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SUMMARY

This work covers a brief effort to determine the behavior of cer-
tain oxides at high temperatures in the presence of carbon. The oxides
investigated were Sioz, Alzo s TiOz, 2r0, and F6203, with Si0, being of
major interest. It is shown that the oxides of Si, Al, Ti and Zr react
mainly in the gaseous state with carbon, and proceeds through the forma=-
tion of a carbide.’ The oxides of Al and Fe showed appreciable reaction
in the liquid phase as well as in the gaseous condition. The Fe reac-
tion went to completion in a very short time.

An attempt is made to define the mechanism of the reduction of S5i0,.
This is covered in some detall by experiments made in small graphite
crucibles and laboratory=-scale smelting trials. It is shown that as long
as carbon is available, the gaseous oxide of silicon reacts with the car-
bon to form a carbide. This is shown in small graphite erucibles. No
evidence could be found of crucible attack (liquid-solid reaction) or
even crucible wetting by liquid Sioz. In the laboratory-scale smelting

trials designed to produce elemental silicon, in which the carbon is
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limited, it is shown that carbon, a carbide, and elemental silicon exist
at the site of carbon particles, The silicon is attached to the carbide
which is attached to the carbon., The evidence suggests strongly that the
total reaction surface of the carbon is an important factor in the mech-
anism since the silicon is always nearest the heat source (electric arc),
One would expect the rate of vaporization of the oxide of silicon to be
important also,

It is further shown that the rate of the reduction reaction for
producing elemental silicon may be increased by using finely divided
materials, It would appear that in present commercial operations the
reaction rate is controlled by the rather limited surface area since the
carbon particles are large. With small particle sizes of carbon the rate
could be controlled by the rate at which the oxide of silicon is vapor=-
ized. This implies that there may be an optimum particle size of carbon
for which the rates are equal.

An increase in production rate is indicative only and further work
should be carried out on a larger furnace., Several other operational

advantages, however, would make the concept worthy of investigation.
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INTRODUCTION

The general problem dealt with in this investigation covers the re-
duction of metal oxides with carbon at high temperatures. The oxides of
silicon, aluminum, titanium, zirconium, and iron are of interest., A
macro=mechanism is presented for the reduction of silica with carbon and
an sznalogy is drawn for alumina, titania, and zirconia. The experimental
work is performmed in a small=scale electric-arc furnace,

The element, silicony; has been of economic importance for many
years. Commercial quantities of silicon, either as the element, or as in
various alloys with iron called the ferrosilicons, are produced in elec=
tric-arc furnaces. The reduction of silica to silicon is accomplished
with carbon and at extremely high temperatures attainable only in arc fur-
naces, In the main, elemental silicon is used by the aluminum industry
and the various grades of the ferrosilicons are used by the steel indus=-
try. There are numerous other uses for silicon as well,

During World War II and for several years after, silicon was in high
demand. Furnace capacity increased and the average size of furnaces

increased greatly. When "normal® times arrived there was almost twice
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the furnace capacity that was requireds In addition to this foreign
competition increased., The result has been a drastic lowering of prices
and increased operating costs due to idle equipment and other factors,
The profit picture has suffered considerably and in some cases is
non=existent.

In view of the above it would seem advisable to investigate some
possible variations of existing practices in order to increase produc-
tivity. Unfortunately, the literature is very sketchy on practice al-
though some information exists, A paper by Wise (1) is an example as
applied te ferrosilicon containing 75 per cent silicon. It is known (2)
that practices vary slightly from one producer to another in certain de-
tailse It can be saild however, that silicon and the ferrosilicons are
produced, in general, by the same techniques, There are adjustments
made to allow for the iron content of the alloy being produced and for
the level of the fixed carbon required in the smelting process, Large
quartz, asbout 4 by 1 in., is mixed with predetermined quentities of re-
ductant, usually 3 in., by down, and steel turnings which supply the iron.
The reductants are coal, coke, and wood chips. The ash content of the
reductants is kept as low as possible but runs, on the average, from
2 to 4 per cent, which places a limit on the purity of the product. It
can be imagined that sampling a mixture of this sort just prior to
smelting for final control would be extremely difficult and costly.

This is not done and the operators depend on the accuracy of their

batching system which includes the human element.
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The high temperatures required for smelting are generated by the
electric arc. Furnaces designed for smelting are cperated with the heat
source or arcs submerged and they are called submerged-arc furnaces,
This means that the electrodes made of carbon or graphite, or conductors
of the current, are made to arc under a cover of the mixturs being
smelted. The furnace therefore is full of mixture at all times and the
electrode tips are buried, making the operation continuous. The mixture
is added as it is required at the top and the product is withdrawn at
regular intervals from the bottom at the hearth level. Successful prace
tice depends on many factors, of which a homogeneous charge is one, and
problems arise occasionally when segregation ceccurs in the mixture
causing variations in resistivity. The furnace responds to such changes
by raising or lowering the electrodes to allow for the change in resisti-
vity and this generally requires local additions to the mixture to cor-
rect the condition. Control over the smelting operation requires close
attention and considerable talent on the part of the operator. The pro-
duct is handled in some fashion which need not be considered as essential
to the work undertaken. It is to be noted that the recovery of silicen
decreases as the silicon content of the alloy produced is increased., At
the so=called silicon ™metal’ level recovery is about 65 per cent,

