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Abstract
The Søderberg electrode was invented about 95 years ago by the company Elektrokjemisk, later
known as ELKEM. It is still the most commonly used electrode system in submerged-arc
furnaces for ferroalloys, platinum smelting, and slag cleaning operations. The size of the
furnaces and electrodes has increased over the years and electrode diameters up to 2000 mm
are today in use. Such large electrodes can be challenging to manage, and large electrodes are
also more demanding when it comes to the electrode paste used in the electrodes.
Although electrode sizes and equipment around the electrodes have changed, the main
principles of the Søderberg electrode processes are the same. To assists in proper
understanding of the electrode processes and to optimize electrode management, Elkem has
developed several mathematical tools covering various aspect of the process. Both
temperatures and thermal stresses can be calculated during dynamic conditions.
The paper demonstrates, with examples, how the tools are used in both education and as
practical input to improved electrode performance.

Carl Wilhelm Söderberg, 1876 - 1955
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Introduction
Søderberg electrodes are still the most commonly used electrode system in submerged-arc
furnaces for production of various ferroalloys, for platinum smelting, as well as for slag cleaning
operations. Elkem developed the first, small self-baking Søderberg electrode in 1917. Since then
there have been extensive developments in the electrode technology, and electrodes with
diameter up to 2000 mm are used today. The trends of increasing furnace sizes are continuing
and many older, smaller furnaces have been replaced with larger, more power-efficient modern
furnaces. In parallel with this development, Elkem has developed electrode paste that can
withstand the tougher loads and conditions often encountered in the larger electrodes.
Although electrode sizes and equipment around the electrodes have changed, the main
principles of the Søderberg electrode processes remain the same (Figure 1). To assist in the
proper understanding of the electrode processes and to optimize electrode management,
Elkem has developed several mathematical tools covering various aspects of the process.
ElkemD is the model tool for calculating temperatures in both static and dynamic operational
conditions. ElkemT is the model where the results from ElkemD are used as input for calculation
of thermal stresses under dynamic conditions e.g. shut-down of a furnace. Several publications
demonstrating the usefulness of the tools have been issued1, 2.
Results from modelling work are used as part of the technical service3 we offer to the smelters
using electrode paste from Elkem Carbon. This paper gives some examples on how the tools
can be used and how the results can give practical input to improved electrode performance.
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Figure 1-The Søderberg electrode
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How the models function
The first version of the model was made in the1970s. The subsequent development of
computer calculating capacity has made many improvements possible, including larger and
more detailed models, faster results, and simpler user interface, resulting in improved results
presentation. The tools are today installed on laptops and are used as online tools during
technical meetings with the electrode paste users.
Finite-element methods are applied to construct the models (Figure 2). A polar coordinate
system is placed in the electrode with the coordinates r (radius), z (parallel to electrode) and Φ
(rotation angle). The three-dimensional electrode has been simplified to a cylindrical rzgeometry in two dimensions and is considered to be symmetrical around the z-axis. The finiteelement model consist of several elements put together to make the geometry of the
electrode. The elements are connected at common ’nodal points’. All nodal points are given a
set of temperature-dependent properties, and equations for electrical current and heat flux for
all nodal point are generated. The model resolves the equations (ElkemD) until the system
converge giving the temperatures, heat- and current fluxes at static condition. A change in the
boundary conditions, slipping rate, or electrical current can be applied (dynamic condition), and
the model will then calculate the new temperature distributions as function of time. The nodal
points in ElkemT are given a set of temperature-dependent mechanical properties; modulus of
elasticity, Poisson’s ratio, and thermal expansion. ElkemT uses the temperature distributions
from ElkemD to calculate deformations and forces at each nodal point during the dynamic
transition. The stresses during steady state are considered to be very low and the calculated
stress distributions are presented as the stresses relative to the dynamic condition.
t , α, ε

Model inputs:
 Electrode current, kA
 Slipping rate, mm/h
 Various material
properties:

Finite element
model

Model results

500°C

• Specific electrical resistivity,
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 Geometry
 Boundary condition
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• Surrounding temperatures, t
• Heat transfer coefficients, α
• Emission factors, ε
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tt ,, α ,, ε

Figure 2-Model input and presentation of results
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The input data to the model are electrode geometry, current load, and slipping rate. It is also
necessary to define boundary conditions as temperatures and heat transfer parameters against
the surroundings. For the holder region it is also necessary to give input on the electrical
contact resistance.
When the input data is finished a new file describing the nodal points in the finite element
model is generated. The initial calculations include the heat generated by the electrical current
and the heat balance that finally gives the temperature distribution in the electrode. The
calculation includes the effect of using AC current, the shift of the electrical current towards the
electrode surface.
ISOPLOT for temperatures (°C)

