A e G

A M . AR Y R B

R e

s

i
[
<

St e

o o s

At s o SRSt e R

o i T

i Ot

69

5.1, Non- Fluxed Reactions

Experiments were carried out to examine the effect on the
nianganese recovery with time on the initial temperature as
measured by the control thermocouple for temperatures of 14500,
‘15000, 1550° and 1600°¢, Figure 35 shows that the initial temperature
had little effect on manganese recoveries and the reduction reaction
appeared virtually complete within a few minutes from the start of
the reaction. The ratio of plant alloy to non-fluxed ore was chosen as
1to 2 because this ratio approximates that used industrially, A

ratio of 6,7 to 10 would be requirad to supply the stoichiometric

amount of silicon in the 22,46 per cent 8Si ferromanganese-silicide

' required to reduce all the manganese and iron oxides to the metallic

state,

There were no marked increases in manganese recovery from
the slag to the alloy phase with increasing temperature, This was
probably due to the exothermic reaction giving the initial temperature
increase discusged in Section 4., 6, which made it difficult to distinguish |
between the effect of variations in initial furnace temperature as
measured by the control thermocouple, Thus the initial tempe rature
of the control thermocouple was held constant at IBOOOC and all

subsequent experiments were performed at this temperature.

Figure 36 compares manganese recoveries and final alloy
silicon contents for the standard reaction titme of 15 minutes when both
stoichiometric and standard silicon additions are used in the form

of plant alloy,

5, 2, Fluxed Rgactions

The use of lime or magnesia as {luxing additives has been shown to
increase the activity of MnO in a manganese - bearing slag, In plant
operations, about 20 mass per cent of lime is added to the manganese

ore and for a particular alloy - to - ore ratio,the use of fluxes gives
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Figure 35 Manganese recovery with time for various initial reaction temperatures,
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greater manganese recoveries and lower silicon levels in the

final alloy’as shown in Figure 37.'

| A comparison of manganese recoveries for the non-fluxed
reduction and the reduction for stagewise lime additions is shown in
Figure 38 for reactions using stoichiometric amounts of plant silicide,
An increase in manganese recovery of about 5 mass per cent is noted
after 5minutes when 20 mass per cent CaO is introdnced to the
system, No further significant increase in recovery is shown

beyond this time and the reduction reaction appeared to be substantially

complete after 15 minutes,

Reaction times of 15 minutes were chosen for subsequent
experiments but during these small scale experiments with stagewise

lime additions, temperature control of the reacting melt was difficult

due to the introduction of a relative large mass of cold lime, This led

to lower melt temperatures and lower manganege recoveries when

compared to the lime ~ ore premelt practice.'

CaQ additions were varied at differing alloy ~ to ~ ore ratios to
establish the extent of manganese reduction from slags contacted with
different alloys and containing different amounts of flux, These results
are ghown in Figure 39 In the high alloy - to - ove ratio reactions,
as the lime addition is increased, theve is a corresponding increase
in manganese recove ry.’ However with low alloy « to « ore ratios,
as the lime addition increases the manganese recovery passes through
a maximum, In all of these reactions there is a decrease in final

alloy silicon concentration with increasing Ca®O content of the slag.'

Experitmental work on the effect of replacing CaO by MgOQ was
carried out to determine the effect of partial or total replacement of
CaO by calecined dolomite, Fluxing of the reduction reaction by the use

of MgO alone was also considered.

Two values of recovery are shown in Figure 40 but for the addition
of more than 20 massg per cent MgO, it was not possible to melt
the Mamatwan ore -~ MgO mix even at a temperature of 1550°¢C,

These two recovery values do indicate that the effect of increasing
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; MgO additions is to increase the manganese recovery, although ; ;
i . ? o - it can be observed in Figure 40 that at any level of flux addition, as
g MgO replaces CaO there is a decrease in the manganese recovery. ; 3 |
; : : : Figure 41 shows manganese recovery as a function of the : u
% ’ : L - CaO - to - MgO ratio at a constant flux addition of 40,mass per cent, &
» | x = ~ There is a decline in manganese recovery when the CaO - to - MgO ratio
i+ - salls below 3. ~_ | | E
The final fluxing addition was a calcined dolomite of the
Transvaal Dolomite Series, The analysis of this calcine is given f g SRR ﬂ
in Table 3. Figure 42 compares manganese recoveries when both :
lime and calcined dolomite are used as fluxes at two different alloy - |
to ~ ore ratios, For any particular alloy ~ to - nre ratio, calcined dolomiite
: :
| B gives a siight loss in manganese recovery compared to the corresponding
] , amount of CaO, If an alloy ~ to - ore ratio of 1 to 2 is used as in ‘
| . industrial practice, the difference in recoveries is only about 2 mass pex
| | cent and so use of dolomite might well be economically feasible
prcwidéd it results in a fluid glag and easy arc furnace opexation.' i f
5.3  Reactions Involving Variations in the Mass and Composition of ;
Reducing Alloy L

