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Electrical properties. The excellent combination of properties

that can be achieved by the introduction of substantial
proportions of flake graphite as a matrix component in magnesia-
-1

based refractories is well-documented However, although

these properties are of relevance in a conducting hearth refractory,
it is the electrical properties imparted by the graphite which
are the most important, and the graphite flakes must be distributed so

that a continuous network is formed in the brick matrix (Fig. 16).

Fig. 16. The optical microstructure of magnesia-graphite conducting hearth refractory. The
continuity of the graphite network (G) around the grains of periclase (P) can be seen

Electrical continuity is ensured by maximization of the number of
graphite particle-particle contacts. This is gchieved by the use
of a fine g}aphite particle size (typically 50‘per cent smaller
than 75um), which gives a high ratio of surface area to volume,
and a mixing technique that results in the coatihg of indiviqual

magnesia grains with a layer of graphite flakes.
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In order that the conductivity of these materials could be
assessed, the electrical resistivity of rammed and cured specimens

of 150mm length and 50mm diameter were determined. A simple

measuring technique was used, which had been developed for the

determination of the electrical resistivity of electrode paste15.

The measurements obtained on fused grain magnesia-graphite

materials containing up to 40 per cent graphite are shown in Fig. 17.

1 = Test pieces containing
synthetic graphite

2 =Test pieces containing
natural flake graphite

Electrical resistivity, 2-m

| i
10 20 30 40
Graphite content, % by mass

107¢

Fig. 17. Electrical resistivity versus graphite content for materials containing natural flake and
synthetic graphites at room temperature

As expected, the electrical resistivity of magnesia-graphite
materials decreases with increasing graphite content, irrespective
of the type of graphite used. However, a saturation level is

reached when the graphite content is above approximately 30 per cent,
i.e. when the minimum number of electrical contacts required ta

realize the maximum possible conductivity in the matrix is achieved.

At equivalent graphite contents, natural flake graphite is
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apparently marginally more effective as a matrix conductor than
'synthetic' graphite (ground electrode stubs), possibly because
of its greater degree of graphitization as the theoretical

atomic-packing density is approached.

Compatibility with process chemistry.

One reservation regarding

the use of carbon-containing refractories in the hearth of a plasma

furnace is the dissolution of carbon in the metal or alloy in the
bath. This problem is particularly relevant during the smelting
or refining of low-carbon ferro-alloys, and is the reason why the
use of graphite alone as a hearth material is avoided.

The Tikelihood of carbon pick-up from the graphite was evaluated
in a series of 10kg pot-test experiments in the small-scale pot-
Table 1 gives the chemical analysis of
silico-manganese, medium-carbon ferromanganese, and silicon fines
A magnesia-30 per cent graphite

test reactor (Fig. 14).

as received, and after remelting.

hearth was used.

melting.

TABLE
Analyses of fines as received and after re-
Composition, % by mass

1

Fe-Mn-Si fines

Medium-C Fe-Mn
fines

Si fines

As receiVed
Remelted

As received
Remel ted

As received
Remelted

Si

Mn Fe C Cr Ca
15,4 | 65,0 13,31 1, - -
16,5 | 67,9 | 14,2 1, - -
2,4 | 80,1 15,5 1,4 - -
2,7 | 79,2 15,7 1,4 - -
95,7 0,09 0,84 0,14(0,02]0,23
97,0 0,04 10,84 0,10|0,06( 0,06

No pick-up of carbon occurred in any of the remelted alloys, and the

silicon fines were even refined slightly.

This indicates the

suitability of this type of hearth for these remelting operations.
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On the larger 100 kVA scale, successful chromite-smelting trials
lasting many days were carried out using a rammed hearth containing
30 per cent graphite. Further trials are in progress in the larger
200 kVJ‘furnace using the bricked version as a preliminary stage

so that the suitability for scale-up can be assessed.

Initial results from these trials, which involved the remelting of DRI,
have indicated that power densities of 2,0 MW/m2 and above, at feed
rates exceeding 500 kg/hr, are possible with the bricked hearth design.

