Figure 30 b.
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Figure 30 c.

E Xre .
Isoactivity curves of Si in the

Mn-Fe-Si-C melts saturated with C at
1500°C™” (x10°} . ¥ , A, Mand @ indicate
the resul}gs in egquilibrium Vi‘ﬁh MnO-Sio,,
Ca0-MnO-Si0,, CaO-MnO-Al,0,-Si0, and
'Ca0-Mn0-Al,0,-Mg0O-5i0, slags respectively.

T T

‘Values of Aipoldsio, in the

Ca0-MnO-Al,0,-MgO-Si0, slags equilibrated
with Mn-Fe-Si-C melts saturated with C
{x10®). Contour lines are drawn by using
the values at 1600°C*'”.
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3 EXPERIMENTAL TECHNIQUE AND PROCEDURE
3.1 Experimental tecknigue

In this section a review of available experimental
techniques for a&tivity*'measurement and method adopted

is presented.

3.1.1 Mathods available for the measurements of
activity of MnC in ferromanganese slags
The experimental techniqﬁes employed in the
detérmination of thermodynamic properties of substances
is very varied and diversified. These technigues can be
summarized mainly in two groups as calorimetric methods
and equilibration methods. Many methods are available
for the determination of the activity of compounds in ‘
solution, but only some of them are suitable for o
determining tfie activity values of metal oxides in molten

(121,122
. .

slags

The thermodynamic functions like the heat (erithalpy) of
formation at 298°K, the standard entropy, the heat
capacity, the heats (enthalpy) of transition (fusion,
evaporation, etc¢.) and enthalpies and entropies of
solutions are the quantities for the thermodynamic
description of substances. All of these thermodynamic
functions can be used in the calculation of correspondirng
Gibbs free energies. Elevation of the boiling point and
the depression of the freezing point can also be
mentioned as a method in the determination of:the
thermodynamic functions of the substances. All these
data can be obtained by means of suitable calorimeters.
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H’ov;ever, these quantities can be measured with different 7
‘ type of apparatus employing different type of L
' ealorlmeters““ 2% application of each calorimeter is
,reswvrlcted to a certaln range of temperaturé and to a
hertaln type of thermodynanuc m=asurement. On the other
hand, these methods rely on the accurate de*'ermlqatlons
of the theemodynamlc data which are difficult to measure
“ at the temperatures involved and the accurate | v
temperature depression measurements may not be possible
due to supercooling and superheating. There are many -
cases that the existence of metallic and cox}alent bonding
/}‘Brevents the determination of standard entropies, thus,
the Glbbs free energies can not be calculated.
Therefore, the methods of direct measurement of Gibbs

e

free energy gain importance.

i i

” ; The Gibbs-bﬁhem equation can also be mentioned as a::
:537 ‘ : useful method to calculate the activity of one component
of a solution where the activity of the other component
is known experimentally.

The \equilibra,tion methods can in principle be broadly
grouped under three s“ections:

-Vaporization technigues,

—Eiectromotive force measurement techniques,

-Gas equilibration techniques.
~Véaporization and gas equilibration techniques involve
'static methods, dynamic methods, closed system
: techniques, open system techniques, direct meaeurement
types, indirect measurement typeé, transportation types,
recirculating types, and methods based on rates of

evaporation. .0n the other hand, in electromoctive force
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are employed.
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measurement techniques solid and liguid electrolyte
types and gas electrodes in oxygen concentration cells

In prineiple, the equilibration techniques are same fofz;\ .
\ ‘ \
both the oxide and sulphide systems. However, they nez
certaln prerequisites as proper gas phases, etc. The
cruc:.ble material chosen at high temperatures is also
very important. Metal crucibles can easily be used to +
contain the oxides. Otherwise, the oxide system to be
investigated must be saturated with respect to the
crucible oxide in case of using’ an oxide refractory. As
an example, a slag ‘Phase can be contalned in a silica
crucible if the slag is saturated w1th respect to alllca.

!
2
4

LV 7
)

A

Metals can easily be contained in oxide crucibles
provided that the oxide crucible is not porous. In the
case of containing both metal and oxide phases in the
same crucible, the problem is more severe. In this case,
carbon crucibles under reducing or inert atmospheres
could be used, but the metal phase will usually be
saturated with carben. The sulphides are usually
contained in proper oxide cruc:}bles‘such as silica
provided that sulphides are not oxidized.

G

The dew-point measurements are employed as a
vaporization technique to obtain activities of
components in solution by making use of an electric
resistance furnace with two independently heated
portions. This technique is suitable for systenms where
one of the components has a high vapour pressure compared
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to others. For example, brass Wthh is an alloy of t4 and

volatlle Zn and sulphlde mixture contalnlnc volatlle PbS
or SnS may require the use of the dew-poul techn:.que.
In this technlq@, the ”s,ample is placed in an evacuated
provided with measuring ther/z{ocouples . The temperaturez‘
of the furnace is raised to t<he required value, and then
the end away from the sample 1s\\slowly cooled. The
cooles\& portlon of the s1}\wa\f’a’be 1._) observed througn
vigwing w:.ndows. At a certaln temperature at the cool
end, measured-by a-thermocouple, for example if brass is
used ae a sample; pure zinc condenses in small droplets.
Heating and ceoling of this part of the tubsz is repeated
and dew-point of zinc¢ can be determined within #1°C. The

| vapour pressure of zinc at the dew-point temperature
'equale t/ e z;mc partial pressure of the brass at the
.exper1rx~ T 'l temperature. This method can also be

appl:.ed T other vapouts.

) .
Another similar vaporization method is the iso-piestic
technique. The principle is the eame as that of the
dz=w-p01nt technlque In this technlque, t’f"e
temperatures gf the hot and cold ends of *'he tube are
fixed and the equilibrium compos:.tlon of t(.i‘e_ alloy is
determined. The activity of the volatile component in
the allcy at the temperature of the hot end can then be
calculated prov1d&_/the vapour pressure temperature
relation for the volatile component is known.  The 1got
end may also be supplied with a row of she'vera«l allo&ﬁ.; “
specimens held in a temperature gradient rather than at
constant temperature as a time saving device. Subsequent
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h sulphldes will not work for oxides whlch are not

(O

o
analysis of alloy specimens prodiice a number of results
per run due to the fact that the activity of the volatile
component in‘the alloy varies with temperature.

Q

The vaporlzatlon technlque are not usuaily suitable for
tne measurement of the ‘Vapour pressure of slag components
due to' ‘their too low vapof{ir pressures in general, and the
problem of finding a suitable crucible, which must be able
to contain the slag and which can be evacuated and

sea]led Obviously pure silica which works weli with

saturated w:.th respect to silica.

The electromoti\;e: force (emf) of a cell in which a
chemical reaction or change occurs is also measured to
yield thermodynamic data™"*"_ The chemical reaction to
be investigated must be capabie of being harnessed in a
galvanic cell in such a way that its energy produces emf.
The main problem in using this technique is to find a
suitable electrolyte for the cell which is envisaged.

The second most 1mportant aspect of these measurements is
the identification of a single electrode process which
occurs reversihly at each electrode. This method have
proved to be a valid and accepted technique for obtaining
thermodynamic data at moderate to high temperatures,
especially inithe solid sta.e where other methods are
either difficult to apply or are inaccurate. This
technigque, on the other hand, is not favourable for

"application to the compley slag systems at high YN

temperatures since most of electrolytes available s‘..z\ht
\

electronic conduction at these temperatures yielding in._ .
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. e a gas-equilibration technique was chosen for this’

S
[

investigation which:is described in the next section.

B 3 1.2 Mothod adopted for the masurmnt of Mno \\
‘ act:.v:.ty in farronanganese slags = .
. D ﬂ
The gas equilibration technique was used for the
determlnatlon of act:.v:.ty-compos.ltlon relatlons both. in ,

,,f\' . Pt-Mn al} oys ard in ferromanganese slags in the present
study. The activity of an oxide component in a ligquid Hr

' solid oxide soiution can be determined by monitoring the
oxygen part.ial pressure over ~he oxide solutlon at a -

{121,322)

given temperature In this method, the required
oxygen partial pressures are generated by ._th&mixing of

o ‘ certain gases.
i

ol

st The principle can also be used to generate partial
' pressures of sulphur or chlorine when suitable gas
mixtures are chosen. The samples can be heated in a
) vertical or horizontal furnace, the former being more
ce . preferable for quenching of the sample after
equilibration. "The oxygen partial pressures in
. equilibrium with the oxide samples can be generated:by |
. '~ 0,-Ar, air-N,, CO-CO,, H,~H,0, H,~CO, mixtures depending

sf:::
”
.

N upon tha rahge of pg, required. O,-Ar and air-M, mixtures
' can generate py, values down to appréximately 107 atm.
] © Other mixtures are essential for lower Po, values. The
b details of the experlmental set-up employlng gas §
, ' equilibration techruque will be explalned in details in ’
- N following sections.
)J, 7] \"‘x}:\ S : -
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The'method adopted for the measurements of MnO activities
in f‘err‘o,manganese: slags involved the equilibrium of
platinum strips with slag in a platinum crucible, and a
partial pressure of oxygen was imposed by gas mixtlres of
CO and CQ,. If initially pure MnO is used instead of a
slag containing MnQ, the equilibrium constant for the

reaction will be given by ,

CE

MnO(s) = Mn + 120,3).......... vernnn vereereereereeenaiiaseeennenen(18)
K = @y \00) | @ypgereereeereenees PP RPIRRIRIN C )

e
i
i

The bar under Mn indicates that it is in solution. If a
slag containing MnO is used, the equlllbrlum constant

will be

MnO) = Mn + 120,8)ececeeceennene. e (18)
K = a"u “"(Poz) / aMw caseanss sevesaresses R Y vesnens (46)

Since activities are used, and not concentration terms,

the equilibrium constants given by equatlons +(45) and
(46) will be the true equilibrium constantsa-;d w1ll be

equal. Equating and re- arranglng gives
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Aptn :
, H 3> :
Oy = \Po, | Po; @wwo. ORI e (47)

and, when @y, = @'y, €quation (47) becomes

\ " ¢

‘ é a’l’w - ‘\’poz / p’oz a’Mw--....--w. .............................. (48)

i
{

‘ H .
ﬂ'ﬁerefu’re, Po, is the partial pressure of oxygen

& prevailing at the time of the experiment, p’p, is the

\\\Dar‘tial pressure of oxygen that would be in equilibrium
with kpure MnoO and//an alloy that contains the: same amount
of manganese as v}as formed in the slag experim‘en“:i:, and
@'ymo 1S the activity of the stoichiomet&ic|Mn0 iff the
non-stoichiometric oxide that would be in»/}'equilibrium
with p'p,. In this work p’y, values were generated
together with a,, values during experiments on the Pt-Mn
binary system. The @’y values corresponding to the p’oy2

PR values were obtained from the work of Davies and

s

Richardson (Appendix A) . Equation (48) yields apymw
values with pure solid MnO as the standard state. The

standard state was changed to pure liguid MnO at 1500°C

7 , ,
4’ {hypotheti ~al) by making use of the following
& G equilibriua:
!
MRO(S) = MROW).cciu it ernrnaee (49a)
o '

/&(r*
~
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and the free'energy of transformation of MnQ was
calculated through the equation (49b): V

AG® = 43932 =~ 20TTTJIMOIE..ccoccrmrerieniirrnrrnniserensons(49)

for which AG®=7103.24J/mole at 1500°C*™.
3.2 Experimental seti-up

3.2.1 The furnace assembly -

A gas-tight vertical molybdenum wound resistance furnace

“heated electrically has been aésembled‘and employed for

equilibration’runs in the determination of the Mn
activities in Pt~Mn binary alloys, the MnO activities in
synthetic ferromanganese slags and the study of !
slaé-metal equilibriur\&\_. Figures 31 and 32 show the{\":
outline of the reaction furnace employed throughout the
experimental runs and the complete experimental set-up
respectively. Although the figures are
self-explanatory, further commehts on construction and
operating characteristics of the experimental system are

as follows.

The furnace shell is of mild steel which is water—cocled
at the top and bottom. It is 46 cm in both length and
diameter. A recrystallized alumina tube with an,inside
diameter of 50 mm:-was used as the work (reaction)’ tube.
The reaction tube, or, the work tube, was water-cooled at
both ends with brass plates and tubing. Bostik silicon
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Figure 31. A cross-section of the vertical molybdenum
I wound rasistance fTurnace.
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seal was used as a sealent for tbe body of the furnace,
and the work tube was fitted to the shell at the top and .
bottom with two compressed o- rlngs, which ensured j
gas-tight conditions. The top edge of the furnace was
also add"itio_r’;ﬂ\w}.ly water-cooled with tubing in order to

~ ..prevent the bﬁrning of silastic sealent due to the high

temperature involved. Another alumina (heating) tube of
g greater diameter was fitted around‘the work tube within
the shell of the furnace. The molybdenum resistance
elements were wound onto this alumina tube and were
protected from oxidation by a reducing atmosphere
provided by anhydrous ammonia which cracks into hydrogen
and nitrogen at temperatures above 700°C. The cracking
of anhydrous ammonia at higher temperatures (1300°

1400° and 1500°C) yields enough h}drogen to keep the
oxygen poteotial below the equilibrium level needed for
MoO formation. '‘The anhydrous ammonia gas was introduced
from the bottom end of the furnace through the ammonia
inlet and, after passing through the furnace shell, was
vented to | ( yxe fume hood through the ammonia outlet at the
top of the furnace shell. Similarly, the gas or gas
mixture with which the reaction tube was continuously
purged during operatlon was introduced from the bottom
end of the furnace through the gas inlet which is on the
bottom brass plate and, after passing through the-
reaction tube, was vented to the fume hood thrcugh the
gas outlet which is on the top brass plate. For this
reason, and also to avoid thermal shocks, the furnace was
kept at 900°C and above when not in use. The molybdenum

- elements were covered by alumina cement for protection

and embedded in a pool of spherical alumina bubbles

(diameters in the range 1 mm to 3 mm) which served as
thermal insulators. All this assembly, including the
alumina bubbl\es was placed in a tabular alumina tube.
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The space between the shell and the tabular alumina tube
was £filled with msulatmg wool. Two electrlcally
7 insulated gas—tlght terminals connected the windings to
/ ‘ the electrical power cables.
, [
k - A differential winding technique was used to obtain the
""" | desired temperature profile, which provideduf} 4 cm
cons(i:ant temperature zone at the centre. Approximately
22 meters of molybdenum resistance wire, 0.9 mm in
diameter, were used for this purpose. The overall

re51stanc fwas 1.65 ohm at room temperature. The normal
current i# the circuit was about 20 amperes when the
A furnace was operating at 1500°C. =

3.2.2 The gas mi:ripg system

The ancillary equipment for gas mixing purpose involved a
gas purifying train and a mixer of conventional design.
All the gases, before mixing, passed over drying columns
of silica gel and anhydrous magriesium perchlorate and
asca\rite. In slag-metal distribution experiments, the
CO gas was passed through ascarite and anhydrous
magnesium perchlorate. For all experiments, the
, pressure in the system was equal to the ambient pressure.
f“'ﬁ During the Pt-Mn binary system and ferromanganese slag
@xperiments, the gas mixtures were obtained by means of
VQ the capillary tubes connected to U~tube manometers
employing levelling bulbs and excess gas outlets. The
gas mixing apparatus is shown in Figure 33.

71

. Q@ The flow of each gas through capillaries was adjusted by
* —he levelling bulbs containing a copper sulphate
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Figure 33. Gas mixing apparatus.
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solution.  The height of the levelliné bulb determined
the flow of the gas by adjusting the amouht‘ of“flow of
excess gas. This in turn determined the level of gas
passing through the capillaries which was monitored by
the U~tube manometers. Therefore, U-tube
manometer-capillary combination Was calibrated for both
CO and CO, by the standard technique called bubble flow
method. Details of gas mixing calibration, and the
calculation procedure in obtaining desired partial

pressures of oxygen are given in Appendix A.1.

Chemically pure CO and CO, gases ‘were used (analysis
given in Appendix B) in the experiments to determine the
Mn activities imPt~Mn binary system, the MnO activities
in ferromanganesé slags and:-the distribution of Mn
between metal and slag phases. ”

3.2.3 Températurn control

Actual sample temperatures in the furnace were measured
with a Pt-6%Rh/Pt-30%Rh (B-type) thermocouple which was
calibrated against a standard thermocouple of the same
composition, which was calibrated according to the
melting points of gold, silver and copper. It is
estimated that with this procedure the measured sample
temperature were correct within £2°C. The power unit of
the furnace was a type 0703 25 A, 220 V, Eurotherm
thyristor power pack which was connected to the furnace
with a B-type thermocouple placed adjacent to the middle
of the external surface of the heating windings. The
unit was set according to the actual temperatire readings
registered by the previously menticned thermocouple.

o

It
[
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3.3 Sampla prepa,.at::.on ;

The lnvestlgatlon was x,onsmted of three stages which
necess:.tated different < ample preparatlon prccedures to
be applled for each stage.

3.3.1 Platinum strips and crucibles

The platinum specimens were 99. 98’per cent pure and
prepared as coupons with dimensiéns of 4 mm by 4 mm,. cut
from foil 0.025 mm thlck

,'A

The platinum crucibles were used in order to determine
the Mn activities in Pt-Mn binary system and the MnO
activities in synthetic ferx‘biﬁénganése slags. They were
made by welding of platinum sheets (99.98 per cent pure)
0.125 mm thick with the following dimensions: 7 mm in
diameter, 25 mm in depth, and a wall thickness of 0.125
mm. Prior to any experimental run with a platinum
specimen, the platinum crucibles were equlllbrated and
thus satufated with pure MnO at the chosen gas mixture
and the relevant experimental temperature, thus
preventing the transfer of Mn into the platinum crucible
instead of the platinum sy ecimens. '

’/n the slag-metal distribution experiments, graphite

crucibles were used. They were produced from igh purity

graphite electrodes by cutting them. into cylinders and
drilling to give the final shape of\\z“a*’ crucible withl
dimensions: 14 mm in internal diameter and 44 mm in
height.
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3.3.2 Proparat;on cf synthet:.c MnO-CaO—MgO—S:LO -AL‘ .0,
slags e /\
o o The slag was prepared as a homogeneous mixture made from
| its pure components, In total, 55 samplés of slags of
o dszerent compos:.r:.ons, conta:.nlng MnoO, CaO, Mg0O, SiO,
and Al,0, were prepared from analyt:.cal-—reacrent grade
| oxide powc}\u's. However, prior to use all the oxides
L except Mno, were first calcined in an electrical
resistkénce—heated muffle furnace }for about 24 hours at
1200°C.  After cooling, the required amounts of Cao,‘M'g.O,
o Sio,, and Al,0, were carefully weighed and thoroughly ‘
| mixed in the desired proportioris to give §lags of the <
designed compositions in an agate morter under a liquid
blanket of acetone until all the acetone had vaporized.
The drled mixtures were-then, p:.essed into dlSkS by using |
k | an electrn—servo hydraulic testlng device (ESH), of the o
type used in material fatigue investigations. A
cylindrical die of 20 mm in diameter was used tc compress
the mixtures by the ESH. The load employed for making
the disks was about 4.5 tons. These disks were )
‘ recalcined for 12 hours at about 1200°C in order 'co/f{/
o ' promote some useful sintering, and thereby i
homogeﬁ‘izatipn, of the samples. On cooling, the

homogenized disks were crushed and ground in an agate

/;: \ mortar and mixed with the required quantities of

[ ( \l\\.\ - reagent-grade MnO in an agate mortar as described above
i RURN \\ : before every individual run. The final product was
‘\Aha e heated at 110°C to drive off the acetone, cooled and

ki N J 7 charged into the MnO-saturated platinum crucibles. The
' rest of the disks were stcred in sealed bottles for
i further experiments. As it was mentioned above, all the

D
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mixing procedures were carried out under acetone in order
'to secure 1>/he best poss:.ble mixing of the oxide
componentA.

7

The slag basicities 'ranged from about 0.4 to 1.2 and MnO "~
contents ranged from 5 to 30 mass per cent. The 1n1t1al
Al,0, content of slags were kept at 5 mass per cent level.
Af‘ter equilibration experlments there were sllght
dev1atlons from this.5 mass per cent level for AlL0, as
‘reactions between the slag and plathpm strips occurted.

However, the data with values reasonébly close to this

A

level were treated as 5 mass per cent Al,0, data. The
initiai slag compos:,tlons are shown in Table IV.
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Table IV. The initial slag compcwiticns. h .
S‘Lag‘ MnC % | Ca0 % | Mgo & Si0; %° )
1 5.0 | 20.0 | 11.9 | s8.1 f
2 5.0 | 25.0 6.3 | s8.1
3 5.0 | 25.0 | 15.0 50.0 -
4 | 5.0 | 30,0 { 200 | 50.0 i =
5 5.0 | 35.0 5.0 | s0.0 ‘
6 5.0 | 32.1 | 15.0 | "42.9
7 5.0 | 35.0 | 12.1 | 42.9
8 | s.0 | 35.0 | 17.5 | 3705
9 10.0 | 20.0 | 10.2 | s54.8
10 | 10.0 | 25.0 5.2 | 354.8
11 | 10.0 | 25.0 | 12.8 | 47.2
12 |.10.0 | 30.0 | 7.8 47.2
13 | 10.0 | 35.0 | 2.8 | 47.2
14 | 20.0 | 30,0 | 14.5| 40.5 P
15 10.0 | 35.0 9.5 40.5 [y
16 | 10.0 | 32.8 | 16.8 | 35.4 N
17 | 10.0 | 35.0 | 14.6 | 35.4 X
18 | as.0 | 20.0 | 8.4 | s1.6 )
19 | 15.0 | 25.0 3.4 | 51.6 :
20 )| 15.0 | 20.0 | 15.6 | 44.4
21 { 15.0 | 25.0 | 10.6 | 44.4
22 | 15.0 | 30.0 5.6 | 44.4 o
23 | 15.0 | 26.9 | 15.0 | 38.1
"24 | 15.0 | 31.9 | 10.0 38.1
25 | 15.0 | 35.0 6.9 | 38.1
26 | 15.0 | 30.0 | 16.7 | 33.3
27 15.0 | 35.0 | 11.7 33.3 }° -
28 | 20.0 | 20,0 | 6.6 | 48.4 | ./
29 | 20.0 | 20.0 | 13.3 | 41.7
30 | 20.0 | 25.0 8.3 41.7
31 | 20.0 { 35.0 3.3 | 417
=——-—__—m—l&=—
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’ Slag | MnOo % | Ca0 % | Mgo % | 5i0, %
f | 32 | 20.0 | 24,9 | 15.0 | 35.7 )
: o 33 20.0 | 30.0 9.3 35.7 i
ki : : 34 20.0 35.0 4.3 35.7
IR 35 20.0 | 28.7 | 15.0 31.3
36 | 20.0 | 33.7 | 10.0 31.3
, 37 20.0 | 35.0 8.7 31.3
o S 38 25.0 | 20.0 4.8 45.2
\ “39 25.0 | 20.0 | 11.1 38.9
40 25.0 | 25.0 6.1 38.9
41 25.0 | 21.7 | 15.0 33.3
. 42 25.0 | 26.0 | 10.0 33.3
(s 43 | 25.0 | 30.90 6.7 | 33.3
‘ I 44 25.0 | 25.8 | 15.0 29.2
v T a5 25.0 | 30.0 | 10.8 29.2
46 25.0 | 35.0 5.8 29.2
47 }.30.0 } 20.0 3.1 41.9
48 30.0 | 20.0 8.9 36.1
49 30.0 | 25.0 3.9 36.1
50- | 30.0 | 20.0 | 14.1 30.9
51 30.0 | 25.0 9.1 30.9
. 52 30.0 { 29.1 5.0 30.9
. 53 30.0 | 22.9 | 15.0 27.1
. 54 30.0 | 27.9 | 10.0 | 27.1
: 55 30.0 | 32.9 5.0°| 27.1
k L T R

3.3.3 Preparation of Mn-Si-Fe-C alloys

In the slag-metal distribution experiments, the metal
charge which consisted of Mn, Si, C and Fe was prepared
from electrolytic manganese, iron, high-purity silicor;
and spectrographic-grade graphite powders. From these,
a number of master alloys were prepared by melting the

elements under an argon atmosphere in graphite

.
8-
%
Wl
i
i

crucibles. After the master alloys had been crushed and

ground, they were stored in closed bottles in a vacuum , g
Q desiccator. The composition of the alloys for the :Y;z
experimental runs were adjusted by adding the necessary %
pure elements in powder form to these master alloys. The ;

« ranges of initial alloy compositions as determined by

&

) chemical analysis are shown in Table V.

R

o
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Table V. The initial mot;]ff-phaso compositions.

? Phase Mn, ¥ Fe, 3|54, 3} C, %

Ferromanganese | 82.19| 9.34 1.50 7

79.77111.73| 1.50 7

74.56 116.94| 1.50 7

-

Silicomanganese | 66.64 | 19.30] 12.34 1.7

62.55]119.30116.46| 1.7

57.04119.30121.94] 1.7

3.4 Preliminary experiments and equilibration time

A number of preliminary experiments were conducted in
order to check that possible sources of systematic error
were not causing significant inaccuracies.