1 o Manganese recovery increased progressively as the mass of the

industrial ferromanganege~gilicide alloy was steadily increased as 4

gshown in Figure 43, Figure 44 shows the mangunese recoveries and

final alloy silicon levels obtained for variations in the silicon
~content of the alloy for an alloy ~ to - ove ratio of 1 to 2, The

corresponding iron » o «~ mangenese ratios for these synthetic

alloys are shown in Table 5 and all experiments were conducted at
1500°C for 15 minutes,

; , ‘
Lo ‘ Data for the silicotherrnic reduction of Mamatwan ore at
increasing alloy « to - ove ratios are given in Figures 45 to 49,
| L Figures 45 ar © 46 show the ¥ecoveries of manganese when various
‘ grades of ferromanganese gilicide and ferrosilicon are used, In i

both cases maximum recovery is achieved for a 60 masgs per cent
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TABLE 5
SYNTHETIC FeMnSi REDUCING ALLOYS
Silicon (%) Fe~to-Mn ratio

5 0,118

10 0,175

15 | 0,134

20 0,143

30 ‘ 0,167

40 0,200

50 | 0,250

65 : 0,400

80 1,000

90 0,000

1.00 0,000

silicon alloy, This substantial change in manganese recovery is
even more marked when silicon metal is used as the reducing

agent (Figure 49),

For small amounts of reducing agent, a steady increase in

manganese recovery is obtained with increasing initial mass of silicon,

In these cases, separation of the slag and alloy is very good and a very

dense alloy is produced, For additions of more than 5, 5 gramsg of
s‘ilicqn, a decrease in manganese recovery is accompa.nied by poor
separation of the slag and alloy and the alloy becomes more spherical,
This phenomenon is illustrated in Piguve 50, The large scatter

in experimental results around this transition ran’ge’ suggests that

manganese recoveries are very sensitive to small alterations in

~experimental conditions,

The use of aluminium as reducing agent together with silicon
wag investigated by reacting Fe-Mn-Si~Al alloys with a lime-
ore melt containing a CaO addition of 20 mass per cent, The mass
of silicon was kept constant and the aluminium content was varied.
For a constant mass of silicon the ratio of manganese in the ore
sample to silicon in the alloy ig initially set at a value equivalent

to that used industrially.‘ From the variation of the aluminium content
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of the reducing alloy it is possible to determine the improved recoveries,
Figure 51 shows the manganese recoveries and the residual silicon
levels in the final alloys, Final alloy aluminium contents were not

plotted as the maximum value was only O, 3 mass per cent,

5.4 Stirring of the Reacting Melt

Stirring of the manganese - bearing slag has been conducted
for an unfluxed reaction using a plant ferromanganese silicide alloy,
Figure 52 shows that there is a decreass it manganese recovery with

increased times of stirring. Stirring also decreased inanganese

recoveries at specific alloy silicon contents. There was no sign

of physical entrapment of alloy particles in the final slag and
the reductions in manganese recoveries by stirring cannot be