Use of alternative materials. Other materials are being

investigated for use as electrically conducting hearth refractories both
as the bulk-refractory oxide phase as well as the matrix-conducting
phase. These include alumina and partially stabilized zirconia as

the oxide phase, and finely ground ferro-alloy fines as the

conducting phase.

Fig. 18 presents the results of electrical-restivity tests that
were done at temperatures up to 1500°C under argon on a.fused-
grain magnesia-26 per cent graphite material, a commercial
alumina-26 per cent graphite brick, and a fused-grain magnesia-

35 per cent ground ferrochromium fines material.

Alumina-26% graphite

—

. ) Magnesia-ground FeCr Fines
1077 Magnesia-26% graphite

Electrical resistivity, Q-m
-8
A

[} 4 & o
A, L i 1

e e

0 250 500 750 1000 1250 1500

Temperature, °C

10°¢

Fig. 18. Electrical resistivity versus temperature for magnesia-graphite, alumina-graphite, and
magnesia-ground ferrochromium materials




6.2.

A1l three curves have a characteristic shape, which is similar to

that for semi-conductors. A rapid decrease in resistivity occurs

above about 750°C, followed by a flattening-off above 1150 to
1200°C. This is believed to be due to carbonizing of the phenolic
resin bond that is common to all three materials, since materials

of similar composition with a non-carbon yielding bond (e.g. Calgon)

do not exhibit this type of curve and, in fact, exhibit little

change in restivity over the whole temperature range.

Also, the resistivity values on cooling did not follow the
heating-up curve and showed only a slight increase in

resistivity when cooled to room temperature. It would

appear that, as the resin carbonizes, the electrical contact
between the graphite flakes improves, and continues to improve
until carbonization is complete at 1150 to 1200°C. This indicates
the importance of resin content and quality (i.e. carbon yield) in
electrically conducting refractories of this type. In general,
these results show that many combinations of oxide phase and
conducting-matrix phase are possible, and can be matched to
particular process-chemistry requirements. This is particularly
important when the conducting matrix phase is deliberately made

metallic because, if the purity of the material in the brick

‘matrix is equal to, or higher than that of the molten metal or

alloy in the bath, contamination due to dissolution of the
refractory matrix can be avoided. For example, it is highly
necessary for the formation of extremely stable carbides in
titanium alloys to be avoided, since even very small quantities
of dissolved carbon from a graphite matrix may make it difficult .

for alloy specifications to be met.

Stray Arcing

A phenomenon that has been encountered in the d.c. transferred-arc

furnace is 'stray' arcing, in which arcing from the cathode is directed

to the furnace shell via the roof components instead of to the anode via




the bath (Fig. 11). Stray arcing often occurs when the feeding of the
raw materials begins, which effectively increases the arc resistance.
This is obviously not desirable, since it results in over-heating of the

furnace shell and a loss of power input to the molten bath.

A more serious effect of stray arcing occurs when it is directed to a
water-cooled plasma torch, since it can cause holing of the outer water-

cooled copper tube with subsequent leaking of water into the furnace.

At Mintek the problem of stray arcing to the roof was overcome mainly by
electrical means and partly by changes in refractory design. The
electrical method involved electrical insultation of the roof from the
furnace itself. Hence, the roof shell is allowed to rise electrically to

a potential that could be of the order of 110 V for the 200 kW furnace.

Safety precautions are necessary to prevent personnel from accidentally
contacting the roof while working on the furnace. The change in
refractory design involved the development of a water-cooled electrode

seal or 'stuffing box', which physically isolates the electrode from

the roof shell (Fig. 19).