Two separate samples of Ca0-MgO-Si(Q,-Al,0,, without MnoO,
were heated at 1500°C in a gas mixture of the same
proportions as those used in the experiments, yielding an
oxygen partial pressure of 5.80;‘1‘0" atm at the
temperatures involved. The samples were removed from the
furnace and weighed after 5, 10 ard 15 hours. The net
average weight loss was found to be 0.18 mals per cent,
0.23 mass per cent and 0.28 respectively. Theféf’o,ss, the
loss of Si0, and MgO from the melt at this temperature and
oxygen partial pressure was considered insignificant.

Another well known phenomena is the thermal dji:ffusion of
hydrogen molecules to the hot zone of the furnace. This
will cause to the alteration of the desired oxygen
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R ‘ partial-pressure in the furnace and it is well known
9 ‘ _ | Qhere mixed gasés are p'resent across a temperature
- gradient. The lighter molecules tend to migrate to the
hot zone and the heavier ones to the cooler zone of the
furnace . This was predicted by number of -
investigators™. On the other hard, abnormal activity “ .
v:alues were obtained from the use of the low flow rates
(100 ml/min) in a previous study” and 400 ml/min and °
600ml/min flow rates was found to be a safe lower limit.
. The higéh values resulting from the slower flow rate were
}[probab‘ly due to the thermal diffusion of hydrogen
molecules to the hot zone of the furnace. Since gaseous

,freactions, at the high temperatures involved during the
7 éxperiments, are extrencly rapid, gaseous equilibrium is
\ almost certain to be attained at the flow rates, being
iizigher than 600 ml/min, used in the present work.
I%Iovééver, the reaction tube was also chosen as thick as
possible in order to prevent the diffusion of hydrogen
from cracked ammonia molecules to the hot zdne of the~
furnace.

In a recent study™®

on the activities of manganese in

Pt-Mn binary system it was shown that platinum chupons of
thickness of 0.005 in. (0.127 mm) reached equilibrium |
) - with MnO within 8, 12, 24 and 80 hours at 1600°, 1500°,° o \
m 1400° and 1300°C respectively and coupons of thickness\ of
" 0.002 in. (0.05lmm) reached equilibrium within 48 hours
L at 1300°C. 1In the present study, the Pt strips used in

Bl , Pt-Mn and ferromanganese slag experimerits were 0.001 in.
(0.025 mm) thick. Obviously, the thickneéss of the Pt
strips used in the present study is the half of those

T PR D R T i N R I R T R 0 B B S o S

i
I
I
A a
;

4 used in the previous study. However, preliminary

experiments were carried out to determine the

A ‘_ 3
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equilibration time for 1300° 1400° and 1500°C in Pt-Mn
system. The pure MnO was equilibrated with platinum

strips at an experimental‘pg,2 value of 4.17x107 at 1300° .
for 7, 14, 21, 28, 35 hours. The results showed that
equilibrium had been reached by 28 hours at 1300°C
(Appendix B.1, F:er' re B.1.1). Therefore, the

/ , preliminary expe‘;uments in order to determine the
equilibration time at 1400°C were carried out for 1, 7,
14, 21 and 28 hours considering improved kinetic
condltlons at hlgher temperatures. The results showed
that equilibrium had been reached by 18 hours at 1400°C
(Appendix B.1, Figure B.1.2). Finally, the equilibrium
experiments were conducted for 1, S, 9, 13, 17, 21 hours =
at 1500°C and it was found that the equilibrium was
attained after 10 hours at 1500°C (Appendix B.1, Figure
B.1. 3) Thé analysis of platinufn specimens and hence Mn

o ~activities were the same after about 28 hours at 1300°C,
18 hours at 1400°C and 10 hours at 1500°C. Therefore, it
was aséumed__that equilibrium was reached at these
temperatures w:Lth the relevant periods of time. On the
other hand, a c1 oss sectional examination of the Pt-Mn
binary alloy samples which were obtained at 1300° C, 1400°C
and 1500°C at Olff rent py, values were performed by means
‘ ((7 : of scanning electron microscopy (SEM) in combination
with an EDAX (X~-ray énergy—diépersive analysis)

facility. Concentration profiles of manganese on

o pl\étinum strips were constructed by line scans using EDAX
»7(\;’“* and each sample was analysed at 10 different points along
a line across uhe platinum strip. The profiles of ) i
manganese on platinum strips verified that equilibrium

bl had been attained that the profiles were very smooth.
The results of these analysis for each sample are
tabulated in Appendix B.3 (Tablea B.3.1 to B.3.9).
Nevertheless, for s,ake of insuring equilikbrium to be
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» In a previous study

" attainment of equilibrium. |
- tabulated in Appendix B.3 (Tables!3.3.10 and B.3.11). |

leached, the platinum strips were equlllbrated with Mno
for 48 hours at 1300°C and 24 hours both at 1400” and
1500°C.

®, the equilibration time for

., ferromanganese siags and Pt strips of 0.05 mm thlckness

was found to be 8 hours. In the present study, the
preliminary experiments were also carried out for 1, 3,
5, 7 and 9 hours in order to determine the equilibration
time for this stage and the same method as described
above was applied and the same slag composition was used.
It was found that eguilibrium was reached in 6 hours for
the thinner str:.ps used (Appendix B.l, Figure B.1. 4) .

The SEM-EDAX 1nvestlgatlons were also carried out for
number of Pt-Mn strips obtained at 1500°C and two

different py, values. Once again, very smooth

' concentration profiles were obtained that showed the .

These results are also

However, once again the experiments were allowed to run
about 24 hours each to ensure equilibrium. ‘

8 ) )
)

In slag—mﬁfal equilibrium distribution experiments, t};e

equlllbratq.on time was determined after a series of
metal-slag equilibria experiments. The time varied fqﬁom
3 to 15 hours and the initial compositions were kept tl{xe
same. The approach to equilibrium was established by '
analysing the silicon‘dissolved in the metal as a :
parameter. It was found that a minimum of 10 hours was
necessary for equilibration (Appendix B.1l, Figure “
B.1.5). However, again a 24 hour period was employed for

equilibration. The choic of 24 hours for experiments
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was not. purely on grounds of ensuring equilibrium but
y also due to practical reasons in the operatlon of

\
I

\laboratorles . A

3.5 The procedure of Mn and MnO activity mns}u:‘mnts
y | |
“The slag samples to be used in the experiments to
determire the MnO activities in ferromanganese slags and
the pure MnO sample to be used to determine the Mn
activities in Pt-Mn binary system were charged, in 1 tom
1.5 g quantities, into MnO-saturated platlnum) cruci. clee
X Seven platlnum strips were immersed in the s],ﬁg (or pure
g“\MnO) sample at, different levels. In the case of MnoQ
% actxvs,ty meastrements in ferromanganese slags, several
plat:.num crucibles charged with slag of dlfferent
compos:.tlons were placed in ar; \1-5ize alumz na crucible
surrounded by alumina bubbles,’ oSt it was possible to
run four or five different experlmem_‘..v-at a time.

However, in the case of Mn activity measiix ements, only
one experlmental run could be carried out at a time: due
to the unique requ1rement in partlal pressure of r\a, rgen .
The alumina crucible was placed én the pedestal and’
raised slowly into thz even temperature regioh of the
furnace over a period of about 40 minutes. The reaction
tube of 'the furnace was flushed for about 15 minutes with
spectrovcjraphically pure argon before the mixed gases
were purged. In the measurement of activities of MnO or
Mn, the experiments were conducted at low Do, values
obtained by the mixing of chemically pure CO and CO,
gases. At the end of the equilibration, the mixed gases
were turned off and argon only was allowed to pass and
the samples were rapidly withdrawn to the water-cooled
bottom end of the furnace from where they were removed
quickly and quenched in water. After e;gulllbratlon, the
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platlnum specimens were too brittle to permlt mechanical

removal of any adhering particles of MnO, and therefore,

any such’ par,jtlcles were removed by solution of 1:1 HCI.

On the other‘ hand, the edges of the platinum-manganese . !
alloy coupon were sheared off to eliminate edge effects. , ;
Rao and Gaskell® reported that Mn in solution was not //’ }
removed from the alloy durlng the chemical cleaning. - g
This has also been verified in the presem‘: study by means
of the microprobe analys:.s of manganese of the chemically ;
cleaned and uncleaned pieces of the same platinum !
s;;ecimen which gave identical results within maximum 2
per.cent. In microprobe analysis, the beam was directed

to areas free from adhered particles on the uncleaned
platinum specimen. Finally, the manganese content of
equilibrated Pt-Mn specimens were determined by chemical

analysis. In the case of MnO activity measurements in
ferromanganese slags, thé-whole composition of slag was
also anélyzed and'the total composition was found to be
‘v}lithin"“98 and 101 mass per cent. Occasionally, the
manganese distribution profile along the length and
thickness of the plaﬁinum strips were determined by
microprobe analysis to ensure that equilibrium is fully
attained.

3.6 The procedure of slag-metal equilibrium experiments”

In the slag-metal equilibrium distribution experiments,
the charge consisted of about 6 g of metal and 4 g of slag
of selected compositions and were contained in graphite
cruciby_les (Appendix B) . Three graﬁhite ¢rucibles
containing metal and slag samples of different
compositions were placed in a larger graphite crucible,
so that it was possible to run three different
experiments at a tiine. The large graphite crucible was
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(placed on the pedestal and.raised up slowly into the - i}
even-temperature région of the furnace over a period of
about 40 minutes. The reaction tube of the furnace was
flushed for about 15 minutes w1th spectrographlcally
pure argon before the CO atnosphere was employed.

R

Bl

7 In manufacturing hlgh—carbon ferromanganese and :
s:.lv.comanganese, the factor which determines the quallty
o of product and the flnal recovery rate of manganese is
’ the dlstrlbutlon teactlons of components between alloy
and molten slags in the reflnlng furnace. Although many SN
reactions-are involved, the most important one in respect
. to the distribution of Mn and Si is considered to be the \
o reaction (22) whose equilibrium cohdition had been

@9 However,

examined in the past by various studles
. o .besides the reaction (22), the reaction (18) and the .-

g o - \follow1ng one also occur in ferromanganese and ®

S s;llcomanganese production:

I

; ; "* ‘ " \\\///:: . .
© 2MnO) + IS = 2AMn] + (SiCy)......... e .
| MnO) + C = [Mnl + CO.oeoerereeeeerereennnn, ceeeeertenenno18)
| $i0) + 2C = [S] + 2CO.cmrnivcnnn.. e ceeerrenenenenn(50)

As the reactions (18) and (50) are CO gas producing
reactions, Af the partial pressure of the ambient CO gas

is low, the reduction of MnQ and SiQ, in molten slag will

-
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‘ contem:s were analysed.

proceed almost with no limit}, thus the reaction (22) will
not reach equilibrium even after these substances have
disappeared. Thérefore, all the experiments v;:ere done in
a pure CO gas atmosphere. The flowrate of CO was kept at |
600 cm’/min. After equll:.bratlon at 1500°C for 24 hoursg,
the CO gas was tm.ned off and the argon was allowed to
pass ;}nrough the reaction tube and the crucibles were
lowered to the bottom water-cooled end of the furnace
qulckly. The apparatus was opened from the bottom, and

‘ +-he graphite crucibles w:.th their contents were

immediately quenched in water. The crucible was brokén
and the slag and metal phase_s”were removed from the
The graphite that had stuck onto

both phases was removed with eméry paper or & wire wheel.

crucible and separated.

In general, it was easy to separate the slag and the
metal phase as they came out in two separate and distinct
layers. Both phases wer.e cruahed, ground, pulverized and
were kept in sealed bottles in a dessicator until their
The analysis of alloys were done
for Mn, Si, Fe and C. The whole composition of slag was
analyzed and the total composition amounted to within 98
and ‘101 mass per cent. '

3.7 Chamical analysis v

The analytical work was done at Mintek.
contents of the equilibrated Pt-Mn coupons were

The manganese

determined by the atomic absorption method, the final
constituents of the slag were analysed by X-ray fusion,
and the iron content of the slag was determined by the
o-pheanthroline colorimetric method. The carbon content
of the metal was analysed by means of a Leco analyser,

and the other constituents of the metal by the

ACN
r




&
)
¢
ol
a¥
&
£
&
&
\
B
o f
s
[
Py
<

"\i‘& TR

ST

N

e

G

induétively coupled plasma (ICP) method. More /
information on the above-mentioned analytical methods

can be found in Appendix B.2.
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4 RESULTS AND DISCUSSIONS

Results of the experimental work with r‘Elej%ant
discussions are gathered in two subsecti’éiﬁ’éﬁiof this
chapter. The first part summarizes the results of
activity measurements both in the Ptéw‘fﬁ};\binary system and
in the Ca0-Mg0-$i0,-Al,0,-MnO slags. The gas
equilibration techniqua was used to determine the Mn and
MnoO activitries in the‘Pt-Mn l;;:;mary and the slag s-ysbtem
respectively. The measured //alues were fitted into
empirical model equations in order.to predict the
respective activities as a function of composition at the
given temperature. In the case of Pt-Mn binary system, a
simple linear equation was satisfactory, whereso in the
slag systém 2 multi-coefficient-multivariable éuadratic
equation was needed.

The second :part summarizes the results gathered in
experiments where the slag phase was equilibrated with
molten Mn-Si-Fe~C alloys contained in graphite crucibles
(carbon saturation) under a CO atmosphere. Combining
some of the information from the first section on Mno
activities, literature values on SiO, activities and
compositional data from slag-metal equilibrium ==
experiments, it was possible to c‘e%lculate Mn and Si
activities in molten Mn-SitFe-C alloys. The activity
coefficients of manganese and silicon were fitted into

multi-coefficient-multivariable quadratic equatisns in

order to predict the respective activities as a function
of composition at the given temperature. In addition,
the i1so-activity contours of silicon and manganese in
silicomanganese and ferromanganese compositions were
derived through the respective model equations.
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4.1 Results of activity measurements
. b ) ’

4.1.1 Activity-composition reliﬁj.gixs in Pt-Mn system
g e 5 h
o ) \ ' Act1v1ty-comp051t10n relations :Ln the solid-soluticn
‘*-eg:.cm of the Pt-Mn system were determined at 1300°, 1400° 2
" Q“ and 1500°C and Ps, values between about 10 and 10™ atm.

The different py, values used in these experlments .and m.e

o calculated act:.v:.ty.coefflcz.ert; a_re ,‘Lven in Tables V“

VII and VIII.

v @ Linear regression model was derived to predict the
’ ) activity coefficients of manganese in Pt-Mn system at ‘
. | 1300°, 1400° and 1500°C. The results are summarized in
J{ Table IX.
In Figure 34, the logarithm of the activity coefficient
of manganese, Yuasr 1S plotted against its mole fracti ‘ v

at 1300°C. 1In Fiqure 34, the dasne* line represents the o

results. of a prev:.ous study carr:.eo out by Rao and

) “ Gaskell®, the solid line represents the predicted
- values calculated through the simple linear regression ;
f :‘: model and the symbols represent the exéerim“ental values.
: As.it is seen from the Figure 34, the results of the 5

e presenc wurk are in reasonable agreement with those %

: obtained by Fao and Gaskeil®™. At this temperature, the ,'§ ;3
.\\:Lnear regression equation for activity coefficient of f 4

' mangan e is: ‘ ‘ g

| Loy .

ln‘YM. = 19.087X_"‘_13-475-....-5. ..... vessvoarsescan cesenecnncres .......‘...‘L..(SI)
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Figure 34. The change of activity coefficient of Mn
with composition in Pt-Mn binary alloys at
1200°C. ‘
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, In Figure 35, the logarithm of Yy, is plotted against its :
JI mole fraction at 1400°C and the lines and symbols |
: represent the same as in the previous figure. The good

/ agreement between experimental values and the.previocus

study™ is quiet obvious. At this temperature the

« regression equation for activity coefficient of ‘ :

manganese is: . ’ B

%, = 15834X,, — 11911iciimeisloveenereeiereeniennenneed(52)

Figure 36 shows the same relation between vy, and its mole

" fraction in ﬁ’t-Mn binary alloys at 1500°C. This stage of
” - the experimentjal runs were very important for
calibration of’the experimental set-up and also for using
the calculated ay, values in the calculation of MnoO
activities in synthetic ferromanganese slags. Therefore
- ‘ the number of experiments conducted were more than those
° : conducted at the two lower temperatures. The results
show that the‘agreement between the present and Rao and
Gaskell’s" work is excellent at this temperature. “The
regression equation for activity coefficient of

AV manganese at 1500°C is given below:
f L
- Q =2 ‘\\)\
1 Iy = 14470Xy, = 10.793...ccciiiiniincnennrenenrerereeseeneean(53) 7
_f O From the iinear regression equation it is possible to
A obtain the Henrian activity coefficient; 4, and self
K . interaction parameter, gh of manganese in dilute
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s'oluti‘on‘s in platipum. ‘The Henr:.an act1v1ty coeff;cxent
1300°,, 1400° and 1500°C respectlvely. The self
> " interactibon parameter for manganese € is; 19.087, «
15.834 and 14.470 at 1300°, 1400° and 1500°C respectively. |
P ‘ . The Henrian activity coefficient values are in excellent :
' agreement with those of Rao and Gaskell®™ . As it is seen
from the three figures, there aré a few data points.
showing a sl:.ght scatrer and it is believed that this was
: due to somc furnace fan.lufrc-;q experienced durmg some of
o the experimental, runs, The failures were due to

electrical cut-offs and increased water pressures &

B especially during evenings and nights. These might have

resulted in cra :J\ced reaction tubes which might have

permitted hydroqén gas to enter the reaction zone and

alter the equilibrium and also molybdenum wire failures. -

In almost each case, the furnace had to be re-constructed

~» and re-wound. These problems were overcome by re“peating

the experimental runs whlc*h were unsuccessful. Another
problem faced occas:.onally was the difficulties in

‘ obta&nlng the desired py, values due to the pressure drops

o . »  in the gas cylinders of CC and CO, especially in long term

‘ ‘ rung (48 and 24 hours).

It
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Table VI. The compositions, thn .ctivity and the
act:thy couff:.c:unts of Mn in Pt-Mn bxnary
‘alloys at 1300°C.
7 SR
g 2 < Poq Xr. NV | Vit " -
5 ; ) 7.34x107° 0.201 ~9.6028 6.75x107° | 1.36x107
: 4.17x107 0.230 -9.4536_ | 7.84x107 | 1.80x107 ,
3.98x10™ 0.166 -10.2575 | 3.51x10° | 5.83x10°*
5 4.17x10°° 0.226 -9.4361 7.98x10™ { 1.80x107°
5.70x107° 0.258 -8.5735 1.89x107 | 4.88x107 I «
5.54x107 0.299 -7.5545 ) 5.24x10™ | 1.57x107 ‘
7.10x10°° 0,202 -9.5925 6.82x107° 1.38x%107
. 4,17x10° 0.200 -9.3156 | 9.00x10 | 1.80x10° ‘
A O A S ——
i | o
//
. Table VII. The compositions, the activity, andthe
v activity coaff:.c:.ants of Mn in Pt-Mn binary
- | alloys at 1400°C. s,
o - “ ¥ Kr Y. Vi .
‘ A ‘L‘ew*’ “’ 0. 138 -9,5712 6.97x107° 9,.62x107¢ Y
AV ; m.. 2 | -9.5%61 | 6.80x10 | 8.98x10" /|
A \,.186 -8.8608 1.42x10™ | 2.64x107°
i 0.281 | -7.9342 | 3.5ex107 | 8.99x10°
{© \ ‘ G.ziﬁr 5. 14 | 2.12x10% |] 4.65x10% Y
| 2.35%107 | 5,33C | . -6.5990 | 1.36x10° | 4.49x10"
4.47x107 0.173 ~8,7342 | 5.92x10°* =Al .02x10°
2 wm::
-, | b \\
“\i'ri,'f ‘\\, N
| 1 132 2
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N Table VIII. The compositions, the aci.:.vity, and the
activity coefficients of Mn in Pt-Mn binary
2 a alloys at 1500°C.
. . \ ) I ’ ,
& \ ( Doy R, ™ InV Yam ] \
{r . " o
L 5.19x107 0.116 -8.9992 1.24x107 | 1.43x107. ‘ y
4.99x107 |, 0.179 -8.2484 | 2.62x10" | 4,68x10°
i « v . e -
9.30x10™* 0.199 -7.5092 5.4)%!)(10" 1.09x10™
o I :
. 1.14»107 .| o0.263 -7.8908 3.74x10™ | 9.84x10°
' 4.76x107 0.191 "-8.2892 2.5140™ 4.80x10°° .
R 4,76x107 0.187 -8.2681 2.57210™ | 4.80x107°
v : | 76x10™ " 0.174 -8.1260, | 2.76x10™ 4.80x10°
o o 4.98x10™ 0.383 -5.5453 | 3.97x10” | 1.50x107
. 1.00x107 0.44b -4.8794 7.60x107 | 3,34x107
4.99x10™" 0.462 -4.5822 1.02x10% | 4.73x107
5.78x10™ 0.341 | -4.5175 |“io09x10? | 3.72x107 ,
o , ~ 4.86x10” { 0.435 -3.§120 2.21x107 9.62x107
3 “—-;,m ) o -
/ /:\( &
: |
Table IX. Model parameters for activity coefficient of
i manganese.
‘ﬁ °c Correlation Coefficient a Coeffigient b
i ‘ coefficient R* | [/
1 o 1300°C 0.919 -13.47497 19.08735
1 1400°C 0,947 i ~11.9113 15.83359
o 1500°%¢ | 0.901 ~10.79273 14.46966
. y . _——-_—"—mr—m\
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4.1.2 Activity of MnO in Ca0-Mg0-Si0,-Al.0,~-Mn0O slags
and modelling of results

Ext\;.\énsive experimental runs were carried out in order to

determine MnO activities in slags at 1500°C. The Al,0,

content of the slags was kept at about 5 per cent by mass.

The basicity ratios of'the slags varied between 0.41 and -

1.18. The initial composgitions of the slags used in the
experiments are shown in Table IV. A recent study by
Eric, Hejja and Stange have shown that all those slags

were ful}i\;y molten at temperatures greater than 1400°C.