explained on this basis,
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3
6 DISGUSSION
7 6.1 Variables Affecting the Distribution of Manganese and Silicon between
§ ; the Slag and the Alloy,
“ ; i
2 , i The many variables in the prodi..t.on of medium. and low - carbon * : 1
i ferromanganese should be optimized to ensure that Mamatwan manganese “
' : ‘ ove is used efficiently: To carry out this optimization, it is necessary
z to stildy slag - metal reactions for the production of medium - and low -
; carbon fe rromanganese; The present inVestigation was aimed at i S 'g»n
k unde rgtanding industrial practice and the experiments were designed ‘5 = E
; to investigate important aspects of plant practice as much as was f
L } possible in small-scale experiments in the luboratory, It was anticipated 1
o . that the data obtained could then be compared and related both te * %
" | industrial practice and to more theoretical aspects of this slag ~ metal ‘ '
; reaction, | ’
k 1 = The slag » metal reaction involved a vielent silicothermic :
reduction reaction which caused a rapid and uncontrollable increase :
‘ , » in the tempera’cﬁre of the reacting melt, This rapid tempermture : , %
‘ increase and violent reaction caused melt agitation which increased R
: | the rate of manganese transfer from the slag to the metal, However as
it was impossible to maintain the melt temperature constant, no 1
i R ‘ - attempt was made to carry out a kinetic analysis of the rate of mangane se
,; and silicon transfer between the two phases, . %
; 6.1.1 Tempe rature ; |
/ Considerable t:emkperature variations were noted during the #
milicothermic reduction as shown in Figure 34. lhese temrperature ?
variations rust accelerate the rate of manga;m-m “rarvfer betwoen g
the slag and the alloy and the reaction reaches un arparsat eonilibrium i
within aporoximately two minutes from its commergeme ., Figure ;
5 35 ¢hows that manganese recoveries {rom the sluy ifex e 5 i
; marginally when the initial temperature of 2uction is vars.d from 1450 g’}
;
‘ :
i i
% j
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to 1600°¢c,

Daines and Pehlke (74) found that the rate of reduction of MnO
from basic slags by silicon dissolved in liquid iron for silicon
contents of up to approximately 4 mass per cent was controlled by
diffusion of manganese in the iron phase and that temperature had
little effect on the reduction rate, However, the tendency of increased
temperature to favour increased manganese recovery in the metal
may have been masked by evaporation in Daines and Pehlke's expe riments,

82)

who studied the equilibrium between blast«furnace metal and slag.'

The influence of evaporation was reported by Filer and Darken(

Thes;z workers found that at temperatures from 1500O to 160000,

manganese concentrations in the metal phase increased considerably and

then started to decrease whilst the MnO content of the slag continually
decreased, and Darken explained this observation by manganese
evaporation from the metallic phase with very little loss of aluminium
or iron even at 1600°¢,
o ) R o
At 1600 "C the vapour pressure of pure Mn <p?\/1n> is approximately

0, 045 atm, (65) and if, the Fe-Mn-~Si system is considered to be

ideal then for a Fe ~ Mn~Si alloy containing 65 mass per cent manganese

(XMn:: O, 53) the vapour pressure above this alloy is given by the
formula;
N N o o
pMn (X:Mn" 0, 53) = aMn(XMn- 0,53) x pMn(an 1) 6 1

Thus the vapour pressure sstablished by the manganese above

the alloy is O, 013 atm, (9, 88 mm I*Ig).’ at 1600°C, This vapour pressure
is very much greater than the vapour pressures of gilicon or iron

above this alloy and thus selective vaporization of maz{ganese may

have occurred, The manganese mole fraction in blast-furnace metal

is very much lese than that in the Fe-Mn~8i alloy and this effect should

(82

be even greater than in the work of Filer and Darken' ',

For reaction times of 60 minutes at various reaction temperatures,
manganese recovery declines to approximately 35 per cent This

slight decrease in 1« covery can possibly be partially explained by

R R 5
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mangainese evaporation losses which are very difficult to determine

e e . S g

in this two-~phase system during reaction,

 The observed decrease in manganese recovery over extended

time per.ods may also have occurred because of the achievement of .

. an apparent equilibrium for a 'higher temperature than the nominal ;

£ - furnace temperature. The silicothermic reduction reaction generates : :

~considerable heat within the reacting melt and the resulting increase in
melt terhpe;wature means that the manganese recovery is at least

