Physicochemical Properties of Slags in the System
MgO—AI,0,—SiO, and Their Application to the
Technology of Ferro-alloy Smelting

by G.H. JOHNSTON*, P.R. JOCHENS*, and D.D. HOWATT (presented by Professor Howat)

SYNOPSIS

Smelting behaviour within an electric smelting furnace is considered, and a mechanism is proposed that depends on the

slag formed.

The influence of the viscosity and conductivity of slags on smelting is examined, and these properties are measured for
slags in the ternary system MgO—AIl,0;—SiO, having an SiO, composition of 30 to 50 per cent and an

MgO-to-Al,Ojy ratio of 0,5 to 2,0.

There is no simple method by which these properties can be optimized for furnace production. However, the individual
effects of viscosity and conductivity on various aspects of the smelting process can be calculated.

INTRODUCTION

It has frequently been suggested that the slag formed
when chromite ores are smelted in an electric furnace
exerts a direct and controlling influence both electrically
and metallurgically on the furnace operation.

It has been thought and since verified' that there is a
region of incipient fusion intermediate between the pre-
heating and reaction zones of the furnace. This zone is
particularly important in the smelting of low-grade ores
because of the proportion of gangue material in the furn-
ace charge. It is suggested that, in the zone of incipient
fusion, the gangue material and some of the flux compo-
nents are first to reach the solidus temperature (1365°C or
above) and that this material forms a continuous matrix
having reducing agent and chromite spinel isolated within
it. The implication of this postulate is that the slag so
formed is the first, and perhaps only, continuous path by
which current can be transferred. Recent experiments'
have shown that the electrical conductivity of the incip-
iently fused charge materials at 1500°C is of the same
order as that of coke and carbonaceous material at the
same temperature.

In accord with a model based on this postulate, the only
occasion on which the alloy phase is continuously conduct-
ive is when it is in contact with the hearth of the furnace.
One would expect the alloy to be formed as isolated
spheroids within the slag matrix, and subsequently to
settle and accumulate within the hearth of the furnace.
Therefore, if this model is correct, the alloy temperature is
a direct result of heat transfer from the slag (the continu-
ous and heating phase) to the alloy. Moreover, a specific
relation should exist between the liquidus temperature of
the slag and the temperatures of the slag and alloy when
tapped.

A brief experimental study of a 15 MVA electric smelt-
ing furnace producing high-carbon ferrochromium (hav-
ing a silicon content of 4,0 per cent) was conducted.
Tapping temperatures of the slag and alloy were measured
by means of a commercially available ‘Quick Immersion
Thermocouple’ system (Table 1). In all instances it can be
seen that the slag has a higher temperature than that of the
alloy, and the difference in temperature is considerable.
The average tapping temperature of the alloy is 1620°C
and that of the slag 1680°C, which represents an average
difference of 60°C and is evidence that the slag constitutes
the continuous heating medium within the furnace.

*National Institute for Metallurgy, South Africa.
TUniversity of the Witwatersrand, South Africa.

Table 1

Tappinig temperatures as measured by the ‘Quick
mmersion Thermocouple’ technique

Temperatures when tapped, | A—B Liquidus
°C temp. of
Slag Metal slag*
(A) (B) °C C
1685 1605 80
1695 1640 55 1900
1670 1625 45
1650 1610 40
1655 1620 45
1630 1780
1670 1620 50
1710 1630 80
1590 1800
1625
1705 1640 65
1670 1605 65
1705 1645 60
1670 1595 75 1870
1590 1840
1610 1760
1615 1860
1670 1625 45 1820
1640 1600 40 1870
1695 1635 60
1680 1620 60 1860
1685 1810
1685 1635 50 1870
1680 1610 70 1800
1730 1665 65 1850

*In the measurements of liquidus temperatures of the
slags, the Cr,O5 and FeO contents were ignored. This can
lead to appreciably incorrect liquidus temperatures. At
present, it is thought that the Cr,O5 will increase and that
the FeO will decrease the liquidus temperatures.

In the processes involved in the single-stage production
of high-carbon ferrochromium, medium-carbon ferro-
chromium, and ferrochromium silicide by a slag process,
the overall composition of the slag produced lies pre-
dominantly within the following ternary region: SiO, 25 to
50 per cent, and an MgO-to-Al,O3 ratio of 0,5 to 2,0. The
representation of the multicomponent slag as a ternary



MgO—AIl,0;—SiO, system assumes that the effects of
Cr,0; and FeO when dissolved in the ternary system can be
assessed as a function of the various effects of the indi-
vidual oxides MgO, Al,O3, and SiO, on the system.