It may be seen from the brief description presented that certain
short~comings are inherent in the process. These are listed as:

1) the level of impurities is high and under present practices

there exists a limit to which they can be lowered prior to

smelting.
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2) the control of material blended for smelting is difficult and
would be costly,

3) segregation occurs in the mixture being smelted that leads to
operating difficulties which require the attention of an artist,

L) at higher levels of silicon the recovery is net good,

A scheme which would solve these problems as well as lend itself to
all the grades of ferrosilicon on existing equipment could be the use of
finely divided materials, Some industries use fine materials out of
necessity, such as the non-ferrous peopley, and there have been consider—
able advances in the use of fines through some form of agglomeration.
Vertman and Samarin (3) showed that the kinetics of their reaction was
significantly improved by decreasing the particle size of the reactants,
It may be possible to solve several problems with some changes and also
cause an increase in the productivity. At any rate it would appear that
work in this field should be done.

In order to gain an insight into the behavior of oxides at high
temperature in the presence of carbon, several oxides should be investi=
gated. It may be possible to classify oxides according to some general
type of reaction. Although some elements of interest are not presently
produced by carbon reduction it is believed that, with a better under-
standing of the behavior of their oxides, techniques will be developed
to make this a reality. Any advance in this direction would certainly
occupy the excess furnace capacity where applicable, and improve the

overall economic and competitive picture,
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The work of Vertman and Samarin (3) on effect of particle size on
the reaction rate was carried out under a vacuum and it was noted that
some vaporization occurred, Kroll and Schlechten (4) reported that con-
siderable volatilization took place with oxides in a vacuum, Other
problems in this work suggested that commercial applications using a
vacuu were doubtful, Although vacuum technology is improving daily,
its widespread use is still a long way off, At least as it applies to
carbon reduction at high temperatures,

Vertman and Samarin report that a difference of opinion exists
on the mechanism of reduction. One is that the diffusion of carbon is
the rate~controlling step. The other, which is supported bty Vertman
and Samarin, indicates a surface type of reaction. Thelr work was done
using chromic oxide and carbon., BRegardless of the mechanism as seen
today, it would appear that the use of finely divided reactants would
enhance productivity. The splendid work done in the thermodynamic field
on the identification and stabilities of various suboxides is extremely
useful where it applies., References (5) through (9) are examples.

Unfortunately, for one reason or another, the information available
is sadly lacking. Research and development is the answer and it is hoped
that some interest can be stimulated and that in the future significant

eontributions will be made in this area,
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EQUIPMENT AND MATERIALS

The furnace used in this work is shown in Fig. 1. Power is sup-
plied by two welding generators which will deliver up to 24 kw d.c. Any
desired load may be selected at the generators and a constant load is de=
livered, that is, the product of voltage and amperage is constant, The
current is applied through the electrode with pesitive polarity and is
returned through a graphite bottom with negative polarity. This arrange-
ment is necessary in order to prevent the formation of a cavity on the
bottom (or hearth), There is no regulator on this furnace and the de=
sired relationship between voltage and amperage is maintained manually
by raising or lowering the electrode thereby adjusting the gap through
which the arc must travel (resistance), Most arc furnaces, industrial
or otherwise, operate on a.,c., power and it is not known whether or not
using a.c. or d.c., would affect the results, The writer feels it would
make no difference since all furnaces are heaters only.

All materials used in this work were of the chemically pure variety
with the exception of the quartz, reductant, and the electrode stocks,



T-1008

Pigo lo Arc Furnace Used in the Experimental Work»
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The quartz is mined in North Carclina and is avaeilable and used in in-

dustrial quantities., The analysis is as followss

Constituent Per cent
S10, 99.50
K1,0, 0,15
F92°3 0,05
Ca0 + MgO 0,05
Other Baleance

It was decided to use this material since it is the purest variety
from which the desired particle sizes could be obtained,
The petroleum cocke used as the reductant was calcined and contsined

the followings

Constituent Per cent

Fixed Carbon 98,00
Ash 0,69
oM Balance

Petroleum coke is used industrially in small amounts and is not calcined
in which case the VOM is considerably higher and the fixed carbon propor-

tionally lower,
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EXPERTMENTAL PROCEDURE AND RESULTS

The experimental effort is divided into three parts, each of which
will be treated separately. The first part deals with the preliminary
work on various oxides toc determine their eariy behavior in the presence
of carbon at high temperatures. The second part is a continuation of the
first covering the behavior of 8102 in an attempt to determine the mecha-
nism of reduction of SiO2 to Si, The third is an attempt to study the

effect of particle size on the reduction rate of Siozc

Small graphite crucibles were prepared from furnace-electrode
stock. They were 13 inches in diameter and 13 inches high, A hole was
drilled 5/8-inch diameter to within 3=inch of the bottom, The cavity
was packed with oxide and the crucible was buried in a bed of petroleum
coke 4 x 6 mesh. It was found by trial and error that one inch of coke
on the bottom with 1% inches over the top gave the desired results,