partiallj' dependent on the melt tempe rature, As the melt temperature

gradually decreases, the apparent equilibriumn shifts to that for the &s
lower temperatures giving a lower manganese recovery. This type | k
& of behavf.our has also been reported by Filer and Darken(gz); o
No olivious increase in manganese recovery to the metal phase occurred
during the fixed reaction time of 15 minutes for an increase in ‘ ; '
temperature from 1450 to 1600°C and therefore, as previously stated,
1500°C was selected as the furnace temperature for all the
| subsequei;t experiments, | %’
6,12 Slag Basicity | WS
i ‘ ‘The ireaction for the recovery of manganese from a MnO rich slag
: . ‘ is |
i | - 2(MnO) + [5] = (510,) + 2 AR SRE 6.2 »
It is not poasible to predict the equilibrium distribution of manganese S
‘and silicon between the slag and the alloy because of the lack of
fundamental data on the activities of components in both the slag and ?
the alloy phases, *{
. b |
- Before the study of Warren 5’3,!,1_,_@_]_-,(7) no information had been
published on the activity of MnO in the five « component system ;
, CaO-M,gO~M110-A1203~5102,' However the quaternary system
! : ‘ CaQ—MnOuA1203~SiOZ had been studied by Turkdogaan) and Mehta ‘
| | et al*) o determined MO activities at 1500°C and 1650°G
*; res‘pec‘:ively,' The work of Warren gt al gave values for the activity '
{ of MnC for MnO concentrations up to 20 mass per cent in the 4
A
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~ constants can ke compared, Schenck et al

3--.‘51102 system,

To determine the activity of MnO in slags used in the production

of medium - and low - carbon ferromanganese, higher concentrations

of MnO must be considered and at preéent activity data is not

available at these higher concentrations, In addition data on the
activities of components in the Fe~Mn.Si and Fe-Mn-Si.C systems
have not been published..

To overcome the proble‘ms caused by this lack of fundamental data,

' (83)

an apparent equilibrium constant KMn Si has been defined
; o ,

from equation 6, 228

o , ; ‘
KMn..Si = jMnQ) / [Sl] ...... SRR 3
fvin] '

where concentrations are given in mass fractious,

The apparent equiliorium constant depends mainly on the manganese
distribution ratio which is close to its equilibrium value in practice,

(27)

whilst the silicon distribution is far removed from equilibrium .

Schenck g_t_,,a_l,(68' 69) used this apparent equilibrium constant to
'st‘ﬁd‘y the distribution of manganese between Mn-~Si~Fe alloys and
MnO containing slags over the temperature range 1450 to 1550°¢C,

As the conditions in the slag-metal study of Schenck 9_1*___@1 correspond
k‘clusely to those in the present j,n*ﬂre stigation, appareunt equilibrium

k (68, 69) found that
pseudo~equilibrium conditions were set up z:yapi‘dly between the MnO
in thé slag and the manganese in the metal phase and at a temperature

!
of IBQQOC 'KMn‘ si varied from 8,7 x 1()'“2 to 4,2 % 10"2 as the slag

‘basgicity ratio increased from O, 6 to 1, 6. Slag basicity ratio: was

defined as (CaO + 1.\/i,9,'O)/S,iO2 where all values of the congentrations -

of slag componsnts are expressed in mass pér cent,

Detailed summaries of the silicothermic reduction reaction for the
present investigation are shown in Tables 6 to 9 for considerable
variations in the amounts and types of fluxing additions and in the

. t
silicon conternts of the Tables 6 to 8 show valuas of KX . for this
; Mn-5i
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‘

Coo L ) ‘ investigation over a wider ratge of basicity ratios than that ‘ e
' ‘ s (68, 69) . )
‘ considered by Schenck' 9). The tables also show a lowering ¢
b in the apparent equilibrium constant with slag basicity increases . ' ¥
where values are similar to the range reported by Schenck.' s Sk
o A summary of the effects of types and quantities of fluxing additions e

on the apparent equilibrium reaction may be obtained from Tables v

6 tc 8, As the amount of basic fluxing component and hence slag

e e  basicity is increased at any particular alloy-to-ore ratio there is a

decrease in the value of the apparent equilibrium constant.'

The manganese distribution ratio is defined as (MnO)/ [M1] where

(MnO) represents the MnO content of the final slag and [IV[I‘_)] represents

the manganese concsentration of the final alloy and for the maximum

T S R e R R

R e s e

recovery of manganese from a manganese ore this ratio should be as

‘ low as possible. Similarly, the silicon distribution ratio is defined

e e i

; RN . as (SiOg)/ [51 where (Sioz) rgpresents the silica content of the
. ' final slag and [Sil the silicon concentration of the final alloy.' Ina i

refined ferromanganese, the alloy silicon concentration should be low

giving » high value for the silicon distribution ratio, : N

f BRI o To meet market specifications, industrial processes for the _ |
a | : production of medium - and low-~ carbon ferromanganese must %
; ; produce an alloy with a silicon content of less than 1, 5 mass pex cent !
| afndi a2 manganese content of approximately 80 per cent, At the same | ‘
3 time manganese must be extracted from the ore as efficiently as