LIQUIDUS TEMPERATURES

Liquidus temperatures were determined by hot-stage
microscopy? with Pt—20%Rh/Pt—40%Rh thermo-
couples. Where the upper limit of these thermocouples was
exceeded (1720°C), the liquidus temperature was deter-
mined from the pronounced discontinuity, coinciding
with liquidus temperature, in the curves for 1 nk versus
1/T(K™). Liquidus temperatures and slag compositions
are presented in Table 2, which shows that the liquidus
temperatures up to 1720°C are accurate to within 8°C,
whereas those determined from the discontinuity are ac-
curate to within 15°C. These agree well with the liquidus
temperatures predicted by Osborn and Muan?3.

Table 2

Nomenclature, analysis, and liquidus temperatures of
slags investigated

MgO AlO, 5 SiO, Liquidus*
molar molar molar |temperature
Slag no.|percentage | percentage |percentage C
1 42,7 16,3 41,0 1520
2 34,4 23,5 42,0 1430
3 30,4 25,6 43,2 1406
4 28,9 28,6 42,4 1427
5 22,0 34.8 43,2 1463
6 46,0 18,8 39,0 1620
7 34,5 23,3 37,2 1530
8 35,1 27,5 37,3 1535
9 28,9 32,1 38,9 1532
10 24,7 373 38,0 1525
11 47,1 19,7 33:2 1643
12 41,2 25,8 3341 1625
13 35,8 30,5 34,7 1644
14 31,0 34,9 34,1 1645
15 24,3 41,2 34,6 1640
16 46,7 24.9 28,4 1717
17 42,8 27,6 29,5 1725
18 42,2 29,5 28,3 1710
19 35,0 35,2 29.8 1725
20 215 43,0 29,5 1755
21 52,5 23.3 24,2 1725
22 48,1 27,8 24,1 1750
23 41,6 33.7 24,7 1790
24 36,4 38,3 25.3 1790

*Liquidus temperatures were determined either by
hot-stage microscopy (below 1700°C) with an accuracy of
+8°C, or by the discontinuity observed on a plot of In k
versus 1/ T with an accuracy of =15°C.

VISCOSITY OF THE SLAGS

Viscosity was measured by use of a commercially avail-
able Brookfield viscometer, which measures the torque
imposed on a spindle rotating at constant angular velocity
within a fluid. The relation between the torque measured
(Brookfield Viscosity Number) and the viscosity for each
spindle was determined by calibration at room tempera-
ture in oils of known viscosity at known temperatures.
These oils, supplied by the U.S. Department of Com-
merce and Canon Instrument Co., were guaranteed to
conform to ASTM oil standards.
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Two cylindrical spindles differing only in length (20
mm and 25 mm) were used. For both, the outer diameter
was 10 mm, the inner diameter 7 mm, and the diameter of
the connecting shaft 2 mm. The spindles were immersed
in the slags or calibrating oils in such a way that they were
concentric with the crucible axis and approximately
equidistant from both the upper and lower surfaces of the
slags. Variation in the overall height of the slag or calib-
rating oil up to 5 mm on either side of 40 mm altered the
measured reading by not more than 3 per cent. Similarly,
off-centre alignment of the spindle by up to 2 mm altered
the measured reading by less than 2 per cent.

Experimental Technique

Each sample of slag (50 g) was prepared from portions
of chemically pure oxide compounds that had been sin-
tered at 1000°C for four hours. Viscosities, electrical
conductivities, and liquidus temperatures were all deter-
mined on the same sample, which was subsequently
analysed chemically (Table 2). The furnace used was an
18 kVA (output) Intertherm high-frequency (500 kHz)
induction furnace fitted with a coil of inductance of 6,0
mH.

Molybdenum was used for the manufacture of crucibles
and ancillary equipment, i.e., spindles and electrodes.
The crucibles were 35 mm in outside diameter, 25 mm in
internal diameter, and 50 mm in internal depth, and were
heated by radiation from a graphite susceptor, the atmo-
sphere within the furnace being pure argon.