The current was passed through the mass and extremely high temperatures
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were generated by the arcing between the particles of coke, This pro=
vided a sufficiently high temperature in a relatively short time. It
is believed that the temperature was in the neighborhood of 2500°C,
The general arrangement used is shown in Fig, 2, A current of 300 amperes
at 45 volis was used for various periods of time., Actual arc temperature
is believed to be about 3500°C,

The oxides of silicon, aluminum, titanium, zirconium, and iron
were treated in the mammer outlined at various times. Fig., 3 shows the
results of this treatment and the times are total, ZX=ray diffraction
techniques (powder patterns) were employed to identify the compounds at
the top and bottom of each crucible, Table 1 gives the summary of
this work,
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Fig. 2, Arrangement for the Study of Behavior of (Oxides in Presence
of Carben at High Temperatures,
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Table 1. Identification of Compounds at Top and Bottom of
Crucible After Heating of QOxide.
Oxide Position Compound Identified
Top o =51C
Sioz
Bottom No Pattern - Fused Quartz
Top ﬂuCB
Al 0O :
273
Bottom All.,q’()3
Top TiC
Ti.o2
Bottom 'Ji‘.’x,O2
Top ZrC
z:»oz ‘
Bottom Zr02
Top Fe
Fe O
23 Bottom Fe

13
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Behavior of Si 02

The same scheme given in the preceeding section was used and a con-
tinuation of this type of study was made on Siozo Silica was heated
for varying times to determine if any changes occurred in the product
with time, Fig. 4 shows the results of heating for the times indica-
ted, There can be seen no evidence of crucible attack (or ewven wet-
ting), Fig. 5 shows the same thing continued for 3% hours of heating,
In this case the crucible was removed from the furnace after each hour
and the S:‘L.O2 replenished, It was necessary to cut off the top of the
crucible after each withdrawal in order to salvage the ecompound formed
at the top and after the second hour a new crucible had to be used.

Fig. 6 shows the resulits of heating different combinations of
materials in the graphite crucibles. All times are again total. The
silicon was a commercial variety and was powdered. The SiC was also
an industrial material and the 510, used was high purity o(-quarts.
These were mixed but not compacted. The combination of S0, + C was
in the form of pellets as used in the smelting trials,

Table 2 gives the summary of all the work in this study.
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Table 2, Summary of Work on S:’i.()2 and Other Materials,

Material Time, Min. Compound Identified
S‘iOz 5
” 15
Inereasing amounts
" 30
‘ of &(=8iC
" 60 at top
" 210
si 30 eX=5iC
SiC + SiO2 30 o.8iC
S:’:.O2 + C 30 X =58iC
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Continuation of Heating SiOg as in Fig» 4»
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Reduction Rate of Si0
_,—mmm—-_—z

Duplicate heats were made using carefully sized silica and cal=
cined petroleum coke. The sizes investigated were 4 x 6 mesh, 8 x 10
mesh, and minus 100 mesh, The reactants were used in stoichiometric
proportions to yield silicon and they were well mixed, The minus 100
mesh blend was pelletized using sugar as a binder, and dried prior to

smelting. The reaction of interest iss

SiO2 + 2C ~ 51 + 2C0

A complete log of each heat is included in the Appendix, together with
the appropriate weights and measures,

The procedure used in making these heats was developed by the writer
after several years experience on furnaces of all sizes, It amounts to
arcing on a coke bed for a period of time called the pre-heat, The coke
bed is used to prevent the oxidation of the graphite hearth, After pre-
heating the charging of the reactants is started. This is done rather
slowly and around the sidewalls of the furnace crucible, The level of
the mixture is raised slowly enough to allow sufficient time for the
formation of the inner crucible, which is the smelting zone., Once the
crucible is formed and the arc is submerged the level of the mixture
may be raised at a slightly higher rate., It can be seen that the mixture
of reactants makes its own lining. The mixture is then added as re-
quired after adequate stoking which means pushing the mixture toward

the bottom of the immer crucible manually from the top., The gaseous

19



T-1008 20

reaction products rise to the surface of the mixture the combustible
portion of which ignites.

Fig. 7 shows a sketch of the furnace in operation.

Table 3 gives the pertinent data for the six heats on the effect
of particle size on reduction rate.