1 | : - possible, ]

e ‘ I In practice, the gilicon and manganese distribution ratios are

O .  nuch that these two conditions cannot be satisfied gimultaneously. :

The ferromangansse producer normally decides to produce a highly

oL S >

refined alloy and to accept a higher loss of manganese to the slag,
 Hence, in industrial processes, it is move important to maintain

high values of the silicon distribution ratio than to maintain low

valuey of the manganese distribution ratio provided that the manganese

content in the alloy is maintained at approximately 80 per cent,

S Figures 54 vo 56 from the data in Tables 6 to 8 respectively show
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VL - Figure 55, Effect of the replacement of CaO by MgO on thé manganese
. distribution and silicon distribution ratios for a reaction with j
. an alloy-to-ore ratio of 6,7 to 10. s
| | S
i

it e L P . : "




|
- 6,5¢ 05 ‘ .
= ) ~ o ; Ca0 | (Mn0) (Si0.)
i /,’«“"’ ’ NK"\%\ MQO [MUJ[Sl
~ ' - d 7 o] o
S " , =
“ 1 I A
\
5 e e | (SR SR e — A\ @\\
- S TN
’é P Pl \“ﬁ >N ‘
Ve ~ N
e N \\\
s B B £ N\
A, i = o« - . NN
= X < R
Q = \\ ,‘ WA
4 Z ~— AN
s o VA
| \ " ; \ \
- U\\\\\QN \ \\\
\ - \\ \\ \‘
o Lo ""‘""'n-......._ N‘s:’\
\ ——
e W
s ; : 3 5 . 0 3 . RN, | . i ] [ _— 1 %\ k
: R 71,0 14 ‘ 1,8 , 2,2 - , .
~ Basiciyy ratio  CaQ + MgO ~ : ,
Figure 56, Iifect of the replacement of CaO by MgO on the manganese distribution and silicon , 3
k | distribution ratios for a reaction with an alloy-to-ore ratio of 1to 2, Ll (:; ' 5
|
: 7
E o
{ 34




PN TS A S

{
:

B, S At < W Eoplrn S e

Lty b g i

g Y 4T LS S5 o W R 2 A 7

Pors

G RR Y PE Y

104

that a higr. :nanganese distribution ratio is associated with .
silicon distribution ratio whilst a low manganese distribution » *

is agsociated with a high silicon distribution ratio, These figu.

again illustrate the decrease in the value of the apparent equili.
constant as the basicity ratio of the final slag is increased by CaO
and / or MgO additions at a fiﬁced alloy - to ~ ore ratio. High basicity
ratios give low manganese distribution ratios although it is possible
that this effect is caused by the decrease of the final MnO content

of the slag owing to fluxing additions, Figure 54 shows that with
increasing alloy ~ to -~ ore ratios, both the manganese and silicon

distribution ratios decreased as the CaO flux additions were increased.

Tables 7 and 8 indicate that for a decrease in the CaO-~to~-MgO r,atid
thexe is an increase in the apparent equilibrium constant at any given
flux addition, This increase suggests that a higher manganese distribution
ratio is obtained although dilution of the MnO in the final slag does

lower the manganese distribution ratio if large amounts of flux are

“used. Figure 55 shows that the manganese distribution ratio decreases

for increasing CaO-to~-MgO ratios with a stoichiometric amount of

gilicon in the reducing alloy.‘

As CaO is replaced by MgQ, there is a decrease in the silicon
distribution ratio for all the levels of flux additions inve stigated;

As the amount of flux is increased the silicon distribution passes

i

through a maximum which indicates that there is a particular

range of basicitins for efficient silicide refining, This final slag

basicity range extends from a value of 1, 3 at low values for the

CaO-to~ MgO ratio to a value of 1,6 at a high £a0 -MgCQ ratio, No

maximum was obgerved in the silicon distribution ratio when pure CaO

‘was used as a flux and it can therefore be concluded that the MgQ

addition has a substantial effect on the silicon fistribution ratio when

large quantities of flux are used.