Most of the temperature measurements were taken di-
rect by use of a Pt—20%Rh/Pt—40%Rh thermocouple
located 2 mm above the rim of the crucible. Temperatures
higher than 1880°C were measured by an extrapolation
technique using a second thermocouple positioned ap-
proximately 30 mm higher than the first. In all the meas-
urements, corresponding increases in temperature were
sensed by both thermocouples over the range 1750 to
1880°C, thereby justifying limited extrapolation (1880 to
1950°C).

Each experimental run was started at some 100 to
150°C above the liquidus temperature. The period of
initial equilibration was assessed by the attainment of
constant measured values at constant temperature. Subse-
quent measurements were taken after '2-hour equilibra-
tion at each new temperature — generally 20 to 25°C
lower. Temperatures were decreased in this manner until
the liquidus temperature was reached and further effective
measurement was prohibited. Following this, tempera-
tures were raised and similar measurements again made
above liquidus with Y2-hour equilibration times at each
new temperature. This technique eliminated any errors
due to possible hysteresis of structure and was found
satisfactory even for the most viscous slags.

Experimental Results

The results are presented in Figures 1 to 5 as contours of
constant viscosity (isokoms) within pseudobinary sec-
tions corresponding to constant SiO, contents of 50, 45,
35, and 30 per cent (by mass). The following points
should be noted.

(1) At constant SiO, concentration, the viscosity in-
creases with decrease in the ratio of MgO to Al,O;. The
order of change is approximately the same for the various
levels of SiO, concentration.

(2) At constant MgO-to-Al,O; ratios, the viscosity
values increase with increase in the cdncentration of SiO,.
Increases in the silica content bring about a very marked
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Constant viscosity contours (isokoms, in N s/m?) within
the pseudobinary section at a constant SiO, content of 40
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Figure 4
Constant viscosity contours (isokoms N s/m?) within the
pseudobinary section at a constant SiO,, content of 35 per
cent (by mass)

Figure 2

Constant viscosity contours (isokoms, in N s/m?) within
the pseudobinary section at a constant SiO, content of 45
per cent (by mass)

‘attempted to measure viscosities below the liquidus temp-
erature. However, it is not possible to measure the viscos-
ity of such dispersed mixtures of solid and liquid accu-
rately under equilibrium conditions.

The most general comparison made for slag viscosities
is that between blast-furnace and open-hearth slags,
where typical viscosities are about 0,2 to 0,4 N s/m?. A
‘sticky’ slag for these furnaces is one having a viscosity of
more than 0,8 N s/m?. By comparison, the slags in the
system MgO—AIl,03;—Si0, are remarkably fluid under
all conditions above liquidus, except possibly those with

increase in the viscosities of all slags. The same effect
was observed at all temperature levels and at all
‘MgO-to-Al,O;3 ratios.

(3) The character of the change of viscosity with com-
position does not vary much from one temperature to
another, indicating a regular disruption of the anionic
lattice.

Without exception, the relations between viscosity,
temperature, and composition presented are those based
on measurements above the liquidus temperatures. Many
investigators have neglected this requirement and have
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Constant viscosity contours (isokoms, N s/m?) within the
pseudobinary section at a constant SiO, content of 30 per
cent (by mass)

SiO, contents of 50 per cent (by mass). However, one
should remember that the liquidus temperatures of the
slags investigated in this system are considerably higher
than those of the slags used in iron-making. Nevertheless,
the apparent fluidity of slags in this system is contrary to
observations of furnace conditions, which find that, for
high-carbon ferrochromium, the slags are typically of a
‘sticky” nature. It is not known whether this reflects the
true viscosity effect of dissolved oxides of chromium, or a
sub-liquidus effect resulting from the presence of undis-
solved chromite.

SPECIFIC ELECTRICAL CONDUCTIVITY OF THE
SLAGS

The method selected for measurement of electrical
conductivity was a modified a.c. Wheatstone-bridge
technique operated at a frequency of 10 kHz. The modifi-
cations involved the addition of filtering and inductance-
balance facilities. The electrode design chosen was that of
two parallel dipping electrodes, which were made from
molybdenum wire 1,0 mm in diameter and were spaced
8,0 mm apart (between centres).