--T/1 Graphite
/ electrode
7

Resilient insulation

/‘ = Cooling water in
l 4 Compressive
I l insulation
Cooling water — Purge gas in
out ol .
|

Rammed, fired, and tar- Magnesia spinel brickwork

impregnated magnesia
plug

Fig. 19. Schematic arrangement of electrode seal and refractory plug
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Nitrogen is forced into the furnace and passes over the surface of the
hot electrode. This has the added advantage that the ingress of air

is suppressed and, hence, the oxidation of the graphite is reduced. The
refractory plug on which the seal is seated consists of a rammed and
fired 95 per cent magnesia material, which was impregnated with tar and
coked. At first, a 90 per cent alumina castable was tried, but this
could not withstand the thermal shock resulting from the high levels of

radiative heat energy reflected from the surface of the bath.

The stray arcing associated with the water-cooled plasma torch has been

overcome successfully by the installation of graphite sleeves round the
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outer copper tube -~ (Fig. 20).
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The choice of graphite is possibly surprising at first, in view of its
high conductivity. However, insulating ceramics like alumina or
sirconia cannot be used because of the tremendously high thermal gradients
through the sleeve, which can be as high as 1700 to 1750°C over a radial
thickness of 10 to 20mm. The alternative approach is the use of a
sleeve that is highly electrically conducting and the provision of a
dispersed Eurrent path back to the water-cooled copper tubes so that the
arc does not attach directly onto the copper. Graphite is the only
material currently available that can meet both requirements, i.e.
electrical conductivity and resistance to thermal shock. Open-arc
experiments with this design failed to induce any damage to the torch

due to stray arcing, even when the stray arc was deliberately introduced

to the graphite sleeve as a dead short.

6.3. Arc Flare

In d.c. single-electrode (or water-cooled plasma-torch) systems, the
problem of 'arc flare' has been eliminated largely by the use of a
centrally located electrode and by gas st&bi]ization of the plasma

column.

Howeverk if skewing of the afc is allowed to take place at the bath
surface, energy transfer can be directed towards the side‘wa]l of the
furnace, where rapid localized erosion of the refractories can occur
(Fig. 11). several conditions can lead to skewing of the arc-attachment
point, e.g. the use of extended arcs, insufficient flow of gas,
unsuitable geometry of the electrode tip,,and asymmetrical electrical
connections at the anode and the éathodeuwhere electromagnetic
interactions with the plasma column will force it away from a

centralized position. In larger furnaces these conditions can be



remedied to a certain extent by a sound engineering approach and the
control of process variables. However, in small-scale reactors, where
the critical distance between the electrode tip and the side wall is much

shorter, even slight exposure of the side walls to arc flare can result

in severe refractory damage.

This problem was largely overcome at Mintek by the use of selectively
placed water-cooled panels used in conjunction with refractories of high
conductivity, and by careful attention to electrode-tip geometry. An
example is given in Fig. 21, which shows a reactor of pot-test scale
with an enclosed cooling jacket of the helical-coil type, a rammed
resin-bonded magnesia-graphite refractory, and a machined 'pencil-point’

electrode tip.

Roof

i

Water-
cooling 0,25m

jacket -

Pencil
electrode

Magnesia—graphite
ramming

| Graphite
block

Fig. 21. Pot-test reactor with water cooling and pencil-point electrode tip

Successful trials were carried out with this system, up to ten
»

individual experiments being carried out with a single rammed lining
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with negligible fettling. Previously, a prefired 95 per cent

MgO-magnesia crucible was used in each experiment.

The pencil-point electrode tip ensures that the arc attachment at the
cathode is confined to a limited surface area at the tip, and cannot
wander around the periphery as it does with an electrode of larger
diameter. Typically, the electrode tip has a diameter of 15mm and a
central hole of 5mm, whereas the standard electrode used up to 200 kVA
level has a diameter of 50mm and a central hole of 10mm. The smaller
central hole requires fhat higher gas velocities should be generated
to maintain a similar gas flowrate. The higher gas velocities also
help to centralize the arc. The use of water—cooléd magnesia-graphite

materials is discussed in more detail in a later section.