{50}

‘Therefore at 1500°C the slags formed a homogeneous liquid

phase® The results of the experimental runs are
summarized in Table X inciuding the equilibrium
composition of the slag, its basicity, Ca0~to-Mg0 ratio
and activity of MnO with respect to pure liquid MnO as
the standacd state. t

Regression models, based on the data of the present work
were déveloped to predict the acti‘vities of Mn0O as a
function of slag composition, From the pracﬁical point .
of view, it was neceéssary to develop empirical models
which will be valid in the particular composition range
of the present study to predict the MnO activities.
Satisfactory results were obtained for ferromanganese
slags in predicting the electrical conductivities and
the liqui”dus temperatures employing xr{ulti—coefficient

0 since

quadratic equations in a previous study
electrical conductivity of a slag is related especially
to activities of metal oxide species, it was decided that

the models should be quadratic in form. For example, if

R
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Activity of MnO in CaO-MgO-SiO,-Al,0,-MnO slags

Table X. ,
at 1500°C, with pure liquid KnO as the standard
 state. ' |
(Exp.No. Poy Equillbrium Compositions of the Slaé Ouw | Basicity] CaQ:MgO
o (Mass”Percent:ages)
Mnos | cao | Mgos | sio8 | AL,0. 7
1 6.07 | 26.08 | 12.29 | 50.26 | 5.27 | 0.013| 0.76 2,12
‘z 6.96 | 31.70 | 3.92 | s51.85| 5.60 | 0.018f o2.69 8.08
.3 . 5.27 §29.38 | 14.27{ 45.45} s5.61.-] 0,012} 0.96 2.06
4 10.00 | 17.18 | 9.39 | 57.41] 5.99 | 0.019 | 0.46 1.83
5 10.15 ) 21.45 4.334ﬂ'58.1e 5.94 | 0.016| 0.44 4.96
6 . 11.33 ] 21.05{ 11.96 | 49.70} s5.95 | 0.035} o0.66 1.76
7 10.75 § 25.74 | 7.15 | 50.55 | 5.86 | 0,025} 0.65 3.60
] 29.37 | 22.50{ 9.82 | 33.63| 4.55 | 0.172| o0.96 2.30
9 33.83 } 25.97 | 4.08 | 31.79| 4.30 }0.248) 0.94 6.37
10 35.26 § 25.32 | 10.09 | 25.18 4.17 0.3641 1.41 2.51
.11 17.36 | 16.84 | 6.86 | 53.36 | s.60 | 0.042 | o0.44 2.46
2 | 21.24 §17.84 | 4.65 | 50.45| 5.79 | 0.036 ] 0.45 3.84
13 [4.76x107f 15.92 | 20.56 | 3.62 | 55.61 [ 4.29 | 0.035 | -0.43 5.69
14 10.90 § 29.99 | 1.85 | s1.13] 6.124 | 0.030| o.62 16.21
15 10.59 § 26.40 | 13.15 | 43.94 | 5.93 | o0.045| o0.90 2.01
16 10.46 | 30.97 | 7.36 | 45.50 { 5.72 | 0.038 | o.84 4.21
17 9.36 ]| 28.91 { 16.95 | 39.24 | 5.54 | 0.057] 1.17 1.71
18 9.02 }28.92§ 13.64 ) 41.13 ) 7.28 | 0.047 | 1.02 2.12
19 15.63 | 21.41 ) 9.52 { 47.68 | 5.76 | 0.043| o0.65 2,25
20 15.64)'25.72 | 4.88 | a7.91| s.85 | o.051| 0.6 5.27
21 13.74 | Z6.66 | 16.72 | 36.92 | 5.95 | 0.085] 1.18 1.59
22 14.13 | 30.44 | 12.16 | 37.42 | 5.85 | 0.077| 1.14 2.50
23 20.46 | 21.38 | 7.86 | 44.47 ) s5.84 | 0.051{ o0.66 2.72
24 20.99 | 25.34 { 2.57 { 45.23| 5.87 | 0.052{ o0.82 9.86
25 19.83 | 21.69 | 13.84 { 38.83 | 5.81 § 0.104| Uv.92 1.57
da—mmmm
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mable X continued

Exp.No.| . Ppo, o (Basicity caO:Mgon

N
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Equilibrium Compositions of the Slag

+ (Mass Parcentages) R

mnos | cao | Moot | sio | aLo.s
26  l4.76x10”| 13.18 | 26.03 | 8.79 [ 40.03 | 5.97 | G.076 { 0.87 2.96
27 19.65 | 29.99 | 3.84 | 40.29 | 6.23 [o.079 | o0.84 | 7.80
28 18.50 | 25.44 | 15.16 | 35.99 | 4.91 |o.120{ 1.13 1.68
29 18.17 | 29.86 | 10.11 | 36.50 | 4.8 | o0.113] 1.10 2.95
30 |s.sox10”} 6.32.} 17.73 | 10.90 | 59.77 | s.28 | o0.011 | o.48 1.63
31 5.69 | 23.86 | 6.08 | 59.3a | 5.03 {o0.013] o.50 3.93
32 5.52 | 25.77 | 12.99 | s0.84 | 4.87 | o0.015{ o.76 1.98
3 | 5.46 | 27.59 | 9.30 | s2.50 | s.15 }o.013| o.70 2.97
34 5.63 | 31.76 | 4.56 | 52.81 | 5.25 | 0.014 | o0.69 6.97

- —t
35 5.24 | 20.22 | 14.25 | 46.05 | s.24 fo.017| o.94 2.05
36 5.44 | 30.69 | 11.47 | 47.17 | s5.2¢4 | 0.027 | o.89 2.68
37 5.63 | 30.60 | 16.10 | 42.11 | 5.56 0,028 | 1,11 1.90°
38 10.59 | 16.99 | 9.60 | 57.14 | s.es | 0.017 | o.47 1.77
39 |s.80x20"*| 10.98 { 21.57 | 4.25 | s7.51 | s.69 | 0.018| o.as 5.07
40 9.75 | 21.06 § 12.50 | 51.69 | 5.90 | 0.017| o.65 1.68
a1 10.67+) 25.15 | 7.84 | 51.30 | s5.04 | 0.021| o.64 3.21
42 10.38 | 29.82 | 2.65 | 52.07 | 5.08 | 0.021 | o.62 | 11.28
43 10.02 | 25.95 | 13.29 | 45.11 | s.63 | 0.032| 0.87 1.95
. 44 '8.08 | 28.51 | 17.44 | 40.72 | s.25 | 0.039 | 1.13 1.63
45 8.33 | 30.89 | 14.77 | 40.68 | 5.34 | 0.039 | 1.12 2.09
46 15.19 | 16.65 | 7.89 | s4.45 | s5.82 { 0.021| o0.45 2.11
47 16.78 | 20.85 | 2.54 | 54.16 | 5.68 | 0.038 | 0.43 8.21
a8 16.82 | 16.51 | 15.13 | 46.02 | 5.53 | 0.038 | o0.69 1.09
a9 13.62 | 21.69 | 10.14 | 48.75 | s.80 | 0.028 | o0.65 2.14
50 15.21 | 22.74

a.
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Table X continued . = .

It

|2

4 (Mass Percentages) K
Mot | cao | Mgos | siod | AlL,0.% |
51 14.59 | 27.84 | 9.37 | 42.4a | 5.76 | 0.046 | o0.88 |, 2.97
- et

52 15.14 | 30.12 | 6.42 | 42.76 | 5.56 | 0.055 | 0.85 4.69
s3 | 13.86 | 26.06 | 16.96 | 37.54 | s5.58 | 0,085 | 1.15 . 1.5

- 54 ] 14.18 | 30.40 | 11.66 | 38.22 | 5.55 | 0.090 .271.10//// 2.61
55 N 19.97 | 16.93 | s.16 [ 51.94 | 6.00 |o.034 | 0.a3 | 3.2 !
56 | 19.54 [ 17.41 | 12.63 | 44.56 | 5.87 o.050 | 0.67 | 1.38
57 21.17 | 20.99 | 7.71 § 44.50 { s5.62 [ o0,064 } o0.65 | “2.72
58 21.13 | 25.34 | 2.49 | 45.41 | 5.64 | 0.047| 0B1 19.19

“se |~ [19.16|21.36 | 14.42 | 30.37) s.69 fo.0m | s.or | .48
60 20.54 | 25.71 | 8.61 | 39.43 | 5.72 [ o.078 | 0.87 }/2.99

i e 20.44 y 30.16 | 3.70 | 40.03 | s.67 | 0.083 | .85 ;,J 8.15
62 |5.80x10"f 18.38 | 29.32 | 10.40 | 35.96 | s5.93 fo.o78 | 1.10 | 2.82
63 17.31 | 31.64 | 8.61 | 36.53 | 5.91 | 0.067 | 1.10 3.67
64 -1 9.23 | 25.02 | 11.44 | 48.86 | s5.45 | o0.030 | 0.75 2.19
65 8.68 | 25.90 | 11.54 { 48.59 | s.29 | 0.030 | 0.77 2.25
66 16.35 | 21.28 | 11.24 | 45.41 | 5.72 | 0.047 | 0.72 1.89
67 13.97 | 21.01 { 12.13 | 47.06 | 5.82 | 0.035 | 0.70 . 1.73
68 7.59 | 19.47 | 10.33 | s6.98 | s.e4 | 0.020 | o0.52 | 1.9
69 7.41 | 19.26 | 10.37 | 57.34 | 5.63 } 0.019 | o0.52 1.86
70 9.52 | 18.21 | 9.75 | s56.82 | 5.70 | 0.022 | o0.49 1.87
71 , 8.94 | 16.66 | 9.92 | 58.49 | 5.99 | 0.024 | ©.45 1.68
72 19.13 | 21.90 | 14.25 | 38.70 | .02 | 0.090 [ o0.93 1.54
13 18.49 | 22.58 | 14.18 | 38.96 | 5.80 | 0.079 | o0.94 1.59
74 25.04 | 19.10 | 14.20 | 35.84 | 5.82 | 0.107 | 0.93 1.34
75 21.57 | 23.40 | 15.31 | 33.68 | 6.05 | 0.161} 1.15 1.53
et et r—— kT —————— S — T———Tel
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Table X continved \\\\
Exp.No. Poy’ Equilibrium Compositions of thé Slag dyeo {Basicity CaO:qu'v
(Mass Percentages) ) v .
unos | cao | Mgos | sion | aL0
76 16.19 | 25.56 | 16.53 { 35.95{ 5.77 | 0.105 | 1.17 1.55
77 14.77 | 25.26 | 16.89 | 37.02 | 6.06 | 0.081 | .14 1.50
78 7.39 | 23.62 | 5.77 | 57.68 | 5.55 | 0.019| o.51 4.10
79 7.47 | 23.84 | s.64 | 57.92 | 5.13 | 0.020| o.51 4.22
80 23.43 | 17.38 | 4.18 | 48.90 | .12 | o0.039 | o0.44 4.16
10.68 | 26.21 | 7.52 | 49.68 | 5.92 | o0.032| 68 3.49
14.29 | 24.86 [ 6.95 | 48.06 | 5.84 |o0.001| o0.66 3.58
12.62 | 25.33 | 7.73 | 48.45 | s5.87 | 0.043 | o0.68 3.28
19.60 | 23.53 | 6.41 | 43.49 | s.98 [ oc.054} o.67 3.67
23.68 | 22.54 | 5.60 | 41.85 | 6.33 ] 0.079 | o0.67 4.03
11.06 | 30.49 | 7.40 [ a4.95 | 6.10 | o0.039 | o.84 4.12
87 |5.80x10*| 9.43 | 29.44 | 8.98 | 46.94 | s.20 | 0.022| v.82 3.28
88 12.64 | 28.50 | 8.07 | 42.25 | 5.54 | 0.034 | o0.87 3.53
89 15.32 [ 27.51 | 8.13 | 43.55| s.49 | o0.046 | 0.82 3.38
90 14.09 | 27.306 | 8.52 | 44.56 { s5.45 o,@ifi: 0.81 3.21
91 18.21 | 28.35 | 9.51 { 38.40 | s.54 | 0.008 | 0.99 2.98
92 19.22 | 27.19 | 20,71 | 37.30 | 5.56 | 0.087| 1.02 2.54
93 18.58 | 28.74 | 8.67 | 38.25 | 5.77 | 0.008 | 0.98 3.32
94 14.78 | 19.38 | 3.38 | 57.31| s.15 | 0.023 | 0.40 5.73
95 12.69 | 20.92 | 3.80 | 56.72 | s5.87 |.9.020| o0.44 5.50
9% 9.42 | 28.74 | 5.22 | s0.82| 5.80 | 0.024| 0.5 5.50
97 7.62 | 30.41 | 5.50 |\s0.88 | s.60 | o.018| 0.7 5.53
98 16.47 | 26.60 | 4.74 45.40 | 5.79 " 0.036| o.68 | 5.62
99 25.34 | 22.82 | 3.82 [41.87 | s.15 0.065 70,64 5.97
' 40.73

138




0
o

AN

!

- BN

[ /// k\\
N A
N 7
¥ |
v 9 .
j
0<

Table X continued

2\

N

MJ ' _ -

Exp.No. Poy ’ Eé;uilibx:ium Compesitions of the Slag due (Basicityj C:O:Mqo
,; ‘ {Ma3s Percentages)
MnO¥% l cao Mgo% $i0,% | Al,0,%
101 31.95 | 27.90 | 6.20 | 31.95 | 2,70 | o.211| 1.07 4.50
102 23,78 | 14.07 | 6.99 | s1.41 | 3.74 fu.oar| 0.4 2.01
[ Tos | 10.65 | 16.03 | 8.23,] 59.12 | s5.99 {o0.016 f 0.41 | 1.95
. 104 30.31 | 12.90 | 6.34 | 47.57 | 2.87 | o.0a9 | 0.40 z.o;;/
105 11,99 | 6.43 | 14.63 | 43.46 | 3.58 | 0.064 | o0.48 0.44
106 33.3"r $.69 | 14.96 | 43.69 | 2.32 | 0.064{ 0.47 | 0.38
107 29.87 | 27.93 6.90 | 31.77 { 3.53 | 0.200 | 1.0 4.05
108 .68 | 20.58 | 10,15 | 46.48 | 4.92 | 0.057] o.66 2.03
109 22.43 | 21.42 | 7.46 | 44.19 ) 4.51 | 0.0565| 0.65 | 2.87
110 29.78 | 17.24 | 9.04 | 40.59 | 3.36 | o0.068) o0.65 | 1.01
111 . f2r77 2309 [ 10,70 | 3911 |, 5.32 [o.006 | o.86 | 2.16
112 |5.80x10"| 26.34 | 22.00 | 11.00 | 36.63 | 4.03 | 0.088 | 0.90 2.00
113 | 4.42 | 11.84 | 36.41 | 40.99 | 6.35 |o0.020| 1.18 | 0.33
114 © |15.16 | 23.80 | 12.35 {'43.54 | 5.14 | 0.033| o0.83 | 1.03
s | 12.05 | 29.95 | 13.99 | 38.70 [ 5.27.] 0.071 | 1.14 2.14
116 11.70 { 11.12 | 34.63 | 37.88 | 4.68 | 0.068 | 1.21 0.32
7 |/ 17.26 | 27.01 | 13.74 | 37.14 | 4.86 | o0.101 | 1.10 1,97
; 118 20.9¢ | 25.84 | 13.36 | 35.31 | 4.60 | o0.130 | 1.11 1.93
119 26.49 | 24.73 | 12.44 }32.47 | 3.87 | o0.230 | 1.14 1.99
120 12.44 | 4.79 | 21.49 | s6.42 | 4.86 |wv,022,| 0.47 | o0.22
121 31.26 | 19.36 |, 5.42 | s8.92§ s.05 | 0.028{ o0.42 } 3.57
122 14.21 | 16.42 | 8.95 [ 55.79 | 4.63 |o.028 | o0.45 | 1.83
173 14.37 | 19.14 | 5.55 | 56.09 | 4.8a [ 0.027 | 0.44 3.45
124 20.85 | 16.95 | 5.24 | 52.97 | 4.00 | o0.039 | o0.42 y 3.23
! 125 25.94 | 15.81 { 5.55 | 49.11 | 3.59 | 0.055 { 0.43 2.85
[~
WAL |
\,
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v composition:;-) of the‘fy;\slag Ao |[Basicity| Ca0:MgO
i ,@gss Pe:éen‘bages;)'sq "
Mnot | cao | Moot | sio | ALos |
126 (% 12.10 | 25.03 | 7.13 | 50.92 | 2.82 | 0f93s | o.63 3.51
127 18.01 | 5.88 | 25.24 | 46.44 | 4.44 | ¢.030.f 0.7 0.23
128 17.35 | 23.12 | 7.23 | a%96 | 4.4¢4 }o0.032 | o.63 3.20
129 20.74 | 21.82 | 7.25 | 4611 | 4.08 | o0.042 | o.63 3.01
130 30.20 | 19.95 | 6.22 [ 40.35 [ 3.2 | 0.098 | o.63 3.2z
9.51 | 7.51 |33.96 [ 43.92 | s.01 fa.018| .95 0.22 ||
10.37 | 8.26 | 31.82 | 44.37 | 5.19 | 0.025 | 0.90 0.26 ﬂ
13.50 | 28.07 | 8.69 | 44.64 | s5.10 | 0.041 ] o.e2 3.23
16.72 | 28.64 | 8.00 | 42.07 | 4.57 |o.059 | o.87 3.58
‘ 22,97 | 25.94 | 8.36 | 38.71 | 4.02 { 0.088 | 0.89 3.10 Ky
25.40 | 6.327| 26.69 | 36.69 | 2.90 | 0.101 | 0.9 | 0.22
1s.80x10°| 6.17 | 8.25 [38.74 | a1.a | 53 Po.022 132 | o1
| 9.28 | 7.82 |38.21 | 3959} 4.11 |o.036) 1.12 | o.20
18.00 | 31.16 | 4797 | 37.119) 4.75 | 0.085 [ 1.08 3.47
21.25 [ 29.38 | 8.85 [ 35.59 | 4.91 fo.130| 1)o7 | 3.32
N 22.65 | 28.71 [ 8.75 | 34.86°| 5.03 ) o0.133) 1.07 3.28
pe 24.46( 7.17 | 31.67 | 32.03 | 4.67 o111 ] 1.:a g
143 10.68 | 4.62 | 22.34 | s6.61 | 5.76 | 0.017 | T0.48 0.21 K
144 11.60 | 20.27 | 4.93 | s7.01 | 5.20 |o.022| o0.44 4.12
145 14,33 | 18.20 5,47 | s6.88 | 5.23 |o.02s| 0.4 3.39
146 19,72 | 17.79 | 4.42 | 53.46 | a.61 | zvoaa | o.42 4,62
147 10.54 | 24.91 | 6.38 | 52.48 | s.e8 | 0.020 | o.g0 3.90
/é 148 29.35 | 3.80 | 19.32 | 43.79 | 3.74 | 0.074 | 0.53 0.20
A 140 8.21 | 6.06 [28.53 | 51.16 | 6.04 [ o0.017{ o.68 0.21
150 26.90 { 15.91 | .90 | 48.21 | 4.08 { 0.051 ] o.43 3.25
— ]
| X
{
)
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Table X cdnt:’fhtmd"

Exp.No. |-  po, Equilibrium Compositions of the siag Bie0 I‘Basicity CaO:Mq'OV ;
(Mass Pei\centaqes) )
: Mno% Cal MgO¥ 510,% | Al,Oy%
151 14.86 | 23.90 | 6.37 | 49.72 { 5.15 | 0.038 | 9.61 3750
152 17,37 | 22.44 | 6.52 | 48.61 | 5.06 | 0.049 { 0.60 3»,4’;\/_ V
153 20.73 | 21.74 | 5.92 | 46.94 | 4.66 |o0.056 | 0.59 | .
154 25.04 | 21.93 | 5.78 { 43.07| 4.19 jo.074 | o0.64 3.79.
155 29.16 | 5.10 +-z1.41 | 40,01 | 4.33 | 0.090 | o0.66 | 0.24
156 15.52 | 4.44 | 35.72 { 40.82 | 3.50 |o0.057) o.98 | o0.12 °
157 26.06 | 5.78 | 26.68 | 35.86 |.5.62 | 0.130 | o0.:1 ooz |
158 13.07 | 16.48 | 26.21 | 3067 | 5.58 | 0.076 | .10 | o.s3
159 1 ‘5,90 | 0,31 | s2.11 | s.10 o.028| 0.58 | 97.38
160 —1_6 ., fus 0.30 { 49.41 | s5.42 | 0.039 [ 0.58 | 93.35
161 20.02 | 26.20 | 0.79 | 47.16 | s5.83 |o.049| 0.57 | 33.25
162 [s.80x10"] 26.17 | 24.78 | 0.30 | 43.59 | 5.26 |o.0e8 |i 0.58 | 81.79
1 1e 27.74 | 24.08 | 0.30 | 42.43 | s.45 | 0.09s ,) 0.57 | 79.75
[| A vi—— i
T—fa‘ 21.74 | 1854 | 15.04 | 39.19 | 5.49 | 0.096 |/ 0.86 | 1.2
165 13.96 | 35.17 | 0.31 [ 45.42 ' s5.14 [o.030 ) o.78 | 114057
166 15.68 | 34.03 | 0.58 | 44.46 | s5.25 | 0.047| 0.78 | s8.46 |
| 267 | 19.47 | 32.59 | 0.31 | 42.34| 5.29 1 0.053 | 0,78 | 105.48
‘168 22.60 | 31.08 | 0.30 [ 40.74 | 5.2 [o.bra | 0.77 [ 102.25
169 23.55 | 28.71 | 1.57 | 40.08 | 6.09 18.28
170 27.87 | 28.58 | 0.30 | 37.34 | s.92° 94.94
171 35.26 | 12.56 | 5.24 | 22.43 | 4.51 ; 2.40
177 32.68 | 13.12 | 5.59 | 43.66 | 4.94 | 0.06{ | p.43 2,350
173 40.85 | 11.36 | 4.90 | 38.45 | 4.43 J.0.114 [ 0.4z | 2.32
174 21.99 | 19.74 s 8.34 | 45.24 | 4.00 | 0.048 | 0.61 | 2.37
175 _J29.53722.77] 8.93 | 32.21| 6.57 0.235]| 0.98 | 2.55
e
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Exp.No. | Pa.; Equilibrium Compositions of the Sla'j a0 |Basicity
- 2 (Mass Percentages)
Mno cao | Moo¥ 0% | a1,0.%
176 13.03 | 24.54' 7.29 | s0.01 | 5.25 | o0.028 | o.63 3.41
177 11.06 | '30.70 | 7.65 | 45.35 | 5.24 | 0.028 | o0.85 4.01
178 21.83 | 26.56 | s.58 | 39.76 | 5.28 | 0.074] 0.83 4,04
179 29.35 | 23.28 { 5.72 | 36.29 | 5.36 | 0.161| o0.80 4,07
180 11.74 | 34.16 | 4778 { 39.80 | 5.54 | b./gss 1.08 3.89
181 ) v6.88 | 34.17 | 7.68 | 36.23 | s.05 |o.0m1 | 1as | 4.45
182 27.10 | 28.06 | 6.70 | 32.63 | s.46 | 0.212 | 1.c6 4.19
183 12,87 | 19.75 | 3.92 | se.83 | 6.62 | 0.022 | o0.42 5.04
184 |5.80x10**} 32.21 | 14.ea | 2.73 | 43.34 |7 6.89 [ 0.085 | 0.41 5.44
185 13.52 | 24.65 | 4.99 } 49.73°] 7.12 }o.028} o.60 4,94
186 32.43 { 18.91 | 3.82 | 39.49| 5.35 |o0.112| 0,58 4,95
187 12.73 | 30,29 | s.82 | 45.18 | 4,98 | 0.037{ .82 4.45
188 &0 16.34 | 20.20 | 5.95 | 43.16 | 5.36,  0.046 | o0.81 [ 4.91
189 11.83 | 34.88 | 7.46 | 40.68 | 5.16 | 0.056 | 1.04 1 4.68
130 11.18 | 34.93 | 7.41 | 40.99 | 5.49 | o0.045] 1.03 4.72
391 17.54 | 32.27 | 7.02 | 37.80 | 5.37 | o0.096 | 1.04 4.60
192 29.22 | 26.63 | 5.55 | 30.26 | 8.3¢ [o0.266 | 1.06 4.80
193 28.59 | 24.51 0.311?}’1 448 -%.11 fo.101 ) o0.60 79.83
194 25.53 | 30.61 | 0.31 | 38.20 Ts.36 | o.138 | o.61 | s8.74 I
i/
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two components are present in the slag, and their °*
concentrations are X, and X, then the activity ¥ could be
correlated using a model of the form: %

0

\
\

Y =gy + 0, Xy + 0Xo+ B 2 X X+ GXE oo (5)

Two quadratic multi-variable regression models were

. derived for predicting the MnO activities in

ferromanganese slags. The first was based on the
complete data containing 220 data points and it was
referred to as data set 1. The second set was corisisted

of 194 data points and was referred to as data set 2. The |

choice of the number of data points in the second set
were.-determined by the results of the previous
regression. For the complete set involving 220 <ata i

. points called data set 1, the regression analysis

predicted that 26 experimental points were, from
statistical ,{point of view, out of the 90 per cent
confidence level. When these experimental points were
ignored resulting in data set 2 wif{h 194 points, very
high correlation coefficients were obtained indicating
an excellent fit with all points within the ccnfidence
level. The results shown in Table X include these 194
reliable experimental points. -

-

The independent variables were the mass percentages of
Mno, Ca0, Mg0, SiO, and Al.Q, in the slag as well as the

basicity ratio, B, defined as 3=(CaO +MgGQ)/SiO, and the
" CaO-to-MgO ratio (denoted by Ca0:MgO), a total of seven

variables. The dependent variable was the aqi:ivity ot
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'response surface to the data. For a seven varlab/'fe p—

MnO. The regressions using experimental data were
carried out using routines from the SAS (Statistical 4
Bnalysis Software) system. The flrst step was to use the
SAS procedure RSREG which fits a complete quadrat.tc
model, including quadratic and cross product L,ernis, the
analysis resulteg in two models for the two data groups
each having 36 perameters which were regarded as too
many. The $AS procedure RSQUARE was then used. This
procedure selects the optimum combination of independent

variables to produce the best fit for a given number of

independent variables in the model. With this approach,

- it was found that essentially similar fits could be

obtained from a model with far fewer parameters and this
was ‘referred as the reduced model. The analysis resulted
in two 'different reduced models for the two data groups.
The results of statistical analysis are summarized in
Table XI. ) | H .

N,
\\

. As it is seen from Table XI, it may appear that the

i complete quadratic model provides a slightly better fit ™

' than the reduced model, it was found that the errors in

) b

the points ‘calculated using the reduced model were not
significantly different to those calculated using t!
complete quadratic model. On the other hand, the reduced
model contains less than half the number of parameters | .
than the complete model does, thus making the reduced
model a better choice from practical point of view.

When the two different data sets-are cons\ﬁidered, the
reduced model representing the data set'1 cohtaining 220
pointskhas the lowest correlation goefficient (R)). On
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. Table XI.' Bnlths for MnO activity model.
& r . - —
R Data set 1 /  Data set 2
i é? c o Complete héduq%d Complete | Reduced

T | - Quadratic| Model [Quadratic| Model
Model Model s

Correlation | 0.7751 | 0.7580 | 0.9636 | 0.9587
. £y :.]