Figs. 8, 9 and 10 show the relative size of particles used in
these heats and a section of the crucible from one heat in each set,
The crucibles were essentially spherical in shape except at the bottom

where the product collects (see Fig. 7)o
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DISCUSSION

An effort is made to discuss each part of this work separately
even though some overlap is unavoidable, It is essential, for example,
to use information gained in one part of the investigation to explain

a point in another,

Prelimina Studie

This part of the work covers a preliminary study on the early
behavior of the oxides of silicon, aluminum, titanium, zirconium, and
iron. It is shown that iron reacts with carbon at high temperatures
and that the reaction goes to completion in a short time., It may be
said that the iron was used as a control, The reaction is certainly
well known and needs no comment here,

Silica, alumina, titania; and zirconia react with carbon at high
temperatures to form carbides. These are identified as ©{-SiC, Alhc3’
TiCy and ZrC, The carbide of aluminum reacts with water to form the

hydroxide and methane,

26
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The carbides exist as long as carbon is present, This was shown to
be true for silicon carbide and one would expect, by analogy, that the
same holds true for the other carbides as well, This also occurs when
a reaction first begins even in a system which is stoichiometrically
balanced to provide the element because of a localized abundance of
carborie One would expect that carbon diffusion is involved but the
vapor pressure of the carbon at high temperatures is not to be disre-
garded, The carbide forms at first which then reacts with the additional
oxide in the system to yield the element,

It is known that silicon is produced commercially according to the

following equations

Sio2 + 2C — S1 + 200

The level of the fixed carbon used in practice ranges from 93 to 97 per
cent of the theoretical amount required., The carbon contributed by the
electrodes is not generally considered. If an excess of carbon is used
silicon carbide is formed, If three moles of carbon are used per mole of
8102 all carbide will result,.

The following overall reactions are given to show that an analogy

is possible for the oxides in questiont
510, + 2C —— Si + 2C0 @)

510

b, + 3€ —— S5iC + 2C0 (2)
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Al 203 3¢ — 271 3C0
2A1203 9C  — A1403 6Co
Ti02 20 —— T 2Co
1102 3C ——— TiC 2C0
ZrO2 20 ——n 2r 2C0
ZJ:'O2 3 ——— ZrC 3C0

Since it is known that Eg.

(1) is used commercially it is not un-

(3)

®)

(5)

(6)

(7)

(8)

likely that BEgs. (3), (5), and (7) would yield the element as well,

Details of the operation would vary according to the nature of the

products, The level of impurities is not considered here and the pro-

duct would no doubt require refining,

oxides are alsc to be considered.

Iinear standard free energy charts show that the only difference

would be in the operating temperatures required. These temperatures are

Desirable combinations of the

readily obtainable in the electric-arc furnace and are as followst

Temperature, °C

1550
2010
1650
2170
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The above temperatures are for Eg. (1), (3), (5), and (7) from
which the element is produced and represent the temperature at which
carbon monoxide has a larger negative free energy of formation than
the oxide (AG®° for the reaction is zero).

It should be pointed out that the behavior of these oxides dig-
tates that at the temperatures involved even a partial vacuum should be

avoided, Investigators have reported that the use of wacuum techniques,

even at lower temperatures, has led to problems with volatilizatien. It

would be possible, however, to produce metals from oxides which do not

vaporize at reaction temperatures in a vacuun,.

Behavior of 510,

It can be seen from the results of using various combinations of
materials that silicon carbide is the predominant product when carbon
is present in abundance. The work on laboratory-scale smelting trials,
covered in the next section, shows that carbon, silicon carbide, and
silicon exist separately and that the carbon surface is occupied., It
may be said then that the first step of the reaction is the volatiliza-
tion of 510, as 510 + 30,. The oxygen reacts with carbon to form CO at
high temperatures. The Si0 reacts with carbon to form SiC and CO.

SiC then reacts with additional SiO to form Si and CO,
From the above, the‘following mechanism for the reduction of SiO

2
with carbon at high temperatures is suggested:

29
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25102(1) 25400y * /Oéfg)

,S&ejg) + ZC(S)—ﬁﬂﬂ’;SiC?é) + CO(g)
ey ) 70

,sze?;) +,,szezé5———7-231(1) + CO(g)

2810

2@1) o+ LFC(S)—’_-?- 254 +  4C0

(1) ()

The above mechanism suggests that the silicon is formed at the
surface of the carbon which was previously converted to silicon carbide.
This condition was observed in the smelting trials.

The formation of the carbide must take place rapidly since care
bon monoxide is the more stable. The formation of carbon monoxide in
the reaction between carbon and oxygen must tske place instantaneously.
The final reaction must require most of the energy suggesting that the
reaction would depend on the number of active carbon surfaces available
and not carbon diffusion. One cannot imagine thét a gas-solid reaction
of this type depends on carbon diffusion since there is an intermediate
product. In a commercial operation this would explain the low recovery
of silicon, and, why the use of finely divided material, with more sur=
face area, would increase the reduction rate. Further, at the tempera=
ture involved the vapor pressure of the carbon is significant, and it may
be possible that Si0 and carbon react to some extent when both are in
the gaseous state. It is known that, in commercial furnaces, SiC forms
around the electrodes on top of the mixture, where temperatures are low,

when too much carbon is present. Silicon carbide also forms in the
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smelting zone., In the vernacular, this situation is referred to as an
"over-coked" condition,