6.4. Chemical Erosion of Side—wa11 Refractories

Although chemical erosion can be discussed as an individual mechanism of
refractory wear, it is usually associated with, and worsened by, the
arc-flare problem discussed above. Consequently, the methods used for
the.reduction of wear due to chemical erosion are similar to the methods
that can be used for the minimization of damage due to arc flare. In
add1t10n to se]ect1ve water-coo11ng of the side-wall refractories, raw
materials can be fed selectively into the furnace around the side walls,
particularly into hot-spot regions, to modify the composition of the
slag locally and toincrease the viscosity of the slag. This limits the

ability of the slag to penetrate into the open pores of the refractory

hot face.

Although chemical erosion is generally due to chemical interations
between the slag and the refractory phases, it can also be a direct

result of the reduction of the oxide refractory by silicon, titanium,
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aluminium, and carbon species that are dissolved in the alloy, as was

realized when inconsistent silicon levels were obtained during the

smelting of certain ferro-alloys. This inconsistency was invariably associated
with severe magnesia refractory erosion and a brilliant white flame

at the exhaust port. The erosion was in the form of under-cutting or
notching, and comprised up to 80 per cent of the original refractory

thickness over a side-wall depth of only 10 to 20mm. Upon analysis,

the condensed fume, which had rapidly blocked the off-gas port, was

cound to contain over 90 per cent Mg0, which confirmed that the intense

white flame was associated with the combustion of magnesium-metal vapour.

Some of the possible reduction reactions taking place in the furnace are

shown below.

M90(rep) + ST T S10(yap) * MI(yap)s (1)
« > .
MGO(ep) * %5¢ * 3510, (41,q) * MI(yap)> (2)

->

and Mgo(ref) + C =+ Co(vap) + Mg(vap)’

(4)

where the subscripts ref and vap refer to the refractory and the vapour

respectively.

Plots of the change in free energy as a function of temperature for these

reactions (based on one unit mole of magnesium vapour) are plotted in

Fig. 22.

27



AG, kJ/molnyp

1 = Reaction line MgOen + Si=SiOwap) + Mguap)
2 = Reaction line MgOen + 1Si=1SiO02(s1ap) + MBvap)
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Fig. 22. Free-energy diagram for the reduction of MgO by carbon or silicon (Data from Barin and
Knacke')

This simple thermodynamic approach indicates that, at a bath temperature

of 1600°C, none of the reactions are favoured, because a positive change

in free énergy is indicated. However, at a temperature of 1777°C, the

reduction of magnesia by silicon in the presence of Ca0 to form magnesium

vapour and dicalcium silicate is feasible-(reaction 3). In the absence

of Ca0, or where silicon monoxide is formed, the minimum reaction

temperatures are much higher, i.e. 2177 and 1997°C for reactions 2 and

1 respectively. Significantly, the carbon-reduction line j“(4) is the
next most favourable, a minimum temperature of 1857°C being required.

At temperatures above 1907°C, reduction by carbon becomes more favourable

-

than reduction by silicon.

reactions involve the.formation of

ot

It will be noted that all the above
one or more gaseous products, and almagnesium partial pressure of 1

atmosphere. Where one or both of the partial pressures of these species




are lower than 1 atmosphere, the equilibrium will be shifted to the right
of the equation. One effect of this is that the reaction becomes
thermodynamically feasible at a Tower temperature. Lines reflecting the
change in equilibrium for reduced magnesium partial pressure are also

shown in Fig. 22.

During the reduction of metallic oxides with carbon, carbon monoxide is
generated. This gas, together with the plasma gas nitrogen or argon,
lowers the partial pressure of the magnesium vapour in the furnace
atmosphere. If the partial pressure is lowered, say to 0,3 atmospheres,
reduction reaction 3 will be thermodynamically feasible at only 1592°C.
This is in accord with observations made during the furnace campaigns, i.e.
that maximum refractory erosion is associated with 'stewing' of the bath,
little slag cover, and with no feed entering the furnace. In this
instance, the magnesium vapour can be swept away by other furnace gases;
hence, a decreased partial pressure is maintained, and reduction of the
magnesia is favoured. If a deep slag cover is present, the total pressure
at the metal-refractory interface will be greater than 1 atmosphere and,
hence, the partial pressure of magnesium will approach 1 atmosphere. This

will result in less favourable conditions for the formation of magnesium.

