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CHAPTER I,

INTRODUCTION.,
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INTRODUCTION.

In the production of iron, the chemical preperties
of the slag largely determine the quality of the metal
and in particular, which control the sulphur and silicon
contents. The control of the silicon content is import-
ant in the manufacture of steel by the basic processes
ﬁhere the silicon content of the iron must be kept
within fairly low limits. In the acid Bessemer process
however, a high silicon content is required as that
largely determines the heat produced during the process.

A étart can be made in the control of the silicon
content of iron by determining whether equilibrium
conditions are being attained in the blast furnace or
whether reaction kinetics are the controlling factors.

The equation

Si0g(slag) + 2C(graph.) = 81(1) + 2C0(g) - - - (30)
represents the reaction between slag, carbon monoxide
and the silicon of graphite saturated metal. The equil-
ibrium constant for this reaction is Kzy = aSi/aSi0g
when the pressure of carbon monoxide is one atmosphere
and for the equilibrium relationship to be completely

defined a knowledge is required of the free energy
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change of the reaction,'the activity coefficients of.
silicon and silica, the content of either the silicon
in the metal or the silica in the slag and the effect

of temperature on all these quantities. Silica, lime,
alumina and magnesia account for abdut 95% of the
constituents of blast furnace slags and the dtermination
of the silica activities in laboratory slags containing
these constituents provides some of the information
required in the dtermination of the equilibrium con-
ditions.

It is unfortunate that in the determination of
silica activities, the results of different investigators
are not in agreement. The reasons for these discrepanciles
are discussed in chapter VI.

In the present work, silica activities were deter-
mined by studying the slag-gas equilibrium

S10g(crist.) + 3C(graph.) = SiC(cub.) + 2C0(g) - - (1)
This reaction must be considered as the summation of two
other equilibria

SiOg(erist.) + C(graph.) = 5i0(g) + Cco(g) - - - - | (2)

s10(g) + 2C(graph.) = SiC(cub.) + CO(g) - - - (3)
In the study of the standard reaction (1), the equilib-
rium pressure (pCO + pSi0) above compacts containing

solid silicon carbide, solid graphite and solid quartz,
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was measured at 1450, 1500 and 1550°C., Under these
conditions the equilibrium constant for reaction (1)
reduces to K; = p200(standard), the partial pressure of
carbon monoxide being obtained from the measured reaction
pressure and the equilibrium constant for reaction (2).
Substitution of a compact containing the given slag
ylelds values of pCO(slag), this being obtained from
the measured reaction pressure and the equilibrium
constant of reaction (3). The silica activity of the
slag, referred to the standard state of cristobalite,
is thus p2C0(slag) / p2co(standarad).

The method and apparatus used are substantially

15 who successfully

those employed by Baird and Taylor
initiated the equilibrium study. The repetition of some
of the experiments of Baird and Taylor, undertaken in
the present work, provides general confirmation of their
experimental results, which is important in view of the

disagreement with the results of other investigators.
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4.

APPARATUS AND EXPERIMENTAL PROCEDURE,

General apparatus.

The apparatus used is shown in fig. l, and with a few
minor modifications is essentially that used by Baird
and-Taylor15. The apparatus is simple and the diagram
is considered to be self-explanatory. The modifications
which were made are given below.
1). The substitution of a good high vacuum tap at 'E’'.
2). The removal of mullite radiation shields and
their replacement by a piece of platinum foil.
3). The use of three types of crucible.

Crucibles.

The three types of crucible used in the present invest-
igation are illustrated in fig. 2.

Type 'A' was a graphite crucible identical to that
used by Baird and Taylor and weighed about 35 gms. This
crucible, which was used in the preliminary runs 1 - 12,
was laild on a thin alumina plaque inside the mullite
furnace tube.

The crucibles of type 'B' consisted of an outer

recrystallised alumina crucible which contained a smaller
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graphite c¢rucible whiceh weighed about 1 - 2 gms. This
crucible was fitted with a recrystallised alumina cap
and was used in runs 13 - 24, 26 - 30 and in run 34.

Type 'C' was a thin graphite crucible which weighed
about 6 - 8 gms. and was used in runs 25, 31 - 33, 35 -
71 and in run 34R.

Also shown in fig. 2 is the alumina support which
served to locate crucibles 'B' and 'C' in the mullite
furnace tube. This support prevented direct contact
between the crucibles and the furnace tube, as did the
alumina plaque which was used with crucibles of type 'A'.

The cap or stopper provided with each crucible
prevented the free 'evaporation' of silicon monoxide

from the crucible contents.

Master slags.

Master slags were made up from the following materials.

1). Ground, acid-washed quartz sand, which contained
on analysis 99.0% Si0g, 0.8% Al50sz and 0.2% FeO,

2). 'Analar' calcium carbonate.

3). 'Analar' alumina after ignition for 1 hr. at
10009°c,

4). 'Analar' magnesia after ignition for 3 hrs.
at 1000°c,
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The ground, acid-washed quartz sand was also used for
the standard silica runs.

In making up the master slags these materials were
first weighed out to the desired slag composition and
then melted, after thorough mixing, in a graphite
- erucible heated by a high frequency induction coil.

The molten slag was cast as a small 'button' which was
crushed in a percussion mortar and then ground to -100
mesh in a mechanicel agate mortar. The previous decomp-
osition of the calcium carbonate to the oxide by heating
to 10009C was found to be unnecessary as decomposition
readlly took place as the slag was being heated in the
graphite crucilble.

The above procedure was modified for master slags W,
X and Y. In these cases the molten slag was poured into
water thus giving a granulated mass which, after drying
for over 3 hrs. at 110°C, was more easily ground.

The analyses of these master slags is given in table 1.
Standard methods were employed for the analyses of silica
and alumina but particular mention may be made of the
analyses for lime and magnesia in slags L - Y, which were
done with great success by titration with the sodium salt
of ethylene diamine tetracetic ac1dl®, In all the CaO-

Al903-510g slags lime was analysed by the standard



Table l. - Analyses of master slags.

Composition wt.% Duplicate difference wt.%
Slag CaC Al205 MgO 8102 Cc A M S
A 38.1 0.6 - 6l.3 0.0 0.2 - 0. 3
B 55,8 0.6 - 43.6 0,0 0.3 - 0.3
C 20. 7 11.0 - 8.3 0.1 0.3 - 0.4
D 35e¢ 5 11.0 - E3.5 0.5 0.1 - 0.1
E 49. 9 10.9 - 3%.2 0.6 0.2 - 0.4
F 10. 8 20, 8 - 8.4 0.1 0.6 - 0.6
G 40.1 2l.1 - 2.8 0.0 0.3 - 0.2
H 14.0 31.0 - 55.0 0,0 0.5 - C.4
I 30. 8 30. 4 - 3¢ 8 0.5 0.2 - .2
J 20. 8 41.2 - 32.0 0.1 0.7 - 0.1
K 32, 7 40. 5 - 26.8 0.1 0.2 - 0.1
L 23.0 0.6 S.7 66.7 0.0 0.2 0.0 C.0
M 4G, 3 0.6 S. % 40,2 0.0 0. 3 0.2 0.3
N 13.8 0.6 1.8 5.8 0.0 0.1 0.1 0.4
0 44,6 0.6 20.0 24.8 0,0 0.3 C.0 0.3
P Be 2 0.7 28.4 65.7 0.1 0.2 0.0 0.3
Q 26. 7 C. 4 30.0 42.9 0.0 0.2 0.0 0.3
R S.8 11.0 c. 9 69.3 0.1 0.3 C.1 0.3
S 44,9 9.9 %. 9 353 0.5 0.2 0.0 0.3
T 3.4 11.0 192.6 66,0 0.3 0.4 Ol 0.1
U 34.8 10. 7 19.7 34.8 0.1 0.0 0.1 0.5
V i 07. O 20; 4 90 8 69. 8 00 O - Oo O Oo 1
W  45.0 20.1 9.9 25.0 0.3 0.1 0.2 0.4
X 0.0 20, 4 18. 7 5%.9 0.0 0.4 0.0 0.1
Y 1.8 20. 6 15.8 39.8 0.1 0.3 0.2 Cel

&)
*

Ty}
[as)
o

Mean 0.14

o
q
I°
20
o

Standard Deviation, D.19 0,16 0,08 0,15




",

oxalate method.

The duplicate differences of these analysés are
also given in table 1 and these have been analysed
statistically to give the shown means and standard
deviations. An error in any slag analysis of X0,5%

has been obtained from these figures,

Compacts.

Compacts for the various runs were made from quartz or
slag (-100 mesh), previously degassed Acheson graphite
powder (-200 mesh) and commercial silicon carbide ‘
powder (=700 mesh).

4 gms. of quartz or slag, 1 gm. of graphite powder
and 1 gm. of silicon carbide powder were first thoroughly
mixed dry, and then with a little water. The damp mixture
was then compressed at 25 tons/sqg.inch to give a cylin-
drical compact. Although most of the water was removed
by the compression, the compacts were oven dried for
2 - 3 days at 110°C. The addition of water was found to
give the compacts an excellent 'green' strength.

This procedure was adopted for the majority of the
compacts but in runs 1 - 17 inclusive, the compacts were

compacted dry with difficulty.
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Temperature measurement and control.