Published thermodynamic data show that Si0 is stable above 2100°K,
Volatility data (10,11) only indicate that the main reaction involwad

in vaporization of Si0, at high temperatures in & vacuum is¢

2

10, (3 5100y + 205(5) (1)

The total vapor pressure over 8102(9) at 1600°C has been reported as
4,38 x 10“6 atmosphere. The standard free emergy change for the above

reaction at 1600°C can be calculated as followss

=6
P, = p + p = 4,38 x 10 atm
T si0 0,
Po, = ¥rs10
. _ 6
s PS:‘i.O = 2.92x 10"
and = lohé X 10 6

[ -

S AP = b.58(1873)10g 1070745
AG® = 472,600 cal

With additional information it is interesting to show the effect of the
presence of carbon on the partial pressure of Sio(g), Consider the

reaction

¢ + %0 = (0 )
2
(s) (g) (g)7 8

for which K1600°c = ]0f°
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If the sum of reactions (1) and (2) is considered, thens

i

- 1 =8,.i5
Sioz(s) = 31o(g) + %oz(g) (x 10 )

L = = 107°68
Coy * g % P K = 2007

. _ - =077
3102($> + c(s> = Sic(g) + co(g) (kK = 10 )

o =077
(9310)(pco) 10

= + +
Since P(total) P Peio po2 * p002 and

p02 + pC02 are negligible

therefore p = P

Si0 co

and p_ = 10°°°385 = o.41 atm

S5io

Even though the data may be in error, and reference is made to
160000, the effect of carbon on the vapor pressure of Sio(g) is quite
pronounced, 1.0y 2,92 x lﬂwé atm in the absenge of carbon and O.4%1 atm

in the presence of carbon, One would expect a more remarkable increase

et arc temperatures

The laboratory-scale smelting trials were made with the conditions
controlled as closely as possible., It must be mentioned, however, that

the nature of the work leads to semi-quantitative results and that these
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data are indicative only, The reasons are that 1) continuous opera-
tion of a small furnace for a sufficiently long period to provide
enough product for handling is extremely difficult if not impossibls,
2) the bulk of the charge in the furnace is in various stages of re-
duction so that suitable collection of the product is impossible, and
3) an analytical procedure for determining the amcunts of the various
conpounds is not known.

Fig, 11 shows the reduction rate as a function of the particle
size of the reactants., Both the silica and reductant were sized
identically although it would seem the quartz sizing would not be too
eritical since fusion and vaporization take place. The silica must be
sized for convenience, however, particularly when agglomeration is re-
guired., Since the curve is not strictly quantitative no effort is
made to evaluate this further, A significant increase in reduction
rate is indicated and additionai work should be done on a larger scale.
It is felt that the improvement is due to the increase in surface area
of the carbon available for reaction.

The use of finely divided materials, particularly a size suitable
for agglomeration, cffers certain advantages over present practices
and these are enumerated as followss

(1) a grade of reductant can be used in which the ash content

(impurity level) is low thereby providing a product of
higher purity.

(2) only one reductant is required rather than 3 or 4.
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(3) close chemical control may be exercised just prior to
smelting.

() the technique lends itself to automation.

(5) a homogeneous furnace feed would result giving improved
operating stability.

(6) recovery of silicon should be improved.

(7) the scheme would apply to all of the ferrosilicons and to
alloys other than ferrosilicon.
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CONCLUSIONS

Although the work covered is preliminary in nature and introducss
an area of study in which considerable work needs to be dons, the fol-

lowing conclusions are drawns

1) Silica, alumina, titania and zirconia are vaporized at high
temperatures and react with carbon to form a carbide.

2) Silicon carbide reacts further with additional oxide of
silicon, probably a suboxide, and elemental silicon is
produced,.

3) The reduction of silica is a gas-solid reaction, the rate of
which depends on the surface area of the carbon available.

4) Decreasing the particle size of both reactants shows a sig-

nificant increase in reaction rate.

Additional studies are required to learn more about the bshavior of
the oxides mentioned as well as others. Efforts should be made on the

feasibility of producing aluminum, titanium, and zirconium directly by
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carbon reduction., Further study should be made on the effect of pare
ticle size on reaction rates and would best be accomplished on a fur-

nace of intermediate size of at least 500 kva.

37
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RECORD OF HEAT NO, 1

Dates 12/7/63

Materialss Coke 4 x 6 mesh (98% F.Co)
Gravel 4 x 6 mesh (999 8102)

Mixture Orders Coke 2448 g
Gravel 6036 g
1004 carbon theory

Preparationt Rolled in drum. Dumped on floor and mixed

Just prior to charging.