Since the relation between resistance (measured) and
resistivity is of the form

log R = —logk + logG,.....c.eno.... 1
it is usual to determine the cell constant (G) from the
relations between resistance and conductivity for standard
solutions of sodium chloride and potassium chloride.
These relations were determined for two fixed depths of
electrode immersion, the precision of depth of immersion
being 0,1 mm for the present geometry. The correspond-
ing cell constants(G), as evaluated, are presented in Table
3, which compares these values with those calculated on
the assumption that conduction occurs between two paral-
lel infinite wires. The lower experimental values resulted
from the crucible effect, the finite dimensions of the
electrodes, and end effects.
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Table 3

Cell constants measured for the present electrode
geometry, compared with those calculated

G G
measured calculated
8 mm immersion 81,9 1111
15 mm immersion 43,1 58,7

Capacitance

By definition, capacitance arises from the separation of
opposite charges with which a voltage difference is as-
sociated. For the standard electrolyte solutions, the
capacitance measured was a direct function of concentra-
tion, reflecting an overall permittivity or dielectric of
constant-charge distribution. One would also expect slags
to exhibit a capacitance effect, and capacitance was, in
fact, observed for many of the slags investigated. How-
ever, the values determined were neither reproducible nor
interpretable as functions of composition or temperature,
and capacitance effects, when present, were therefore
balanced so that an accurate resistance could be deter-
mined.

Experimental Results

The specific electrical conductivities (in S m™) of indi-
vidual slags in the system MgO—Al,03—SiO, are pre-
sented in Figures 6 to 10. The following can be observed:
(1) the specific conductivity increases with increasing

MgO-to-Al,O; ratio at constant SiO, composition,
(2) the specific conductivity increases with decreasing

SiO, composition at constant MgO-to-Al,O4 ratio,
and

(3) inall instances, the values of specific conductivity are
sufficiently high to permit the assumption that the
mechanism of conduction is ionic.
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Figure 6
Contours of constant specific electrical conductivity
(S m™) within the pseudobinary section at a constant SiO ,
content of 50 per cent (by mass)
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Contours of constant specific electrical conductivity
(S m™) within the pseudobinary section at a constant SiO.,
content of 35 per cent (by mass)
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Figure 8
Contours of constant specific electrical conductivity
(S m ') within the pseudobinary section at a constant SiO,
content of 40 per cent (by mass)

VISCOSITY, CONDUCTIVITY, AND PRODUCTION

From the binary sections depicting viscosity and elec-
trical conductivity as a function of MgO-to-Al,O; ratio
for various SiO, contents, it can be deduced that no simple
optimization of these two physicochemical parameters is
possible. However, at any particular SiO, level, those
slags with relatively high MgO-to-Al,O; ratios will
display the lower viscosities, whereas those with the
lower MgO-to-Al,O3 ratios will display the lower

conductivities. Hence, for relatively low viscosities and
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COMPOSITION, Mass */e
Figure 10
Contours of constant specific electrical conductivity
(S m ') within the pseudobinary section for a constant
SiO, content of 30 per cent (by mass)

conductivities, equal proportions of MgO and Al,O; are
indicated.

For each particular smelting operation there is a limited
range of slag composition that can be employed; this
applies particularly to the SiO, content, since this factor
has the major effect on the liquidus temperature and hence
the major effect on the operating temperature of the pro-

cess. The SiO, content of the slag is also of major import-
ance for the production of ferrochromium silicide, since a
high SiO, content in the slag is required to obtain the high




partition of silicon in the alloy. It has been established
from plant practice that the silicon and carbon contents of
high-carbon ferrochromium alloys are affected to a con-
siderable extent by the MgO-to-Al,O3 ratio of the slag.
Therefore, the complex relations that exist in the various
smelting processes do not permit the deduction of a simple
optimization of viscosity and conductivity.

However, it is possible for the parameters of viscosity
and conductivity to be considered separately and for the
separate effects on some aspects of smelting to be deter-
mined.

Effects of Viscosity
It is known that the viscosity affects the rate of settling
of alloy droplets and the rate of bulk transport.

Rate of Settling

When formed by reduction of the chromite, the alloy
falls as metal reguli through the slag layer. These condi-
tions do not conform with Stokes’s Law, because of
turbulence in the furnace and because of turbulence and
drop formation when the alloy is tapped through the slag
layer (in the ladle). More applicable is a hindered settling
equation, for example:

n.=—— ’17 5 P,
sT1-25— 14,172

where y is the volumetric fraction occupied by the
solid, and 7 is the effective viscosity for conditions of
hindered settling.