The temperature of the crucible assembly was measured

by a Pt/Pt-13%Rh thermocouple and a Cambridge potenti-
ometer. The combination of thermocouple and potentiometer
was standardised at frequent intervals against the melt-
ing point of palladium. This standardisation was con-
slidered to be satisfactory in the experimental tempera-
ture range when 1t was combined with the British Standards
"Reference Tables for Pt/Pt-13%Rh Thermocouples"17. The
error in standardisation is estimated at * 2°C.

The temperature was automatically controlled by a
Kelvin-Hughes electronic controller used in conjunction
with a Pt/Pt-13%Rh control thermocouple placed next to
the furnace winding. When a new valve was fitted in the
controller a swing of X 20C about the mean temperature
of the cruclible assembly was obtained. As the valve
deteriorated, however, the swing rose to as much as X 59C
about the mean.

In the earlier runs (1 - 12) control to an exact
temperature was found to be unéatisfactory. The controll-
er, in subsequent runs, was set as near the desired
temperature as possible and during a specific determin-

ation of the equilibrium pressure the temperature apper-
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taining to that particular instant was taken. The

silica activity obtained from data corresponding to that
temperature was then taken as the silica activity at the
desired temperature i.e. 1450, 1500 or 1550°C.

On consideration of the errors involved in the
standardisation of the thermocouple and potentiometer,
in the co0ld Junction corrections and in the actual meas-
urement of the mean temperature, an error of X 40C is

placed on the measurement of the absolute temperature.

Pressure measurement, gas sampling and analysis.

The equilibrium reaction pressure was measured by a
simple mercury manometer and any pressure reading waé
considered to be accurate to within 0.5 mm.Hg.

Carbon monoxide was introduced into the system
direct from a cylinder and on analysis the cylinder gas
contained 99.2% CO and O.8% No.

A gas sample from the system was taken into a com-
pletely evacuated gas sampling tube contalning a little
mercury. Mercury was then admitted into the sampling tube
until the sample was approximately at atmospheric pressure.
This method nearly eliminated the leakage of alr into the
sample.

Gas analyses were carried out using a Bone and
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Wheeler apparatus. Gas samples from the initial runs
contained fractional percentages of carbon dioxide and
subsequent analyses were for oxygen and carbon monoxide
only, the residual gases being assumed to be nitrogen.

The presence of any oxygen in a gas sample was
considered to be caused by the leakage of air during
sampling and an appropriate correction was made to the
analysis in order to obtain the composition of the gas
in the system.

In runs 40 - 71 gas analyses were discontinued as
gas compositions of 98 - 100% CO were being obtained
invariably. The gas analyses were never of great accuracy
and the error involved in the assumption that the furnace

atmosphere contained 99% CO is considered to be small.

Adsorbtion, desorbtion and furnace deposits.

In the first 12 runs the experimental technique of
Balrd was adopted. This involved the separate degassing
of the crucible and reaction chamber by continuous
evacuation for 3 hrs. at 15509C. The terms ‘'reaction
chamber' refer to the walls of the mullite furnace tube,

thermocouple sheath aﬂd radiation shields. Baird had

found that high percentages of nitrogen in the furnace
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atmosphere during a run were partly caused by the de-
sorbtion of gases from the crucible and reaction chamber
and partly by the desorbtion of gases from the furnace
deposits which had been formed during the previous run.
These deposits were apparently caused by the gradual
‘evaporation' of silicon monoxide from the crucible
contents and it's resultant condensation on the cooler
parts of the reaction chamber. These deposits consisted
of a finely divided mixture of graphite, silica and
silicon carbide indicating that the silicon monoxide had
been reoxidised, at some stage, by the carbon monoxide.

Dyring the rough equilibrium determinations of the
first twelve runs the nitrogen content of the furnacé
atmosphere varied from 3 - 17%, and in order to try and
correct this, a number of blank runs were undertaken.

In the first blank run, carbon monoxide was admitted
into a new, empty reaction chamber which had been pre-
viously degassed for 3 hrs. at 1550°C. At a constant
temperature of about 1500°C the pressure of carbon mon-
oxide in the system did not vary by more than * 2 mm. Hg
over a period of about two hours. Any pressure change
caused by the admittance or withdrawal of carbon mon-
oxide was immediate and well defined and a $0°C change in

temperature caused a pressure change of only 5§ mm. Hg.
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This change was also well defined. The behaviour of the
empty reaction chamber was thus very satisfactory, no
evidence of adsorbtion or desorbtion of gases being
observed.

In the second blank run a previously degassed, empty
graphite crucible of type 'A' was placed in the reaction
chamber and the above procedure repeated. In this case
the pressure of carbon monoxide in the system gradually
increased at constant temperature and adsorbtion or de-
sorbtion opposed any pressure change. A 50°C change in
temperature at 1500°C caused a pressure change of 10 cms.
Hg or more. 'Thorough' degassing of the crucible at
2000°C and a pressure of 10~5 cms. Hg proved to be
fruitless.

The use of graphite as the sole crucible material
was thus rejected, and a crucible assembly of type 'B'
designed. The mass of crucible graphlite was thus cut
from about 35 gms. to about 2 gms.

At this stage the mullite radiation shields were
replaced by a plece of thin platinum foil, which greatly
eased handling and subsequent replacement.

The crucible of type 'B' was degassed for 3 hrs. at
15509C and it was found to have the ééme characteristics

as the degassed empty reaction chamber. Crucibdles of this
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type were used in runs 13 - 24, 26 - 30 and run 34.
Furnace atmospheres containing 98 - 100% CO were ob-
tained quite readily. During these runs any replaced
components of the system were degassed before the
equilibrium determination, as was the whole system if
it had been exposed to the atmosphere for any length of
time. The volume of the furnace deposit formed during
these runs was very greatly reduced and in many cases
was apparently completely eliminated. Any deposit which
did accumulate, however, was removed before the start of
the next run. The platinum radiation shield functioned
very satisfactorily, although it became very bdbrittle
over a period of about 20 runs.

When crucibles of type 'B' contained the more basiec
slags, there was a tendency for the alumina 1id and
crucible to fuse together. Graphite crucibles of type
'C' were then made and used for the remainder of the
runs. Satisfactory results were also obtained with
these crugibles and carbon monoxide contents of 98 - 100%
were obtained readily. The volume of deposit formed was
slightly more than that formed when using crucibles of
type 'B'. This was caused by the limited reaction between
the top of the graphite crucible and the mullite thermo-

couple sheath, which took place when the sheath softened
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at the high experimental temperatures and actually
touched the top of the graphite crucible. The silicon
monoxide formed from this reaction was free to diffuse
throughout the system but the resultant increase in
deposit apparently had no effect on the adsorbtion

and desorbtion.

Leaks.

It was found that leaks in the mullite furnace tube and
thermocouple sheath could be eliminated if there was no
area of contact between mullite and graphite.

The furnace tube was well protected from the graphite
crucibles by the alumina support which served to locate
the crucible in the furnace, and there was no evidence
of reaction between the mullite furnace tube and the
crucible. Indeed, one of the furnace tubes lasted for
over 30 runs.

Occasional leaks in the thermocouple sheath could
not be avoided however, as the mullite softened at high
temperatures énd the sheath eventually bent and touched
the top of the crucible. If the crucible was of type 'A'
or 'C' the reaction between mullite and graphite quickly
caused porosity in the sheath. This reaction caused the

volume of furnace deposit to increase but when a leak
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did occur the run was rejected.

Determination of the egquilibrium reaction pressure.

The exact procedure adopted underwent minor modificat-
ions throughout the investigation but these had no
effect on the consistency of the results. An account of
the final procedure adopted in runs 25, 31 - 33 and 35 -
- 71, is first given.

The charged crucible and support were placed in the
reaction chamber at 1000°C and the system closed and
evacuated continuously by means of the rotary pump until
the temperature had risen to about 1100°C - half an hour.
At this temperature carbon monoxlde was admitted to the
approximate equilibrium pressure and the controller set
at the desired temperature. The furnace was being con-
treclled at approximately 145qfc in about two and a half
hours from the time of chargfé and a final adjustment
was then made on the controller in order to get the
temperature as near 14500C as possible. The system was
also flushed out with carbon monoxide and that gas again
admitted to the approximate equilibrium reaction pressure.

The rate of change of the reaction pressure with time
was carefully watched at this stage and if the rate was

too great, carbon monoxide was accordingly admitted to
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or withdrawn from the system. When the rate became
sufficiently small the system was allowed to come to
equilibrium at the controlled temperature. When the
pressure had remained steady for half an hour, the
system was evacuated momentarily and fresh carbon mon-
oxide admitted to the same pressure. If no further
pressure change took place during the next half hour,
equilibrium was considered to have been attained, and
the furnace atmosphere assumed to contain 98 - 100% CO.
If a further pressure change occurred ~ this took place
very rarely - the reaction pressure was again allowed to
become steady and then fresh carbon monoxide admitted to
the new pressure. In every case no further pressure
change was observed.

The mean temperature corresponding to a particular
equilibrium determination was also taken.

The equilibrium pressure was usually determined from
'above' and 'below' by this procedure and the mean taken.
This mean was considered to be within % 0.5% of the true
equilibrium pressure.

The procedures were repeated at temperatures of
approximately 1500 and 1550°cC,

Although it is stated above, that the equilibrium

was coneglidered to have been attained after the pressure
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had remained steady for half an hour, this time applied
to the more bhasic slags. In the more acid slags and in
particular the standard silica runs, where the reaction
rate was comparatively slow, this time was increased to
two hours or more.

The minor changes in procedure for runs 1 - 34 are
now given below.