Charging:z By hand as required., Stoking as required.
Weights: Coke bed 300 g (4 x 6 mesh)
Electrode - Start 1260 g
End 1048 ¢
Used 212 g

Performance: See following log.
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Performances

Aggeres(a)
Time Volts Reading Actual KW Remarks
10325 50 130 270 13,50 Start pre%gﬁto 200 N generator
Setting‘ "/, Arcing on coke bed,

10:30 65 160 150 9,78

10835 LG 190 285 13.95

10340 55 150 225 12,38

10345 61 110 165 10,07

10:50 50 180 270 13,50

10:55 55 150 225 12,38 Start charging slowly arcund side-
walls to form crucible, Leoad
picked up and steady., Preheat
30 min.

11300 35 230 345 12,08 load steady.

11:05 35 240 360 12,60 Crucible forming. Charged at
end of period.

11:10 Lo 220 330 13,20 Crucible continuing to form. Arc
almost completely eoversd,

11:15 L3 200 300 12,90 Crucible O.K., Are covsred., Load
is steady, Crucible formation
20 min.

11520 42 210 315 13,23 Continue with charging as re-
quired, Heavy blus flame over
mixture,

11325 40 215 322 12,90 load steady. Crucible getting
wider, Gas flame at tap hole.

11335 40 210 315 12,60 load Steady. Top stoked in,
Crucible 0.K. Good flame
pattern,

11345 45 190 285 12.83 load steady. Stoked and covered,

11250 L7 180 270 12,70 Stoked in and covered,

12300 48 180 270 12,96 Load steady.

12:10 438 180 270 12,96

12220 Y4 190 285 13.40 Stoked in and covered, Big
crucible,

12325 L1 210 315 12,90

12:35 74 180 270 12,70

12345 46 190 285 13.10 Stoked and charged as required.

12850 50 170 255 12,75

1:00 45 190 285 12.83

1:15 hs 200 300 13,50 All mixture in furnace,

1330 ) 190 285 13,10

1:32 4s 200 300. 13,50 Electrode freed. Power off, Met-

allic specks on electrode top.
Smelting time 137 min.

(2) Ampere factor x 1.5 because of shunt,

(t) Same for all heats.
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Results Had large crucible., More stoking would close it in some,
Metal well collec@d at electrode tip with silicon carbide

below metal, Some metallic specks on wall of crucible,

Unreacted mixture 3988 g
Partially reacted

and fused 2345 g
Metal - SiC = C L4o5 g
60 =~ 30 =10 243 g
Metal 243 ¢

Commentss Figures for power consumption and electrode consumpiion

not determined,

L2
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RECORD OF HEAT NO. la

Date:  12/8/63

Materialss Coke 4 x 6 mesh (98% F,C.)
Gravel 4 x 6 mesh (99.5% 8102)

Mixture Orders Coke -~ 2448 g
Gravel -~ 6036 g
1004 carbon theory

Preparation: Rolled in drum., Dumped on floor and mixed just
prior to charging.

Charging: By hand as required. Stoking as required.

Weightss Coke bed 300 g (4 x 6 mesh)
Elsctrode - Start 1048 g

End 806 ¢
Used 242 g

Performance: See following log.
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Performances
Anperes ()
Iime
12830 Ls 200 300
12335 51 180 270
12840 42 170 255
12:45 L3 180 270
12350 by 180 270
12555 ks 150 285
1200 bg 190 285
1805 b3 220 330
1510 40 200 300
1:15 Ls 180 270
1320 &7 170 255
125 43 190 285
1330 L2 200 300
1835 i1 200 300
1:40 Ls 186 270
1sh45 39 210 315
1:55 4o 200 300
2805 4o 200 300
2315 Lo 200 300
2:20 40 200 300
2325 &0 200 300
2:30 42 190 285
2:40 4o 200 300
2345 40 200 300
3200 45 180 270
3305 45 180 270
3315 Lg 180 270
3217 45 180 270

13,50
13.78
13.26
12,46
12,70
12,83
12.83

13.53
12,00

12,15

12,00

12,26
12,60
12.30

12,15
12,30
12,00
12,00
12,00
12,00
12,00
11.97
12,00
12,00
12.15
12,15
12.15
12.15

Volts Reading Actual KW Remarks

Start preheat on coke bed.

Start charging around side-
walls., Ioad steady. Pree-
heat 30 min.

Load picked up slightly,.
Charging as required, Raiss
electrode slightly becauss of
load pick upo
Crucible forming nicely. Arc
almost covered.

Crucible O.K., Stoked slight-
ly and covered, Crucible
formation 20 min.

Stoked in and covered,

Stoked in and covered,

Seems to have more flame that
Heat 1.

Stoked in and covered,

Stoked in and covered,
Stoked in and covered,
Stoked in and covered,

Stoked in and covered,
Stoked in and coversd,

A1l mixture in furnace.
Stoked in and covered,

Electrode freed, Power off.
Metalliec specks on electrode
tip, Smelting time 117 min.