Coefficient R’ \ ) o
n . , L

o ‘Number of’ ' o ‘ !
' parameters in- 36 16 | 36 16 7

model .
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. o the other hand, the complete quadraf‘ic me&’é};
representing the data set 2 containi‘nfg_ 194 data points
has the highest correlation coefficien”t‘:\. : H;Swe\fer, the
: ~ correlation coefficient for reduced model of data get 2
g : is not significantiy different from that of complete .
o . _quadratic model. Therefore, the reducec model B
representing the data set 2 containing 194 points were
- p}eferred to predict the acf,tivity“ of MnO in
ferromanganese slags. The set of model eguation
parametecrs for hoth the complete quadratic(and reduced

\\ ; models for datalset 2 are collected in Tal;{ﬁ?’e XII. The

go - \%\ « model equaticn used can be written as: //’/ ’
5 ! T
<< ) A ) " [/ N

o N ’ ’ : ) & -

: a4, = 01265 — 00249 (%SiG) - 23115 (B + 00619 (%MnQ x B)
- 00003 (%MnOY + 0.1451 (%Ca0 x B) - 0001 {%Cc” x %MnO)

- 00023 (%Ca0) + 01439 (WMEO x 5) — 0019 (%MgO x %MnO)

- 00045 (%MgO x ¢7a0) - 0002 (%MgO} - 0.0506 (%5i0, x B)
+ 00005 (%S0, x %MnO) + 00015 (%S0, x #%Ca0)"

+ 00015 (%S0, X %MGO).......n....... ceeriree e neasseenrissasasseretvansente ser35)

Thus, if the slag compocition falls within the rznge ss
illustrated in Table X, this model can be conficientl"s;
used to predict the MnO activities in ferromangarese
slags at 1500°C. Due to the nature of the model, it is
not advisable to use the m-del if the slag composition
falls outside the range of data set’2. It is apparent
from equétion’(SS)and Table XII that basicity is rne most
important parameter affecting the activity of “n0O in the
slag which is in azccord with ~he depolymerization of the
slag as tihe concentration of basic oxides increase

freeing-Mn* ions.
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Table XII. biodcl*' parameters for MnO activities and

e o . coefficients for MnO activity models. - ( :
a\ ) ‘( Coefficient Complete Reduced . ‘ &\ ;
S . Quadratic Model ' ’ Y :
?o ) b ‘/ Model , ‘
¢ Intercept 8g 355,580207 0.7265
‘ . B s |370.948910 o
Ca0_Mgo a; -15.26499 " - |
Mn0 : - g "|-10.317808 -
S , ca0 . a -12.315650 -
MgC A ! as - |-28.813727 N
. , o lsio, a -1.095937 -
Te | Hayo, | a, -38.087350
ST ) - o a -2.543098 )
- Ca0_MgO x B a, -0.000671 ,
- 2 {cdo_Mg0)? _ag;  f-0.000004203 b -
MnO x B o aw  |-3.6640144 ~ ° W0.061891
,/ Mn0'x Ca0_MgO) 5 ay  dvaszea - |
kX "11,5_450)’ /W R ‘.\Q‘\;ﬂau 0.067401 ; £0.00025538 ’\'\
i = . carxm N oy -3.552170 . |o.14512 |
St Ca0'x Ca0_Mg0O~ a . 0.152707 R o
R ca0 anO E \\»\{ 0.152727 - '0.001825&5‘1 i
m (CaO)”\x 2y 0.084619 Co.0022844 ||
a MO x B ~ a5 -3,555340 0.14390
Q@ MgO x Caoli':ggo o an 0.208931 -
N | MgO x MmO ° ax 0.318260 -0.0018543 [
| ) 10 x cao N . an 0.334965 -0.0045093\,_[ )
, o \:‘H ) \\‘;
o o !
= |
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W ) ‘
Tab;o XII contipudd %t\\) e
ty :

(Mgo)* : 0250289 |-0,002242%

sio,xB - an -3,761755 ~0.05055

v - ) s -

R P §i0, x Ca0O MgO 34 152664 ‘e -
A Yy - i
- ' . J X ™ Ny y
A : . 5§10, x MnO ‘ ags 0043500 ~ {0.0005164

$10, x Ca0 E 0.063932 0.0015194

, 510, x Mgo 3y 0.229481 " 10,0015104
Ea 4

, (S10,)% ‘ ae  |#0.024803 -

Al,0, x B ’ azs -3.697481 ~ EAN o o
R B [N
| g

R y 21,0, % C;O__Mgé 2 0.152249 1 - ¥
“ | ~ J1AL,0, x MnO : ‘ Ay 0.412971 o _
AL, x Ca0 . . a 02432341 .
; A1,0, x Mgo ; as 0,.5'97451 1 -
ALy <810, a 0.320847 i
.“ (AL;0;)* ©ay  |0.3446666 s

\ : .
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The results of the present work were also fitted, by
making use of the equilibrium <31ag compositions, to one

.of the most attractive slag models developed by

Gaye™™* The model is based on the description of the
liquid slag in terms of cells composed of an.oxygen anion
surrounded by two cations, and makes use of only binary
parameters (2 to 3 per binary system).

i 1\‘

4.1.2.1 Description of the slag model applied to the

liquid mixture of an arbitrary numbe: of oxides

A liquid mixture of m oxides is considered in which X;

represents the mole fraction of oxide (M),.0,, (i=1tom).
The assumptions made in this model were as follows:

-An anionic sublattice without vacancies filled with
oxygen ions and a cationic sublattlce,

-The cationic sublattice is filled- w1th the cations in
the decreasing order of their charge,

-The structure ié described in terms of symmetric (i-0-i)
and asymmetric (1-0-3) cells (i and j being two different
atoms), in numbers R;,..2R;.., and the energy parameters
consist of parameters for asymmetric cells formation,
and parameters of interaction between cells. R; refers
to the fraétion of 1i-0-3j cells for a random distribution
of cations on their sub-lattice. |

Although it is an oversimplificacion of the actual
polymeric structure of the melt, in the Ca0-Si0, systen,

k:é””\‘}/Si-O-Si cell represents a doubly bonded oxygen (0% , a

51i-0-Ca cell represents a singly bonded oxygen (07) and a
Ca-0-Ca cell represents a free oxygen ion (0¥). Thus,
the computed numbers Rg.g and 2Rg.o,, of Si-0-Si and
Si-0-Ca cells reflects the degree of polymerization of
the melt. The very complex equations developed permit
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agreement. between the exnerlmental data and the

To each asymetr::.c cell, is assoc::.ated its enercy of

£
I8

7 i
oY
i . “ ‘ '

the calculatiofi of the thermodynamic activities of the
all ux:.de components and the phase dlagrams. In‘ ) ; “x\k,\

.addition, experlmental runs were done for systems

containing up to six components chosen among
MnO-~-Ca0-Mgo- SJ.O, Ad..,.;,\:e,o -re0. A very at:.sfactory

calculated values was found.

(i) “Eneigy of cells formation

*’ormatlon W,j-,/ from the symetric cells cons::_tutd.ng the .

N\

limiting pure liquid oxides: v

1

In order to obtain a’ ‘satisfactory. represen'catson of one
of the binary systems studied (CaC-Al 0,), it was

necessary to consider a linear variation of W with
The general formal:.,;m adopted thus

i—0=-i + j-0-j = 2i-0-j (=2W,

composition.
provides for the possibility of LSlng two cell :ormat:.on

«

parameters:

———

Wy = W), + WphXiooorooroeresiorennnni(57)

where i is the cation of highest charge.




o

O

N4 u.;\\

(ii) -

Energy of cells interaction ‘ -

The various cells const:.tut:.ng the multicimponent melt
are assumed to be dlstrlbuted at random and interaction
energies between them are considered (E;.y to represent
the interaction between cells i-0-j and k-0-1). Several
“further assumptions are made which allow the
consideration of only binary interaction parameters:
-Interacition between alike cells is neglected (these

terms are included in the W; parameter, assuming that

they are independent of the environment of " ‘.ne given
cells).
-Additivity rules are assumed, such as:
| [\\
. oy \ LA \ .
. E)”Lu'—-ZEU_".. sbessacrnsrrads ...o..‘................(JS)
7
( |
N
Z/ i )) \v\A\\ l‘l
Fad JE; w=E,_ R (39
0 ) {J: \\
///// N ﬁ‘
The only remalnng type of interaction para Zeter (E;il:)
/ =

if //u

will be called/E for 31mpllc1ty of notation.

was necessa/ry to consider a Varlat,’z,on of the 1nteractlon &

parameter w:Lth compecsition, in order to obtdin a
sat:.sfac* ory description of the thermodynamic properties
over the whole composition range (occurrence of a \
miscibility gap in the acid domain, fit of s:LlJ.cates\ or

@ ‘ \l

|
)
|

L
S
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lime saturation and oxide activix ies in wde middle ran(‘ve

and in tlie basic domain of r)nlated ternary systems) AS
‘for the W, parameters, a Iffnear relaticnship: ¢,
{i/ \,ﬁ " | B4 |
i \\) | Eij=(Eij)l+(E,:;)z."lfj‘-...........‘;;»’.‘..(60) ) \.

Repmrs T

, (8
r ‘ g . )

was used, where i is the cation of highesc charge.

7

Therefore, the model was designed with the objective of
describing multlcompfment systems in er;)ms of only a few
blﬁsary pardmeters. An the applicatlons which will be
sho i1 Jlater, z_heqﬂ parameters were taken as temperature
1ndepaﬁdent, so. Chat for the 19 limiting binary systems
investigated, an average of 2.2 non-zero coefficients
are used. The values selected for these parameters are

given in Table XIII. ) .

«| ‘ ) o )) ”V“/”T:\ij:h‘»}\

. 4 'A‘r,\‘:‘v
(iii) Expression &: the thermodynamic functions bf tha | }/‘
liguid mixture of oxides . ) R
5efofe giving the final expressions, the definition of
the various symbols will be given in Table XIV. S
N ‘\\\\ e
N L u
/ \;\‘\“ i ! y/;/—f’:
/ | it 1
J | 4
: i, o \J/
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Table XIII. ‘Energy paraseters used in ti {:o model“”. .
mn-q---iih------hw-----—--.%; » - .

‘.t’:ell/;/; Formation f‘
- T {(Joule) i

System

¥

"cation

i

&1
=)
Gex:2

Interaction
“(Joule)

///
3 (ufx‘i)x
J

]

171

X

(Epy A

Sioz ‘Ales ,‘

$10,-Fe,0;: /

$i0,~Ca0

§10,-FeO

$10,-Mgo.

§10,-Mno

A1,0,-Ca0

si
si
si
si
si
Si

Al

Ale; 7? e0 -

|
[21,0,-Mg0

AL,0y-Mno

Fe,0,-Ca0

Fe,0,-FeO

{lFe,0,~-Mno

§CaOsFe0

Ca0-MgO

Ca0-MnoO

al

Al

INE

re*
Fe**

Fe3+

Ca

Ca

Ca

FeQ-MgO

Fe

FeO-MnO

{Fe -

MgO-Mno

Mg

- Ca

W
,;

a1 jaase.o L0
Fe**|/ 4184.0 : 0§

caf-52300.0 o]
z%% -6276.0 O%

g 4

‘Mn

-33472.0 L0

-18828.0 .d

b

'
|

-35564.0

N Fe2+

Fezl"
Mg
Mn
Ca

Fez&

Mn

-1673.6
-14.6'
-5020.8
-30961.6
-2092.0
—2092.0
-12552.0

4184.0

=2092.90 - \/\J
T |
-2092.0 |
,f e bkl‘ A

7-209“2.0

12552.7

&S

I

5T

o O

-12552.0

|
. 6694.4
|

-18828.0
3786.4
5020.8

-4184.0

-23012.0

0

A 0

! 3138070

©4184.0

12552.0
21756.8

-20920.0

-9623.2 0
-29288.0 0
-13388.0 0
-6368.0 0
-2092.0 o
-2092.0
2092.0 0

0 0

=-3347.2 0

i
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Table XIV. Nomenclature for the definition of the .
various symbols used in the oxpre-‘zhon of the R
: thermodynamic functions of the 1i \&:ﬁd ‘
mixture of oxiden™. bl Lo
w . . @
m Number of oxides (M)),.0,
P Stoichiometric indexes of oxides /' H
| - :
[ %8 Molar fractions of oxides H B
Rir Ry #° . |Numbers of i-0-i, i-0-j cells ﬂ S
W,;=(W, ),+( )2.,{‘ Energy parameters for asymetric cells
formation : }:
E;=(E;), +(E;) X Energy parameters for cells interactions ﬂ
it H
m ) . = i
D;= L vwX, Sumtation of stoichiometric indexes of oxjidés !
) k=i ) . 4 s . a
R multiplied by mole fractions
Ry =(vvX.X;)D, Fraction of i-0-j cells for a random _,
’ distribution of cations on their sublattice B ¢
- ! ) .
Q;:l z l(v~,_.X,‘/D,).(I:Z';./Ri"‘ ){Summation of fraction of i-0-j cells for a
=i4 ! ¢
random distribution of cations on their
o suolattlce multiplied by energy parametf\ers for
7 {cells interactions \\)
.\\ = = ;
i
o
\ 154'\\
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S \  (iv) Free energy of mixing . . N

2 i
; o ° . R ' . . g P W
The free energy of mixing, Gy, can be caléulated once rhe
‘ cell fractions, R;, which indicate tHe degree of
i N o e
. ©  polymerisation is known. The cell fractions haveito

° »  satisfy the two sets of constraints, namely a linear sets
of: equatuons which are material balances and a set of
; j c;uacratlc egquations which come from maximizing the
T sartition function. The expression for the mixing free
-energy of the melt, with reference to the liquid rure
oxides, is as follows: | |

2

: : m-l " ’ _X
e , G“—zz p I-RW+R i ’E]
’ imljmielf D

i i
[CR o
N R

S ' m=ty, D. D.
. ) H ‘_R s '—",'- . —'+1
o , TEI V; [D'l .X.) D”lln(vsxi ]

[

X /’/’:‘:\\ RTlglI‘l[?u lnR R ln(Ri])] H (61) = {(\

where the cell fractions, R; satisfy a system of m(m+1)2

constrains, that is, i=1 to m: . ,

v

E Ry =VKyereeerrronnnr..(620)

i=1
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R.R R/P’ 0 (,—z+1mm\.§...-;....;'....., ....... esassesves (62b)
Vi

i

The equatlon (62a) shows the linear equations which are
materlal balances whereas the equat:.on (62b) shows the
quadratic equations which come from the maximization of

o

the partition function.

The only numericél&"difficﬁity 1ies in the resolution of
the system of equations (6‘2a) and (6Zb), in particular
for systems having é .large number of componefzts (10
equations in a 4- component system; 21 equa‘f lons in a

6 component system) A particularly eff:.f:lent technlque
was devised for this resolution. Computer time on
IRSID’ s VAX 11/780 is about 0.3 seconds CPU for one°
compeosition in a 6 component system and this time is
approximately proportional to the number of components.

7
(v) Numerical s‘ciéeme‘ for the solution o.f constraint
equations i

If it is noted that y;=(R;)"?, the system of equations

(62a) and X(.f}?.b) is transformed into:
a‘{ .

I

i\\ "m
N\ yi.§Pij.yj=viX; (=1 to m)vcenennn.n.n. (63a)

156

] ¥




LAY

4\~
Byt

I ' . 3 ,’:Ef::t:

Ry=P;y.5; (,j=1 to m)..........(63b)

i
Once’ the values of the y, s have been obtalned from the

system of m quadratlc equatlons (63a) ' the calcu,.atlon of
the R;'s through the equation (63b) is stcalghtforward
F‘or tHe resolution of equations (63a), a scheme usuxg a
sucﬂessmn ot Taylor s serJ.es expansions in terms of the
variable z=T/0 varying between z=0 (G—-)oo) and z=1 {o—-T)
has been devised. The variations of y, between a—->oo
(random dlstrlbutlon of cations, that it is y =VX/D;) and
o—-T are thus descrlbed For any intermediate
tempegature O, equations (63a) are written:

haden)

y‘.E(P)v-vX (z-l O M)eeennnn(64)

l
\
N
: ' )
and the Taylor’s series expansions have the form:

d
»

b, =0, +[yJ Az +[y""] AZY2, .o (65)

expressions in which the first and second order
derivatives of y,’s are obtained through differentiation
of the system of equations (63a).
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The only numerical difficulty in the resolution of the
system of equations (62a) and (62b) is thus ‘reduced to
the solution of two systems.of m linear equations:

it

e

L e AN =B frrerrersensesssessecnssenssso(66)

% . £
X6 200 11 Akl YT T TSR UUURR (67) “
where h
~ N
t 4 /’:l . (] .
a;=pg).y; fi#l . (68)
a;=y;+ k)_:‘(P,-,‘)’.yk S J R (69)
b=y, T (Pu). 1Py 3. s (70)
b= -j§l(P,.j)' 2y’y’;+2y’y;+ yij’j) InP;+ yiyj(lnPij)zl B (71)
, L
i

L
v

(vi) Enthalpy and entropy of mixing
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The free ener>gy of m;x:.ng havz.ng been computed for a

. given composition at temperatures T, T-AT and T+AT, the

enthalpy and entropyjof mixing are obte;.ned using
Glbbs-Helmotz ‘bquatl) n:

2
h W - \\ o T
Ser o ’

-
o,

H“—S(G"/T)IS(IIT)...’E:/.”..........; ..... (72)
H" = [G*(T + ATY(T + AT)~ ““(T —ATW(T ~ATWINT + AT) - 1T - AT)]...';‘:;....(73) :
SM o HY = GMYT oo a4 -
\ '

@

When the W; and E; parameters are assumed temperature’

independent, the mixing entropy is identical to the

: configurational entropy.

§
7

¥ {

(vii) Cbmponent activities

By :ncrementlng to-various sides of the composu:lon of
which the activities are needed, the derivative of free

Qenergy with composition, 8G /EX,-, is obtained. The

activities of the components with liquid state
references are calculated numerically from the computed .
free energy of mixing and its derivatives with respect to
composition through equation (75).
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) o 3G¥ ,
RTIng;=G*+ S (8;=X)mp—vveecd =1 10 Mecieninnnnnnnnnnnnn(75) ‘
) j=2 &X;
e
; Ry B \) ' i
where §; = Kronecker’s symbol - \ ]
T = absolute temperature
‘ R = universal gas constant
) a; = activity of component a
m = number of compounds |
{ T\\,
oz
R For this calculation, the derivatives of the free enercy
of mixing are computed numerically:
h I3 )
— 8GM18X, = [GY(X,, X; + X)) ~ G*(X,, X, ~ A )/24X,...................(T6)
Y
s Changes of reference state can then be made to express
the activities with respect to the classically used
~ ( reference states. For instance, the ratio of activities
o referenced to solid and liquid states is given by‘
(neglecting the differences in heat capacicy):
3
19 (AH,~TAS
- @y0) Ayp), =X = e PR
s (yo) /(ayp), =Xy RT an

where AH, and AS, are the enthalpy and entrcopy of meltin

of the pure component. The values of AH, and AS, for the

rarious oxides studied are given in Table XV.
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Table xv ' Enf:halpy and entropy of ,@‘:hange of reference
state for the varijus components

(891
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Component Classical reference AH,,, AS,,
{joule/mole) | (joule/mola/K)
sio, Solid (cristobalite) 9539.5 4.770
Al,0, . Solid 110876.0 47.698
Fe,0, 86776.2 . 46.024
cao " 80332.8 - 28.242
Mno W 50208.0 23.472
MgO * . ‘ A 77404.0 25.020
Fe0 "FeO" liquid in equilibrium 8221.6 4,184
with Fe ¢
L T T




(viii) Use of the model for the description of phase
diagrams-Liquid miscibility gaps o

N\ E 0
“ IR oo

The determlnatlon of the miscibility gaps existing in the
AN acid domaln of )ullcate melts was made graphically, for .
the binary systems.~ As the inflexions on the freg energy'
curves are not pronounced, the determination of
equilibrium compositions, for a series of temperatures,
was made from the computed activities of-both components.

@ | -

o “"The goool agreement obtained between experimental and

' * computed miscibility gaps, which cover a temperature

‘\‘i}lllf‘ span of 400 to 600 K can be considered as a conclu.,ive \
test that the effect of temperature on the free energy is

Y

T | ‘~1‘*I;§'»/}\\ prope::\Ly represented by the model ' uslng

! temperature independent parameters .

o . -
: 2

: (ix} Equilibrium of liquid slag with stoichiometric
\& compounds

AM]

o

Equilibrium of liquid slag with stoichiometric compounds
y ‘3 . is the most common situation for oxide systems. For any
T U o comp051tlon, it is possible to express the activity in
the liquid phase, taking as reference a given
‘ stoichiometric compound. For instance, in any melt
? ' containing Skii.o2 and 'CaO, the activity of the compound
2Ca0—-8icC2 (soli\q\) is given b:'y;\<
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Gn a0 = S0, = (acﬂ) asio . \.XP("AG/RT). veeeensie sivuase . 5(78)

N
o I
B .

\

CL o - ) Jo
wiere dey and gy, are the activities of solid Cal and: /

’ Si0,, and AG; is the free energy of formation of ZCaO-"SiOZ

from Ca0 {solid) and SiO, (solid).

The compositions for which the act-v1ty of the
stoichiometric compound is unity represent its
saturation limit at'the given temperature.

Y

2

The values used o represent the free enerygy of formation

(AGy=A—BT') of the various compoyunds of interest for the
systems studied are listed in Table XVI. For most of the
compounds, the values were taken from the SGTE data bank.
Tor some of the compounds, it was necessary to alter
significantly the value of the enthalpy and entropy terms
{while keeping the value of the free energy well within
domain of reported uncertainty), in order to dbtain the”
nest fit of the phase diagram. This was also the case, in
varticular, for the compounds 2Ca0-5i0,-Al1,C, and
Ca0-Al,0,-258i0,, for which values of 60.25 and 55.23
“oule/mole.’K (B or AS values used to represent the free
energy of formation, Table XVI) had to be used instead of
the values of 15.06 and 19.67, respectively, found in the
zables of thermochemical values.

(x) Equilibrium of liquid slag with ideal solution of
stoichicmetric ccmpounds
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Table XVI

Y

: th\f:nodel o

0

AG

Jorm

=~ |A (joule/mole) B
(joule/mole.K)
' Ca0-Sio, -77069.28 “ 3.38
3Ca0-25i0, -202924.09 12.9%
2Ca0-8if, -79705.20 35.56
3cac-sio, -115060.00 23.01
2Fe0-5i0, -97487.20 -52.72
Nuﬁtxte {Fe0) -31338.16 -19.00
: %go $10, -41254.24 -4.18
1., Mg0=810, "7 -50919.28 9.62
MnO-Si0, -26777.60 ~-2.09
2M00-510, -61295.60 -12.55
3Ca0-a1,0; -23430.40 33.89
Ca0-Al,0, -23012.00 18.83
Ca0-2A1,0, -23012.00 25.94
CaO-SAl 20, -22593.60 31.80
Feo-vu,o3 -64015.20 -23.43
Mg0-Al,0, -6108.64 25.94
Mn0O-2a1,0, -47823 .12 -11.72
28i0,-3A1,0, -7‘3564 48 26.36
2Ca0-Si0,-Al1,0, \;1923 20 60.25
Ca0-25i0,-A1,0, -13807.20°, 55.23
Ca0~Mg0-2510, -75583.96 \ 29.71
Ca0~-Mg0-Si0, ~ -83219.76 16.11
2Ca0-Mg0-25i0, -128950.88 42.26
3Ca0-Mg0~2Si0, ~205016.00 31.80
164
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Free energy of formation of stoichiometric
compounds from pure components taken in the
reference state of Table xv values used in
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In the general case of extended solid solutions, the
chase diaéram calculation would recruire a precise
estimation of the free energy of the solld phase. In
-~“'some cases, however, *he assumption of an ideal SOlld
solution of two compounds can be applied. With this
assumption, the condition of saturatlon in, fer
instance, (Fe-Mn)Q0 solid solut.\.on, ;or a melt containing
-among other components FeO and MnO, is expressed as:

J
]

| Ty

'
{ ;

\ A
. v

RN Arpolid) + ayp(solid) = laeeiieiiiioiiiiniiniirnrccoeiiennnannnnnennn(79)

~

s ‘ N
: arp and Ay, being the activities of FeO and MnO in the

. , ideal solid solution of these two compounds.