In run 34R the compact was placed in a new graphite
crucible of type 'C' and charged into a new reaction
chamber at 1000°C. The system was then closed and mom-
entarily evacuated to allow the admittance of carbon
monoxide to the approximate equilibrium pressure. When
a temperature of about 1450°C was reached the procedure
was the same as in runs 35 - 71. The main change in
procedure was that no continuous evacuation was employed.

In runs 26 - 30 and in run 34 the furnace was charg-
ed at 600°C and continuously evacuated until a tempera-
ture of about 1100°C was reached. The procedure from this
temperature on was as described above. Gas samples were
taken in conjunction with each of these determinations,
however, and gas analyses of between 98 and 100% carbon
monoxide were obtained readily.

In runs 13 - 24 the furnace was charged at room

temperature and then continuously evacuated until a
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temperature of 1100°C was reached. At this temperature
carbon monoxide was admitted to the approximate equil-
ibrium pressure and the temperature raised to 1450°C.
Fresh carbon monoxide was then admitted and the equil-
ibrium pressure determined in the manner described above,
but in this case the furnace atmosphere was not renewed
and that pressure was taken as one apprdach to equil-
ibrium. Gas sanples were taken with each determination
and it is significant that even in these cases, samples
of gas which had been 1In the furnace for as long as five
or six hours, contained 98 - 100% carbon monoxide.

Runs 1 - 12 wefe purely preliminary but they were
the foundation upon which the final experimental tech-

niques were built.

The elimination of degassing.

In the course of the last twenty runs or so it was
discovered that degassing of the c¢rucibles andvreaction
chamber could be dispensed with altogether. As a result
it is now thought that the large mass of the graphite
crucible 'A', caused the major contribution to the imp-

urities of the furnace atmosphere.



CHAPTER III.

DISCUSSION OF EXPERIMENTAL PROCEDURE.
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DISCUSSION OF EXPERIMENTAL PROCEDURE,

This chapter also includes the discussion of several
factors which might have been thought to influence the

experimental results.

Furnace deposits.

In the experimental runs in which crucibles of type 'B'
were used, it was noted that the volume of furnace
deposit was greatly reduced and in many ceses apparently
eliminated. It is now thought that the vast majority of
the furnace deposit formed in runs l - 12 was éaused by
the reaction between the mullite thermocouple sheath and
the top of the graphite crucible. Crucibles of type ‘A’
were, in the circumstances, slightly too large for the
reaction chamber. As a result the gap between the therm-
ocouple sheath and the top of the crucible was very small
indeed and any softening of the sheath caused actual
contact between the two. Slow reaction then took place
between the mullite and graphite producing carbon mon-
cxide and silicon monoxide. This silicon monoxide was
free to diffuse away from the zone of reaction and
furnace deposits caused by the condensation and oxid-

ation of this silicon monoxide were also free to form.
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The crucibles of type 'C' occupied less space in
the reaction chamber and the gap between mullite and
graphite could therefore be greatly increased. The
volume of furnace deposit formed in these cases thus
showed only a slight increase on the volume formed when
using crucibles of type 'B’.

Confirmation of the above reason is obtained from
the observation that the volume of furnace deposit
increased ﬁhwnever reaction betweeh the mullite thermo-
couple sheath and the top of a graphite crucible occurred.

The practical elimination of furnace deposit when |
using the alumina erucible 'B' also confirms that the
crucible caps or stoppers effectively prevented the
'free diffusion' of silicon monoxide away from the

crucible contents.

Adsorbtion and desorbtion.

It is seen from the results of the blank runs wiih
crucibtles of tyges 'A' and 'B' that the presence of a
large amount of graphite in the system was the cause of
much of the adsorbtion and desorbtion of gases. The mass.

of graphite in the system was greatly decréased when
crucibles of types 'B' and 'C' were used, and since the

rate of formation of furnace deposits had also been
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greatly decreased, the eventual discovery that degass-
ing could be dispensed with; was not altogether sur-
prisihg.

Adsorbtion and desorbtion caused by the actual walls
of the reaction chamber was apparently comparatively

small.

The graphite - 'mullite' reaction.

The reaction between graphite and mullite has been
examined experimentally and gives an equilibrium
reaction pressure of 0.3 - 0.4 atm. carbon monoxide.

The criticism could be made that this 'external'
reaction can have an effect on the value of the
equilibrium pressure of the system, the effect being to
increase the silica activities of slags having a 'true'
equilibrium pressure of less than 0.3 - 0.4 atm. carbon
monoxide. This criticism is unfounded, however, as in
the runs where a crucible of type 'B' was used, reaction
between mullite and graphite was impossible. The results
of these runs were completely consistent with the results
obtained when a graphite crucible of type 'C' was used.
Not only is the general consistency]of results to be
noted, but in nearly every case where the determination

involved a silica saturated slag, the reaction pressure
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of the standard silica run was repeated. It has also
been mentioﬁed in a previous section that the 'external'
graphite-mullite reaction had been all but eliminated.

| The general agreement of the present results with
those of Baird and Taylorl® indicate that even when
graphite crucibles of type 'A' were used, the mullite-

graphite reaction had no effect on the equilibrium study.

Reaction between alumina and silicon carbide.

The reaction between alumina and silicon carbide in the
presence of carbon monoxide, enables graphite and 'mullite’
to be formed. This would tend to lower the equilibrium
pressure of slags whose 'true' equilibrium pressure was
greater than 0.3 - 0.4 atm. carbon monoxide. The results
of determinations where the presence of alumina and sili-
con carbide together was impossible are in complete agree-
ment with the rest of the results. The possibility of

such a reaction influencing the experimental results can

thus be dismissed.

The effect of evacuation on the system.

In a recent paper, Chipmanl8 has suggested that the
continuous evacuation of the system while the temperature

was being raised to 11000C caused the reaction
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2C(graph.) + SiOg(erist.) = Si(1) + 2C0(g) - - - (30)
to proceed from left to right. A significant amount of
silicon would then be formed and on the admittance of
carbon monoxide the above reaction would be reveesed
and a dynamic equilibrium set up between reaction (30)
and reaction (1).

SiOg(crist.) + 3C(graph.) = SiC(cub.) + 2C0(g) - (1)
This suggestion would then satisfactorily account for
the much lower reaction pressures recorded in the
present lnvestigation compared with those predicted by
thermochemical data.

At the time of publication of this suggestion the
time of continuous evacuation had already been cut to
one half hour and the explanation appeared to be invalid
as the results were consistent with those of previous
runs.

As a check, however, the experimental procedure for
run 34R was changed, as has been described. Each part of
the reaction chamber was new and not even degassed. The
only evacuations employed were connected with the ad-
mittance of carbon monoxide and these were purely mom-
entary. The results of 34R are given in table 3 and they

are seen to be in complete agreement with the rest of
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the results.

Change in silica content of the slag.

The loss or gain in silica of the chargé, caused by the
reaction between silica, graphlite, silicon carbide and
carbon monoxide, could become significant if the net
change in reaction ﬁressure was too large.

On determination.of the volume of the system it was
found that a change in the reaction pressure of 1 cm. Hg
corresponded theoretically to 0.36 . 1072 gms. of silica.
The compact usually contained 4 gms. of slag énd a net
pressure change of 10 cms. Hg corresponded to a change
of approximately 0.5% in the silica content of a slag
originally containing 50 wt.% silica. The net pressure
change was seldom more than 10 cms. Hg and an error of

*0.5% silica is placed on the slag composition.

Experimental accuracy.

In the determination of the free energy change of react-
ion (1), errors in the measurement of the equilibrium
pressure and the temperature must be taken into account.
The estimated errors in these measurements have been
given under the appropriate sections and on their com-

bination by the 'method of squares' it can be calculated



25.

’

that the error in the experimental work amounts to less
than * 500 cals.

It is not proposed to place any figure on the
accuracy of the silica activities as the value would be
of doubtful significance. A general indication however,
can be obtained from the experimental results given in
the next chapter, These results are consistent and give

good agreement with other independent data.

The effect of oxide additions on the standard reaction.

It has been calculated from thermodynamic data that the
equilibrium pressures of carbon monoxide obtained in the'
present work are too high to allow the formation of
aluminium or calcium carbide. Available thermodynamic
data indicate that magnesium carbide is thermodynamically
unstable but the possible effect of the reaction

MgO(c) + C(graph.) = Mg(v) + CO(g)
must be considered. The vépour pressure of magnesium over
pure magnesia has been estimated as 1.2 mm. Hg at 1800°K, -
The uncertainty of this value is very high and no correct-
ion has been made for the effect of this reaction. It is
possible, however, that there is an appreciable error in
the silica activities of slags near magnesia satur?tion

but at lower magnesia activities any such error must dbe

well within the limits of experimental accuracy.



CHAPTER IV.

RESULTS.
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RESULTS.

STANDARD SILICA RUNS.

The equilibrium partial pressures of carbon monoxide over
compacts containing pure silica are shown in table 2.

These have been obtained from the measured equil-
ibrium reaction pressures (pCO + pSiO) using the free
energy change for reaction (2a), given by equation (D) in
the appendix.

8102(5 quartz) + C(graph.) = SiO(g) + CO(g) - - -(2a)
AogGP = + 154,400 - 78, 99T cal. /mol., (1600-1883°K) - (D)
In the presence of solid quartz and solid graphite the
equilibrium constant reduces to K23= pCO. pS10 atm. <.
Values of this constant obtained from equation (D) are
4.79 . 1073, 1,70 . 1072 and 5.62 . 1072 at 1450, 1500
and 1550°C respectively. Values of pSiO and hence pCO:are
obtained by approximating (pCO + pSiO) to pCO in the
above constants.

