIAL ALLOYS USED o W
: (mass per cent) ' g
Constituent FeMnSi FeSi N
Mn | 65,20 | Uk
si 22,46 46,25 ":E
Fe 11,065 : 50,10
c 0, 49 o
Other minor |
| components 0, 80 3,65
Syn‘thetic‘reducing alloys were prepared by mixing ;chemically '
pure metal powders in the corvect proportions for the required | }
alloy composition and melting the mixture in a Degussa resistance B
furnace under argon, ‘ | 3
42 Preparation of the Slag Premelt ; i
Every sample contained 25g of Mamatwan ore, regardless of
. whether fluxed or unfluxed reactions were considered. When i
fluxing additions were utilised, the components were weighed on | x
a balance and intimately mixed with the aid of a pestle and mortax, ‘
Final weighing into an A2 alumina crucible ensured that a 25g ore ;
sample was transferred and the Mettler HIOwW éingle pan
~electromechanical balance had a full scale deflection of 160g and
a rated accuracy of O, 1 mg, ‘i ;
The crucible and sample were then introduced to a globar (
mutfle-type furnace at 1500°C | Volatile constituents of the are t
were eliminated and thermal decomposition of the higher’oxides f
|
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' experiments.v This alloy was crushedto -48 mesh (Tyler) and had

the typical composition given in Table 4,

TABLE 4

CHEMICAL COMPOSITION OF INDUSTRIAL ALLOYS USED
; (mass per cent)

Constituent FeMnSi FeSi
Mn. 65,20
- Si : 22, 46 46,25
Fe 11, 05 50,10
C 0,49

Othe r minor

components - 0,80 ' 3,65

Synthetic reducing alloys were prepared by mixing chemically
pure metal powders in the correct proportions for the required

alloy composition and melting the mixture in a Degussa resistance

~furnace under argon,

4.“2 Preparation of the Slag Premelt

Every sample contained 25g of Mamatwan ore, regardless of

whether fluxed or unfluxed reactions were considered. When

fluxing additions were utilised, the components were weighed on

a balance and intimately mixed with the aid of a pestle and mortar,

Final weighing into an A2 alumina crucible ensured that a 25g ore

sample was transferred snd the Mettler HIOW single pan

~electromechanical balunce had a full scale deflection of 160g and

a vated accuracy of O,1mg,

The crucible and sample were then introduced to a globar
muffle-type furnace at 1500°C , Volatile constituents of the ore

were eliminated and thermal decomposition of the higher oxides

58
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experiments, This alloy was crushedto -48 mesh (Tyler) and had
the typical composition given in Table 4.
TABLE 4 |
CHEMICAL COMPOSITION OF INDUSTRIAL ALLOYS USED r
| ‘ (mass per cent) ] i
Constituent FeMnSi FeSi
Mn 65, 20
si 22, 46 46,25 ‘
B
Fe ‘ 11,05 B 50,10
Ne | 0,49 | J
Other minor 5!
components 0, 80 3,65
Syathetic reducing alloys were prepared by mixing chemically
pure metal powders in the correct proportions for the required f ;\
alloy composition and melting the mixture in a Degussa resistance «
furnace under argon. ' ;
4.2 Preparation of the Slag Premelt
Every sample contained 25g of Mamatwan ore, regardless of
~ whether fluxed or unfluxed reactions were considered. When
fluxing additions were utilised, the components were weighed on
a balance and intimately mixed with the aid of a pestle and mortar, :
; i
Final wmghmg into an A2 alumina crucible ensured that a 25g ore }L |
l |
sample was transferred and the Mettler HIOw single pan i
~electromechanical balance had a full scale deflection of 160g and
a rated accuracy of O,1mg. | i
The crucible and sample were then introduced to a globar
muffle-type furnace at 1500°C | Volatile constituents of the ove ;
were eliminated and th« rmal decomposition of the higher oxides ;:
;
U
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of manganese occurred before the sample eventually‘ melted in

air, On formation of a premelt the crucible was cooled, reweighed
and the weight loss recorded. This weight loss was not consistent
because the ore samples were not completely homogeneous. However,
these variations in sample weightyloszaes' were less than 1,5 per

cent of the original sample weight and thus well within the limits

of experimental accuracy encountered during the reduction

i

reactions,

4.3 Alloy preparation

Both synthetic and industrial reducing alloys were used, The alloy
most used was a locally produced industrial ferromanganese -
silicide alloy which had been pulverised to ~48 mesh (Tyler) and
thoroughly mixed,