This assumption leads to a fairly accurate estimarion of
liquidus temperatures for the (Fe-Mn)0, (Ca-Mn)Q solid

{89}

- solutions, as well as for olivine phases and melilite

In a six component system, a set of 21 simultaneous

L equations have to be solved. The present time of
AN o

;’/ A calculation on an AT com;S‘ixter is about 20 seconds. 2
o decrease in calculating time reduces the accuracy. The
{9 ' advantages of this model is that it can be applied to
| complex slag systems with great reliability, it
represents a large basicity range and it is very
\ efficient for the numerlcal treatment with regard to its
short computing time. These set of simultaneous i
equations were solved by making use of a comnuter )

software developed at ‘4INTEK“’” \‘g .
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Discussion on activity of MnO in ferromanganese

slags

Another 1mportant concept in analysing the behav1our of
slags b/ s the bas1c1ty and it was given due cons:.deratlon
in t‘1e present study . Since the concept of ba31c1ty of
slags is such a useful ard important one, various
different ways of expressing it have been derived over
‘The most common approach was the use of
basicity ratio or basicity index in which the basic
oxides were placed on the numerator and acid oxides on
hifferent forms of classical b351c1ty
ratio have been derived. rIfhe slmplest one expressed as
(Ca0% / 5i0,%) was useful as a first approximate guide.
In slags containing appreciable quantities of components
other.than Ca0 and Si0Q,, it was an imperfect measure of
basicity. Since most blast furnace sk qs tend to contain
significant amounts of MgO and Al,0,, the ratio (Cal% +
Mg0%) / (Si0,% + Al,0,%) has found some application in
This expression, however, implies

the denominator.

industrial practise.
that MgO is equivalent to Ca0 as a basic oxide and that
Al,0, is equivalent to SiO, as an acid oxide on a mass per
cent basis, and clearly ncither of these equivalences is
accurate. Various other more complex ratios haye
appeared in the literature from time to time, bLt{t:«-;fnkone
has demonstrated any significant improvement over that
of Bell, to exhibit an accurate linear relationship with
the logarithm of the sulphide capacity of these slags™”,

Bell et al. suggested the ratio“

[ §

Xcao+ 0-§ango
Xs,'02 + 0.33XA1203

............................................................. ...(80)
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{'where X was the mole fraction of the component concerned.
This expression implies that MgO is half as effect:.ve as
Ca0 as a base on a molar basis, while A].«Q1 .;s one third as
effective as 3i0Q, as an acid, again on a moXar bas:.s. ;

The other approach adopted has been the use of excess
base 'expressions, of the form ZBasicoxides —ZAcidoxides, where
"the concentration units can be either mass per cent,
mol‘ar/per cent or mole fraction. This approach has not
been widely used, though fairly recently Brown has
suggested what is perhaps the most interesting form of
this expression from a fundamental p01nt of view™®

Brown suggested the relation"*”

E} Xew X Xsio, Xayo
Ca0 i

Excess base=-"24-MC___2 2>
Icawo  Tuso Is"oz 21,1120,

where I is the ion-oxygen attraction of the cation
involved. The expression he used has been shown to
exhibit an excellent linear correlation with the
logarithm of the sulph:.de capacity of blast furnace

slagshz’ﬂ

The main problem with these expressions for both basicity
index and excess base, is that, they involve an arbitrary
decision as to whether a component is a basit or acidic

oxide, so that they can be assigned to the nimerator or
denominator in a basicity ratio, or assigned a positive

or negative sign in an excess base relation, i
it
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respectively. For most components the situation is clear

and this poses no real problem, however, for inte‘rmediate
oxides, such as TiO,, this can indeed pose some
difficulty. A secondary problem with ratios is that the
assessment of basicity becomes impossible in slags free
of any recognized acid components, such as that might be
used in secondary prqeessing of iron and steel.

i

An alternative approach is the use of optical basicity
which has been pioneered and developed in the field of

“29_ In this approach, basicities are

glc ss chemistry
regarded in terms of the electron donor power of the
oxygen ions present. This can be measured experimentally
by introducing trace quantit:’fes of metal ions which
respohd direcg:ﬂ.y to the degree of electron dcnation
experienced f.iom the oxides of the glass. From a large
number of measurements of the optical basicié’y WE
glasses, mainly using Pb* as the probe ion, Duffy and
Ingram discovered the optical basicity of an oxide, A, is
related to the Pauling electronegaf®ivity, x of the cation

involved by the expression/*“:

D

=078/ =0.26) e eeeeeeeeeeeereeeeeeeeeeeeeeseeennessnen (82)

Use of t. .s relation allows calculation of the optical
basicity for any main group element oxide in which the
cation has an inert gas electron configuration and which
does not display any transition metal behaviour in a
slag. Hence, by use of the relationship:

I/
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CA=X Ay X hgeeenneniaeeneeenen(83)

if is possible to calculate the bulk or average optical
basicity value,A, for a slag of any composition *
involving these oxides. In t:is equation, X is the
equivalent cation fraction, based on the fraction of
negative charge neutralized by the charge on the caticn
concerned. For any component, X can be evaluated in
various ways. Where the composition is expressed in
terms of mole fractions, the most convenient relation is:

X = (Mole fraction of component . number of oxygem atoms of
oxide mulecule) | ITMole [raction of component
number of oxygen atoms of oxide molecule.....(84)

A correlation has been sstablished™* between optical
basicity values for slags and their sulphide capacities
at 1500°C, from data in seven systems not containing any
transition metal oxide. By fitting data for fourteen
other systems containing transitiocn metal oxides to this
relationship, effective optical basicity values vhav‘e
been deduced™® for the four oxides concerned, Fe0, Fe,0,,
MnO and Tio,.

In the present work, optical basicity values were also
calculated along with the classical basicity ?’/for every
individual slag composition making use of the data of
Scmmerville and Sosinsky'*®. However, due to problems in
expressing the optical basicity of MnO (trénsition meral

oxide) accurately, the average optical basicity values
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of s«lags‘ were not employed in regreséion models.
Furthermore an acéegtable relationship between optical
and classical basicity could not be found for the present
slags. The data employed for Ca0, MgO, Si@;Al 0, and MnO
in order to calculate the average optical ba\,1c1ty of the
slags in present study are given in Tables XVII and
XViII., In Table XVIII As represents the apparent or
effective optical bas:.c;Lty values for transitior metal
oxides.

in Figttres 37 to 42, the MnO activities are plotted
against its mass per cent. The symbols represent the
experimental values, the solid line and the dashed line

| represenﬁ the predicted values through the empirical
formula and slag model respectively. As it is seen from
the figures, the basicity and Ca0O-to-Mg0O ratios of these
individual groups are different. The alumina content is
constant at around 5 mass per cent. The basicity and
Ca0-to-Mg0O ratios0f the slags chosen from the
exXperimental values are given with error ranges. This
was due to selecting the experimental points which have
very similar basicity and Ca0O-to-MgO ratios in order to
form j.ndividual experimental groups with different
basicity an&,‘ Ca0-to-MgO ratios with the error limits rot
e:xceeding + 0.05.

A it is seen from Figures 37 to 42 there is excellent '\\\

agreement Letween the predicted act1v1ty values from the \\
empirical model equation and the values obtained from the ')
slag model with the maximum difference being below 20 pex Y
cent, which also shows that, the agreement between thz

theoretical activity values obtained from the slag model

| , - 170
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o Table XVII. Optical basicity of various oxides“*”. &
" " - m ‘ i
b L Oxide" Electronegativity of ' Lambda
e . ' cation
oo K0 0.8 1.04 | |
P | Na,0 0.9 115 / ‘
; BaO - 0.9 1.15 ‘
' 1i,0 1.0 1.00
cao 1.0 1.00
MgO 1.2 0.78
‘Ale;, [ {:. 1.5 t 0.61 .
510, 1.8 ; ~0.48
. : ‘ 3203 2 . 0 0 . 42
% P,0s 2.1 0.40
RN, ) - - co, 2.5 - .0.33
T S0, 2.5 , 0.33
» - . g . - "~~~ "~ “~' -~~~ "~
Ao
Table XVIII. Optical basicity values calculated from
-  sulphide capacity data™*”. i
o . R L i
fy 1B m N, i
Oxide% Ae Standart Number of
Deviation, ‘ Data
‘ % Points@
/ Ti0, 0.8 11.0 136
A/720N ’ ' i
N Fe,0; 0.70 4.4 17
- FeO 1.03 10.0 87
¢ MRO 1.21 8.0 73
1 AT
5 ¢ | | 171
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1 Figure 37. Activities of MnO in MnO-Ca0O-Mg0-Si0,-Al.0,
. slags at 1500°C, B=0.5840.02, CaO:MgO=s, %
) Al1,0,=5, optical basicity=0.68.
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Figure 28. Activities of MnO in MnO-Ca0-MgO-SiO,-Al.0,
slags at 1500°C, B=1.17+0.0S5,

' Ca0:Mg0=0.26+0.04, % Al 0=5, optical
) hasicity=0.66. ‘
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| | \ slags at 1500°C, B=1.110.06,

N Ca0:Mg0=2.02%0.04, % Al,0,=5, opticzl
basicity=0.70.
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Figure 40. Activities of MnO in MnO-Ca0-Mg0-S5iQ,~Al,0,

slags at 1500°C, B=1.07+0.05,
Ca0:Mg0=4.50+0.06, % Al.0,=5, optical
basicity=0.73, h
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Figure 41. Activities of MnO in MnO-Ca0-MgO~-Si0.-Al.0,
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slags at 1500°C, E=0.830.04,
Ca0:Mg0=3.651%0.06, % Al.,0;=5, optical
basicity=0.67.
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basicity=0.65.
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and the experimental values determined in the present
study is satisfactory. It can be stated that the
synthetic ferromanganese slag behaviour can be

420 s1ag model successfully.

approximated to Gaye’s (The
figures showing the relationship between the MnO content “
and the activities of MnO at various basicity and
CaQ-to—MgO ratios are collected in Appendix C, through

Figures C.1 to C.15)

i

o : i

Evidently an increase in the mass concentration of MnO in
the slag increases its astivity. The increase in tlie
activity of MnO with increasing concentration can be

explained in terms of the principle of the ionic
structure in liqﬁ‘id slags. At a given concentration of
MnO in the slag, a certain proportion of Mn* ionu‘s“ w:’;_\l_l be
as’sociated with the silizate and aluminate anions, and a
certain portion of them will be associated with free
oxygen ions. An increase in the mass concentration of
MnO in the slag will further break down the‘; network
structure causing an increase in the number of free

\oxygen ions. Silicate anionic groups are preferentially
associated with Ca* and Mg* ions and metal ions such as-
Mn*, due to their preference for free oxygen ions, will
be associated with free oxygen ions which will be
reflected as an increase in MnQ activity.

s
The regression model adopted was used in ordér to predict ¥
:‘\‘ -

the activities of MnO in the slag in the experimenthl
composition range and at various basicity and CaO-to-Mg()
ratios in order to analy.:e the effect of these parametej/s

on the activity of MnO as a function of its
.concentration. Various curves were plotted at,constant.

o 1
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basicif.y ratio with various Ca0~to~Mg0 ratiovus, and
similarly at constant CaO-to~MgO ratio with various
basicity ratios. In Figure 43, the effect of Ca0-to-Mg0
ratio on the activity of MnO at constant basicity ratio
is seen. According to this figure, CaO has a slight
effect in increasing the MnO activities. Figures 44 to
46 illustrate the same effect of Ca0 on MnO activity at
different basicity ratios. This result is alseo in
agreement with the work of Warren™, Other plots showing
the sﬁa{me effect of Cal on the MnO activities are also
given in Appendix C, in Figures C.16 to C.21.

In order to measure and compare the action of various
oxides in silicate and aluminate melts, an adéquate
measuring standard or criteria must be established. The
modern slag theory proposes the disintegration of the
silica network and the formation of a number of different
anionic groups. The extent to which this phenomena
happens has been shown to be dependent upon the free
energy of interaction between metal oxide and silica.
Therefore, an attempt in order to explain the results of
the present study must also censider the free energy of
formation of certain orthosilicates and metasilicates.
At metasilicate composition the network r’ ! not be
modified significantly due to the lower free energy ot
formation of MgSiOQ, and CaSiQ, than those of Mg,Si0, and
Ca,S10,0#8 11 ragpectively. This results in a less
disruptad silica network. When the free energy of
formation of the orthosilicates Ca,5i0,, Mg,5i0,, and
CaMgSiO, are taken into consideration, it can easily be
seen that Ca,Si0, has the most negative free energy of
formation™** ¥ =% = pyrthermore, the free energy of -’
formation of CaMgSiO, is more negative®# "3 than tiat
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Activities of MnO in MnO-Ca0-MqO0-S$i0,-Al,2,
slags at 1500°C for various CaO-to-MgO

ratios with B=0.60.
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ratios with B=1.00. ‘
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of Mq@104. In other words, .this can be lnterpreted as

meanlng\t\hat the interaction of Ca’ ions wn.th Sio,

stronger than those of mixed Ca® and Mg” ions and \\
individual Mg** ions. Thus, one can conclude that an \\~»\\
.increase in the amount of Ca0 can lead to an increased //\
tendency for the formation of Ca,Si0, orthosilicate, e
leading to hiéher MnO activities in the slags.’ Because (

of the interaction of C.a“”with silica, Mn* ions gain mcre
freedom, i.e. become less associated with the silica
network, and therefore the MnO activities increase.

Figures 47 to 50 illustrate the effect of basicity ratio
on the MnO acrivities when CaO-to-Mg0 ratio remains
constant. An increase in the basicity ratio clearly
increases the MnO activity. This can be explained in a
very similar way in terms of modern slag theory. At low
basicities almost all the metal cations, viz. Ca®*, Mg,
Mn* zre associated with the lar{c?‘fe’ silicate anionic groups
and orily very a few free 0” ions exist. In other words,
at low bas:.c:.tles, the silica network is not disrupted.
The act1v1ty of Nno in such melts is thus low. As the
concantration of the basic oi}udes increases, the silica
network is broken up into sm'/é/.ller anionic groups which
refers %5‘xlower slag viscosity and the proportion of free
oxygen ibné begins to increase. Thus, an eqﬁal number of
divalent caEions, which were associated withssilicate
anions, associate with free oxygen anions. At this

point, divalent cations like Ca®, Mg* because of their
higher interaction with silicate ions, are

preferentially associated with silicate ions, and thus
Mn* ions will have less degree of association with
silicate ions . In other words, the free energy of P

formation of MnSiQ, is less negative than that of MgSio,
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and CaSiQ,™¥¥ . Thus, Mn® ions can not overcome the
interaction between these metal cations and silicate

iéns, and therefoie an increase in basicity increases the ﬂ y
MnoO activities in the slag. «Other plots‘showing the : ;,:g p
effect of basicity ratio on the MnO activities are given A ' '
in Appendix C, in Figures C°2 to C.24). There is also

‘the fact that at high baSiéiﬁ’y‘ valuas, the slag liquidus
}I&"ould also result in

i

" temperatures tend to increase which

{h : <

an increase in MnO activity. .

Yt
\

e ‘ Figures 51 and 52 were plotted to illustrate respectivelyx“
the effect of Ca0-to-Mg0 and Basicity ratio con the
N activity of Mn0O at a constant MnO concentration of 15

/.

mass per cent. Figure 51 proves, as shown earlier, the
fact that as Ca0 repiaces MgO in the slag, activity of
MnoO is slightly increased. Figure 52, on the other hand,
demonstrates the dominant effect k‘of basicity in changing
the activity of MnO. The activity of MnO (at 15 mass per

ﬁ\\ cent Mn0O) raises four-fold from about 0.08 at basicity
ratio of 0.4 to about 0.32 at basicity ratio of 1.2.
4.1.3 Activity coefficient of MnO in

Ca0-Mg0-8i0,-A1.0,-Mn0O slags
: In figures 53 to 59, the activity of MnO was plotted

/\S ~against its mole fraction at constant basicity and

N Ca0~to-MgO ratics. An increase in the mo“i\e fraction of

j @° MnO in the slag increases its activity. Turkdogan®”

found that the activity coefficienrt o:’f“MnO was not
affected by its concentration. Therefore, the activity
coefficient of MnO was plotted against'its mole fraction
in Figures 60 to 65 in order to compare the results of the

(57

present study to the previous study As it is seen in
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Figures 60 to 65, the concentration of MnO in the slag
affects its own activity coefficient within th.el\,%‘
compositional limits of the present study and the
activity cci\\\‘g-:fficient of MnO increases with an increase in
its mole fraction. The results of the present
investigation show greater differences from those of
Turkdogan®”. In Warren’s study', the<lag compositions

' were more basic than those of Turidogan. In present

study the slags are even more acidic than those of.
Turkdogan. The gr\esults of Turkdogan are also out of line
with those calculated from the results of Filer and

(35)

Darken® by Abraham and his co-workers*® and with

slag-metal relationships in ferromanganese practice.

‘ Apart from that, Turkdogan, in his results, was also

unable to show the temperature dependence of activity of
MnO shown subsequently by the previously named

#2380 | The atuivity coefficient being also a

authors
measure or indicator of interactions between ions or
atoms, in principle, should be affected by composition.
In the present study, activity coefficient of Mno is
generally less than one indicating negative deviations
from ideality and tendency towards compound formation in
the slag. This téndency is nut great however, due to the
relatively high magnitude of Yy». It is evident that, on
a molecular base, MnO in the slag would favour to )
surround itself with other components. This tendency
would probably increase as its own concentration
increases, and there would be more and more competing MnO
molecules for less and less other oxides. Thus
inevitably, individual MnO molecules will find
themselves surrounded with relatively less other oxides
but with relatively more like molecules-MnO. This will

A
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,.any one concen

probably bﬂreflected as an increase in activity
coefficient \of MnoO with aa increase in its own,
concentration\

RN
FEHSs

On the other hand, the results of present study is in

good agreement With those of Warren'" although, the cl

are more ac:Ldic in the present study. Using the same.

argument offered above, in more acidic slags, the

concentration of MnO w1.11 inevitably be low and thus an
\,

increase in its concentration will affect its own

‘x

activity coefficient more. The increase in the activity

cueffic:Lent/of MnO with mcrea\s:mg concentration can

"also be expiained >by the use of modern slag theory. At

ion of MnG, a certain number of Mn*
ions will be at o »w,dted with the silicate and aluminate
anions, and a certain number only with free oxygen.ions.
When MnO concentration increases, there will be a
s:.multaneous increase in the number of free oxygen ions
and in the number of manganese ions associated only with
them. This 1ncrease will be more chan the increase in N
manganese ions associated with the network, due to the
further breakdown in network. Therefore the activity
coefficient of MnQ increases with an increase in its
concentration as the interaction between free liice
ions/molecules increase. MnO can be also coneidered as a
basic oxide but its basic strength is lower than those of
ca0, Mg0, Bao, etc. -
concentration of MnO 1n the slag can sti}l be considered

However, an increase in the

as an increase in the amqunt of a basic ox(ide which will
lead to a further break-up in the silica network. This
will allow more 0 and Mn* ions to be free from the
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network and therefore the activity and activity
coefficient of MnO will increase with an increase in its

concentration.
4".2' " The results ‘of slag- ztal equilibrium experiments

The slag-metal equilibrium experiments were carried out
in graphite crucibles at 1500°C under a pure CO
atmosphere. Thus, thé metal phase was always saturated
with respect to graph;{’"te. The actual basicity ratios of
the slags ranged between 1.00 and 1.39 Zor different
compésitiof;s. The equilibrium experiments were |
conducted in composition ranges simulating
ferromanganese and silicomanganese compositions

. encountered in the industrial p;factice. Over 100
experiments were carried out, from which 71 successful
ones were selected and sent for analysis. The results of
the experimental runs are presented in tabular and
graphital form in the following. All the data gathered
are collected in Tables XIX and XX respectively for ‘
ferromanganese and silicomanganese compositions.

e

4.2.1 Manganese distribwtion

RN ’ o I\
. ) \ : \x\

\ .
AN

logarithm of the distribution ratio of manganese is seeﬁ\
The distribution ratio of a species "i" is defined as per

cent of "i" in the slag divided by per cent of "i" in the

"’ N
In Figure 65, the effect of basicity ratio on the

metal phase; In all the figures, round and square
brackets indicate the slag and metal phases
respectively. An increase in basicity ratio decreases
the manganese distribution‘ratio, in other words, an”

increase in basicity ratio causes an increase in the -
o ' ‘manganese content of the metal phase relative to that of
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Table XIX. The results of the equilibzium experiments
in ferromanganese composition et 1500°C and

CO etmosphere.

i B T i S

g i g

METAL PHASE SLAG PHASE "

2

Ex.| Moy | sis Fe$ ;C& Mn:Fe] MnO% CaQ% MgO% | Al1,0,% | 510,% [Ca0O:MyO| B
No. : \,.\ ‘

| + f77.03]4.39 f11.40}7.18 ) 6.76 | 9.97 21.55 i4.7_9 5.5¢ {41.93] 1.86 (1.01
I 2 178.20] 3.53 |10.96] 7.31 | 7.14 |10.99]25.55|16.19] 5.74 |41.33] 1.s8 |1.01

3 |78.19) 3.65 |10.83} 7.33 | 7.22 {10.30f24.75}17.10} .05 }40.05] 1.45 |1.04

4 |78.54) 3.45 J10.65} 7.36 | 7.37 |10.43{23.63]18.61| 6.42 |40.70} 1.27 {1.04

5 79.6{1 3.38 |10.21 7.36 | 7.74 }11.43§22.76|18.33] 6.81 40.27] 1.24 {1.02
“’rs 73.61} 4.77 |14.49) 7.14 | 5.08 | 9.44 | 28.10]15.27] 5.24 |4a1.74] 1.84 [1.04f
7 |74.90] 4.04 J13.80] 7.27 { 5.43 {10.32}27.27}15.32} 5.42 {a1.47] 1.78 1.oaﬂ
8 }75.50] 3.69 J13.70] 7.12 | 5.51 {11.32}25.37)16.48] 5.69 |40.94

9 |76.16) 3.34 |13.18) 7.32 | 5.78 12.44124.07}17.34] 5.76 {39.98

10 {76.36] 3.16 }13.04] v.44 | 5.86 J21.35)23.11)18.72} .34 |40.z8
K11 |77.08) 2,70 J12.55] 7.68 | 6.14 11.58]22.71)18.60| 6.82 |40.0%

12 }69.09§ 3.84 J20.64| €.43 | 3.35 | 9.07-{28.20}14.86] 5.56 [43.1)

13 }69.20) 4.29 19.44] 7.08 | 3.56 | 9.09 f27.57)15.36 6.17 far.e1f 1.79 |1

14 |70.20} 4.02 §18.84} 5.95 | 3.73 | 9.69 }26.13|16.67| 5.94 [41.36] 1.57 }i.03 a
15 |70.66] 3.37 [18.50{ 7.48.f 3.82 [10.62{24.95]17.43] ¢.27 Ja0.52] 1.43 1.04 ri\‘
16 |71.68} 3.19 {17.71{ 7.42 | 4.05 |10.77{23.08}18.93} 7.06 {39.96] 1.22 |1.05
17 |70.70 3.51 |28.51 7.27 | 3.82 | 9.79 {23.83{19.08] 6.71 }40.38| 1.25 fi.rs
18 |78.23] 2.04 J11.44} 8.30 | 6.84 | 4.11 [35.53)15.58] 4.98 |39.60| 2.28 |r.och
19 |78.19{ 1.82 {11.30{ 8.69 | 6.92 5.50 | 33.8115.88| 5.47 39,0, L 7-:
20 [78.29] 1.98 [10.81| 8.22 § 7.24 | 4.76 |35.29815.32) s.22 |ap.22] 2.30 f1 4 ¢
21 |78.48] 2.29 |10.54| 8.70 | 7.45 | 7.94 |31.8715.161 5.64 '39.19) 2.10 . 120
22 [78.65| 2.58 |10.34 8.43 | 7.61 | 9.03 [30.01]16.12{ 6.02 {38.62] 1.s6 1%21.9
23 [78.94) 2.23 [10.15] 8.68 | 7.78 | 8.06 [29.18]|17.69] €.54 |38.33] 1.65 [1.22
24 |75.19] 2.61 |13.91] 8.28 | 5.41 | 5.64 {33.78}15.47} 4.28 |39.74 2.18 |1.24
25 175.61 2.55 |13.65] 8.19 | 5.54 | 6.25 33.50415.74{ 5.24 |39.07) 2.13 |1.2¢
ST R SRR ““‘j;:-
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' . AL . |
: METAL PHASE . SLAG PHASE
(,-‘] o Ex.| Mn3 | sis | Fet | cv [un:re] mnow | caos | MgO¥ § A2,0,% | 510,% Jcao:mgo| B § ’
a - : No. o
4 26 | 75.42| 2.4813.75] 8.36 | 5.49 § 6.53 |32.27|16.34} s.50 |39.17} 1.97 1.25f
2 ] ‘ 27 |75.24] 2.46 13.19) 9.11 | 5.70 | 5.09 |33.87f{16.22] 5.95 {3s.e7} 2.0¢ 1.305’
28 |75.30] 2.61 |13.20] 8.90 | 5.70 | 5.17 |33.24)16.42] 6.64 [38.34] 2.0z 1.3oﬂ )
29 |75.82] 2.42 {13.23] 8.54 | 5.73 | 4.90 |31.90)18.12] 7.20 [37.77] 1.76 1.32ﬂ
30 | 68.35) 4.23 f20.30] 7.12 | 3.37 | 3.76 |36.81|25.85] 5.43 |37.94] 2.32 1.39
. i i 31 |68.48] 3.61 20.39) 3.53 | 3.36 | 9.8 |32.80{14.74] 5.28 |35.51} 2.23 1.34] v
: ~§ 32 |69.91] 3.43 |19.60 7.05 | 3.57 | 4.38 |34.36]16.80] .33 [37.34] 2.05 1.35!
. : 33 f69.22) 3.52/J20.00} 7.25 | 3.46 | 3.53 |35.79)15.38] 6.54 {38.15] 2.33 1.34ﬂ
f § 34 |70.50] 3.31 f18.69) 7.50 { 3.97 | 3.94 |30.28)26.94| 7.33 |37.31) 2.02 1;‘37ﬂ
35 ' 18.82 137,78
! i " r—"re
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Table XX. The results of the gghilib;iun ’cxpcrifﬁo’nts in

\ H silicomanZanese composition at 1500°C and CO “
, " atmosphere. N
_ z ~ { —

‘ METAL PHASE - % slAG PHASE ﬂ

Ex. Moy | siv | res | ov |un:sif Mnos | caow [ mgot | sio,8 |a1,0,8] re,0,8 fcao:mgo| B

No. i ‘

1 |62.63}13.88{20.67| 2.82 | 4.51 [16.16|16.36] 8.96 | 53.35| 5.06 | 0.10 | 1.83 o.ﬂﬂ

2 |63.28]13.26]20.2¢] 3.31 | 4.77 |15. 62f15.38) 8.32 | 51.98 | 5.60 | 0.10 | 2.21 o.s1ﬂ