The values of log)opCO are plotted against 1/T9K in
fig. 3 and the relationship may be represented by the
linear equation

logyopCO = - 15,950/T + 8,874, (1705 - 18289K) - - (5a)
Also plotted in fig. 3 1is the relationship obtained by

Baird and Taylorl®, logjopCO = -16,150/T + 8.950.




Table 2. - Equllibrium partial pressures of carbon

monoxide for SiOg(quartz) + C(graph.) + 8iC(H) compacts.

Run No. %CO  pCO+pSi0 pcO  T°K. 1/T°K  1log;opCO
atm. atm,

16 97.0 0,449 0,437 1727 0.5790 =0, 360
99.0 0.436 0,424 1727 0.5790 -0, 373
98. 9 0.440 0.427 1728 0.5787 =0.369

17 98.1 0.812 0,789 1777 0.5627 -0.103
98, 9 0,776 0,764 1773 0.5640 =0,123
98,6 0.801 0Q.779 1775 0.5634 =-0.108
98.6 0.344 0,335 1705 0.5865 =0.475
9.3 0.327 0.318 1703 0,6872 =-0,497

18 96, 0 0.427 0,416 1722 0.5807 -0.381
98, 3 0.413 0,402 1722 0.5807 -0.396
99,3 1.444 1.400 1828 0.5470  +0.146
98. 3 1.418 1,374 1827 0.5473 +0.138
98,8 1.430 1.388 1826 0.5476 +0,143
98. 9 0.462 0,450 1729 0.5784

-0, 347
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The free energy change for reaction (1) can be
obtained from equation (5a)

S10g(erist.) + 3C(graph.) = SiC(ecub.) + 200(g) - (1)
A1G = + 146,010 - 81.22T cal./mol., (1705-1828%K) - (6a)

The free energy of formation of cubic silicon carbide
can be obtained by combining equation (6a) with the free
energies of formation of carbon monoxide and - quartz
glven by equations (C) and (A) respectively, in the
appendix.

8i(1) + C(graph.) = SiC(cub,) - - - - = (m
0,68 = -17,170 + 6.92T cal./mol.,‘ (1705-1828°K) - - -(8a)
ﬁsing the entropy of formation at 1800°K given by table H
in the appendix, equation (8a) can be adjusted to give
0,63 = - 20,450 + 8.74T cal. /mol., (1705-1828%K) - - -(8b)
The heat of formation of cubic silicon carbide is thus
- 20,450 cal./mol. at 1800°K and with the aid of the
enthalpy increments used in the compilation of table H
the heat of formation of cubic silicon carbide at 298CK
is calculated as AHJgg = - 8,700 cal./mol.

The heat of formation determined'thermochemically by
Humphrey et al” is Aﬂgge = -13,0 *1 k.cal./mol. On the
assumption that the present experimental results are
acéurate, the difference between these two values must

be made up of the errors in the thermodynamic and
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thermochemical data employed in their calculation. This

question will be discussed more fully at a later stage.
The equilibrium partial pressures of carbon mon-

oxide may also be resolved from the measured reaction

pressures (pSi0 + pCO) by using equation (E) in the

appendix.
SiOg(A’crist-) + C(graph.) = s10(g) + COo(g) - - - - (2b)
A o, GR = + 154,100 - 79,16 cal./mol., (1600-1900°K) - (E)

This anomaly arises from the fact that the frée energieé
of formation of quartz and cristobalite should be almost
identical in the experimental temperature range. Unfortun-
ately the thermochemical data 1s inaccurate, the free
energies of formation differing by about 600 cals., and
it is not known which value approaches the true free
energy chahge.

The use of equation (E) yields the following results,

1ogyopCO = - 15,930/T + 8.860, (1705-1828°K)-(5b)
Ang = + 145,810 - 81.10T cal./mol., (1705-1828°K) - - (6b)
AG@ = - 19,900 + 8,74T cal./mol., (1705-18289K) - - (8&c)

The heat of formation of cubiec silicon carbide derived
from equation (8c) is AH3ggq = - 8,150 cal. /mol.

On inspection of equation (6a) and (6b) it can be
seen that they yleld the same free energy values in the

experimental temperature range., This establishes the
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important fact that these equations are practically

independent of any moderate error in the data employed

in their derivation.

CALCULATION OF SILICA ACTIVITIES.

In the presence of solid graphite, silicon carbide and
silica, the equilibrium constant for reaction (1) re-
duces to K = p2CO(standard). The values of K1 obtained
from eqguation (Ba), at 1450, 1500 and 1550°C are 0,170, .
0.567 and 1,767 respectively.

For a glven slag in the presence of solid graphite
and silicon carbide the partial pressure of carbon mon-
oxide is obtained from the measured equilibrium reaction
pressure (pCO + pSi0) and the free energy change for
reaction (3). This is obtained from equation (6a) and
equation (D) given in the appendix.

S10(g) + 2C(graph.) = SiC(cub.) + CO(g) - - -(3)
AzG9 = - 8,430 - 2,23T cal/mol., (17056 - 1828°K) - - -(10)
Values of Kz = pCO/pSi0O obtained from equation (10), at
1450, 1500 and 15500C are 2.77 . 1072, 2,97 . 10~2 and
3,17 . 10°% respectively.
In the presence of solid graphite and silicon carbide
the silica activity of any slag is given by the equation
aSi0g = p2C0(slag) /p°CO(standard) - - - - - (9)



30,

THE C20-SiO0g_and Ca0-Al503-Si10o SYSTEMS,

The silica activities of liquid slags in the Ca0-8102
system are given in table 3 and fig. 5. The slags in-
vestigated contained 0.6% AlgOsz but in the present work
they are considered as simple binary slags. The slag
compositions given in table 3 refer.to the liquid slag
and in the case of slags in equilibrium with a solid
phase’at the experimental temperature, the liquid comp-
ositions have been obtained from the phase diagram.
The CaO-AlgOs-Si0p phase diagram is shown in fig. 4,17
and the silica activities of liguid slags in this system
are given in table 3 and figs. 5, 6, 7, 8, 9, 10 and 11.
The actual temperatures at which the determinations were
made are given in table 3 and the sllica activities
calculated from daté corresponding to these temperatures
were then taken uncorrected as applying to one of the
three 'rqunded' temperatures i.e. 1450, 1500 or 1550°C,
Figs. 55 6, 7 and 8 also show silica activities at 1600
and 1700°C which have been obtained by extrapolation of
the present results. These are considered in a later
section.

Table 4 gives the activities of calcium opthosilicate

in binary Ca0-SiOg slags at 1500 and 1550°C, calculated

from the binary silica activities by the Gibbs-Duhem



Table 3. - Silica activities of CaO-Al,0z-510g

Run No.

34
34R
36
36
37
38

13
13R
14
14R
15
24
25
26
27

19
20
21
23

28
29
30
31
32

* % ¥ N E RS

1450°c.

Liquid slag comp.

wt. %
CaOl Ales
1-38.1 0.6
1-38.1 0.6
1"'57. 8 1.0
1-380 5 5. 2
1-54.0 1.0
2-54.0 3.0
36.5 11.0
36. 5 11.0
21.7 11.0
2.7 11.0
31.6 11.0
35.2 11.0
49, 8 11.0
28,0 11.0
42.5 11.0
28.4 21.0
19.5 21.0
37.0 21.0
10.8 20.8
13.0 29.0
23.0 24.0
29.4 30. 4
6. 5 30.0
26.8 41.2
47.0 16.8
47.0 16.8
43.4 19.4
38, 8 19.5
35.7 19.6
27.2 ' 19.7
11.0 19.9

* - Results

5104

6l. 3
61.5
6l.2
56.3
45.0
43.0

53.56
53.5
68. 3
68. 3
58.4
53.8
39.2
61.0
46.5

50.6
59.56
42,0
68.4

58.0
53.0
40,2
3345
82. 0

36.2
36. 2
38,5
42.0
45.0
54.0
69.5

toc

1451
1451
1448
1450
1449
1450

1461
1447
1455
1452
1455
1462
1448
1449
1450

1449
1451
1448
1447

1451
1484
1453
1448
1449

1450
1480
1450
1450
1450
1450
1450

pSiO+pCO pCO

atm.

0.423
0.428
0.4056
0. 390
0.146
0.137

0. 330
0. 326
0.470
o. 454
0.402
0. 356
0,120
0,401
0.213

0. 316
0. 393
0.195
0. 390

0. 362
0. 351
0. 2256
0.121
0.166

0. 082
0.090
0.117
0.173
0.218
0.299
0. 363

of Baird and Taylor.

atm.

0. 411
0.416
0. 394
0. 379
0.142
0.133

0. 321
0. 317
0.456
0,422
0. 391
0. 436
0,117
0. 390
0. 207

0. 307
0. 382
0.189
0. 379

0. 3562
0. 341
0.219
0,117
0.161

0. 080
0. 087
0.114
0.168
0.212
0.290
0. 352

slags.

33102

0, 967
0, 989
O. 958
0. 863
0.122
0.104

0. 589
0,635
1.081
0. 993
0,793
0. 667
0,084
0,918
0.2565

0, 568
0.834
0. 223
0. 907

0, 708
0,619
0. 261
0,085
0.165

0.046
0. 055
0.093
0. 204
0. 324
0, 606
0. 893

1 - CS satde

2 - Cg8 satde



Table 3. - Silica activities of Ca0O-Algy03-S105 slags.