(2) Ampere factor Xl.5 because of shunt.
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Results Crucible smaller than in Heat 1 but slightly thicker,
Metal well collected at tip of electrode. Some metallic

specks on wall of crucible,

Unreacted mixture 4100 g
Partially reacted

and fused 2050 ¢
Metal - 8iC = C

60 = 30 - 10 480 g
Metal 288 g

Comments: Figures for power consumption and electrods consumption
not determined.
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RECORD OF HEAT NOo 2

Date:

Materdalss

L[26/64

Coke 8 x 10 mesh (98% F,C.)
Gravel 8 x 10 mesh (99.5% Sioz)

Mixture Order: Coke = 3264 g

Gravel - 8048 g
100% carbon theory

Preparations Relled in drume. Dumped on Floor and mixed Jjust

Chargings

Weightss

prior to charging.
By hand as required. Stoking as required.

Coke bed 300 g (4 x 6 mesh)

Electrode - Start 1800 g
End 183 ¢
Used 217 g

Performances See following log.
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Performances
&ge;:es (a>
Iime  Volts Reading Actual _ KW __
Bshs b6 190 285 13,10
8250 50 175 262 13,10
Bs55 51 170 255 13,00
9300 50 170 255 12,75
9305 47 190 285 13,40
9810 46 190 2858 13.10
9315 45 200 300 13,50
9820 L2 200 300 12,60
9325 4 190 285 12,25
9330 Il 185 278 12,22
9:35 48 180 270 12,96
9:40 49 170 255 12,50
9345 50 160 240 12,00
9:50 50 170 255 12,75
9857
10200 ko 200 300 12,00
10310 45 190 285 12,80
1020 43 170 255 10,97
10230 48 170 255 12,22
10540 4s 190 285 12.81
10550 46 180 270 12,41
11500 47 170 255 12,00
11510 45 200 300 13,50
11320 L8 170 255 12,25
11:30 50 170 255 12,75
1140 Ls 200 300 13,50

W7

Remarks
Start preheat on coke bed,

Start charging around sidewalls
slowly. Preheat 30 min,
Crucible forming.

Crucible good size.

Arc covered, Crucible formation
20 min.

Niece gas pattern.

Good gas pattern,
lost load, Stoked in and picked
Uupo

Inad fluctuating slightly.

Worked as required,

Stoked in and covered.

All mixture not charged.
Electrode stuck., Power off,
Smelting time 125 min.

(a) Ampere factor x 1.5 because of shunt,
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Result: Crucible good size., Metal well collected at electrode tip.
More mem visible on walls of crucible., Some whiskers at

site of carbon particles.

Unused nmixture 2500 g
Unreacted mixture 3768 g
Partially reacted

and fused 2040 g
Metal - SiC = ¢C

70 = 20 = 10 M5 g
Metal 512 g

Commentst Figures for power consumption and electrode consumption
not determined,
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Date: h/30/64

aterialss Coke 8 x 10 mesh (98% F.C.)

Gravel 8 x 10 mesh (99.5% 510, )

Mixture Orders Coke = 2856 g
Gravel = 7042 g
100% carbon theory

Preparations Rolled in drum. Dumped on floor and mixed just
prior to charging,

Chargings By hand as required. Stoking as required.

Wejghtss Coke bed = 300 g (& x 6 mesh)
Electrode = Start 1529 g

End 1290 g
Used 239 g

Performances See following log.
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Porformance:

(a)
ere

Dme  Yolts Reading Actual _ KW _ Remarks

7810 45 200 300 13.50 Start preheat on coke bed,
7315 4y 190 285 13,40

7320 50 180 270 1350

7325 49 180 270 13622

72830 45 200 300 13,50

7835 48 180 270 12,96

7340 50 180 270 13,50 Start charging slowly around

sidewalls, Prsheat 30 min.

7345 43 210 315 13,55 Crucible forming.

7850 Ls 190 285 17,81

7855 4h 200 300 13,20 Are almost coversd,

8200 Ll 200 300 13,20 Crucible formation 20 win.
8305 by 190 285 12,53 MNice gas pattern.

83510 45 190 285 12.81

8315 Ly 190 285 12,53 Stoked in and covered,

8:20 Ls 200 300 13,50

8330 §5 200 300 13,50 Stoked in and covered,

8540 by 190 285 12,53

8350 43 200 300 12,90 Nice gas pattern.

9500 L 190 285 12,53 Stoked in and covered.

9310 L 190 285 12,53

9320 L6 180 270 12,41 Stoked in and covered.

9330 L2 210 315 13,23

9240 4g 190 285 12,81

9850 41 210 315 12,91 Stoked in and covered,
10:00 L5 190 285 12,82 large crucible, Furnace left

to run to free electrede,

10315 42 190 285 11.96 Electrode freed., Power off,
. Smelting time 135 min.

(a) Ampere factor x 1.5 because of shunt.
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Result: Crucible good size. Metal well collected at electrode tip.
Several metal whiskers on walls of crucible attached to

carbon.