3 J64.60f13.15{19.36] 2.88 | 4.91 |14.80{22.46} 3.08 | 52.27} 7.28 | 0.11 | 7.20 o.qfﬂ

a }60.27117.15)20.68] 1.91 | 3.51 [11.02{16.32{10.30f 57.22| 5.03 | 0.11 | 1.58 o~.4j

5 {61.02f16.50]20.13) 2.35 ] 3.70 J11.67)26.33] 8.78 | s6.00 | 7.10 | 0.12 | 1.86 [0.45f

6 61.36[16.21]19.47] 2.96{3.79 |13.17J17.13| 7.80 | 5714 5.63 | 0.12 | 2.20 o.4ﬂ

i 7 [61.90}17.01}19.07] 2.02 ) 3.64%14.16{17. 20 5-83[56.55[ 5.41] 0.11 | 3.09 0.44

8 |62.09]16.56]18.84] 2.52 | 3.75 |14.35]18.74} 4:30 | 56.35 | 6.03 | 0.12 | 4.26 |o.41§

5 |63.29115, 67]18. 66| 2.38 { 4,04 |15.94|19.21] 2.61 ] 55.93 | 6.16 | 0.10 | 7.36 o.ag

10 |58.14}20.59]20.18} 1.09 | 2.82 | 5.19 |16.57(10.56] 62.02| 5.54 | 0.14 | 1.57 o.44ﬂ

’ 11 {58.52{20.55{19.72] 1.21 | 2.85 | 8.40 |25.94} 8.84 | 61.22} 5.28 } 0.32 | 1.80 o.4i
R 12 59.30[20.36y19.11] 1.24 [ 2.91 | 8.80 [16.91] 7.45 | 61.10] 5.64 | 0.10 { 2.27 o.mﬂ,{,
L 13 |s9.95{19.85{19.12{ 1.09 { 3.02 |10.62§17.85%.99{ 59.47) 5.99 | 0.10 | 2.99 o.mi

| 14 [60.34|19.99f18,23] 1.43 | 3.02 f11.73]18. 40} 4.18 | 59,44 6.1¢ | 0.10 | 4.40 o;’?,léﬂ
15 |60.93}19.80]17.76} 1.51 | 3.08§21.45{20.53] 2.80  58.30 | 6.82 | 0.10 | 7.33 'o.4oﬂ
16 [62.09f16.22]19.29] 2.40 | 3.85115.4117. 22k ;94| 55.79 ] 5.54 | 0.30 | 2.90 0.4%

17 J64.0214.39)18.87] 2.72 ['4.45 |16.45]17.66{ 4.20 { 55.72{ 5.67 | 0.10 | 4.20 b.asﬂ

18 |€4.68114.02118.16{3.14 | 4.61 |18.26)16.41] 2,47 54,03} 5.82 ] 0.10 | 7.45 o.3§ﬂ
19 |61.7312.97|21.82 3.48 | 4.76 [11.25[19.14f23.42| s0.80 | 5.21 | 0.20 | 1.43 o.saﬂ

20 {62.25{12.72|21.56] 3.47 | 4.89 |11.30}20.24}12.23] 50.69] 5.45 | 0.20 | 1.67 o.'sqﬁ
‘I/"*\;i 21 |63.01f12.12|21.11 3.76 | 5.20 {12.44}16.50024.72] 50.45 | 5.62 | 0.20 | 1.13 o.szﬁ
§o) 22 |63.66011.80{20.98 3.57 5.39 |13.27}17.35}12. 97| 50.41 { 5.77 | 0.20 | 1.3a o.scﬂ
o 23 [64.17{11.56120.2] 385} 5.55 114.09)18.14[11.63] 49.97 | 5.27 | 0.20 | 1.56 o.s(;“

? 24 [6s.1411.07)19. 54 3.85 5.98 14, 76]19.22f 9.84 | 49,73} .26 | 0.20 | 1.95 o.seﬂ
: 25 }59.58)16.46}21.567 2,.2§ 3.6298.81)19.22413.47]| 53.09} 5.22 0.20 1.43 ﬂ

5
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METAL PHASE ) SLAG PHASE
Ex.| Mny | siv | Fer | c¥ lm::sx ¥no% | caoy | Mgon | 510,% |A1,0,4] Fe,0,% fcan:tgo} B
No. .
26 |60.10[15.78|27.34f 2.78 | 3.81 | 9.21 f19,98f11.77] 53.62 ) 5.21 | 0.20 | 1.70. ‘o.sﬂ
n i § A
27 fen.41}15. 602t . 135 2.77 | 3.5 [13.66{18.15] 9.22 s2.87/] 5.91 | a.20 | 1.07 Joisyf
E s . i F %
§ 28 jer.4sf1a.92f20. 73 2.90 | 4.12 11.95]16.49]12.44) 53/ 33 | 5.20 0:20 | 1.33 fo.5
29 [62.02{14.76}20.23] 2.99 | 4.20 |13.12}17.52f11.31] 52006 5.794 0.20 | 1.55 [o.s
: ; : ]
36 62.76/13.90}19.81}3.53 | 4.52 |10.49{16.54)14.92] 5233 | 5.52 | 0.20 | 1.11 0. 608\
31 |s7.14h19.83}21.68] 1.394 2. 88 | 6,90 J18.42)12. 66] 55. 63 4.20] 1.49 | 1.46 ms%
32 |57.39}29.87)21.47| 1.28 | .89 | 6.61 [20.72}12.01] 54,35} 5,60 ' 0.32 | 1,67 O.GJH
33 |57.66}20.07|20.73) 1.54 | 2.87 8. 67 {16.40§14.31 Mﬂ;i‘a_l 5.33§ 1.17 | 1.15 |o.57
34 {58.72§18.59{21.01] 1.68 { 3.16 |10.08{16.64}12. 48} 52,11 | 5.37 ] 6.33 | 1.33 o.Saﬂ
Has 59.89]18.30§20.00f 1.8. | 3.2710.71{17.35}10.82} 55.20 | £.71 | 0,20 | 1.s0 o.nﬁ
36 |60.29{17.89{19.96} 1.86 | 3.37 |11.44)17.88] 9.09 ] 55.69y 5.68 4 0.2¢ | 1.97 lo.4
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Figure 66. 'I."hé effaect of basicity ratio on the
manganese distribution at 1500°C under ¢

_atmosphere. /
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the slag.' This can be explained in terms of the breakup
of the silica network with thet addltlon of basic oxides.
Due t? ,tﬁ'le strong interacticn between divalernt cctions .

ca*, Mg’
assoc:.ate with free- oxygen anions resulting in highker Mno

and silicate ions, Mn ions become freer and

act:.v:.ty in the slag, whlch favours the transtfer of
manganese into the metal phase. This result is in good
agreement with those reported b by Stukel and Cocubinsky®”
and Turkdogan and Hancock'®.
{ oy

In Figufe 67 and 68, the ef{éct of sili‘ca concentration

&

of the slag on the manganese distribution ratio is seen.

. An increase in the silica concentration increases the Mn

distribution ratio which results in an increase of MnO
concentration of the slag An increase in silica
concentration makes the slag less basic causing more Mn® B
ions associate w1th the silica network, thus, 1n<§g‘ea81ng

the MnO concentratlons in the slag. It alsc appears that
at a given SlO concentration .1n the slag, the
dlstrlbutlon ratio of mangans‘se is higher when the

This result
is due to the fact that a relatively higher silicon

Si~to-Fe ratio in the metal phase is higher.

coiicentration in metal means a relatively higher silica

“activity in slag and in accord with the above discussion,

the manganese d:.str1but1 on ratio is higher.

",\\‘

)
Figure 69 shows the relation between Ca0-to-Al,0, ratic
and the Mn distribution between slag and metal phases.
The Si-to-Fe ratio is 0.23 in the metal phase. As it is
seen in the figure, when Ca0 replaces Al,0, in the slag,
the Mn transfer to the metal phase increases.- This can

also be explained by referring to increased MnO
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Figure 67. The effect of the SiO, content of the slag on
manganese distribution with Si:Fe®0.23 in the
LI | metal phase at 1500°C under CO atmosphera.
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Si:Fe=0.23 in the metal phase at 1%00@ under
CO atmosphaere. \

\

\

|

{
]

216

S




R : e e R e T S R o 5P RIS RO S it i e

. the slag., -(Another flguce show...ng th ;é relatlonshlp is
- (k’" ‘: i . W \r‘
‘Q\E & given in Appendix D, Figure D.1). :

oy /) L 0

T E’igure’ 70, the effect ofwMgO'—to-CaO ratio ‘on manganese
dlc.trlbutz.on is illustrated whera four different data =

; | By groups w:.th different MnO/concentrations are 7 ( ‘
J o superlmposed (The individual data groups with the \\';,

| l exner:.mental p01nts are glven in 2ppendix D, Figures' D.2
o | ~ toD.5). It can be seen that the distribution ratio of

manganese increases as MgO replaces CaO although the
effect is slight. In other words, a decrease in the
[ MgO—to—CaO ratio i: 1creases the tz:—nslar of Mn to the
o o metal phase. As the MnO content of t‘"e slag increases,
' 2?'? this effect is s71ghtly more emphas:.zed. As it was
R rentioned earlle.r, the free energy of formation of Ca,sio,

1w more negative than the free energy of formation of
sio 1121,123,127.120)
L]

Mg,S
between Ca”™ and silicate anions. This results in higher £
MnQ activity values, thus, the Mn content of the metal (' ‘

which results in a stronger interaction

phase increases. The slightly higher effect at lower Muo
contents is duek\to the sufficient amount of Cal %o forn £  ;§\'»;
_\ort:"xo:.:.llcates {‘uth silica network and freeing the i
respective amount of Mn* ions from the silica network.
At highér MnO contents, the same CaO content might rniot he
. sufficient to free more Mn* ions from the silica network.

P

Np—

i ; Compared to the initial values of the concentracions of

‘ the components of the ‘alloy phases given in Table V, the :
§ qomp051tlon of ferromdnganeee illoy phase g;Lven in Tab/lle

"“XIX differ as far as the 5111con content of the alloy \“:J
phase is concerned. The reason to this fact is
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attributable to the g:educ,ing power of the experimental
éystem.,operatirlg under a CO atmosphere and excess carbon
(graphite crucible). Under such highly reducing |
conditions, Si0, in the slag phase is reduced to thi metal
phase especially at the temperatures as high as *50u"c if
the system is given sufflc:r.ent time stuch as 1t could '

reach to the equilibrium level.

In the metal phase, the carbon and manganese ’

concentrations are directly proportional to each other

which can be observed in Figure 71. Thus an increase in .
ménganese concentration increases the saturation

solubility linit of carbon in Mn-Fe~C~Si ferroalloys.

Linear regression model equation was czrived to predict

the carbon cancentration (mass per cent) and very high

correlatlon coefficient (r’=0.930) was obtamed At

1500°C, the regression equation is:

%C = 306952 + 54453 %Mn.............. eerernienenans (85)

The relat:.onshlp between the frianganese cont@nt of the
slaqg and the slag basicity is shown in E‘lgure 72. As the
slag basicity increases, the equilibrium munganese
content of the slag decreases rapidly. This is again due
to an 1ncreased MnO act1v1ty in the slag which favours i'i
reduction from slag.

4.2.2 Silicon distribution

The relationship between the equilibrium solubilities of
carbon (at sat;;;ration) and silicon in Mn~Si~Fe-C alloys
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* is illustrated in Figures 73 and 74. Figure 73 is

appl_j.’-"'cablé for ferromanganese alloys where threa
different data groups with different Mn-to-Fe ratios are
plottéd._ Appendix D contains the individual data groups
with the experimental points in Figures D.6 to D.8. It
can be seen tha,,,t,"‘ at constant silicon contents, as the
Mn-to-Fe Fatio increases, the carbon solubility in the

metdl phase increases. The carbon and silicon

concernitrations in the metal phase are inversely related

as expecied and this behaviour can be explained in terms
" of the stability of carbides. As silicon lowers the

solubility of carbon, the conditions becomes less
favourable for carbide formation. Thermodynamically,
this is an indication that silicon decreases the activity
of carbon.

For the silicomanganese metal phase, four different

© Mn-to-Si ratios were selected: 2.9, 3.5, 4.5, 5.6. In

Figure 74, these four different data groups are
superimposed. The Figure shews the relationship between
dissolved carbon (at saturat%.on) and silicon in the metal
phase. As it was observed in Figure 73 for
ferromanganese alloys, in silicomanganese composition,
the carbon and silicon concentrations have an opposite
effect on each other. It can be seen that, within these
series of experimentsj;: as the Mn-to-Si ratio increases,
the curves shift down and to the right. Same
interpretations can be made from this result that at
constant siliceon contents (on a line parallel to the
x-axis), as the Mn-to-Si ratio incfeases, the carbon
solubility in the metal phase increases, and secondly,
at constant carbon content (on a line parallel to the
y-axis) as the Mn-to-Si ratio increases, the silicon
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solubllltj, lncreases (the individual data oroups with
different Mn-to-$i ratios and experimental p01nts are
given in Appendix D, Figures D.9, D.10, D.1Z, D.12).
This result also verifies the effect of manganese
colicentration on the saturation solublllty limit of
carbon in Mn-Fe-C-Si ferroalloys whlch is observed in

A

)
Figure 73. Y SR

" The silicon content of the metal phase in ferromanganese
/ and silicomanganese compositions are to a great extent

affected by the silica content of the slag with wh1cb~
they are in equilibrium. The F:Lgures 75 and 76 show ule
effect of the Mn—to-i‘Fe and Mn-to-Si ratios of the metal
phase on the rel atlonshlp between the silicon content of
the metal and silica content of the slag in
ferromanganese and silicomanganese compositions

As the silica content of the slag
increases, the silicon content of the metal phase

respectively.

increases and this effect is even more noticeable at the
higher Mn-to-Fe and Mn-to-Si ratios.
silica activity in the slag with increasing silica

The increase in the

concentration results in the transfer of silicon from t’pe
slag to the metal (The individual experimental groups "
with different Mn-to-Fe and Mn-to-Si raticos are given in
App_endix D, Figures D.13 to D.19). ‘

The Ca0O-~to~Al,0, ratio has also an effect on the reduction
of silica from the slag. This effect 1s shown in Figures
77 and 78, in ferromanganese and silicomanganese
compositions respectively. In Figure 77, two data groups
with different Mn-to-Fe ratios are superimposed and in

Figure 78, four data groups with different Mn-to-Si
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; Figure 75. The effect of the SiO, content of the slag
E phaseé on the Si content of the metal phase
with different Mn-to-Fe ratios at 1500°C

under CO atmosphere.
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The effect of the Si0, content of the slag
phase on the Si conﬁept of the-metal phase
with different Mn-to-Si ratios at 1500°C
under CO atmosphere.

227




o

q B

!
|

0
’ 5
7
)
s
[Si1%
5
——— 2’1n H Fe=3 . 7 o E ' R -

¥ mmemme  MniFe=7.4

Figure 77.

4 5 . 6 7 8
(Ca0)%/(ALO,)%

The effect of the CaO-to-Al,0, ratio of the
slaglﬁhase on the Si content of the metal
phase with different Mn-to-Fe ratios at
1500°C under co atmosphere. ¢
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slag phase on the~8i ‘content of the metal
/ -

phase with dif#érent Mn-to-Si ratics at

1500°C under Cd¢atmosphere.
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ratios are superimposed (the data individual groups with
different Mn-to-Fe and Mn-to-Si ratios are given in

.Appendix D, Figures D.20 to D.25). As it is seéen from the

figures, as the Ca0-to-Al,0, ratio increases (at more or
less constant Al,0, content), the silicon co;'itent of the
metal decreases. As the Mn-to-Fe ratio inc‘}:eases,k the
efféct of increasing CasV-Ki.:cs--Al,O3 ratio cn the silicon
content of the metal is evep greater. On the other hand,
in Figure 78, the same relationship Hetween the
Ca0-to=-Al,0, ratio and the silicon ccntent of the metal
phau-\ is observed, although, the 1ncreas:Lng effect of
Cao—"/o-Al 0, ratio is even more emphas:.zed with .
increasing Mn-<to-Si ratio. This indicates that the
activity of silica in the slag is decreased by the
substitution of Ca0 in accordance with the network
modification powei'f’o‘f Ca0. This result is similar to the
findings of Fulton and Chipman®®". Another study®?® -
showed that, as Al,0, was replaced with Ca0 in slags of
low Si0, content, the equilibrium,silicon content of the
metal increased. In the case of slags with a high SiQ,
content, the opposite effect was observed™®. This lS

- also in agreement with the findings of the present study

as the present slags had high SiO, content's

In Figpre 79, tﬁé effect -of the MgO-to-Cal ratio of the
slag on the silicon distribution between the slag and the
metal phases is analysed at mronstant Al,0, and Si0,
lévels. As MgO replaces CaO :in the slag, the ’
distribution ratio of silicon decreases and the silicon

content of the metal increases relative to that of the

slag. This can ke explained with reference to the MnoO
activities. It was observed that Ca0 had a slight effect
in increasing the MnO activities owing to the different
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| free energies of formation of the complex .

‘ orthosilicates. As MgO replaces Cafn, it may cause a

o decrease in MnO activity, and there is less tendency for
Ca,SiO. species to form in the slag. This may cause an
increase in the activj.ty of Si0, in the slag and therefore

the silicon content of the metal increases.

T

\ In Figure 80, it can'be seen that the silicon content of
! the metal pha%e decreases as the basicity ratio of -the
slag increases. This can also be explained in a wery

‘ _ similar way in terms of the break.i:i: of the silica network
] with the addition of basic oxides.
(\’// interaction between divalent cations Ca®, Mg” and the

t silicate ions, the activity of silica in the slag,

Because of the strong

: -~ decreases and the silicon content of the metal decreases
with increasing basicity.
/

N

v
P
4

‘: /
4.2.3 Mang//a/n/ese and silicon activities in Mn-Si-Fe-C
melts’ ‘

i N

St
1

e The results of this investigation on MnO activities in
manganese slags were in excellent agreement with those

{124).

predicted from the slag model develdped by Gaye using
the compositional information gathered in the present
work. Therefore Si0, activities in'the slag were
predicted through the slag model in order to calculate
the Si activities in Mn-Si-Fe-C metal phase and the

compositional information of the slag and metal phases

were providec_i from the results of slag-metzl equilibrium

A experiments by the equation:

oMl nasadly o
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Figure 80. The effect of the basicity ratio of the slag
on the Si content of the metal phase at
1500°C under CO atmosphere.
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. i”ll»
L(5i0) + 2ACl = [51 + 200 AG°=55968.28/Imole.............(86)

the equilibrium constant of this reaction can be written

S

as: PR ' , 7
ag X (Do)’ ,

=—’—-£"—°)— .......................................................... (87)
dsio, X (@c)” :

In‘equation (87), ac=kl andﬁpca:I atm. Thus the equation

(87) reduces to:

where K=0.02244.

The Mn activities were also calculated similarly using
known activities of MnO in the slag through the equation

MnO) + [C] . = [Mn] + CO AG"=-23622.80//mote................. (89)

The equilibrium constant of this reaction can be written
as: ' L
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K o= 2ZED o erereenrrenen(90)
dc X Qo I
~ [ \,
Y kN
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In equation (90), pee=1 atm and ac=1, therefcfi:e, the

v
Al

equation (90) reduces to:

a
K = e eeeeeeeevnesesesessssensesesssesseen(91)

where K = 4.953.

As it is seen; the activities of Si and Mn can be easily
calculated through the equations (88) and (91) and they
are shown in Tables {{XI and XXII. The compositions of
the slag and the metal phases have been shown in section
4.2.1 in Tables XIX and XX with the same experimental
numbers.

v

Quadratic multi-variﬁable regression models were derived
to pfedi'ct tpe activity coefficient of silicon in
sil-icomarigahese and ferromanganese metal phase. §
compositions by making use of the slag-metal equilibrium
data in Tables XXIII to XXIV. As it is seen from the
Tables XXIII to XXIV, silicon shows strong negative
deviations from ideality in silicomanganese and
ferromanganese compositions indicating a tendency
towards order (compound formation).

P —
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Activities of silicon and manganese in

Table XXI.

1 silicomanganase metal phase in equilibrium
with slag. ‘

// Exp.No. O 8si, Gu | O«

//7i 1 o.oazq 0.600 0.158 0.013

: 2 0.033 0.548 | 0.163 0.012

3 ¢.030 0.545 0.149 0.012

4 0.023 0.675 0.114 0.015

5. 0.017 -| 0.646 0.084 | 0.014

6 0.023 0.656 0.114 '0.015

7 0.024 0.668 0.119 0.015

- 8 0.022 0.661 0.109. | 0.015

9 0.024 0.659 0.119 0.015

10 0.008 0.744 0.040 0.017.

! 0.005 0.750 0.025 0.017

I 12 0.003 0.741 0.015 0.017

"I 13 0.008 0.713 0.040 0.016

. 14 0.005 0.715 0.025 0.016

| 15 0.008 | 0.681 0.040 0.015

16 0.026 0.660 0.129 0.015

17 0.026 0.665 0.129 0.015

18 | 0.031 0 650 0.154 0.015

19 0.026 | 0.475 0.129 0.011
20 0.027 0.470 0.134 0.011 b

21 0.028 " 0.484 0.139 0.011

22 0.029 | 0.487 | 0.144 | o0.o11

23 0.031 0.477 0.154 0.011
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Table xx: continued -

DTE VT adn gy o W SN L py o, SRR e A0y W fTR o G s s

{24 0.033 |0.472 |o0.163 Jo.011 ﬂ
25 0.025 ‘0,533 0.124 0.012 ﬂ )
26 0.026 |0.550. [0.129 o0.012. H”
27, 0.029 |0.565 }0.144 [0.013 H
28 0.027 [0.580 }0.i34 }0.013 j

0.629 ]0.539 [0.144 [0.012 E
0.026 [0.533 |0.120 [0.012 ﬂ
0.023 0.620 o.1$§ 0.014 ﬂ
0.025 |0.556 [0.124 [0.012 H
0.024 [0.592 Jo.119 Jo.013 |
0.025 [0.615 [0.124 [0.014
35 0.024 [0.617 {0.119 [o.014
36 0.024 0.632 ]0.119 |o.014
7
I
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Table XXIT ’ Activities of silicon and manganese in
: " ferromanganese metal phase.

R

o -
P

Exp.No. Buw si0, Orn e
1 | o0.039 |- o0.159 | o0.193 | o.004
2 | o.045 | o.152 | o0.223 | 0.003
3 0.051 | o0.137 | o0.253 | o.003
4 0.047 0.142 | 0.233 | 5.003"
5 0.053 0.144 | 0.263 | 0.003
6 0.038 0.146 | 0.188 | 0.003 J
1 0.02 | o0.147 | 0.208 | 0.003
g 0.048 0.143 | 0.238 0.003
9 0.057 0.128 0.282 0.003 AH
10 0.052 0.135 | o.258 | 0.003 l
11 0.0s4 | 0.138 | 0.267 \ 0.003
12 | 0.030 0.181 0.149 U o0.004
13 0.039 0.153 0.193 0.003
14 0.042 0.148 | 0.208 | 0.003 f
15 0.048 0.136 | 0.238 | 0,003
16 0.052 0.133 | o0.258 0.003
l 17 | 0.047 0.134 0.233 0.003
E 18 | o0.022 | o0.069 | 0.109 | o0.002
“ 19 0.028 0.069 | 0.139 | 0.002
H 20 0.925 0.067 0.124 | 0.002
" 21 0.042 0.083 | 0.208 0.002
N 22 0.050 0.081 | 0.248 0.002
23 0.046 0.077 | o0.228 | o0.002
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24 0.030 | 0.078 | o.149 | o0.002
25 0.032 | 0.072 | 0.163 | o0.002
26 0.035 | 0.075 | 0.i73 | 0.002
27 0.026 | 0.066 | 0.129 0.001 ﬂ
28 0.026 [\ 0.067 0.129 0.002 ﬂ
39 | 0.027 | o.061 | o0.13¢ | o.002 a
30 0.016 0.046> | 0.079 0.001 ii
31 0.054 | 0.039 | o0.267 | o0.001 Aﬂ

- 32 0.021 | o0.055 | o0.104 | o.001 §
33 | oo16 | o.061 | o0.079 | o0.001
34 0.017 0.053 | 0.084 | 0.001
35 0.018 | o0.06a | o.088 | o.c01

I
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Table XXIII. Activity coefficients of silicon in
silicomangunese metal phase. h
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Table XXIII continued

Inyg

XMA

Xy

XF¢

-2.764

0.525

0.175

0.158

~-3.078

0.482

10.261

0.173

0.168

0.167

0.164

10.160

10.155

o

Jo.172

0.171 [

10.164

mﬁdﬂdi)*——kﬂmm

0.167 «

9

g 8
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‘I‘able XXIv. Activ:.ty coeff:.czants of s:.l:.con in
i farrcmanganese motal phase.

o

Inyy K Xyn Xs Xr. Jo o=
-2.807 | 0.594 | 0.066 | 0.006 \
-2.879 | 0.605 | 0.053 | 0.083

-2,911 | 0.604 | 0.055 | 0.082

-2.855 | 0.607 | 0.052 | 0.081
-2.835| 0.6i1 | 0.051 | 0.07%

-3.176 | 0.567 | 0.072 | 0.110 §
-3.012 | 0.578 | 0.061 | 0.105
-2.928 | 0.586 | 0.056 | 0.105
-2.825 | 0.590 | 0.051 | 0.100
-2.768 | 0.590 | 0.048 | 0.099
-2.607 | 0.594 | 0.041 | 0.095
~2.699 | 0.547 {.0.059 | 0.161"
-3.076 | 0.536°| 0.065 | 0.148
-3.016 | 0.547 | 0.061 | 0.144
-2.720 | 0.595 | 0.030 | 0.086
-2.597 | 0.590 | 9.027 | 0.084
-2.674 | 0.586 | 0.029 { 0.080
-2.823 | 0.590 | 6.034 | 0.078
-2.947 | 0.594 | 0.038 | 0.077 v
-2.797 | 0.594 | 0.033 | 0.075 :
-2,963 | 0.570 | 0.039 | 0.104
-2.943 | 0.575 | 0.038 { 0.102 |
-2.911{ 0.571 | 0.037 | 0.102
-3.576 | 0.559 | 0.036 | 0.096
-2.946 | 0.562 | 0.038 | 0.097
-3.575 | 0.572 | 0.036 | 0.098
-3.958 | 0.546 | 0.052 | 0.150
-3.978 | 0.537 | 0.053 | 0.153

| ~3.860 ! 0.548 0.047 0.143
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In silicomanganese and ferromanganese compositions, Inyy
was fit into the equation (94) which is a multi-vzriable
quadratic equation.

ny; = ay+aiXy,+aXy+aXe + a‘,X,z,,, + X5+ A7, + Xy X+ aXy X,
+a,X,§x,,...; ........... sessneeesenesrisens beveeseeesnsencaen ST 92)

In equation (52}, for both compositions, the dependent
variable was Inyg and the independent variables were
atomic fractions of manganese, silicon and iron. The
atomic fraction of carbon was not included in the
regression analysis due to lower correlation {
coefficients computed. The regression analysis were
carried out using the SAS procedure RSREG and RSQUARE as
explained in detail in section 4.1.2 and very high
correlation coefficients were obtained.