1500°¢C,
Liquid slag comp.
wt. %
Run No. Ca0 AlgOz S10, t9C. pSiO+pCO pCO  aSilg
atm. atm,
34 38,1 0.6 61.3 1499 0. 744 0.722 0.941
34R 38,1 0.6 61.3 1499 0. 728 0.706 0,901
35 1-41.,9 0.6 57.5 1496 0.619 0.600 0,698
36 1-43.0 2.8 54,2 1497 0. 575 0.558 0,589
38 2-66.5 0.6 43.9 1499 0. 269 0.261 0,114
13 3.5 11.0 53.5 1505 0. 604 0.586 0,539
13R 36.5 11.0 53.5 1499 0. 608 0.590 0,629
14 21.7 11.0 68.3 1501 0. 782 0.769 0.969
14R 21.7 11.0 68.3 1498 0. 742 0.720 0.9456
156 31.6 11.0 48,4 1503 0.696 0.675 0,749
24 35.2 11.0 53,8 1498 0. 597 0.579 0,605
25 49,8 11.0 39.2 1499 0.217 0.211 0,084
26 28.0 11.0 61.0 1497 0.688 0.664 0.835
27 42,5 11.0 46.5 1500 0. 367 0.356 0,226
19 28.4 21.0 50.6 1506 ' 0.539 0.523 0.420
20 19.5 21.0 59,5 1499 0. 652 0.632 0,722
21 37.0 21.0 42,0 1499 0. 318 0.309 0.172
22 47,2 18,0 34.8 1503 0.189 0.183 0,053
23 10.8 20.8 68.4 1499 0. 691 0.671 0,813
28 14,0 31.0 55,0 1498 0. 620 0.602 0,669
29 22.4 27.4 50.2 1498 0. 558 0.542 0,542
30 29.2 30.6 40,2 1497 0.413 0.406 0, 311
31 36.8 30.4 32.8 1498 0.191 0.185 0.063
32 26.8 41,2 32,0 1497 0. 308 0.300 0.169

* 45.0 19.0 35.0 1500 0.148 0.143 0,042
* 43.4 19.5 38,5 1500 0. 206 0.199 0.081
* 38,8 19,4 42,0 1500 0. 314 0.304 0.189
* 35.7 196 45.0 1500 0. 380 0.368 0,276
* 27.2 19,7 54.0 1500 0. 539 0.521 0,544
* 27.2 19,7 54,0 1500 0.532 0,515 0,542
* 11.0 19,9 69.5 1500 0. 656 0.635 0,824

* - Results of Baird and Taylor. 1 - CS satde

2 - Co8 satde



Table 3. - Silica activities of CaO-Al,05-S10p slags.
1550°¢.,

Liquid slag comp.
wt.% ‘
Run No. Ca0 Al.0; 8i0p t°C. pSi0O+pCO pCO  aSiOg
atm, atm.

34 38.1 0.6 61.3 1548 1.172 1.1356 0,762
34R 38.1 0.6 61.3 1848  1.176 1.138 0,766
35 42.5 0.6 56.9 1547 1.002 0,970 0,569
36 46,9 0,6 52.5 16548 0.694 0,672 0,267
37 51l.4 0.6 48.0 1649 0.577 0.558 0,180
38 56,8 0.6 43.6 1549 0.420 0,407 0,096
13 36.5 11.0 53.5 1686 1.027 0,994 0,490
13R 36.6 11.0 53.5 1588 1.017 0.984 0.460
14 21.7 11.0 68.3 15665 1.398 1.354 0,929
14R 21.7 11.0 68.3 1648 1.260 1.220 O.890
15 31.6 11.0 58.,4 1564 1.169 1.132 0,664
24 352 11.0 53.8 1550 0.983 0.952 0.513
25 _ 49.8 11.0 39.2 1548 0.375 0.363 0,078
26 28,0 11.0 61.0 16547 1.062 1.028 0,640
27 42.5 11.0 46.5 1549 0.590 0,571 0,189
19 28,4 21.0 50.6 1554 Oo.786 0,760 0,299
20 19.5 21.0 59.5 1548 1.0717 1,037 0.636
21 37.0 21.0 42.0 1547 0.499 0,483 0,140
23 10.8 20.8 68.4 1549 1.200 1.121 O.764
28 14.0 31.0 55.0 1549 1,067 1.033 0.617
29 21,3 30.8 47,9 1549 0.890 0.862 0,430
30 29.2 30.6 40,2 1549 0.593 0,574 0.191
31 36.8 30,4 32.8 16546 0.309 0.299 0.065
32 26.8 41.2 32,0 1548 0.517 0.501 0,148
* 66.5 0.8 43.4 1550 0.419 0.404 0,108
»* 51.3 0.8 47.7 1550 0.5684 0,563 0,210
* 46.2 0.8 53.1 1650 0.735 0.709 0,332
* 4l.4 O.7 58.8 1550 0,903 0.871 0,502
* 34.3 0.8 66.0 1550 1.1568 1.117 0.823

46.7 20.3 33.5 1550 0.257 0.248 0,041
43.4 19.5 38.5 1550 0.365 0,352 0,082
38.8 19.4 42.0 1550 0.538 0,519 0.178
35.7 19.6 45.0 1650 0.645 0,622 0,266
27.2 19,7 64,0 1550 0.940 0,907 0,544
11.0 19.9 69.5 1650 1.136 1.095 0,794

L AR IR 3K N 3

* - Results of Baird and Taylor.
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Table 4 - The activities of lime and calelum orthosilicate
determined from the experimental silica activities
and the Gibbs-Duhem equation.
Liquid slag comp.
wte %
Ca0 Alg03 S1i0g NCaO0 NSiOp 8aSi0g aCgS  aCal
1500°cC.

33.7 0.6 65.7 0.356 0,644 1.00 0. 060 0. 002
38,1 0.6 61l.3 0.398 0.598 0. 90 0.078 0. 003
42,5 0.6 56,9 0,442 0,553 0.65 0.160 0. 004
51.4 0.6 48,0 0,532 0,463 0.19 0. 680 0.016

56,8 0,6 43,6 0,576 0.420 0,12 1.000 0,025

1550°c,
32,8 0.6 66.6 0,345 0,655 1,00 0,055 0,002
38,1 0.6 61,3 0.398 0,598 0,81 0,092 0,003
42,5 0.6 56,9 0.442 0.553 0,55 0,191 0,005
46.9 0.6 52,5 0,487 0.509 0,29 0,390 0,010
514 0.6 48.0 0,532 0,463 0,17 0,650 0,018
55.8 0.6 43,6 0,576 0.420 0.11 0.960 0,027
56.4 0.6 43.0 0,582 0,414 0,10 1.000 0.028
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equation. Silica saturation and calcium orthosilicate
saturation compositions were taken as the limits of
integration. In fig. 12, silica and caléium orthosili-
cate activities are plotted against the silica mol.
fraction. Also shown in fig. 12 are the results of
Sakagami and Matsushitazo, end Chang and Derge21 which
have been introduced at this stage in order to relieve
the congestion in a later diagram.

Lime activities calculated from the calcium ortho-
silicatg activities and the free energies of calcium
ortho silicate given in the appendix are alsoc tabulated
in teble § and plotted in fig. 13. It will be noticed in
fig. 12 that the silica activity curve at 1500°C has been
conntinued through the region of calcium metasilicate
saturation. This enabled lime activities to be calcu-
lated at 1500°C and made possibie direct comparison with

22

the lime activities of Carter and Macfarlane whiéh are

also shown in fig. 13.

The free energy of formation of calcium metasilicate ).

The gslags of runs 37 and 38 may be considered to be in
equilibrium with both the orthosilicate and the meta-
silicate.at 14509C. This is only an approximation as the

tricalcium silicate phase field intervenes between those
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Table S.- The lime activities of liquid slags in
equilibrium with either calcium metasilicate

Run No.

34
35
36
37
38

35
36
37
38

or calcium orthosilicate.

Ligquid slag comp.

1-38.1
1-37.8
1-38.5
1-54.0
2-54.0

1-41.9
1-43.0
1-51.8
2-56.5

wt. %
Ca0 A1205 3102 .83102

0.6
1.8
5.2
1.0
3.0

0.6
2.8
0.7
0.6

1450°c.
61.3 0.97
61l.2 0,96
56.3 0.86
45.0 0,12
43.0 0.10

15000°c,

57.5 0,70
54.2 0,59
47.5 0.17
43.9 0,11

1l - CaO.SiOz saturated.
2 - 2Ca0.S810g saturated.

NS10g

0. 598
0. 597
0. 560
0.434
0,423

0, 560

- 0.529

0. 459
0,419

NCal

0. 398
0. 395
0.410
0.558
0. 577

0.436
0.450
0.536
0,576

aCa0l

0, 003
0. 003
0. 003
0. 021
0. 023

0. 004
0. 005
0.018
0,025
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of the orthosilicate and metasilicate. Using the free
energy of formation of calcium orthosilicate given in
the appendix and the experimentally determined silica
activities, lime activities of 0.021 and 0,023 are
calculated. The mean free energy of formation of calcium
metasilicate calculated from the lime and silica activ-
ities is - 20,500 cal./mol.