For large flux additions which reduced the CaQ.to-MgO ratio
there was a marked decrease in the silicon distribution ratio which

may be attributed to an increasingly less favourable veaction, This
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liquidus temperatures in the gystem MnO-.MgO-Al

decrease is considered to be caused by an increase in the slag liquidus

temperature and hence in slag viscosity as the MgO content of the slag

is increased to above 1O mass per cent, No data was found for
203~8102 except

who used liquidus data for the system

(7)

CaO.-MgO..AleQ«SiOz(Sl“ and showed that MnO in the quaternary

that of Warren et _al

system usually slightly lowers the liquidus temperatures by 30 to
40°C over the composition range investigated.. Thus the MnO
concentratib*ns in final fer:ﬁomanganese slags are expected to lower
the temnperatures of the liquidus surfaces in the CaO-MgO~A1 0. -8i0

273 2
system without affecting the overall configuration or relationship

‘between the curvatures of these surfaces, The phase diagram shown

(84)

reasonably good guide to the liquidus temperatures of slags on a

in Fipnre 57 from Osborn et al may therefore by taken as a
recalculated basis where the slag MnO content is omitted and the
concentrations of the other four components adjusted so that

Ca0 + MgO + SiO?-I- A1203 = 100 pexr cent,

Figure 56 shows the velationships of manganese and silicon
distribution ratios to the basicity ratio of the final ferromanganese
slag for a 1 to 2 ratio of industrial ferromanganesge ~ silicide to
manganese ove, This ratio is used in industrial practice when the
ferromanganese « silicide has a silicon content of approximateiy
22 masgs per cent which is lowered to less than 1, 5 mass per cent
during refining, The manganese distribution ratio behaves similarly
as for the additions of pure CaO or for the alloy-to-ore ratio of 6,7

to 10, The silicon dist ribution ratio also passes through a maximumnm

- which depends on the CaO-to~-MgO ratio of the flux, These plots

show that the optimum basicity ratio of the final slag lies between

1,4to1,8. Below a bagicity of 1, 4 refining is poor when a high magnesia

flux is used and above a basicity of 1, 8 there is a marked decrease

in the silicon distribution ratio because of the formation of slag
premelts which have high liquidus temperatures in excess of

1600°C for slag MgO contents greatex than 12 mass per cent and hence

(85)

higher viscosities of approximately O, 26 Ns/mzat 1500°¢ compared

to the usual values of approximately O, 15 Ns/mzy,f
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Comparison of Figures55 and 56 reveals that high alloy-to-~ore
ratios decrease the mau:grnese distribution ratio and the

silicon distribution ratio. Once again it must be stressed that the

gilicon distribution ratio is the mast important factor in the production

Lo of a marketable fe rrotnanganese alloy and this ratio should be

g S

maintained as high as possible. ;

. Figures 54 to 55 show the various distribution ratios and apparent

equilibrium conditions obtained for the complete sequence of fluxing

R 5 et S Y i

additions studies. An additional aspect which was investigated was

the reacti . between an unfluxed manganese ore and a range of

ferromanganese - silicide reducing alloys containing up to 1CO mass per

cent silicon, Cnmparisons of silicon and manganese distribution ratios

give information on the optimum silicon content for the reducing alloy

to extract manganese from its ore and to produce a refined alloy. “‘
Although plant practice will almost certainly continue to b hased on

the use of an alloy containing about 20 per cent silicon, the laboratory

i study considered different alloy - silicon contents to suggest

alternative: possil”’ .les and to explore their thecretical implications,

¢ AR R s 75 o g g0
b

The results of thig study are shown in Table 9 and Figure 58

: 'b + . P L] '

which are derived from Figure 44 in the results, The values of the
o )

: Mn-5i

: R ' ig observed as the reducing alloy silicon countent is increased to

a A
S e

i apparent equilibrium constant show that a slight increase in K

65 mass per cent, However the manganese distribution ratio does

St vt =T

not inducate the extent of slag refining as the manganese content in the

initial alloy was not kept constant (Table 5). The silicon distribution

ratio decreases with increasing silicon content of the synthetic ferro -

T AR T e SRR P Y

o, A A ke

! d 4 . * .
manganese, Hence a low silicon alloy should be utilized in the extraction

e i s

‘ process to produce the most refined alloy,

o

An unfluxed silicothermic reaction using a 22, 46 mass per cent

ST

DT P silicon alloy at an alloy-to-ore ratio of 1 to 2 gives a silicon

distribution ratio of approximately 9, as shown in Figure 54, To

T T T

achieve this silicon distribution ratio when synthetic silicide alloys TR,

are used an alloy containing slightly in excess of 20 mass per cent
silicon is necessary and this conclusion is in agreement with present

industrial practice, Figure 58 shows the rapid decline in the
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silicon distribution ratio as the silicon content of the reducing alloy

is increased from 20 to 30 mass per cent, This shows thai to achieve
the same composition of the refined alloy as in industrial practice |
with a silicide alloy con'' = ™ ; almost 30 mass per cent silicon,

the ratio of the alloyt i .anganese ore premelt must be lowered.