The results of the statistical analysis are summarized in
Tables XXV and XXVI. The set of model equation

parameters for both the complete quadratic and reduced
models for silicomanganese and ferromanganese

compositions are shown ixi Table XXVII. In the case of
ferromanganese, the choice of the number of data points
were determined by the results of the previous '
regression. For the complete set involving 35 data S
points, the regression analysis predicted thar 6. ' \\7";
experimental points were, from statistical point of fl
view, out of the 90 per cent confidence level. When
these experimental points were ignored resulting in a set
with 29 points, very high correlation coefficients were
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' Table XXV.  Results for Iny; model in v o
’ . : oy . ] {/f
silicomanganese metal phase. *‘\
| Complete Re'aducedﬂ
Quadratic| Model
Model
Correlation } 0.8376:" 0.8098 H ‘
Coefficient R’ ' '
Number of »
plara'meters in .10 6
model - R4
. o ,
Table XXVI. Results for Iny; model in ferromanganese ..
hY metal phase. g o
‘ Complete | Reduced
Quadratic| Mode' ,
Model e
Correlation 0.8290 0.8169
]
Coefficient R’
i
Number of
parameters in 10 6
medel
L MMMI
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Table XXVII Model pn"‘:mt;ﬁrs for Iny; in both

/N

(oo _ silicomanyanese and ferromanganese
cempositions.
Silicomanganese Composition | Ferromanganese Composition
Complete Reduced Complete Reduced
Coefflcient Quadratic Model Quadratic Model
: Modeli Model
ag ~16.126165 8.2237 74.713371 9,.6390 n
ay 69.939652 - ~196.397373 -14.4553
a, -15.806002 ~13.4747 ~557.148460 -108.7 ‘3
ay -32.101573 -123,5 ~310.476568 -247.9 4
ag -77.788858 -28.5236 126.833582 -
ag 6.608401 - 195,632285 -
ag ~75.342825 - ~25,099092 -
W 0.444770 - 648,491372 -
EN 67.392607 199.7 433,944173 352.9
as 71.896112 79,5894 1634.189790 11106.0
NS
At
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objained indicating an excellent fit with all points
wichin the confidence limit. As it is seen in Tables XXV
and XXVI, high correlation coefficients were obtained
for both procedures indicating an excellent fit with all
data points within the confidence limits. i

Ly

The complete quadratic model equation for
gilicomanganese composition can be written as:

Iny; = -16.126165 + 69.939652 X,, ~— 15.806002 X,
~ 32101573 X, - 77788858 X2, + 6.608401 X2

~ 75342825 XL + 0444770 X,, X,
+ 67.392607 X, X;, + 7i896112 Xy Xppewoo.... ©3)

and the complete quadratic model equation for
ferromanganese composition can be written as:

Iny; = 7ATI3371 ~ 196397373 X,, - 557.148460 X,
- 310476568 X, + 126833582 Xi, + 195.632285K%
~ 25099092 X7, + 648491372 X, X, + 433544173
Xuw X + 1634189790 Xy Krporvvoovmrooooosoooosoooon, 94)

The reduced model equations can be very practical for
calculating the activity coefficients of silicon in the
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metal phase. Therefore, these equations are also given
below. The reduced model equation for silicomanganese
composition is:

¥y o , ol

Iny; = 82237 - 134747 X, - 1235 X, - 285236 X,
+ 1997 Xy Xp, + 795894 Xg Xrveovoroororoorosooinns (95)

The reduced model equation for ferromangansse
composition is:

Inyg = 96390 - 144553 X,, - 1087 X; - 2479 X,
; s 329 Xy Xr, + 11060 X, D, O (96)

" Quadratic xifulti-variable regression models were also
derived to predict the activity coefficient of manganese
in silicomanganese and ferromanganese metal phase
compositi(ms by making use of the slag-metal equilibrium
data in Tables XXVIII to XXIX. As it is seen from the
Tables XXVIII to ¥XIX, manganese shows strong nege*;{,i'tg
deviations from ideality i.. silicomanganese and
ferromanganese compositions indicating a tendency
towards order (compound formation) .

N
v

In both silicomanganese and ferromanganese compositions,
in equation (97), the dependent variable was Inyy, and the
independent variables were atomic fractions of

manganese, silicon and iron. Equation (97) is very

Ca I
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_ Table XXVIII. Activity coefficients of manganese in - =
- silicomanganese ni&ta.’; phase. '

t .
iln'Ym Xstn Xg Xee i“!
- fu.270] 0.509 | 0.221 | 0.165 |
- f=1.140] 0.520 | 0.209 [ 0.160 | .
§-1.264] 0.527 | 0.210 | 0.155 | ‘
{-1.459] 0,450 | 0.273 | 0.166 | 7
l-l.769 0.493 | 0.261 | 0 15}01«”
§-1.454 0.488 | 0.252 | 0.152 |
-1.441) 0.503 | 0.270 | 0.152 ] -
-1.520| 0.499 | 0.260 | 0.149 |
-1.463 | 0.514 | 0:249 | 0.149 |
I-2.468 0.472 | 0.327 | 0.161 |
{-2.941] 0.473 | 0.325 | 0.157 |
§-3.465] 0.480 | 0.322 | 0.152 | “
|-2.504 0.489 | 0.317 | 0.153
H-z.ssg '0.487 | 0.316 | 0.145
[-2.508 0.491 | 0.312 [ 0.141
|-1.358] 0.502 | 0.256 | 0.153
{-1.392] 0.520 | 0.229 | 0.151
[-1-217] 0.520 | 0.221 | 0.144 J
~1.327] 0.496 | 0.204 | 0.172 |
[-1.319[ 0.501 | 0.200 [ 0.171 f"‘
-1.291} 0.505 | 0.190 | 0.167
-1.274} 0.515 | 0.187 | 0.167 :
u_zl.zoa 0.516 | 0.182 | 0.161
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{-1.214] 0.485 | 0.246 | 0.167 |

-1.306| 0.494 | 0.235 | 0.164 §
-1.241] 0.498 | 0.232 | 0.160

-1.354} 0.500 | 0.216 | 0.155 |
-1.400] 0.462 | 17.314 | 0.172
-1.323| 0.466 | 0.315 | 0.171
-1.360| 0.464 | 0.316 | 0.164
f-1.345] 0.476 | 0.295 | 0.167
[-1.404] 0.484 | 0.289 | 0.159
0.283 | 0.159
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Table XXIX. Activity coefficients of manganese in
L ferromanganese metal phase.
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useful in calculating lpy,, values. The regressions were )
carried out using the SAS proq‘“dure RSREG and RSQUARE as

explained in details in section 4.1.2.

InYy, = a+aXy,+aXg+dXe + aax»zﬁu + asX;i + a,f{ﬁ, +a X, X
S5 A5 S5’ G S ©7)

In silicomanganese and ferromanganese compositions InYy,,

was fit into equation (97) by using the whole data points
in Tables XXVIII and XXIX. The results of the
statistical analysis are summarized in Tables XXX and
XXXI. The set of model equation parameters for both the

.;,compl‘.e.te quadratic and reduced models for

silicomanganese and ferromanganese compositions are
shown in Table XXXII. In the case of ferromanganese, the

choice of the number of data points were determined by

the results 6f the previous regression. For the ccmplete
set involving 35 data points, the regression analysis
predwted that 6 experimental pomts were, from '
statl,{stlcal point of view, out of the 90 per ce:..r. ,
confi?dence level. When these experimental points wére
ignored resultin¢ in a set with 29 points, very high
correlation coefficients were ob*::suied J.ndlcatlng an
excellent fit with all poz.nts within the confidence
limit. The results shown in Table X%XI include these 29
re;iable experimental points.

In both compositions, the reduced models were preferred
for practical convenience and the reduced model for
silicomanganese composition is:

251




P

i

v

Table XXX. ‘Results for Iny,, model in

silicomanganese metal f:haao .

model

Table XXXI. Results for Iny,, model in flarromangm.g; -

metal phiso .

Complete | Reduced
Quadratic|{ Model
Model
~Correlation 0.8369 | 0.8317
Cvefficient R
Number of ,
parameters in 10 6

>omplete | Reduced
Quadratic| Model
Model
Correlation 0.8688 0.84009
Coefficient R’
Number of 1
parameters in 10 6 )

model
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Tabla XXXII. Model parameters for lny,, and coefficients
for Invy. models.

i

Silicomanganese Composition

Ferromancanese Composition

. Complete Reduced Complete Reduced
Coefficient Quadratic Model Quadratic Model
Model Model )
P a ~194,957975 74.4176 -65.077416 -6.8048
| ay 565.763436 -300.1 203.675667 8.0995
© o ay 281.796891 - 414.227457 30.2975
a, 236.967381 - -105.705933 | ' -
a, ~349,388607 320.5 ~163,200905 -
" a -444.,453738 -122.8 -526.908868 -1427.3
ag -197.398474 - ~1767.796475 -303.9
a, -697.525461 - 123.234109, -
a4 183.752519 -143.8 847.903460 -
a, 236.446432 ~77.531731 1263.2

&
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Iny, = 744176 - 300.1 X,, + 3205 Xy, - 1228 X;
-~ 1438 X,, Xr, + 3323 Xy Xepoeoooooororonn(98)

P

./

For ferromanganese composition, the reduced model is:
inY, = — 68048 + 80995 X, + 302975 X, - 14273 X%

- 3039 XA + 12632 Xy Xreeeooreeeoerereeeneersinns 99)

The iso-activity contours of silicon for silicomanganese
and férromanganese compositions were derived through the
reduced model equations (95) and (36) at 1500°C and are
shown in Figure 81 and 82. As it was mentioned before,
the figures represent a carbon-séturated system and if
atomic fraction of silicen, X, increases, then,‘ atomic
fraction of carbon, X,, decreases. Namely, the carbon
concentration decreases as it goes up to the top part of
the figure. In this system, X, takes a certain value if
the atomic fraction of iron, X, and X are given, and
therefore, the compositions of all carbon-saturated
alloy melts of the Mn-Si-Fe~C system can be represented
on a plane with X,-, and X on both axes as shown in Figures

81 and 82.

A
i

In silicomanganese composition (E‘igu/re 81), the
predicted iso-activity contour values vary between
0.012-0.021. However, in ferromanganese composition
(Figure 82), the silicon activities are ever .smaller

(between 5x10™ and 3x107?%). The differenc_e between the
{0

"
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Figure 81. Iso-activity lines of Si in silicomanganese
melts satvrated with C at 1500°C.
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silicon activities in these two compositions can, to a
Ccertain extent, be explained according to the dlfference
m silicon concenttations (bemg higher in
alllcomanganese composition) in these compositions;
Concerning the carboh-saturated system Mn-Si-Fe-C, the
related thermodyndmlc data 1s very scarce. Therefore, it
is difficult to explain the ‘order of magnitude change in
iso=-activity curves by estimation from the stable phases
in the liquid state. However, llquld-»solld equlllb:(%a of
Fe-Mn-C terrary system has been studled by Vogel and
Dorjing™™, and in great detall, by Isobe™, Schurmann
and Geisler‘“ff revised the liquidus surface in the light
of the solid phases in the binary C-Mn system and
established that between 0 an{‘j\:s mass per cent manganese,
graphite separates as the stalie phase. The_ﬂprimary =
crystallization surfaces shown in Figure 83“" are for )

Mn, dFe, yFe which is continuous with YMn, MC, &, MC,, .

M,C, and graphite.

\

As it is seen in Figure 81, the iso—-activity contours
show a maximum in the high Si region of silicomanganese
composition where X, is between ¢.12 and 0.14. In other
words, silicon activities increase with a decrease in X,
and increase in Xg. An increase in g can be explained by
an increase in its atomic fraction. However, int “»-Mn-C
tex‘nary system, if the silicon content is J.gnored for an
approach in 1nt.erpret1ng the increase in silicon
activity, the composition range falls into the liquid
region in Fe-Mn~-C ternary system at 1500°C which
disfavours the SiC formation. This can also increase the
silicon activity in the melt. Another factor leading to
an increase in silicon act:iv:g\.ties’can be the strong
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inter-atomic attraction between Mn, Fe and C, even in
liquid phase™” freeing some of the silicon atoms in the

melt. .

In Figure 82, the iso-activity contours of silicon in
ferromanganese composition are shown. The curves
indicate a maximum in the low X, and X; region, at the
lef bottom of the figure. In other words, the activity
of silicon decreases with an increase in Xy and Xg,. In
ferromanganese composition, the silicon content is very
low (1.82-4.77 mass./pfér cent) and Fe=-Mn~C ternéry system
(Figure 83) can be used more safely. The ferromanganese
cémpositions studied fall into the M,C, carbide primary
crystallization field. The free energy of formation of
SiC and Mn,C, carbide from their elements were
calculated™® at 1100 K (827°C) as it is seen below:

si +\], C = SIC AG°=-62708.42J/mole..............oooneerevemeeen.. (100}

v
// (4

SMn + 2C = MnC, AG®=-T4058.6/Mmole.......... .. s sr.. -v..r(101)

1 v

It is clear from equations (100) and (101; thas " ,C, i3
thermodynamically more stable thaa SiC:\‘ 'u’h‘f.;:efore‘, : ‘L‘;.:",,‘;z
formation is favoured with respect to¢ 5iC Jopmation ’
leading to higher silicon activities even a* lowsr
silicon concentrations. The activity of silicon is,
however, far smaller in ferromanganese compositions.

The deicreasing atomic fraction of silicon and the
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increasing atomic fraction of manganese also play a role
on the lower silicon activities in comparison to
silicomanganese compositions.

The Figures 84 and 85 shows the iso-activity contours (\Qf
manganese which are derived through the reduced model
equations (98) and (99) in silicomanganese and
ferroménganese compositions respectively. In Figure 84,
in silicomanganese composition, an increase in XF,
decreases ay, values. A decrease in X will increaz-ﬁé Xun
and Xy in carbon-saturated system and this will lead to
higher ay,, values.

In Figure 85, a decrease in X; at constant Xp, first

increases and then decreases the a,, values in the
ferromanganese composition. The increase in ay, is clear
due to increase in X, at fized Xy, and X; values.

Howe\;;rl,éi"‘“, 'Deven a further decrease in Xy causes a,, to start
decréasing which may be due to the fact that at very low
silicon concentrations, the saturation solubility limit
of carbon increases substantially favouring stronger
Mn-C interactions and a tendency for Mn.,C, formation which
will tend to decrease g, values. "

When the results of the present study are compared to the
results of Tanaka™""" who studied the same system
(Figures 30a and 30b), it is seen that the iso-activity
contours of silicon and manganese have very similar
patterns but represent different activity values. As
far as ay, values are concerned, Tanaka’s stvdy™” was
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conductéd at 1400°C. The 100°C temperature difference
between two studies might result in different a,,
values. On the othe\;\: hand, Tanaka™” determined the =
manganese activities in carbon-saturated Mn-Si-Fe-C
melts by the measurement of vapour pressures by the

. transportation method. However, in the present study,

ays Values in Mn-Si-Fe-C melts were calculated through
equation (91) by making use of the),};‘MnO activities in
ferromanganese slags which were m{,f'asured by gas
equilibration technique. Another&j.fference between the
present and Tanaka’s study is that i:he equiiibration time
is significantly different in two studies. Tanaka
concluded that 120 minutes was sufficient to attain the
equilibrium. However, in the‘presént study, the
slag-metal samples were kept for 24 hours in the even
temperature zone of the reaction furnace. As far as the
high viscosity of ferromanganes. slags are concerned,
the equilibrium time establlshed by Tanaka might be
insufficient in order to 4llow the components in the slag
to overcome diffusional barriers. Another important
difference between two studies is the method of cooling
the samples. In Tanaka’s work, after 120 minutes, the
power supply was cut off, the flow rates of circulation
water and CO gas inside the coil and at the surface of the
furnace cover were increased, the sample was rapidly
cooled in the original state of crucible. It was
considered that after a few seconds, the slag phase was
solidified and after about 2 minutes the alloy of low
melting point composition was solidified and during this
period of tixﬁe, any shift of manganese and silicon
between the two phases was ignored. ;However, in the
present study, &/cer 24 hours, the samples were rapidly
drawn to the bottom end of the furnace and immediately
quenched in wat“;g"\‘er. Therefore, the cooling time was much
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shorter and it is believed that, in Tanaka’s work, there
fnight be some deviation from equilibrium. Furthermore,
in Tanaka’s study; the analys1s of alloys were done for
iron, silicon and carbon and the res:ﬁﬁéi was given to
ma‘nganese.Wcas:.onally, manganese was also analyzed to
confirm the \Yfeﬁy:gbs. In the present work, all metallic
elements in alloy phase were analyzed. This might cause

some errors in analytical results.
i

Brlefly, durmg the course of calculation of Tanaka’ s
study, due to lack of known data, it was necessary to use
act1v1t1es of temperature significantly dlfferent from
his exper:.ments or to use extrapolated values of known
data. Therefore, if there is any change in the
thermodynamic data which was used in his study such as
those seef\ in Rankin’s example®, the values of
act1v1t1es which were obtained by his study will vary
significantly. Ianaka“"’ himself conslderec; his
experimental values as approximate and eifference\s' exist
between the calculations and experiments in his work.
These differences between the two studies can lead to

differences in aM,. and ag values. “
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-atm. The results of these experiments were utilized in

MnO-CaO-MgO-SiO;Al,O, slags under 1 atmosphere of CO gas

- production of ferromanganese alloy. The main objectives

5 SUMMARY AND CONCLUSIONS

This research worlc($'ifla‘s carried ocut to determine the BN
activity of manganese oxide 1(\/{ synthetic :
Mn0-Ca0-Mg0-SiC,~Al,0, slags tl}}at are typical of the

production of ferromanganese in submerged arc electric
furnaces in South Africa. The procedure followed in this
study consists of:

-The redetermination of the activity composition

relationship in the Pt-Mn binary allqys at 1300°, 1400°

and 1500°C and at p,, values between about 10 and 10

Mno Mactivity measurements.

~The determination of MnO activities in
Mn0-Cda0-Mg0-Si0,~-21,0, slags at 1500°C and at two
different p,, values: 4.76x10” and 5.80x10™ atm.
—Theﬁinve:stiga,\tion of manganese and silicon distribution
’petween carbon-saturated Mn-Si-Fe-C alloys and

at 1500°C.

The project was initiated in an attempt to help to reduce
MnO losses from the slag and to find an optimum slag
composition for practical implication during the

of this study were:
-To investigate the effect of concentration, basicity
ratio_and Ca0-to-Mg0 ratio on MnO activities in above

mentioned slags,
-To develop a statistical model equation which X E
represents the activity data successfully and which can ' |
be used to predict the MnO activities in the composition
range of this work, ’
-To fit the activity data; to a slag model which will

pe——
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describe the ":i:hér‘modynamic prop‘ertie‘s of the slag
successfully. ‘

-To stﬁdy Mn and Si equilibrium distributions between the
slag and the metal, i

-To develop statistical model egquations which represent
InYy, and Iny; data successfully and which can be used to
predict the acti{rity;coefficients of Mn and Si in the
compositional range of this work, :

-To derive the iso-activity contours of Si and Mn in
silicomanganesé\\ and ferromanganese compositions

In the light ouf the experimental procedure explained
above, the conclusions are outlined as follows:
-Activity of MnO in the slag increases with increasing
concentration of Mn0 in the slag, ‘

~Activity of MnO in the slag tends t¢ increase with an
increasing CaO-to-Mg0 ratio of the slag,

~Activity of MnO in the slag increase$ with an increasing
basicity ratio of the slag,

-An increase in basicity ratlr\ of the slag decreases the
Mn distribution ratio, N,

-An increase in silica concentrat:.on of the slag
increases the Mn distribution ratio,

. =An increase in Ca0O-to-Al,0, ratio of the slag decreases

the Mn distribution ratio,

~An increase in MgO-to-CaO ratio of the slag increases
the Mn distribution ratio,

~The carbon and manganese contents of the metal phase are
directly proportional,

~The carbon and silicon concentrations in the metal phase
are inversely related énd, as the Mn-to-Fe or Mn-to-Si

ratio increases, the carbon solublllty in the metal phase -

decreases,
-An increase in the silica coia\‘;:ent of the slag phase
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increases the s:.l:.con content of the metal phasa and this
effect is more pronounced at the higher Mn-rx; “Ti ar
Mn-to-Si ratios, - e

-An;increase in the basicity of the: slag\ decreases the
silicon content of the metal phase. '

The practical value of the investigations performed on
slags will depend how far the results could be translated
into usable form for industrial furnace operat}r/n. A
quadratlc multi-variable regression model was ‘derived by
using: the SAS system for predicting the MnO activities in
MnO-Ca0-Mg0-Si0,~Al,0, slags at 1500°C. The empirigal
model represents the MnO activity data successfully. The
activity data have been interpreted in terms of the
statistical slag model developed by Gaye™* and tliere is
an excellent agreement between the measured activitius
and the derived values through the slag model.

The composition of a slag determines its general
physico~-chemical properties and offers an important tool
in order to control the smelting process due to its
influence on furnace operaticn. The slag propertles ]!
which are the most influential on a metda.lurglcal
operation are the activity of the slag components, the
viscosity, electrical conductivity (for an electric
furnace) and the liquidus temperature of a slag On the
octher hand, the nature of the formation and subsequent
behaviour of the slag phase as the charge descends 1n the
furnace as well as the kinetics of reaction are also very
important. Other slag properties like density, surface
tension and heat conductivity are somewhat less
important in their influence on tlie process and the
influence of the slag composition on these properties is
still not well known.
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As far as the "’behavié)\_ur of slag in the ferromanganese
6perai:ions is concerﬁ\éd, the'm\ost important factors are
the MnO content and the basidity ratio, as has been
clearly demonstrated in this work. If. was shown in a
recent work®’ that an increase in MnO concentration
decreases the visco;ity and increases the electrical
conductivity. ‘

In ferromanganese production, the activity of MnO should
be as high as possible in order to obtain better
recoveries of manganese. On the other hand the viscosity
of the liquid slag should be low and the diffusivity of
the slag components high. The electrical conductivity of
the slag should be reasonably high in order to maintain
the cost-effectiveness. It must be pointed out that the
liquidus temperature of the slag should e low in order
to minimise manganese losses by vaporisation but should
be high so as to improve the conditions for the kinetics
of MnO reduction.

From the results of the present study it can be seen that
hiigh MnO activity values are achieved with more basic
slags for a given MnO concentration. However, basic

slags often have high liquidus temperatures, thus, the .

smelting temperature must be high in order to obtain a
fluid slag. The slag must be fluid enough so that the
sub-liquidus operation which will result in the presence
of crystalline material whf&}h could lead to high
viscosities and sticky furn\a“cs; operation must be .
avoided. |

On the other hand, high temperatures also increase the
rate of reduction of MnO from the slag and also the

degree of reduction.” The high temperature also increases -
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the MnO activities™. High MnO activities lead to y
improved kinetics. For example, if the liquid slag )}
composition is monitored to obtain higher MnO act1v1ty/

valu/es, the viscosity is decreased“®. However, high™ -

basicities may lead to manganese metal losses due to
quite considerable volatilization of that component as
temperature increases. The manganese metal which
volitilizes is of extremely small particle size,
practically in fume form and it is carried over with fhe
gas and lost before it is condensed in the c¢ooler regions
higher up in the furnace™. High temperature also lead
to an increased silica reduction* and the MnO reduction
is directly related to silica reduction®”. But several
studies have shown that manganese was close to
equilibrium in ferrorﬁanganese practice and silicon was
further removed from equilibrium’®*®*?. Nevertheless, for
. " better recoveries of mariganese, the activity of MnoO
should be high and the silica activity should be low.