Si0o(quartz) + CaO{c) = Ca0,5102K) - - -(11)

AllG%=1725 = - 20,500 cal./mol. - - - -~ - - (12)

The free energy of formation of calcium metasilicate
can also be obtained at 1500°C using the experimentally
determined silica activities and the lime activities
derived by the Gibbs-Duhem equation. As can be seen from
the CaO-SiOz join in fig. 4, the boundaries of the meta-
silicate field are £58,0% SiOg, 42,0% Ca0 and 47.5% SiOg,
52.5% Ca0 at 1500°C, The silica activities at these
compositions are 0.71 and 0.18 respectively, and the
corresponding lime activities are 0.004 and 0.017. These
values lead to a mean free energy of formation of calcium
metasilicate from the constituent oxides of -20,550 cal./
mol. Comparison with equation(12) indicates that the
temperature effect is small and a value of -20,500 cal./
mol. is adopted in the experimental temperature range

(1723 - 18230K),
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Slags in equilibrium with CaO.Si0O- at 1450 and 1500°C.

In the presence of s0lid calcium metasilicate the
equilibrium constant for equation (11) reduces to

Ky9= 1/aCal . aSidg and values of this constant obtained
from equation (12) are 3.98 . 10° and 3.36 . 10° at 1450
and 1500°C respectively. Using these values and the
experimentally determined silica activities, the lime
activities of slags in equilibrium with the metasilicate
are calculated at 1450 and 1500°C. The activities obtain-

ed are tabulated in table 5 and plotted in fig. 13.

Slag in equilibrium with silica and Ca0.Si0q,

" The binary Ca0-58i0g phase diagram shows a eutectic.
between liquid slag, metasilicate and silica at a temp—-
erature of 1435°C and a composition of 36% Ca0, 64% SiOg.
Under these conditions Ky7 = 1/aCa0 and if the eutectic
temperature is teken as 1450°C a lime activity of 2.5 . 107 °
is obtained. This value, although sapproximate, is plotted

also in fig. 13.

In all calculations involving slags which are in
equilibrium with calcium orthosilicate and/or calcium
metasllicate it is assumed that these compounds are

stoichiometric.
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The silica sctivity of 'mullite' (3A1,0z.25i03).
The general significance of the silica activity of
'mullite'is first considered in this section before the
actual results are given.

In the determination of the silica activity of
'mullite the following reactions may be considered,

8A190:.25109(c) = 3A1,0z(c) + 25i0g(quartz) - - (13)

2810g(quartz) + 6C(graph.) = SiC(cub.) + 4C0(g)-(14)
A phase diagram of the Alg0z-SiOgy system, based on that
of Aramaki and Roy®%4, is given in figure 14. The only
addition to the diagram of these workers, the eutectoid
at 12409C, is discussed in a later section. Slags in the
'mullite' + corundum(AloOsz) phase field have a constant
silica activity and slags in the silica +'mullite' phase
field have a silica activity of unity. In the 'mullite’
phase field the silica activity is not constant and
drops in value as'mullite' compositions move from the
sllica phase boundary to the alumina phase boundary.
This provides a convenient method for the determination
of the boundaries of the 'mullite' phase field in the
Al502-8i05 system. During the determination of the
silica activity of a mullite in equilibrium with silica,
reaction (14) can be allowed to proceed from left to

right causing a loss of silica from the system. Thus, as
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Pig. 14 - Phase diagram for the system Alj*0%-SiOg,
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the 'mullite' loses silica the equilibrium pressure of
carbon monoxide should fall from one constant value to
the other, thus defining the boundaries of the 'mullite’
phase field 1f the loss of silica is known. |

For a 'mullite' in equilibrium with alumina the
silica activity which can be obtained at a given temp-
erature is the same as that for a ternary CaO-AlgO3-SiOg
liguid slag in equilibrium with'mullite' and alumina at

the same temperature. In the phase diagram of fig. 4 19,
the composition of such a slag at 1550°C is indicated
by the point X, and fig. 11 gives the experimentally
determined silica activity of this slag as 0.45. Toropow
and Galakhow®3, however, consider that the phase boundary
between liquid slag, 'mullite' and corundum in the CaO-
Al50z-S10g5 system should be displaced towards the alumina
end of the dlagram. This would result in a silica activity
of about 0.1 at 1550°C for a slag in equilibrium with
'mullite’ and corundum. The determination of the silica
activity of 'mullite' should indicate thé correct posit-
ion of the phase boundary.

When 'mullite' is in equilibrium with corundum, the
equilibrium constant for reaction (13) reduces to
K1z = a®Si0g and the free energy of formation of such

a 'mullite' can be calculated from the experimentally
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determined silica activity.

The determination of the silica activity of.'mullite'
can thus give the following information.

1) The extent, if any, of the 'mullite' phase field
in the system AlgOz-Si0s. |

2). The correct position of the phase boundary
between liquid slag, 'mullite’ and corundum in the
system Cao-A1205-3102.

3). The free energy of formation of 'mullite' which
is in equilibrium with aluminas.

The results of the determinations are shown in table
GA. The 'mullite' used in the compacts with graphite and
silicon carbide, was obtained from an external source

and apparently gave an X-ray diffraction photograph

- identical to that of a sample of very pure 'mullite’.

Unfortunately, analysis yielded the results given in
table bB - the compound 3A1205-28102 corresponds aﬁprox—
imately to 72% AlgOz, 28 % Si0y. The results, however,
are applicable for a mullite' containing 39.4% SiOg,
59.5% Alg0z and 1.1%(T105+Cal+Mg0) if it is assumed that
the volatilisation of the soda and potash and the reduct-
ion of the iron oxide take place fairly rapidly during
the determination. As a result of the presence of imp-

urities the results cannot be considered as completely



Table 6A - Results of

Loss of silica

from the
Run No. system. gms. t0C
1448
61 — - = Nil1 . . . (1498
1549
(1598
1450
61R — - - Unknown - - 1500
1560
\1598
4 1448
Nil - ~ -
1408
61R%
""4 0. 81 - - - 1499
0. 99 - — - 1550
k

the 'mullite' runs.

pCO aSilg

0. 369
0.639
1,008
0.168
0. 308
0,532
O. 886
1.427
0. 371
0.639
0. 531
0, 884

0. 840
0,753
0. 590
0. 622
0. 656
0,498
0. 444
0. 391
0. 847
0.753
0. 510
0,439

G% of formhe
'mullite’
cal. /mol.

-3,160
-4,020
-4,910
-5,880
-7,110

Table 6B - 'Mullite"analysis - wt.%.

Si0g Alg0z FeO TiOp Cal

Nazo

38,04 57.31 2,35 0,72 0.16 0.16 0.88 0.31
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conclusive.

The results of run 61 refer to the 'mullite' contain-
ing 39.4% Si0g, 59.5% AlgOz and 1.1% impurities. The
highest silica activity obtained is 0.84 at 1450°C and
in run 61R loss of silica from the system caused a drop
in the silica sctivity indicating that the 'mullite' of
run 61 lay in the 'mullite' phase field at the experi-
mental temperatures. The solublility of silica in 'mullite’
thus appears to be quite extensive but as stated above
the evidence cannot be regarded as conclusive because of
the impure mullite. The result is in agreement with the
work of Tromel®® but is not in agreement with the recent
work of Aramski and Roy?c4, '

In run 61R the evacuation of the system at 1450°C
before the determination of the equilibrium pressures,
caused an unknown asmount of reaction to occur with a
corresponding loss of an unknown amount of silica from
the system. As can be seen from table bA the results are
significantly different from those of run 6l1. In run 61R%
the results of run 61 were first confirmed at 1450 and
1500°C and then known amounts of reaction were caused at
1450 and 1500°C by periodically removing carbon monoxide
from the system and measuring the increase in pressure

as equilibrium was approached from 'below'. The loss in
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sllica from the system corresponding to an increase in
the pressure of carbon monoxide has already been given
as 0.56 . 1072 gms. - see p.<24. By this method it was
found that a constant equilibrium pressure was attained
after a loss of 0.8l gms. of silica from the system and
that a further loss of 0.18 gms. caused no change in this
value at constant temperature. The compact originally
contained 4gms. of 'mullite' and the loss of 0.8lgms. of
silica gives a'mullite' of 24,0%SiOg, 74.6% Alg03 and
1.4% impurities. The alumina-'mullite' phase boundary
thus corresponds to the approximate composition 75% Alg0g3,
25% S810o within the experimental temperature range. This
result is in excellent agreement with Arameki and Roy
who indicate a composition of 74.4% Alg0z, 25.6% SiOg.
The silica activity of 'mullite' in equilibrium
with alumina at 1550°C given in table 6A is 0.44. This
result confirms the position of the phase boundary be-
tween liquid slag, alumina and 'mullite' at 1550°C given
in the CaO-A1205-8102 diagram of fig. 4. It 1s emphasised,
however, that the gbove results give no indication of the
position of the boundary near the binary AlgOgz-SiOg join.
The recent work of Aramaki and Roy confirm the position
of the boundary in the Ca0-Alg03-Si0g system given in

fig. 4, in complete sgreement with the present work.
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The results of run 61R® indicate that the results
of 61R also refer to 'mullite' in equilibrium with
alumina and since the results in this run cover a
wider temperature range, the free energies of formation
of 'mullite' in equilibrium with alumina are calculated
from those results. The free energies of this 'mullite'
are also given in fig. ba and may be represented by the
linear equation
ByGQ = + 29,600 - 19.52T cal./mol., (1673 - 1873°K) - (15)
Extrapolation of equation (15) indicates that 'mullite'
is thermodynamically unstable with respect to silica and
corundum at temperatures below 1240°C. This result ace-
ounts for the 'eutectoid' addition to the A1,0,-510,
phase diagram of fig. 1l4.