Unused mixture 1201 g
Unreacted mixture 3740 g

Partially rescted
and fused 2160 g

Metal - S8SiC - C 800 g
70 = 20 = 10 560 g
Comments: Figures for power consumption and slectrede consumption

not determined,
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RECORD OF HEAT NO, 3

Date:  3/13/6k4

Materialss Coke 100 mesh x down (97.5% FoCo)
Gravel 100 mesh x down (99,0% 5102)

Sugar bindsr (42,09 F.C.)

100% carbon theory

Mixture Order:

Preparations

Charging: By

Pellets 7455 ¢

Mixtures of materials containing 2020 g gravel, 796 g
coke, and 56 g sugar was blended in & muller for 10

minutes, 10% water was added and the mixture blended
for another 10 minutes, Material was pelletized in a
rotating ceramic ball mill with water added as it was
required. Pellets were dried for 18 hours under heat

lamps. Moisture content after drying was 0.1% Hy0,

hand as required. Stoking as required.

Weightss Coke bed 300 g (4 x 6 mesh)

Electrode =~ Start 712 g

Performances

End 22 ¢
Used 40 g

See following log.
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Performances

Amperes (a)

Time Volts Reading Actual KW Remarks

1:05 47 190 285 13,40 Start preheat on coke bed,

1:10 45 200 200 13,50

1315 45 200 300 13.50

1520 50 170 255 12.75

1325 L7 180 270 12.69

1830 50 170 255 12.75

1:35 51 160 240 12,25 Start charging around sidewalls.
Preheat time 30 min.

1340 35 220 330 11,56 Iload picks ups

1:45 36 220 330 11.88 Arc almost covered.

1350 Ly 190 285 12,53 Cruecible open.

1:55 45 190 285 12,81 Cover arc. Crucible forma-
tion 20 min.

2300 ks 180 270 12,15 Stoked in and covered.

2:10 54 140 210 11.3% lower electrode to pick up load.

2:20 46 170 255 11.72 Stoking seems to be much easier,
No sticking around electrode,

23530 i 170 255 11,22 Stoked in and covered,

2340 45 170 255 11.48 Stoked in and covered,

2350 ks 170 255 11.48 Stoked in and covered, Seems to
have more gas volume and fume.

3300 46 170 255 11.72 Lost load and restored,

3810 45 170 255 11,48

3320 L3 170 255 11.48

3322 Power off, 87 minutes, Lost load could not pick upe.

(a) Ampere factor x1.5 because of shunt.
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Results

Although run is short crucible was in good condition and
metal was well collected. Since it is assumed that reduc-

tion rate is linear for all of smelting period this heat is

useful,

Unreacted pellets 3808 g
Partially reacted

and fused 1620 g
Metal = SiC = C

50 = 40 = 10 716 g
Metal 358 g

Comments: Figures for power consumption and electrode consumption

not determined,
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RECORD O 0, 32

Dates 3/14 /64

Materislss Coke 100 mesh x down (97.5% F.C.)
Gravel 100 mesh x down (99.0% 510,)
Sugar binder (42.0% F.C.)

100% carbon theory
Mixture Order: Pellets 8815 g
Preparationt Same as for Heat No, 3.
Charging: By hand as required., Stoking as required.

Weights: Coke bed 300 g (4 x 6 mesh)
Electrode = Start 1255 g

BEnd 1108 g
Used 169 g

Performasnce: See following loge.
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Performances
Amperes (&)

Time

10350 45 200 300
10355 L6 190 285
11500 54 160 240
11305 B2 170 255
11:10 48 180 270
11415 52 160 Z40
11320 Ly 170 255
11325 Lo 200 300
11330 5 220 330
11:35 i3 190 285
11840 Ly 190 285
11350 Liy 190 285
12:00 L1 200 300
12310 40 200 300
12:20 38 210 315
12:30 40 200 300
12:40 40 200 300
12350 Lo 210 315
1:00 50 200 300
1:10 ] 190 285
1:20 L5 180 270
1330 39 210 315
1340 Lo 190 285
1:50 L2 190 285
2300 42 200 300

13,50
13.12
12,97
13027
12,96
12,49
11.21

12,00
13052
12,25
12,53

12,53
12,30
12,00
12,96
12,00
12,00
12,60

12,00
11.40
12,15
12,29
11,40
11,96
12,60

Volts Reading Actual KW Remarks

Start preheat on coke bed,

Start charging around side-
walls, Preheat time 30 min,

Are almost covered.

Crucible forming nicely. Cover
arc, Crueible formation 20 min.
Stoks and feed as required,

Electrode free most of time.
Very easy to stoke and cover,

Very easy to maintain mixture
level,

Nice gas pattern,

Not so much fume this heat,
Stokes very easily.

Mixture level easily maintained.
Electrode free., Power off,
Smelting time 140 min.

(a) Ampere factor x 1,5 because of shunt,
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Resultss Very good heat, Pellets do not stick arcund electrode and
mix level easily maintained. Metal well collected.

Unreacted pellets 4107 ¢
Partially reacted

and fused 1642 g
Metal = S8iC = C

70 - 20 - 10 956 g
Metal 669 g

Commentss Figures for power consumption and electrode consumption

not determined,