Previous work# has shown that the average metal reguli
entrapped in high-carbon ferrochromium slags represent 3
per cent by mass of the total alloy produced. The condi-
tions of production under which these samples were taken
suggest a slag viscosity of, perhaps, 0,4 N s/m?. If this is
used as a datum point, together with the inverse relation
between viscosity and limiting velocity in accordance
with Stokes’s equation, it is assumed that the limiting
velocity correlates direct with the metal loss. Therefore, if
the minimum average volumetric fraction of solids pro-
duced is 0,08 and a cumulative effect of change in viscos-
ity is assumed (a factorial expression with reference to the
datum point), a relation between metal loss and viscosity
can be derived, as shown in Figure 11. This relates to
overall processes, viz, conditions both in the furnace and
in the ladle, because of the overall nature of the datum
point. The relation predicted corresponds closely to data
obtained under operating conditions.

PRODUCT LOST BY ENTRAPMENT

1 N L " 1

Rate of Bulk Transport

Urquhart!, investigating the smelting reactions in-

volved in the production of high-carbon ferrochromium, \
determined reduction rates as a function of time for
isothermal conditions. An example is shown in Figure 12.
For the conditions of reduction investigated, the activa-
tion energy of reduction of chromium was found to be
about 419 kJ, which is similar to the activation energy for
diffusion through the slag. This implies that diffusion
through the slag layer (either of reducing agent or of
reduced species) is the rate-limiting step. Exact
mathematical description of the mass transport under such
conditions is extremely difficult, but the elementary de-
scription offered by the Nernst equation can be con-
sidered:

D(C —C)S
Q:> .\3 [

S % e e i S s 3

where Q = amount of material dissolved per unit time,
S = surface area,

C.. C, = concentration at the surface and in the
bulk,

D = diffusion coefficient, and
0 = a constant representing the thickness of the ‘
diffusion layer. f

It has been shown that

where v = velocity of the moving fluid, and
n  varies from } to 1.
But it is known that

or, more correctly,

Chromium

REDUCTION,, *a

30

L N
. 05 05 07 08 09 1 1 12 13 1%

VISCOSITY, Ns/m?

Figure 11

Percentage of alloy lost by entrapment as reguli in the
slag versus the viscosity of the slag

.3 L o
2

TIME, h

Figure 12

An example of the reduction behaviour of iron and
chromium during smelting at 1600°C (after Urquhart")
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If the exponent n is equal to 0,5, the reduction be-
haviour shown in Figure 12 can be predicted to change
within limits as a function of viscosity (Figure 13).

RELATIVE PRODUCTION

05|

ACTIVE POWER PER ELECTRODE, MW

REDUCTION, */s

. . s
0,5 1.0 1,5
FURNACE RESISTANCE, m A

Figure 15

The relation between production, active power supplied
per electrode, and resistance of a furnace operating at
maximum electrode current loading, i.e. amp.

TIME, h

CONCLUSION
Figure 13 The deduction that the slag is the continuous heating
The effect of change in viscosity on the percentage of ~ Medium within an electric smelting furnace producing
reduction as a function of time at 1600°C high-carbon ferrochromium justifies the importance of

the slag properties of viscosity and conductivity. The
complex interactions involved in smelting do not permit a
By definition, simple optimization of the two parameters, but it can be
production = [ (rate of reduction). d7................ 8  shown that the individual effects of each parameter on
Therefore the integral of the curves shown in Figure 13 various aspects of the smelting process can be charac-
will give the effect of change in viscosity on the actual  terized. Because these interactions cannot be predicted
production based on bulk transport considerations (Figure ~ from measurements of individual parameters or from an
14). analysis of individual aspects of the smelting process, the
integration of all these interactions should be evaluated on

a pilot plant.
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RELATIVE PRODUCTION

. . N . — Professor Howat ended his presentation as follows.
0,5 g No 1,570 201, 2,57, =
viscosiTY The latter part of our paper comprises some of the
mathematical tricks one can play with the data we had
Figure 14 accumulated. None of us would consider that they should
The effect of viscosity on production (relative) at constant ~ be taken seriously or regarded as accurate predictions of
temperature, based on bulk-transport considerations what will happen in the furnace. We admit that these
interactions cannot be predicted from measurements of
individual parameters or from an analysis of individual
Effects of Conductivity aspects of the smelting process, and we recommend that
Particularly in the larger furnaces, the small resistance ~ the integration of all these interactions should be
of the burden limits the power that can be drawn by the  evaluated on a pilot plant.