Although the presence of impurities in the 'mullite’
used prevents rigid conclusions it is thought that the

results for pure'mullite' will be very similar to the

present results.

The relationship between silica activity and temperature.

The silica activities of slags which were liquid at
14500C and 1500°C have been treated statistically and
slags in both the Ca0-Alg0z-5i0g and CaO-Alg0z-MgO-8iOg

systems were included.
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The ratio, (aSiOg at 1500°C/aSiOg at 1450°C), obtained
from the analysis of 36 pairs of results is 0.89, with
a standard deviation of 0.07.

A similar analysis of slags ligquid at 1500 and 1550°C
gives a ratio, (aSi0g at 1550°C/aSi05; at 1500°C), of 0.88
with a standard deviation of 0.07, from 47 pairs of
results.

The temperature relationshlp adopted is

aSi0g at t9C/aSilg at t-50°C = 0,89 - - - - - (16)
The application of this equation must obviously be
limited but extrapolation of the present results to
16000¢C, particulafly at low silica activities, 1is
considered to be reliable. Extrapolations for slags in
the CaO-SiO2 and CaO—A1205-8102 systems are shown in

figs. 5, 6, 7 and 8. These extrapolations will be used

in the comparison of the present work with the results

of other investigators.
In the above analyses it is assumed that the temp-

erature coefficient is not a function of slag composition.

The effect of lime and alumina on the activity of silica.

The decrease in the silica activities caused by the
addition of 10% Alg0z or 10% CaO to slags containing

O and 20% Alg03 are given in table 7. As can be seen



Table 7 - The relative effect of lime and alumina
additions on the slilica activities of
Ca0-Al505-5105 1iquid slags at 1550°C.

AaaS10g,0:8=k, AgaSiOg,A:S=k, Acasiog
after addition after addition _—

aSi0g of 10% AlgOg3 of 10% CaO. A 2aS10g
0. 90 0, 32 0. 658 1.8
0. 80 0. 30 0. 556 1.8
0.70 0. 28 0. 51 1.8
0. 60 0. 24 0.43 1.8
0. 80 0.20 0. 35 1.8
0.40 0.14 0.28 2.0
0. 30 0.10 0.20 2.0
0. 20 0. 06 0.17 2.8
20.0% A1504
0. 80 0.14 0.11 0.8
0. 70 0.17 0.22 1.3
0. 60 0.16 0.30 1.9
0. 60 0.15 0.27 1.8
0. 40 0.12 0.24 2.0
0. 30 0. 09 0.18 2.0
7

0. 20 0. 04 0.186 Se
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from this table, the effect of lime 1s nearly 3 times
that of alumina, on a wt.% basis, near calcium ortho-
silicate saturation. On a mol. basis approxlimately 1.5
mols. alumina is equivalent to 1 mol. of lime.

It is not proposed to consider the effect of the
results given in table 7 on the theories of slag con-
spitution, as these theories 1lnvolve a large amount of

speculation.

THE CaO-Mg0-SiOgy SYSTEM.

The phase diagram for the system CaO—MgO-SiOzzﬁ, is
shown in fig. 15 and the silica activities of liguld
slags at 1450, 1500 and 1550°C are given in table 8 and
shown in figs. 16, 17, 18, 19, 20 and 21. The slags
investigated actually contained 0.6% AlgO5 but these

are considered as simple ternary CaO—MgO-SiO2 slags.

The free energy of formation of magnesium orthosilicate.

The phase diagram for the binary MgO-S5i0Og system ind-
icates that a liquid slag containing 62% SiOg and

38% MgO is in equilibrium with magnesium orthosilicate
and metasilicate at 1557°C. This point is also shown
on the Mgl-SiOg Jjoin of fig. 15 and in the interpret-
ation gi&en below the temperature of 1557°C is taken

as 15500¢C,




Fig. 15 - Phase diagram for the system
Ca0-MgO-SiOg. Temperature contours outline
the liquidus surface. Dots represent compounds.



48
49
50

51

52

53
54
55
66

Table 8 = The silica

activities of CaO-MgO-S10g

450°C,

1450°C

Liquid slag comp.
wt. %
Run No. Ca0 AlgO0z MgO0 8iOg

24.2
29.6
3642
40.6
44.9

14.2
2l.5
29.3
34.4

0.6
0.6
0.6
0.6

0.6

0.6
0.6
0.6
0.6

10.4
9.7
9.8
9.8
9.9

20. 4
19.8
19,8
19,9

64.8
60.1
53.4
49,0
44.6

64.8
58.1
50,3
45.1

liquid slags.

toc.

1450
1453
1449
1450
1448

1449
1449
1448
1449

pSi0+pCO0 pCO aSi0g

atm.

10,426

0. 426
0. 274
0,241
0.153

0. 422
0. 381
0. 268
0.195

atm.
0. 414
0.414
0. 266
0. 234
0.149

0.410
0. 371
0.261
0.190

1,010
0. 933

. 0. 427

0, 321
0. 157

1.010
0. 826
0,419
0.217



Run No. Ca0 ' Alg0s

48
49
50
51
52

53
54
55
56

57

58
59
60

Table 8 - The silica activities of CaO-MgO—SiOz
liquid slags.

150009C.

Liquid slag comp.
wte. %

23.0
29.6
36. 2
40.6
44,9

14.8
21.5
29.3
34.4
38,4

5.2
12.3
19.5

0.6
0.6
0.6
0.6
0.6

0;6
0.6
0.6
0.6
0.6

0.7
0. 6
0.5

MgO
9.7
9.7
9.8
9.8
9.9

19.8
19.8
19.8
19.9
20.0

28.4
29.0
29. 5

S10g
66.7
60. 1
53,4
49.0
44.6

64.8
58.1
50. 3
45.1
41,0

65.7
58.1
60.5

£°C
1500
1499
1499
1499
1498

1499
14¢8
1498
1499
1501

1498
1499
1497

pCO+pSi0O pCO

0. 771
0, 700
0.489
0,407
0.273

0. 751
0.639
0.466
0. 342
0. 310

0,749
0.653
0. 465

0. 748
0,679
0.475

0. 395

0. 265

0, 728
0. 620

'0.452

0. 332
0. 301

0. 727
0. 633
0. 451

aSi0g
0. 985
0. 832
0. 407
0. 281
0.129

0. 956
0.710

0, 377

0. 200
0.156

0, 977
0. 724
0. 385



Table 8 - The silica activities of CaO-MgO-SiOg
liquid slags.

Run No.

48
49
50
51
52 .

53
54
55
56
57

58
59
60

15509cC,

Liquid slag comp.
wt.%

Cal

23.0
29.6
36.2
40,6
44.9

14.8
2l.5
29. 3
34.4
38.4

5.2
12. 3

19.5

Alg03

0.6
0.6
0.6
0.6
0.6

0.6
0.6
0.6
0.6
0.6

0.7
0.6
0.5

MgO

9.7
9.7
0.8
9.8

9.9

19,8
19.8
19.8
19.9
20,0

28.4
29,0
29.5

$10g

66. 7
60.1
53.4
49,0
44.6

64.8
58.1
50, 3
45.1
41.0

65.7
58,1

50. 5

t0C

1547
1549
1549
1548
1548

1548
1548
1548
16850
1549

1548

- 1649

1547

pCO+pSi0 pCoO

atm.
1,233
1.113
0. 805
0. 651
0.455

1.233
1.039
0,755
0,573
0. 523

1. 274
1. 066
0,716

atm.
1.194
1.078
0. 780
0. 631
0.441

1,194
1,006
0. 731
O, 554
0. 507

1.234
1.032
0. 694

83102

0. 864
0.673
0. 352
0,235
0.115

0,843
0,600
0. 316
0.174
0.149

0. 901
0.616
0.298
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from fig. 15.
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Fig. 16 - Silica activities of CaO-MgO-SiOg slags,

(lofo MgO)
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1.0
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0.B
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Pig. 17. - Silica activities of CaO-MgO-SiOg slags

(20% MgO)
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Silica saturation
0.1 composition taken
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Pig. 18 - Silica activities of CaO-MgO-SiOg slags,

(30% MgO)
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In the above equilibrium the following reaction

may be considered,
S105(quartz) + 2Mg0.8i0g(e) = 2{(Mg0. 8103) (¢) -(17)

A silica activity for the slag gliven above, of 0.8 is
taken from fig. 21, and the equilibrium constant for
reaction (17) reduces to Kynp = 1/aS10g = 1.25. The free
energy change associated with reaction (17), calculated
from the value of K, is 81769559 = = 810 cal./mol.
On combination of this value with the free energy of
formation of magnesium metasilicate from the constifuent
oxides, given by Richardson et a1l4 and quoted in the
appendix, the free energy of formation of magnesium
orthosilicate from the constituent oxides is calculated
as - 13,000 cal./mol. at 15500C.

In the above calculation it is assumed that both

the orthosilicate and metasilicate are stoichiometric.

The effect of lime and magnesia on the activity of silica.