6.1.3 Individnal Flwung Additions

6.1.3.1 No Flux Additions

Figure 36 shows the effect of two different alloy«to.ore ;*atios on
manganese recoveries and alloy silicon content for non « fluxed reactions,
For a particulay alloyntd\uore ratio the resulting munganese and silicon
distribution ratios depend on the fluxing components and the

residual silicon content of the final alloy.' To reduce all the

manganese and iron oxides to manganese and iron respectively, the
stoichiometric arnount of silicon required is that present in the reducing
allox gor an alloy~to~ore ratio of 6,7 to 10, In industrial practice the
alloy~to~ore ratio is 1to 2 to ensure that the required low silicon

levels will be obtained in the low-carbon ferromanganese.'

The values of the apparent equilibrium counstant in Table 6 confirm
that with lower alloy-~to~ore ratios the silicon conteat of the final
alloy is lower, During the veduction reaction the activity of the MnO
in the slag continually decreases because its concentration is reduced
and, at the same time, the Sioa content of the slag is increased, The
activity of the MnO is lowered still further because the an+ ions in
the slag become associated with polyanions made up of silicate anions
SiOi“",
decreased and their effective ionic fraction is lowered, As the silica

and thus the humber of less strongly associated Mn~ ' ions is

activity is lowered,, the silicon content of the ferromanganese - silicide
reducing alloy is reduced until an apparent equilibrium is approached
between the ferromanganese alloy and slag.' Thug the activities of the
reacting components and their dependence on slag and metal compositions

must be studied to establish the nature of the final apparent equilibrium.'
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: although the slag liquidus *empe ratures are generally lowered.

Al

: W‘collacott et al found that for slags similar to those produced mdustr:tally

6.1,3.2 Alumina 111

t

The composition of the slag premeit will chan~e “ccause of dissolution

of A1203 and it is necessary to discuss the effect ot A1203 additions
on the activity of MnO in the slag, the slag viscosity and the slag

liquidus temperatures; It has aiready been maintained that, for a constant
concentration of MnO in the slag, at a fixed value of the CaO-»to’-AMgO

ratio (4, 57) and at final values of basicity ratio over the range O, 9 to

1,66, there is very little change in the activity of MnO for changes in

AL,O concentration from 10 to 20 mass per cent,

273
In addition, thexre is no appreciable change in the liquidus temperatures
over this composition range for the quaternary system CaO-MgO- Al O, -

3
S'O (8 ). Similar trends occur when MnQ is present in the system

E e B A T ol M

Al O has been shown by Woollacott et a1(8‘$) to have aﬁ
insigniﬁcant effect on the slag vmscosﬂ:y. However it was shown that ' !
203 does affect the influenc:é of the basic oxides on the visccsity' :
in the low.carbon ferromanganese process (5 mass per cent MgO, 30
mass per cent MnO and CaOAuto.-MgO ratio of 1,28) the slag viscosities
measgsured at lBOOOC, were 0,11, 0,15 and O, 21 Ns /m}3 as the slag

Sif)z content increased from 27 to 32 and to 37 mole per cent respect:ively:
6,1,3,3 Lime .

CaO is extensively utilized in the production of medium ~ and low~ carbon
ferromangancge to increase the activity coefficignt of MnO and to

reduce the slag viscosity by breaking up the silicate network, However
excessive CaO markedly increases the slag liquidus temperatures and .
the slag viscosity is increased at any constant temperature with the
consequence decrease in the rate of reduction, The effect of increasing
CaO concentration on slag liquidus temperatures is illustrated by the :
guaternary system Ca.OmMgO»eAlzoawSiOz(M)' (Figure 57) which shows ;
that at slag MgO contents of less than 15 mass per cent, increasing the
CaQ content of the slag from 40 to 50 mass par cent increases the !
slag liquidus temperature from approximately 1500°C to 1450°C.