furnace (since active power = I?R, where/ can be consid- This gives rise to many questions and serious reflections
ered constant and close to the permissible maximum). in regard to research of this type carried on within a
Therefore, for a fixed power consumption per unitofalloy  university. Research carried on within a department in the
produced, an increase in resistance will be directly re-  Faculty of Engineering should, I am convinced, have a

sponsible for an increase in production as shown in Figure  really close association with industry and with day-to-day
15 within the limits of the corresponding transformer. For ~ problems. I believe that, to alarge extent, my Department
this calculation, an electrode current capacity of 80 kA has been able to do that. No research projects have been
and a furnace resistance of 1,0 x 10 -* () are assumed. The initiated without full discussions with the technical people
active power given is that per electrode. in the industry, and they have all been assessed in relation
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to the possible benefit that might accrue in practice from
the results obtained. Throughout the project, we en-
deavour to have discussions with the technical people to
keep them informed of the progress made and to have their
observations and comments.

On our side, we believe we are equipped to make
reasonably precise and accurate determinations of
physicochemical values, such as liquidus temperatures,
viscosities, electrical conductivities, and activities of ox-
ides in slags.

Such determinations can probably best be made in a
university and are made, mainly, by men working for
higher degrees, a state of affairs that has advantages and
disadvantages. So far as the disadvantages are concerned,
this means that the investigations must have a definite and
clear-cut academic content and not just be aimed at getting
an answer to a specific problem. This often means that the
investigation takes longer and covers more ground than
the industry considers necessary. The advantages include
the establishment of a close link between the university
department and the industry. Men carry on research work
with a heightened awareness of the problems of industry
and with the incentive of doing work that may find a
practical application in a problem area. Another advant-
age, although it is one we do not shout about, is that
research carried out in the universities usually costs a lot
less than work carried out in other institutions.

Even under the conditions outlined, we do find our-
selves sometimes wondering: Was this particular piece of
work really worth while? I need go no further than
think of the great amount of work Dr Johnston carried
out on the conductivities of slags. At the present, we can
see little practical significance in these many results. Can
the work be justified on the grounds that we have provided
basic scientific data, or should the time and effort of our
research team have been directed along a line of more
apparent practical value? Or is it possible that the proper
application of these basic scientific data might conceiv-
ably result in a major advance in smelting? We, in the
universities, just do not know the answer. Our work must
inevitably be primarily carried out as a laboratory project.
What of the application of these results? Are they capable
of being applied on an industrial basis, and in what way
can we collaborate with you technical people in the
industry in such an application? Would you welcome our
collaboration? Can we get together in such a way that,
within the framework and limitations of the academic
requirements for a higher degree, we can provide scien-
tific data and results of value to the industry. And can they
be applied, and how?

DISCUSSION

Mr L.A. Kok*:

The ferro-alloy industry in South Africa certainly does
not underrate the work done at the universities and espe-
cially the work done by Professor Howat and his team.
They train metallurgists for us, who are ready to enter
industry without having to be taught too much by industry
about slag technology.

Mr S. Selmer-Olsen®:

Professor Howat may feel somewhat distressed that the
industry does not appear to have made use of the labora-
tory results obtained so far. The time between obtaining
laboratory results and their application on plants can
sometimes be rather long because it is not easy for plant

men to experiment with furnaces while production
schedules have to be met. On the other hand, larger
furnaces with larger problems are being designed. Such
factors as furnace resistance and slag conductivity are of
considerable importance. I therefore highly appreciate the
fact that the resistance distribution in the furnace was
stressed. It is not sufficient to increase the resistance in the
slag or the coke bed if the resistance between the elec-
trodes is low enough to allow most of the current to pass
through that region. Thus, it is also necessary to increase
the resistance between the electrodes. We have installed
centre chutes in our new furnaces to be able to charge
extra material there to increase the resistance between the
electrodes. When that is done, we shall try to increase the
resistance of the material between the electrodes and the
bottom of the furnace. So, as we try to increase the
furnace resistance and the furnace load, it is obvious that
all these investigations will be of the greatest value to us.
But please excuse us, Professor Howat, if we cannot do
this in a month — it could take years. I should like to take
this opportunity to thank Professor Howat, the Univer-
sity, and NIM for all the work they have done so far. I
shall do my very best to see that they carry on with it.