The decrease in silica activity caused by the addition
of 10% magnesia or 10% lime to liquid slags containing
O and 20% magnesia is shown in table S. As can be seen
from this table the effect of lime is nearly 2 times

that of magnesia, on a wt.% Basis. On a mol. basis



Table 9 - The relative effect of lime and magnesia
additions on the silica activities of
Ca0-Mg0-8S10g5 1iquid slags at 15500C,

AyaSi0g,C: 8=k, AcaSiog, M: 8=k, AcaSi.Og
after addition after addition —_—

aSi0g of 10% MgO. of 10% CaO. AuasSiog
0.0% MgO.
0. 90 0. 32 0. 49 1.5
0.80 0. 31 0. 50 1.6
0.70 0. 30 0.48 1.6
0.60 0. 27 0.42 1.6
0. 80 0.22 0. 36 1.6
0.40 0.17 0.31 1.8
20. 0% MgoO.
0. 90 0. 34 0. 32 0.9
0. 80 0. 30 0. 32 1.1
- 0.70 0.28 0.29 1.0
0.60 0.24 0.27 l.1
0. 50 0. 20 \ 0.24 1.2
0.40 0.14 0.21 1.5
0. 30 0.09 0.16 1.8
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approximately 3 mols. of magnesia are equivalent to
1 mol. of lime.

As in the case of the effect of alumina and lime
additions on silica activities, the above results are

not applied to theories of slag constitution.

THE CaO-Alp0z-MgO-8105 SYSTEM,

The 10% and 20% alumina sections of the quaternary

system are shown in figs. 22 and 28 respective1y27.

The silica activities of liquid slags in these systems
are given in tables 10 and 11, and shown in figs. 23 - 27
and 29 - 33 respectively.

The slags investigated actually contained approx-
imately 11% and 21% alumina but the error in approx-
imating the 10% and 20% AlgOz phase diagram sections, to
sections of 11% and 21% AlgOgz respectively, 1s considered

to be very small.



wt.%$ S1Og

Fig. 28 - Phase diagram, 10% AlgOg section,
of the system CaO-AlgOg-MgO-SiOg.



Table 10 = The silica activities of Ca0-Al203-Mg0O-SiOg

Run No.

62
63
64
65

67
68
69
70

liquid slags containing 11% Al1203z.

1450°cC.,

Liquid slag comp.
Wto%
Alg0g - MgO

Cal

9.8
18.3
273
36.1

3.4
11. 3
19.1
26.9

11,0
10.7
10.5
10.2

11.0
10.9
10.9
10. 8

9.9

9.9

9.9
9.9

19.6
19.6
19.6
19. 7

$10g

69.3
6l.1
52.3
43.8

66.0
58.2
50.4
42.6

t°C

1449
1449
1448
1448

1451
1449
1449
1450

pCO+pSi0 pCoO

atm.
0. 428
0. 389
0. 325
0.190

0.421
0. 382
0.312
0.190

atm.
0.416
0. 378
0. 316
0.185

0.409

0. 372
0. 303
0.184

aSiOg

1,040
0. 859
0.615
0.210

0. 983
0. 830
0.5562
0,199



Table 10 - The silica actlivities of CaO-Alg0z-MgO-510g

Run No.

62
65
64
65
66

67
68
69
70
71

1500°c¢,

Liquid slag comp.
wte. %
Ca0 Al903z Mg0 S1i0g

9.8
18. 3
RT«3
36.1
44,9

3.4
11.3
19.1
26. 9
34,8

11.0
10. 7
10.5
10.2

9.9

9.9
9.9
9.9
9.9
9.9

11.0 19.6

10.9 19.6

10.9 19.6

10.8 19.7

10.7 19.7

69. 3
6l.1
52.3
43.8
35.3

66.0
58.2
50.4
42.6

34.8

t0C

1497
1499
1499
1497
1499

1500
1500
1499
1499
1498

liquid slags containing 11% Al203.

pCO+pSi0 pCO aSiog

atm.
0.741
0. 655
0. 548
0. 336
0.213

0. 721
 0.635
0.495
0. 320
0.235

atm.
0. 720
0. 636
0. 532
0. 326
0. 207

0. 700
0.616
0.481
0. 311
0.228

0. 980
0, 730
0. 510
0.201
0.078

0. 865
0.673
0,417
0.175-
0,096



Table 10 - The silica activities of Ca0-AlgOz-MgO-5i0g
liquid slags containing 11% Al203.

Run No.

62
63
64
65
66

67
68
69
70
71

15500cC.

Liquid slag comp.
wte%
Al20z MgO

Cal

9.8
18.3
27.3
36.1
44,9

3.4
11. 3
19.1
26. 9

34. 8

11.0
10.7
10.5
10.2

9.9

11.0
10,9
10.9
10.8
10,7

9.9
9.9
9.9
9.9
9.9

19.6
19.6
19.6
19.7
19.7

5109

69,3
6l.1
52.3
43.8
35.3

66.0
58.2
50.4
42.6
34.8

£°¢

1547
1549
1548
1548
1548

1549
1549
1548
1549
1549

pCO+pS10 pCO

atm.
1.167
1,077
0. 859
0. 564
0. 384

1.134
1.046
0.813
0.565
0. 398

atm,

1,130

1,043
0, 832
0. 546
0. 372

1,098
1.013
0.788
0. 547
0. 386

a8102

0,772
0. 630
0.410
0.176
0. 080

0.700
0.593
0. 359
0.169
0.090



0.9
0.8
0.7
0.6
0.5
asSio
0.4
0.3
1460 C
0.2
0 - 145070.
0.1 Silica saturation
Q - 1loOO”C.y compositions taken
from fig. 22.
£ - 1550%.,
40.0 45.0 55. 0 60.0 65.0 70.0

Pig. 23 - Silica activities of CaO-AlgOs-MgO-SiO” slags.
(11% AI203, 10% MgO)



o - 1450°C.'|
I Silica saturation

Q - 1500°C.> compositions taken

I from fig. 22.
+ - 1550°C. g

40.0 45.0 50.0 55.0 60.0 65.0 70.0

Pig. 24 - Silica activities of CaO-Al1“Og-rMgO-SiOg slags.
(119G AlgOg, 20% MgO)



>

Fig. 25 - The silica activities at 145070 of
liquid CaO-Alo0”*x-MgO-SiO” slags
containing 11% AIZ203.

2-i20~ iso-activity curves. S.S. solid sol.
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The silica activities at 150070
of liquid CaO-Al17~0%-MgO-SiO” slags
containing 11% AlgO”.

— iso-activity curves. S.S. solid sol. U
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Phase diagram, 20% AlgOg section,
for the system Ca0-Alg03-MgO-8iQg,



Table 11 - The silica activities of CaO-AlgOg-MgO-SiOg
liquid slags containing 20% AlgOg.

Liquid slag comp.
wt. %
Run No. CaO AlgO0j MgO SiOg

1450~0.
39 1.3 20.4 9.8 68.5
40 11.3 20.3 9.8 58.6
41 22.5 20.3 9.8 47.4
42 33.8 20.2 9.8 36.2
44 0.0 20.4 19.7 59.9
45 5.0 20.4 19.7 54.9
46 14.8 20.5 19.8 44.9
47 19.8 20.6 19.8 39.8

15000c.
39 0.0 20.4 9.8 69.8
40 11.3 20. 3 9.8 58.6
41 22.5 20.3 9.8 47.4
42 33.8 20.2 9.8 36.2
43 45.0 20.1 9.9 25.0
44 0.0 20.4 19.7 59.9
45 5.0 20.4 19.7 54.9
46 14.8 20.5 19.8 44.9
47 19.8 20.4 19.8 39.8

15500cC.
39 0.0 20.4 9.8 69.8
40 11.3 20.3 9.8 58.6
41 22.5 20.3 9.8 47.4
42 33.8 20.2 9.8 36.2
43 45.0 20.1 9.9 25.0
44 0.0 20.4 19.7 59.9
45 5.0 20.4 19.7 54.9
46 14.8 20.5 19.8 44.9
47 19.8 20.6 19.8 39.8

t*C pCO+pSiO pCO

1450
1448
1448
1446

1449
1449
1449
1449

1498
1497
1498
1501
1500

1499
1498
1499
1501

1547
1546
1547
1552
1551

1548
1548
1548
1549

[eNeNeNe]

eoNeoNeNe)

eNeoNeoNoNa

[eNeoNoNe)

ocooomrmH

oOOoRrR

atm.

.426
. 381
.296
.135

. 389
. 379
. 263
. 202

. 715
.639
.496
.255
.148

.663
. 629
.452
. 373

.190
.044
. 781
.452
.282

.108
.013

717
.608

(oNeoNeoNe) [eNeNoNe

[oNeloNeNa]

oNeoNoNa

oOooomr

ocoooRr

atm.

.414
. 371
. 288
.131

. 378
. 369
. 255
.196

. 694
. 620
.482
. 248
.144

. 643
. 610
.439
. 362

.152
999
.756
.437
. 273

.073
. 981
694
.589

asioOg

[eNeoNoNoNe [eNeNoNe [eleoNeNoNe [oNeoNeoNe) oNolNeN o

oNelNeoNe)

.006
. 847
.512
.112

. 860
. 799
. 392
.231

.889
. 727
. 429
.106
.037

. 747
.687
. 347
. 225

. 803
.632
. 346
.104
. 041

. 666
.570
.298
. 201



0,3

0.1

O - 1450 C

Silica saturation
1450°C. - composition taken
from fig. 28.

35.0 40.0 45.0 55. 0 60. 0 65. 0

Pig. 29 - Silica activities of Ca0O-AlgO*-MgO-SiOg slags.

(20% Algog, 10~ MgO)

70.



0.6

O - 145070

0.2

0.1

40.0 45. 0 60.0 65. 0

Fig. 60 - Silica activities of CaO-AlgOg-MgO-SiOg slags.
(20% AljjOg, 20% Mg