These findings led to the adoption of modified furnace practice, in which
more careful attention to balancing of the feed rate and power input

obviates the need for 'stewing' of the melt prior to tapping.

A further devé]opment is the use of a freezellining to prevent the
molten slag and metal from contacting the sidelwa11‘refractory. A
layer of 'frozen' slag can be built up by se1ec£ive water-cooling of
the side wa]ié. The furnace lining then consists, in effect, of

resolidified slag. Alternatively, feed material can be added
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deliberately in such a way that it enters the furnace in close
proximity to the selectively water-cooled side walls. A thin layer of
unreacted feed is then built up at the side walls as the level of the

bath rises.

Initial work on the pot-test scale was so successful that prefired
magnesia and alumina crucibles could be reused several times. Fig. 23
shows a solidified plug of material with a surface coating (freeze
lining) of unreacted feed and slag. This plug was removed intact,

leaving an untouched refractory surface in the magnesia crucible.

Fig. 23. Solidified plug showing freeze lining of unreacted feed and slag

However, the rate at which heat can be removed from the reactor (which
limits the power-input level) is determined largely by the Tlow thermal

. RS -
conductivity of the magnesia , 1.e. 3,0 W/m/K.
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The thermal conductivities of magnesia -graphite materials are much

higher than this”

, typically about 20 W/m/K for a resin-bonded 80 per
cent magnesia-20 per cent graphite material, which allows for faster
rates of heat removal. The graphite content of these materials imparts
other properties that make them suitable for use in a plasma furnace,
as follows.

(a) Their resistance to thermal shock is excellent due to a minimal

degree of ceramic bonding between the magnesia grains, which

retards crack propagation through the refractory. Also, because
the graphite matrix is slightly compressible, it can absorb any
expansion of the individual magnesia grains.

(b) They have low coefficients of thermal expansion. For instance,
the typical percentage expansions of magnesia and magnesia-20 per
cent graphite material at 1200°C are 1,6 and 0,6 respective1y12.
The thermal expansions of magnesia and graphite also helps to
retard crack propagation during thermal cycling.

(¢) Their low wettability by molten phases minimizes the penetration

of those phases into the open pores of the hot face.

In addition, where resin or tar bonding is used, low porosity and good
hot strength can be achieved without the need for hard firing, which is
commonly used for magnesia brick. This feature makes the use of rammed
1inings in the 10 to 20 per cent graphite range very attractive for
smaller furnaces and for furnaces with complex lining designs that

preclude the use of preformed shapes.

Encouraging results were obtained with a resin-bonded fused-grain
magnesia-20 per cent flake graphite material, which can be rammed zn si#u

and requires a curing temperature of only 150°C. The testing of this
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material was limited to small-scale experiments in which 10kg of feed
material were used, and it was found that up to twelve individual
experiments could be performed with the same lining without the need for
major fettling. The cooling ability of the lining was improved further

by solid-metal cooling fins that were embedded in the refractory.

In conjunction with the research work on these materials, a computer

model is being developed that will enable water-cooled refractory

systems to be designed for larger furnaces requiring a protective freeze
lining. A one-dimensional steady-state heat-flow model enables the

design of the cooling panels,»and the flowrates, thermal conductivity of
the refractories, lining thicknesses, and freeze-lining thicknesses to

be specified. The system on which the model is based is shown schematically

in Fig. 24.

Water
in

Water-cooling Freeze

panel Y lining
—
Cooling _
Molten
bath

graphite
refrdctory

Ma;‘i:esia.— %,
b

Hg=Heat flow in frozen feed or slag layer
H. = Heat extracted by water cooling
Hg = Heat flow in refractory layer

Fig. 24. Schematic representation of the syste“m used in the development of the heat-flow model
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This concept can be extended further in the design of slag-covered
water-cooled panels at the upper side walls. However, in view of the
danger of stray arcing to the panel, where only a thin slag cover is
present, it is unlikely that water-cooled panels will be‘used
extensively without a hot-face lining of refractories in d.c.

transferred-arc furnaces in the near future.