© Beveral procedures were tﬁied for the preparation of synthetic
ferrosilicon, ferromanganese - silicide and ferromanganese -«
silicon ~aluminium alloys. Chemically pure aluminium, iron, manganese
and silicon metal powders were used as well ag commercial

ferrosilicon and ferromanganese - silicide alloys,

Attempts to melt the mixtures of metal powders in a vertically =
wound molybdenum resistance - type furnace under arn argon
atmosphere were not successful as the alloy analysis was considerably

different from the sxpected composition,

A Degussa carbon resistance furnace was then used for alloy
preparation, Bamples were heated to 1500°C in the resistance
furnace and held at this temperature under vacuum for 15 minutes.
On cooling and 14eWeighing it was found that extensive volatilization

had taken place leaving less than half of the initial alloy sample,

The samples were then melted in the resistance furnace under
an argon atmosphere, The heating chamber was initially evacuated
and backfilled with argon two times whilst at roorn temperature.
The two gas ports wewre then closed and the sample heated, During

the heating period, atmospheric pressure was maintained within the
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chamber by allowing argon to escape through the gas exit port.

Once the sample had achieved a temperature of 1SOOOC it

was held at this temperature for 15 minutes before being cqoled:
The alloys lost approximately O,15 mass per cent and their chemical
analyses were very close to the predicted analyses. These reducing
alloys were then used for the recovery of manganese from ore and

lime ~ ore melts.

4.4 Apparatus for Slag - Metal Studies

A vertical ~ tube molybdemum resistance furnace was used
for this investigation, The molybdenum windings of the furnace
were supported on an alumina tube, through which pagsed the reaction
tube, This recrystallized alumina reaction tube was 55mm in
diameter and 1000mm in length and the molybdenum windings were
protected from oxidation by purging with ammonia. At the
temperatures around the reaction tube this gas decomposes to give
an atmosphere of nitrogen and hydrogen, The apparatus is shown

schematically in Figuve 33 and a photograph of the furnace and

equipment is shown in Plate 1.

A 'double « ganged' variac system, capable of gupplying 50A
and 220V, was operated manually to achieve the required
temperature, For this furnace and variac, the temperature did

not fluctuate by more than fSOG from the required value ovenr

~extended periods prior to the silicothermic reaction (refer Section

4.6}, Temperature in the 'hot zone' of the furnace could be ‘
maintained at within 9°C of the required value ovexr a vextical
distance of 60mm, Furnace temperature was monitored with a

Pt~6, per cont Rh“/ Pt~30 per cent Rh thermocouple held in a
recrystallized alumina sheath and the thermocouple junction was

positioned at the wreaction tube wall Bmm above the top of the crucible.
An argon atmosphere was maintained within the resction tube

by passing argon at 1 litre pr» minute through the reaction tube

from the top, The crucible support rod was attached to a sand
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trap which sealed the lower end of the reaction tube once a
reaction was in progress and a graphite crucible holder was

attached to the upper end of the support rod. This holder was used

"to position the crucible in the furnace 'hot zone' and ensured that

the furnace reaction tube was protected against slag or alloy spiliage

if the crucible cracked.