Dr D. Slattert :

Looking at Table 1, it is immediately apparent that the
slag and metal were tapped at temperatures below the
liquidus temperature of the slag. Is this substantially cor-
rect, and was the plant slag ‘sticky’ or was it fluid, in
which case does this perhaps point to the possibility of our
techniques of liquidus-temperature measurement being
less accurate than we believe? Or perhaps that the liquidus
temperatures published in the MgO—AIL,O;—Si0O, sys-
tem are incorrect? It is stated that the Cr,O3; and FeO
contents of the slags were ignored. However, it is consid-
ered that the very small amounts of FeO in the slags
would not lower the liquidus temperature to the equivalent
of the given tapping temperatures, and, moreover, the
Cr,0; content of the slag may well raise the liquidus
temperatures even higher than those given in Table 1.
Professor Howat :

It is correct, I think, that the slag and metal were tapped
at temperatures considerably below their liquidus temper-
atures. However, one has to accept that, as far as the
simple MgO—AI1,03—Si0, system is concerned, the re-
sults that we have are, in fact, substantially correct. The
Cr,03 and FeO contents of the slags were ignored in this
investigation. Since that time, some work has been done
on the addition of Cr,O3 and FeO to slags of this type. This
work was carried out by Mr Myles Rennie and has been
published in the Journal of the South African Institute of
Mining and Metallurgy. 1 think it is true, as Dr Slatter
suggested, that the Cr,O; content of the slag raises the
liquidus temperature.

Mr W.A. Gericke*:

Has the substitution of MgO by CaO been investigated
with respect to the viscosities and electrical conductivities
of the system CaO—MgO—Al,0;—Si0,? If so, what
was the effect of partial or total substitution of MgO by
CaO on these two slag characteristics?

Professor Howat:

I am afraid Mr Gericke expects me to read another
paper on this problem. Perhaps Dr Jochens will com-
ment.

*Southern Cross Steel Co. (Pty) Ltd, South Africa.
® Amcor Management Services (Pty) Ltd, South Africa.
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Dr P.R. Jochens :

This four-component slag system has been investi-
gated by Mr D.1. Ossin, and the results were presented at
the AIME Electric Furnace Conference in Chicago in
1970. If my memory serves me correctly, the following
generalization can be made: CaO and MgO in the slag
prpduce a lower viscosity accompanied by a lower resist-
ivity.

I should like to enlarge on Professor Howat’s answer to
Dr Slatter’s question on whether these slags were tapped
below liquidus temperature. The answer is Yes, but not
quite to the same degree as might be expected from the
figures published. The slags as tapped contain consider-
able quantities of iron and chromium oxides, the effects of
which were not considered in the investigation. It should
be noted that FeO decreases the liquidus temperature. It
should also be noted that it is not Cr,Oj that is present in
these highly reduced slags but CrO, as Russian inves-
tigators have shown, and this again reduces the liquidus
temperature. So I do not really believe that the slag is
being tapped so much below its liquidus temperature.
Mr L A. Kok*:

Microscopic examination of slags tapped from
charge-chromium furnaces where Transvaal chromite
fines are used as raw material have shown that they
contain chromite particles that are in various stages of
reduction. This implies that analyses of slags may be
misleading if this factor is not taken into account.

Mr K.J. Edwards¥:
Does Professor Howat envisage, in time, the publica-

FNational Institute for Metallurgy, South Africa.
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tion of viscosity and electrical-conductivity data for real
slags that could be utilized by furnace managers in the
same way as slag-liquidus diagrams are used today?

Professor Howat:

Our answer is undoubtedly Yes. We have tried in the
paper to indicate some of the ways — some of the
mathematical ‘tricks’ — that we adopt in the hope that
these results can be extended. There are researchers that
are working towards a mathematical model, and I am
quite sure that these data are essential constituents re-
quired for the formulation of such mathematical models.

Mr R.J. Bottet:

The slags of high-carbon ferrochromium contain a cer-
tain amount of chromium oxide. Do you know the influ-
ence of chromium oxide content on the results of conduc-
tivity and viscosity?

Professor Howat:

We have done work on the additions of chromium and
iron oxides to these slags. These results have already been
published.

Professor G.T. van Rooyen* :

Theory requires that there should be a correlation be-
tween conductivity and viscosity since both are dependent
on the mobility of the ions. Was any direct correlation
found between viscosity and conductivity?

Professor Howat:
We found, a correlation to exist in the general way that
was shown in the diagrams.

{Ugine-Aciers, France.
*University of Pretoria, South Africa.