6.5. Refractory Damage in Plasma-furnace Roofs

Before the plasma facilities at Mintek were developed, a major concern
was that the use of long (typically longer than 250mm) column plasma

arcs would result in radiation damage to the side walls. In practice,
however, the radiation damage was found to be directed rather at the

roof by intermittent upward reflection from the bath surface. The amount
of radiation reflected to the furnace roof is governed largely by the
nature of the process (i.e. whéther.{t involves melting or smelting), the
amount of gas produced in the proéess,_the arc length, the distance from

the bath surface to the roof, and the amount of feed material on the bath

surface..

Several alumina and magnesia castables or rammables were tried in the 100
and 200 kVA furnaces, but heavy spalling and reactions with the slag and
gaseous phases in the furnace atmosphere result in poor roof life. Coked
electrode paste was tried as an alternative roof material but, although this
material could withstand the thermal stresses imposed by the radiation,
rapid erosion often occurred in the hottest centre section due to the

ingress of air through the-various roof ports, particularly where the

sealing was inadequate.
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The dual requirements of high mechanical strength and a high degree of
resistance to thermal shock were met finally by the use of a composite
material developed by the use of existing concrete technology. This
material is based on a 95 per cent alumina castable, and contains 6
per cent by mass stainless-steel fibres measuring 0,5 by 2 by 25mm,

which are produced from a type 304 - 18 per cent chromium, 8 per cent

nickel - steel (Fig. 25).

Fig. 25. Sample of u.sed castable

k3

The dried and fired properties of this material are given in Table 2,

which shows the high strength attainable.

TABLE 2

Dried and fired properties of 95 per cent alumina castable
containing 6 per cent stainless-steel fibres

Property Dried at 110°C Fired at 1300°C
Bulk density, t/m> - 2,9 2,70
Cold crushing strength, MP. 62 » 31
Permanent linear change, % 1 - 0,5
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Successful furnace campaigns were achieved with the roof design shown

schematically in Fig. 26.

Water cooling
T Water-cooled Feed ‘ ?

off-gas ports
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Mild- 3— Steel shell
steel
anchors
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95% alumina castable
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Fig. 26. Schematic representation of water-cooled roof consisting of 95 per cent alumina castable
containing 6 per cent stainless-steel fibres

Because of its excellent resistance to damage from thermal shock,
the material lends itself to the use of water cooling, the
efficiency of which is aided by the use of mild-steel hanger pins
(anchors) that also help to maintain the structural integrity.
Typical heat losses of 10 to 12 kW to the cooling water were
noted for flowrates of 25 to 30 l/min. This was sufficient for
the integrity of the fibres to be maintained to within 20 mm of
the hot face. | |
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7. CONCLUSIONS

It has been shown that many operational and associated refractory
problems that are typical of a.c. open-bath furnaces occur in the
d.c. transferred-arc plasma furnace. However, the energy-transfer
mechanism to the bath, particularly where long arcs are used can

give rise to some problems that are confined to plasma-furnace

operation.

Many of the refractory problems have been solved, not by the
development of new refractories, but by the modification of existing
technology, and by the selection of the refractory as a component of
an engineering system rather than by the consideration of its

suitability as compared with that of alternative materials.

Thermal-plasma technology is reaching the stage where large-scale
pyrometallurgical applications are a reality, and smaller-scale
operations have been in use for mére than 10 years. One particular gas-
reforming process using plasma has been in use for some 40 years. The
larger-scale developments, i.e. greafer than 10 MW, are for the melting
of steel scrap and alloy steels, theismelting of ferro-alloys, and the
proces;ing of bag-house dust from steel plants. The refractory work
undertaken at Mintek so far has beﬁefited pi]ot-plant work and industry.
It is hoped that this contribution will be of assistance in the further
commercial realization of suitable plasma systems for the processing of

local materials that are less suited to processing by conventional

methods :
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