This can only be achieved with higher basicities.

The viscosity of the slag is an important property in

order to have a smooth operation of a ferromanganese

furnace. The viscosities of the final slags in

ferromanganese production are generally low, and in mosi

cases, the flow difficulties are not encountered.

o However, tho mobility of alloy droplets through the slag } Pa
ﬁ and the mobility of constituents in the slag can be /\ .
RE improved by decreasing or minimising the viscosity of the , @
10 final slag. A fluid slag results in better flow'and : e B

smoother heatiné in the furnace and an alloy with more
even comp.:sition and higher quality can be produced. The
viscosity of a slag is affected by two major factors '

which are the composition of the slag and the superheat f
o ‘ in the slag above its liquidus temperature. As mentioned {
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before, the anions are the flow units of a molten slag
arid the silicate network is further broken down with the
addition of basic oxides like v’_,\(:aog Mg0 and MnO.
Therefore the viscosity yof“"thé' molten slag decreases.
However| MnO can not be considered as an agent to
decri.\ase the viscosity. ’
An;ot,ﬂer important factor in Ehe ferromar},ganese
prodiﬁét;’,on is the rate of reduction of metal from slag.
A hiéhef rate will result in a faster production and a
closer approach to equilibrium. The ki netlcs of the
reduction of Mno could involve a numbar of rate limiting
steps that 1nclude transport of the reactants or products
from\the bulk phase to the. $lag-metal interface, the
phase bcur\dary reaction itself , which may involve Y
several steps, and finally the nucleaticn of the gas
bubbles. Also a role being played by electrochemical
exchdnges is poss:.bJ.e. The rate of reduction is
temperature dependant"and an intrease in temperature
increases the rate of reduction. Several authors®*®®
showed that the rate of reduction of MnO in slags by
graphite, at below 10 per cent MnO, is very slow compated
to carbon dissolved in liquid iron. This can be L
explained by a decrease in the activity of MnO in the
slag. On the other hand, a diffusiun controlled
mechanism limited bv manganese transport in the slag was

. oroposed by Tarby and Philbrook™® and Yagi and Ono™¥.

In another work™” it was shown that the rate of reduction
from basic slags with 45 per cent CaQ, 10 per cent MgO, 10
per cent Al,0, and 35 per cent Si0, is controlied by
chemical reaction. The elimination of diffusion as the
rate limiting step was also supported by other
experimental runs, including the gecmetry and
concentration of the melt and it was found that the rate
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of reduction of MnO in ferromanganese furnaces is also
controlled by interfacial chemical reaction rather than
diffusion. Thus, one can easily say that the nucleation
of CO bubbles in the molten slag is not the rate limiting
step. When conclusions of Daines and Pelke™” and the
app}:oac‘h abové: #"e considered, the rate of reduction of
MnO in the fuﬁiéce will depend on the surface area of the
reducing media in contact with the slag" and the activity

- of the oxygen ions in the slag. Toop and Samis'™
suggestéd,{that the activity of oxygen ions increase with
increasiné MnO activity. Therefore it can be concluded
that the rate of reduction increases in proportion to the
MnO activity. This is borne out by the fact that the rate
of reduction of MnO increases with increasing basicity of
the s1ag™**® and concluded from the theory o olute

B
N

reaction rates that the difference in reacti . . :es for
different compositions may be attributed to the
difference in the activity of MnO in the different slags.

The electrical conductivity of slags in ferromanganese
production is affected mainly by the MnO content and the
basicity ratio similar to activity of MnO. As MnO
content increases the electrical conductivity decreases
and an increase in basicity decreases the viscosity and
increases the electrical conductivity. In fact,
viscosity and electrical conductivity are inversely
related.

The slag-to-metal ratio is an important aspect that the ’
ratio should be kept as low as possible. The smallerithe }
ratio, the less power will be required to melt the burden
and the larger ratio does not decrease the lost MnO in
the slag. The final slag composition, therefors, is
dependent on the quality of the manganese ore used and
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the type and quantity of gangue minerals present. On the
other hand the price of the raw matera’zgls required to

obtain the more suitable slag composiéions may inhibit

their uze". .

The high basicity is desirable to achieve high MnO
activities, lfbut it increases the power input due to ﬁhe
high liguidus temperature in order to obtain a fluid
slag. An investigation'™ about the effect of Mg0O on the

slag basicity and the liquidus temperature showed tha‘g

when MgO replaces Ca0 (3-13 per cent MgQO), the basicity
can be increased from 1.4-~1.6 to between 1.7 and 2.8
without a substantial increase in the liquidus
temperature, resulting in an increased recovery of

manganese.

In summéry, the desirable features of slag composition
can be stated in broad overall context. The slags with
high basicity is an important choice which will result in
improved kinetic conditions, higher MnO activities, low
slag viscosity and increased rate of reduction. The '
extent to which the basicity caibe increased depends on
the liquidus temgeréﬁure of the slag and can be obtained
roughly from the phase diagrams determined by Osborn et
al.”™ and more precisely from the liquidus temperaturs
determinations of Eric, Hejja and Stange®”.

In order {ﬁo improve the recovery of manganese, its
activity in the slag shouid be maximized without
increasing its concentration. The activity of MnO can be
increased by employing slac‘\;s‘« of higher basicities as
mentioned above. However, this also results in higher
liquidus temperatures of slag’®, requiring higher power
input in the furnace. ’I‘herefbre,. an optimum must be '

5
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- reached. BEnth the manganese content of the slag and the

silicon ;mn»tent of the metal phase decrease rapidly as
the/?;a/szcltv/of the slag increases. It appears that a

i:/zélcz’ ,_fi;*atlo of around 1. 0 to 1.2 results in reasonably

”/o,tflmum conditions where the silicon content of the metal

is low and the manganese content of the slag is around 9
per cent (about 12 per cent MnO). In the previous
work®, it was sugqested that a slag composition having
an optimum around 15 per cent would be tﬁe range for the
furnace operation. In terms of optimum electrical
conductivities, viscosities and liquidus temperatures,
this is in excellent agreement with the \'findings of the
presérﬁ work, where activity of MnO can be maximized
without an increase in its concentration in the slag by
operating the slags at a basicity ratio of about 1.0 to
1.2 and MnO content of approximately 12 per cent. When

‘this is done, better recoveries of manganese will be

achieved with reasonably high MnO activities in the slag,
with low viscosity, low liquidus temperature, and

-reasonable slag resistivity.

In the present study, the activities of MnO were measured
in synthetic Mn0-Ca0O~-Mg0-Si0,-Al,0, slags that are typical
of the production of high-carbon ferromanganese in
submerged arc electric furnaces in South Africa. The
future work may include the MnO activity measurements in
medn.um—ca won and low-carbon ferromanganese slag
compositions in order to gather further cdata to improve
manganese recovery from the slag in these operations.

The liquidus temperatures and the electrical
conductivities of synthetic Mn0O-Ca0-MgG-5$i0,~Al,0, ‘slags
were measured in the same composition range in a prevxous
study®”’, therefore, their viscosities should.also be
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' The calibration invelves the timing of the rate of

"curves. Linear regression analysis were performed on the

6 APPENDICES

P

' APPENDIX A | N -

L

APPENDIX A.1 Calibration of flowrates of CO and co,

progress of a soap bubble up an inverted burette. In

other words, the'calibration technique involved

adjustment of Ak value which is the difference between

liquid levels in the u-tubes at evenly graduated values

ranging from low to high. Thus, the velocity of the air

bubbles were measured in cm’/sec. '/T.pese measurements

were repeated for at least six times, so that the mean g //
value of gas flowrate was calculated with error analysis.

The values of velocities were plotted against Ak values AN
a¢ it is seen in Figures A.l and A.2 for CO and CO,

resbectively.

Thus} the desired flowrate of CO and CO”2 through
capillary tubes could be obtained by making use of these = =

v

data generated to obtain two regression in Figures A:l
and A.Z for establishing gas flowrates : -

0ALAR) + 239 moemreereeeeoseoeeeseeeesoa. A1)

o
4

£(C0)

N

0.28(Ak) + 3.60....ceeenenne.... cerennrrenneneereraeresennnans (A.2)

3t

The correlation coefficients were found to be eqﬁel to
0.9985 and 0.9987 for,CO and CO, respectively. As it is
seen from Figures A, 1 and A.2 and the equatlons (A 1) and
(A.2), the relatlon between flowrates and Ah values is
linear to e,,fcertaln point. ‘The Ah values were calculated
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. by making use of the éqﬁétion% (A.1) and (A.2) when the

desired flowrates of CO and CO, fell into the linear
portion of the curves. The non-linear portion of the
curves were used to read the Ah values corresponding to

&

desired values of CO and CO, flowrates Yg/}v%p the flowrates
were not in the linear portion of the curves.

#When C0,-CO mixturés are used, the following equilibrium
can be written at 1500°C,
. 5 ) ({\\ '{z\\;’\\%’\
1 . : n
Co(g) + -2-02(3) = CO)Mg)..ov.nn. reeeens 7{ ..................... rreeenenenes (A3)
: , i (£ -
and from literature™, ”;j’/ i ‘\:\
CAG® = 27917597 + B84.60T Jimole.....ooreerereeneans e (A.4)
4
and the K value for this reaction can be written through:
! | :
r = K . (poz).L = pcoz , Upco .............. Ceseperenseitene sseasesadesrncas (A .5)
\‘\‘ - o - . ) :_:;4?"',
‘\"and:
7 33577.81 . |
inKk = —F - 10.18 Jimole.......... creerrreneseensenay teereens (A.6)

At total pressure of 1 atm, the partial pressuré\s of CO
and CO, 'can be replaced by their flowrates, and r is
simply the ratio of the flowrate of the gases through the
capillary tubes determined by calibration previously.

In this regard, K values of this reaction at different
temperatures can be calculated by equation (A.6) and if

i’
i

278.




o

the K value obtained and known pot"value is substituted in
equaticn (A.5), r can be calculated. The Ahvalues which
are related to this ratio can also be obtained from the
curves in figure A.l'and A.2. Consequently, the desired
. C(?Z{CO values can be obtained thr‘ough capillary tubes ﬁy
= establishing known Ah values in gas mixing system. The
': Figure A.3 shows™® the p,, values that can be obtained by
‘various r ratios as a function Orfltemperature. The \
regior below the hatched ling can not be used due to thev

o

. precipitation of carbon.

APPENDIX A.2 Oxygen partial pressure-dy. relationship
' for solid non-stoichiometric MnO

In the study carried out by Richardson and Davies"?,
measurements were made of the extent to which manganous
oxide departs from the stoichiometric composition as the
part‘ial" pressufe of oxygen is raised at temperatures ya
‘between 1500° and 1650°C. The ratio N(Q) :N(Mn) which is
‘ the ratio of number of atoms of oxygen to mangaﬁese in
‘the non-stoichiometric oxide was found to increase from
1.0 to 1.045 as the oxﬂlgen partial pressure was raised
from 10™ or 10™ atm to 107 atm. The compositions at
fixed oxygen partial pressures were found to be
independent of temﬁérature. The departutres from
stoichiometry were smaller than for ferrous oxide, but
4 the form of the relationship between composition and

I

AN

Oxygen pressure was similar and the results could have
been interpreted reasonably in terms of cation vacancies
in a manner s\i‘glggested by Wagner"™, 1In Figure A.4,
non-stoichiometry of Mno as a function of oxygen pressure
is shewn. Broken line is theboretical curve and Ny/N,,
values were obtained at 1500°-1600°C., 2s it ls seen from
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Flgure A 4, non-stoz.chlometry of MnO increases as Po,
increases. In f:.gure A.5, activities of sto:.ch:.ometrlc
MnoO in non-stomhlometrlc oxide as a functlon of oxygen
pressure ar\ ‘§hown. During thlS study, gy values were
read from Flgure A.5 for exper:.mentally known ,p,,2 values
corresponding to Pt-Mn system for calculating the g
activity of MnO in ferromanganese slags through the

cquatlon below, wheré’ paz was f:.xer \y the CO-CO, gas “
mlxture during a run: o Y i Y
L (-,_/) ~ !
‘ I
a‘”w = ‘\I(p02 I p’02) * a’ulo\~ ...... Gasverencssesssrsceetnsscasian -.-..-(A 6)
S
e
Vi "
1.60g 2
_g.980f ! ‘ ‘
2 o ,}
b.ssaf  »
0.340} " \
g.920F} .
¢ 0.900}
S o.genf i
.
0.860f \ g :
! & 1
0.840% \
g.820} 7
0.s00 s —_— TN . :
15 14 .3 L2 1L g 9. 8 7 3 z o S 2 i
Figure A.5. Activity of stoichiometriz"Mn0“" in the
non-stoichiomatric oxide as a functiagn of
oxygen pressure. ‘
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H,<300 ppm, §r<3'ppm.

Lol

&?};‘?EWDIX B.2 Gene'ral

i
/

CO gas : Chemically pure grade..
0,<10 ppm, H,0<5 ppm, N,<70 ppm,\'C’02<20 ppm, CH,<100 pem,

. i
hpoe Tds {4

Co, gas P Chemically pure grade.

99.995% C0,, 0,<2 ppm, H,0<4 ppm, N,<10 ppm, CO<i ppm,; H,<.™
ppm, total hydrocarbons<l ppm.

Platinum crucibles : 99.98% pure platinum, 7 mm in
diameter, 25 mm in dept, 0.125 mm wall thickness. N

Platinum specimens : 29, 98% pure platinum, 4 mm X 4 mm X
0.025 mm.

Graphite crucibles : High purity graphite electrodes.

Particle size :0.074 mm

Density : 1.7 gr/cm,

Specific resistance : 0.0010 ohras™

Fractional strength : 2500 N/cm®

Ash content : 0.05-0.1%

Porosity | 2 27%

Dimensions : h=44 mm, o.4d.=20 mm,
i.d.=14 mm

Synthetic MnO-CaO--MgO-SiOg-AZLQO3 slags :

Prepared from_{analytical—reagent grade MnO, aQ, MgO,
Si0, and Al,Q, ‘c._}:id_e powders.
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Chemical analysis :

Mn-Sf-Fe—C,\ alloys r ; N ‘

//

N 1" = Py
Xy \ )
) \ ) : I

)
Prepared from electrolytlc ma/xganese, electroJ/yt:Lc 1ron,

/

high-purity silicon and spec‘trocraphlc grade ‘graphite

powders . \\ J - i o

\\
N - \

&

Atomic absorptlon method, precision:: 2~3% (rel,).
X-ray fusion method; precision : 1.5% (rel“.) .

Inductively coupled plasma (ICP) method; accuracy for Mn
: 0.8%, accuracy.for Si : 2.5%, accuracy for Fe : 0.8%.

O~pheantroline colorimetric method; a‘ccu‘:"racy : 0.01%
absolute over range 0.03 to 0.2%, precision : 0.055%.

1
i

LECO analyéer; accuracym: 0.02—1%, precision : 0.1 ppm.

"'\

APPENDIX B.3 Quantitative ersrgy dispersive analysis of

7 X~rays (EDAX) of some Pt~Mn b:.nary alloy

samples.

Quantitative energy dispersive analysis of X-rays (EDAX)
of some Pt-Mn binary alloy samples are given in this
Appendix. The analysis of Pt-Mn strips were determined
at ten different points by line scanning accross the
Pt-Mn binary alloys.
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Table B.3.1 The SEM-EDAX analysis of Pt-Mn alloy sample

by line scanning (Pt-Mn system,

equilibration time is 48 hours at 1300°C and
Po,=4.17x10” atm, Mn cc'itent determined by
chemical analysis is 6.59 mass per cent).

.Point Mn, % Pt, %
b 6.57 | 93.43 "
- 2 6.61 | 93 39“
I 6.54 | 93.46
H; 4 6.49 | 93.51
sf:: 6.52 | 93.48 H
6 6.58 | 93.42 |
7 6.56 | 93.44
8 6.56 | 93.44
9 6.57 | 93.43
10 6.58 | 93.42
e ——————————ar: re]
290




3] B ,{/»,V:

* Table B.3.2. The SEM-EDAX anelysis of Pt-Ma alloy ¥ample e
” by line scanning (Pt-Mn system,

P ) . aequilibration time is 48 hours at 1300°C and
P ; i Po,=5.54x10™" atm, Mn content determined by o
chemical analysis is 10.7 mass per cent).

oy

2 10.70 | 89.30

3 10.69 | 89.31 = o

b ) ‘ : 4 10.67 | 89.33
- | -5 | 10.71 | 89.29
o .

6 | 10.69 | 89.31

7 | 10.70 | 89.30

8 10.72 | 89.28
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A N

S -r/ .
e o s
| 7
o | Table B.3.3 The SEM-EDAX analysis of Pt-Mn alloy
o | | sample by l.me scanning (Pt-MnM.C, system,
equ:.h.brat:.on time is 24 hours at 1400°C
and p,,=6.78x10™" atm, Mn content datamned
by ¢hemical analys:.s is 6.05 mass pe:
cpnt).
¥ R , Point | Mn, % | Pt, % §
. D 1 6.09 | 93.91 ﬂ
S L 2 6.11 93.8§1f"”
. g : 3 6.07 | 93.93 | N
- e : : 4 6.05 | 93.95 § ' BN
S Sy 3
5 6.06 | 93.94 : ,}
’ ;
/i
6 5.89 | 94.11 " o
7 6.08 93.92 “
; : 6.01 | 93 99 "
H 9 6.06 93.94 "
o 10 6.06 [ 93.94
\J/\*«. \
O |
! !é
1.%
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Table B.3.4

9]
) . “ Ly
/] . Y
o [s] ’ i
(’}A
<

‘ | Y
Tha SEM-EDAX analysis of Pt—MnL alloy
sample by line scanning (i;-'t-Mq system,
equilibration time is 24 hours at _71"4{‘1?:;‘??
and p,,=2.35x10"° atm, Mn content
determined by chemicel analysis is 12.2
mass per cent).
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Tabld B.3.5 .The SEM-EDAX analysis of Pt-Mn alloy

P

sample by line scanning (Pt-Mn system,
equilibration time is 24 hours at 1500°C
and p02=9.30x10'f atm, Mn content determined
by chemical analysis is 10.5 mass per

 cent) .

1 | 10.49 | 89.51

C2 10.37 | 89.63
U 10.29 89.71
;iﬁf 10.45 | 89.55 |

5 10.51 | 89.49 “
6 | 10.53 | 89.47 ﬂ
7| 10.59 | 89.41
8 10.52 | 89.48
9 10.46 | 89.54

10 10,51 | 89.49 |
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7
5 Table B.3.6 The SEM-EDAX analysis of Pt-Mn alloy
. ' sample by line scanning (Pt-Mn system,
s . equilibration timeM,.C, is 24 hours at.
’ 1500°C and p,,=4.76x10” atm, Mn content
o determined by chemical analysis is 6.25
A mass per cent) . |
3; o A/Tf
/\ J/ : ) )
;—;\H\f‘ ’ POlnt Ml.'l, ] Pt, -3
1 6.37 93.63
RN ™
. 2 .| 6.40 93.60
e ' b 3 6.31 | 93.69
PUREEN
| H 4 6.34 | 93.66 |
I s | 6.25 | 93.75
6 6.27 | 93.73 | \
7 6.26 | 93.74 |
8 .21 93.79
- 9 6.24 | 93.76
; 10 6.28 93.72
k ('/o
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“mable B.3.7

]
oy

b2 19.47 | 80.53

/4
\\ (j{/
] W
i \\
| o Ry y
/ T S 0

The SEM-EDAX analysis of Pt-Mn alloy

”sanple by line scanmmg (Pt-Mn systaem,

qﬁg.l:.brat:.on time is 24 hours at 1500°C

and po,=4.99x10™ atm. Ma ..mxt:«tni=

. detcmned by chemical analys;s :.s 19.5

mass per cent).
_m‘
Point | Mn, % Pt, %

1 19.59 | 80.41

(O8]

4 19.57 |. 80143

5 19.59 ao.41\,‘§>j ‘

6 19.53'|-80.47 § -

7 19.56 | 80.44

8 19.52 | 80.48

9 19.58 | 80.42

m1
B \‘\
i
\\\\“,
L
i
i .
7 \
a
\ 7
ft ‘,f/

19.49 | 80.51 i A
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Table B.3.8 The SEM-EDAX analysis of Pt~Mn alloy
’ sample by line scaaning (Pt-Mn system, '
equilibration time is 24 hours at 1500°C
&
and p;,=4.98x107° atm, Mn content
, i determined by chemical analysis is 14.9
K | ‘nass per cent) .
e Point | Mn, % | Pt, %
S &
T - H 1 14.58 | 85.42
Y 2 14.65 [ 85.35
Wy :
~ :
. 3 | 14.86 | 85.14 ‘
i P 14.70 | 85.30
| i \
f A s 14.96 | 85.04
) 6 | 14.80 | 85.12 g
: 7 14.85 | 85.15
Ty 8 || 14.78 | 85.22
9 | 14.81 | 85.19
Lo 1485|8515
S l'/!,/
I b + : f X /;;i,
i 297 i
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Yable B.3,9 The SEM-EDAX analysis of Pt-Mn-alloy
sample by line scanning (Pt-Mn system,
O © aquilibration time is 24 hours at 15090°C
and po,=5.19x10™ atm, Mn content determined
by cheinical aralysis is 3.57 mass per

(7 cent).
| point | Mn, & | Pt, 3%
i .
q 7 1 | 3.56 | 96.44
R z | 3.59 | 96.41
T ’ , .
3 3.60 | 96.40
4 | 3.54 | 96.46
‘s ..
5 3.58 | 96.42 b
6 3.53 | 96.47.
7 3.49 | 96.51
8. | 3.51 | 96.49
) 9 3.47 | 96.53
10 3.57 | 96.43
Mm
/
(
I i
,‘i‘ {& N\
{ W , o 298




Table B.3.10

The SEM-EDAX analysis of Pt-Mn alloy
sample by line scanning
(MnO-Ca0-MgO-Si0,-Al,0, system, | .
equilibration tima is 24 hcurs at 1500°C
and py,=5.80x10" atm, Mn content
daterminad by chemical analysis is 3.22
ﬁpass per cent). '

, ,

Point { Mn, % | Pt, %
1| 3.23. | 96.77
2 3.24 | 96.76
3 3.27 | 96.73
a | 3.20 ?Tge.ao ry
5 | 3.29 [ 96.71 E
6 3.30 | 96.70
7 3.32 | 96.68
8 3.22 | 96.78
9 3.24 | 96.7¢
10 | 3.25 | 96.75
S
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ey Table B.3.11 * The SEM-EDAX analyl:.s of Pt-Mn alloy
, sample by line scanm.ng . 3/]
. ' (MnO~-Ca0-MgO~Si0,-Al,0, systen,
: equ:.l:.brat:.on time is 24 hours at 1500°C
and Po,~4.76x10" atm, Mn content
determined by chemical analysis is 3.20
mass per cent).
Bl o .
Point | Mn, % | Pt, %
“ B 1 3.24 | 96.76
2 3.23 96.77
) 3¢ | 3.22 | 96.78
4 3.25 96.75
5~ 3.26 96.74
6 3.24 96.76
7 3.38 | 96.62
8 3.33 96.67
A 3.28 | 96.72
Ve . 10 | 3.25 | 96.75 |
, : Ly
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APP!NDIX c Graplncal rap::auntatzon of act:.v:.ty of Mno
:.n slegs '

I

"~ Predicted
(120

0.180F _ _ cuve

| Expenmental
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0.000‘ ] | 1(_ L 1 1 1
0 44 8 12 16 20 24 28 32 36
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-

Figure C. 1 Actn.v:l.t:.es of MnO in MnO-Ca0O-MgO-SiO, Al 20,
slags at 1500°C, B=0.65+0.03,1 o %
Ca0:Mg0=13.18+0.04, % Al.0~5, opt:.cal
basicity=0.67.
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Figure C. 2 Act:vzt(...es of 1.':10 in MnO-CaO-Mg0-Si0,-Al.0,
' slags at 1500°C, B=1.08+0.02, "
. CaR:Mg0=3. 44+0 07 % Al,0,=5, optical
bas:.c:.ty-o 72..
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, Figure C.3. Activities of MaO in MnO- CaO-—MgO ~-8i0,~21,0,
! ; slags at 1500°C, B=0.69:0.05,
" Ca0: Mgo—l 99+0.06, % Al,0<5, opt:.cal

bas:.c:.ty-o 63.
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Figure C.4. Activities of MnO in MnO-Ca0-Mg0-S$i0,-Al,0,

slags at 1500°C, B=0.43+0.01,
Ca0:Mg0=2.38+0.04, % Al,0,=5, optical
basicity=0.67. -
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Figure C.18. Activities of MnO in MnO-Ca0-Mg0O-SiQ,-Al.Q,

slags at 1500°C for various CaO-to-MgO
ratios with B=0.80.
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APPENDIX D
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Graphical representation of slag-metal
equilibria T
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Figure D.1l.
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The effect of the Ca0-to-Al,0, ratio of the

slag on manganese distribution thh

Si:Fe=0.18 in the metal phase at 13500°C

under CO atmosphere.
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