Further increases in the CaO content in the slag, particularly at slag

MgQ contents of less than 10 mass per cent, result in sudden increases L

in the slag liquidus temperature to above 1600°G at CaO contents of

55 masgs per cent. . !
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The activity of MnO should be maintained as high as possible throughout
the reduction reaction to efficiently extract manganese from the manganese
ore premelt X During the reduction reaction, the MnO activity in the
slag is continually decreased because of the presence in the slag of
+

. . 2
SiO:’“ ions and the polyanions which are then associated with the Mn

and Oz'-ions from the MnO .‘

‘ Low .
Ca0 is the more basic oxide . and when it is introduced into the

(86)

slag system it liberatesmore OZ*ions than MnO . 'I‘he.SiO‘i:a ions
and other polyanions associate preferentially with Ca2+ ions and the
activity of the MnO in the slag is increased, An indication from studies
on solid state systems that thig preferential’ association may take place
is the more negative standard free energies of formation of caleium
ori:ho;- and metasilicutes compared to that of manganese metasilicate
(Equations 3712, 3,15 and 3,16),

The activity of &' component in a multi-component system is
related to its activity coefficient and mole fraction by the formula;
EE |
a_ = N 6,4
b 8;& x )
where a_ = activity of a component x for a particular standard state,
Xx = activity coefficient of component x,

and Nx = mole fraction of component x,

Increases in the concentration of CaO in the slag increase the
activity coefficient of MnO in the slag melt at any particular concentration
of MnO, At the same time, increases in CaO additions to the slag
containing MnO will decrease the mole {raction of MnO, Thus although
CaO additions increase the activity coefficient of MnO, if excessive CaO

additions are made the MuQ activity may be lowered,

An unfluxed stoichiometric reduction reaction and a reaction fluxed .
with CaO are compared in Figure 37, For a reaction time of 15 minutes,
the basgicity ratio (CaO—I-MgO)/SiOz of an unfluxed Mamatwan ore melt
is decreased from 3, 5 to less than O, 7, A slag basicity ratio of O, 7

; . 2 4
favours the association of Mn  ions with 8iO

"1' ions and other polyanions

* It should be noted that the concept of slag basicity fox reactions involving
- ! ) & . . 1y ‘ i
0" ions may require further examination in view of Wagner's recent

¢ritical analyeis of this concept(87)'
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and leads to an eventual decrease in the rate of manganese re,co‘very"‘

so that this recovery tends towards a constant value,

A CaO addition of 20 mass per cent permits the establishment
of more favourable manganese and silicon distributions because of the
increase in the MnO activity of the slag: For fluxing additions of 20
mass per cent, the slag basicity ratio (CaO+MgO)/SiOz changes from
7,4 to 1,45 as the reaction progresses: The final slag basicity value
of 1,45 is in good agreement with the values of 1,3 to 1, 5 in industrial
practice(gs): The manganese recoveries of 40 per cent and alloy silicon
contents of 1, O mass per cent are also in good agreement with the

values of 45 per cent and O, 8 mass per cent obtained industrially(ga):

It has been suggested that in the melting of manganese ores, for
subsequent reduction by ferromanganese « silicide, flux additions need
not be made to the arc furnace immediately at the start of melting,

A suggested procedure to minimize powsr costs and flux consumptikon |
would be to tap the furnace content of molten manganese ore into a

reaction ladle, add reducing agent as solid ferromanganese - » ‘icide
, formed by

2 «
the reduction reaction., The heat for the dissolution of the flux would

and then add lime or dolomite in stages to complex the SiO

bve provided by the exothermic reductinn reactioun,

In the experimental study of the effect of stage-wise additions of
Ca0 an unfluxed reaction with an alloy.to-ore ratio of 6,7 to 10 was
permitted to continue for 5 minutes before flux was added, A temperature
drop of approximately 20°C was recorded by the thermocouple at the
top of the crucible wall, but the change in melt temperature would have
been greater.' Hence the CaO was not completely dissolvéd and the
manganese recovery decreased compared to that for a lime - ore melt
as shown in Figure 58 Consequently it is difficult to compare recoveries
obtained from  stage-wise CaO additions and lime - ore premelts in
small scale experiments unless care is takeh to preheat the CaO and
thus eliminate cooling of the melt, In these small scale tests, the
excess heat generated by the exothermic reduction is not sufficient to
maintain the melt temperature at a fixed value if cold fluxing additions

i
of the order of 20 mass per cent, are inl. vduced to the reaction melt,
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