Du;i:ing preheating the sample prior to the silicothermic reaction,
the lower end of the reaction tube was exposed to the atmosphere conditions.
Trial experiments were conducted over time periods of 5 to 20 minutes,

in which the crucible and reaction components were held just below the

| 'hot zone at a temperature of approximately 1100°C to assess the effect of

ox1dat10n of the ferromanganese~silicide and the premelt After typical

reduction experiments, conducted for 15 minutes, no variation in

 manganese recovery was apparent and‘thus it was concluded that the

-effect of oxidation during the crucible heating cycle was consistent

over the investigation pe riod,

A study of the reduction reactions involving both metal and élag phases
leads to the problem of a suit’able choice of crucible material. Fine
grained, low poros1ty, recrystallized alumina cruczbles were selected
ior experimental work after dissolution tests using less »=xpens1ve
mullite crucibles (Al O + 5% S ‘%102 maximum) proved unsuccessful.

Usmg these rc.crvstalhv ed alumina crucibles, it was found that the

~amount of AIZO3 dis solved in the slag reached a maximum of 15 per

cent of the total slag mass over a period of 15 minutes during typical

unfluxed reactions in which slag attack was most severe,

The dissolution of AIZOS will dilute the slag MnQO concentration by

1ncreasmg the slag mass containing a' particular mass of MnO The

activity of MnO will be altered as a consequence. However, this
fluctuation in the MnO activity is minimal and the phenomenon can be
depicted in Figures 16a and 16b in Warren %(7 have considered
‘slag.s' of va’rying basicity. In these plots, a constant value of
CaO-~to-MgO of 4, 57 has been maintained and the slag A1203 content
has been increased from 10 to 7O mass per cent. The CaO-~to-MgO

ratio of the unfluxed Mamatwan ore used in the present study is
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4,62 to 1 and this ratio is very close to the ratio used by Warren
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4 5. Procedure ' | ‘ £

The réquired composition and weight of alloy was added to the

slag premelt in the crucible . The alumina crucible and the graphite
holder were raised slowly into the vertical-tube molybdenum resistance
furnace whilst flushing continuously with argon. The crucible was held

just below the 'hot zone' for some time so as to reach a steady :

temperature and wag then introduced into the middle of the 'hot zone'

‘ ; 0 0
which was at a pre~set temperature in the range 1450 to 1600 C,

v o The reduction reaction was assumed to begin when examination

i * - through the observation port revealed that the molten alloy had sunk

reszis

t‘hrAOugh the underlying slag. A negligible amount of reaction occurred s e .

befaore the alloy sark through the slag and the reduction reaction was

characterized by vigorous stirring and heat evolution due to the

exothermic nature of the reaction. The procedure adopted to determine

A b e

B ' ; the effect on the sample tempcrature of this exothermic reaction is o P

g ‘ o L ‘described in Section 4, 6, ' i
o - Once the reaction had proceeded for the required time at a % §
; specific temperature, the crucible was quenched in air, The alloy button
H 3 : . 4

was covered by slag and hence did not oxidize as it cooled On reweighing
5 S ~ the alloy, a mass change could be recorded which was the sum of

the masses of iron, manganese and silicon transferred between

B e S PP A

_the metal and the slag, In experiments in which aluminium was used

as a co-reductant with silicon, this alloy mass change also included

TR ST s

the oxidation of aluminium and its transfer to the slag phase, The

basis of these calculations is outlined in Appendix 1, ' 7

When the effect of stage-wise additions of lime was examined,
Lo the non~fluxed reaction was allowed to continue for 5 minutes before

 calcined pure lime was introduced to the reaction crucible through

a mullite tube (1Omm internal diameter) positioned through the
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viewing por{: at the top of the furnace work tube. Once the lime
charge had been added, the mullite tube was plugged in order to
maintain the argon atmosphere within the furnace. The reactions then
proceeded for various times, the maximum period being 15 ‘mi’nutes,
A decrease invtempe rature of between 10° and 20°C was observed

as lime was added to the reacting melt,

Experimental work was also carried ’out on the effect of
étirrin’g of the reacting melt with a 4~bore alumina insulation rod
coupled to‘a, variable speed m’otor. The alumina stirring fod
passed through a gas seal at the top of the furnace. This seal was
made by fixing a cup to the alumina rod which could spin freely
within an oil bath, The o.l bath was rigidly attached and sealed to

the top of the furnace work tube,

For stirring experiments the initial procedure was similar to

- that outlined previously. Once the reaction had commenced, the

preheated stirring rod was introduced rapidly into the melt and its

tip positioned in the slag phase, The rotation speed was set at

200 r, p.m. although it was difficult to measure this speed accurately.

On completion of the reduction reaction the alloy button was

separated from its corresponding slag and weighed, From the increase

~in alloy mass, manganese recovery could be calculated, Periodic

chemical analyses of the slag or alloy were used to check the
recoveries of both manganese and iron ag well as indicating the

extent to which silicon or aluminium had been oxidised from the

- metal phase,

4,6, Variation in Malt Temperature

Heat is generated in the reacting melt by the exothermic reduction
reaction and this phenomenon complicates the development of an
increased understanding of slag - metal relationships in the

production of medium~ and low. carbon ferromanganese. The silicothermic

reaction means that there is no temperature control during the

initial stage of reaction and hence equilibrium and particulatly

kinetic studies of this process become very difficult,

SO > i3

i3
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This temperature increase was monitored using two Pt-€6%Rh/ Pt
30%Rh thermocouples contained in recrystallized alumina sheaths.
QOne thermocouple was positioned at the top of the crucible side wall while
the other was immersed in the reacting melt as the alloy sank

through the underlying slag.

The the rmocoupe at the crucible side wall, or the control
thermocouple, initially registered a temperature of 1500°C in the
furnace 'hot zone', When the crucible, containing the ore premelt
and ferromanganese-silicide was moved from its preheat position
into the 'hot zone' this control thermocouple registered adrop of
approximately 10°¢ before suddenly rising as the reaction commenced
after a short time lapse.' At this point in time the second thermocouple

was immersed in the reacting melt, Thus, by monitoring temperature

using two thermocouples simultaneously a direct comparison could

be made between the control thermocouple and that situated in the

reracting melt, Measurement of the temperature of the reacting melt

was not pos sible'th.roughout every run because the platinum -

rhodium thermocouples were attacked and failed and shielding df the

thermocouple by a sheath would have meant increased refractory

" attack coupled with a decrease in the rate of temperature response.‘

= Comparisons between the melt and control thermocouple temperatures
are shown in Figure 34 for three separate reactions using different
ratios of industrial ferromanganese silicide to cre premelt, The
temperature recorded by the thermocouple in the reacting melt

increased much more rapidly than the temperature recorded by

the control thermocouple;

Temperatures in the reacting melt reach a constant value
approximately three minutes after the beginning of a reaction whilst
the control the rmocouple is very slow in returning to 1SOO°C,

the temperature at which the furnace was set before the introduction

of the crucible into the 'hot zone' of the furnace;

; 0
The furnace 'hot zone' was adjusted to a temperature of 1500 C
initially, but after reaction, the melt cooled to a temperature

ciy e Q . : :
within 8 C of this pre~setting, Therefore, although the control
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thermocouple temperature lagged the actual melt temperature

during the course of a reaction, the final melt temperature corresponded -

¢losely to the initial furnace temperature,

The most important feature of the change in melt temperature

with time is the sudden temperature increase of approximatly 900(3

~ during the first minute of reaction, This dramatic temperature

increase will profoundly affect the reaction kinetics and approach
to equilibrium of the slag - alloy system, However as the
experimental programme in this thesis was directed primarily
towards the optimization and understanding of i‘ndustrial practices

it was not considered necessary to improve melt temperature control,

Temperature measurements were also conducted by positiozﬁng a
thermocouple at the base of the graphite crucible holder, The
temperatures at this poki‘nt were consistently vé ry much lower than
those measured in the melt, It was therefore concluded that the

monitoring of temperature at the crucible side wall was sufficiently

“accurate,
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