3 N/mm2
500°C

500°C

500°C

- 3 N/mm2

Time =0

After 15 hours After 28 hours

Elkem D: Temperature changes
during a shut down

1 N/mm2

After 15 hours

- 3 N/mm2

After 28 hours

Elkem T: Calculated thermal
stresses

Figure 3-Calculated temperatures and thermal stresses during a 12 hour shut-down in 1.8 m
electrodes

The best results are obtained if special tubes are installed inside the electrodes all the way from
the very top of the electrode column down to the holder region. It is then possible to measure
the real temperatures and adjust the heat transfer parameters in the model until the calculated
temperatures fits with the measured one. Such a validated model is a very powerful tool for
checking the effect of parameter changes such as as air temperatures, electrode current, or
thermal stresses during shut-downs (Figure 3).
Where modelling is useful
Experimenting with electrode slipping rate or current load can be conducted on the actual
electrodes, but the effects of the changes are difficult to document since this is very timeconsuming and will increase the risk of electrode problems. It is quicker and much safer to use
modelling tools and calculations in order to evaluate the effects of various process changes.
Some typical parameters that are studied by the models are:
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•
•
•
•

Electrode paste melting conditions
Slipping rate and baking zone position
Freeboard temperatures and isotherms inside the electrodes
Thermal stresses during shut-down - optimization of shut-down procedures.

Examples of use the models
Studies of electrode paste melting conditions
Proper melting of the electrode paste before it enters the holder region is important. Too cold
conditions can result in defects in the form of cracks or cavities that can later cause breakages.
Achieving the correct temperature range of molten paste is necessary, and there are many
examples of operations where the paste melting conditions are poor and serious electrode
problems occur.
The temperature range for obtaining proper melting of Elkem electrode paste is known4, and
we recommend adjusting conditions until the temperature requirements are met. The
electrode model is an important tool for evaluation of the temperatures inside the electrode
when the boundary conditions are measured.
The example in Figure 4 shows the importance of controlling the paste temperature before it
enters the electrode holder section. The temperature in the electrode with no heated air will
reach only 60°C one metre above the top of the holder, and this can be too low to obtain safe
paste melting. Using heated electrode air will alter the paste melting conditions above the
holder, controlling the paste temperature and ensuting it is kept at a safe level.
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Figure 4-Calculated isotherms in the upper part of electrodes with cold versus heated electrode air.
1.55 m electrode diameter for FeCr smelting. 78 kA secondary current and electrode slipping of 1.3
cm/h

Slipping rate and baking zone position
One of the most important parameters for safe electrode management on electrodes with high
current density is control of the position of the baking zone. This zone should be understood as
the area in the electrode where the electrode paste is converted from the liquid to the solid
state and where the material starts conducting electricity; this transformation happens at 450500 °C. For simplicity we study the position of the 500°C isotherm. For such high current density
electrodes it is important to maintain the baking zone within the current clamps. A baking zone
far below the clamps can cause soft electrode breakages in this type of electrode. However, in
electrodes utilizing lower current densities, e.g. for smelting of platinum or FeNi, it is normal to
have the 500°C isotherm below the current clamps without causing problems.
Figure 5 illustrates how we can define the baking zone position and how its position is
influenced by the slipping rate of the electrode. ElkemD is used to calculate the baking zone
position at two different slipping rates; 36 cm/day and 50 cm/day. The electrodes have 1.35 m
diameter and secondary current is 65 kA. The baking zone position has dropped from 14.5 cm
above the lower end of the holder to only 10 cm. This decrease is somewhat excessive and is
not recommended.
In electrodes with high current density there are many examples where soft breakages have
occurred as a result of insufficient control of slipping rate. Some of these experiences have also
been published5.
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Defininition of baking
zone position: C
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Distance above lower end
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2

Slipping rate: 36 cm/day
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D = (3+26)/2 = 14,5 CM

D = (2+19)/2 = 10 CM

Figure 5-Definition of baking zone position and calculation of baking zone for the cases with different
slipping rate. 1.35 m electrode diameter and 65 kA secondary current. Electrodes with high current
density

Some parameters will directly influence the slipping rate. Changes in charge mix are often
experienced, and will change the electrode consumption rate and hence the slipping rate. It
should also be mentioned that the quality of the electrode paste can influence the slipping rate.
The electrode parameters will normally not directly influence the slipping rate, but can have a
large influence on the position of the baking zone. The water temperature in the contact shoes,
holder design (heat transfer), and casing design are examples of such parameters. In high
current density operations, the most important parameter for the baking zone position is the
electrode current, while the same electrode current is of less importance in the typical low
current density operations. This is discussed further in next section.
Freeboard temperatures and isotherms in electrodes with low current density
The energy for baking electrodes with low current density originates mainly from the heat
inside the furnace. The heat contribution from the electrical current running through the
electrode is not sufficient to raise the temperature to 500°C, at which baking takes place and
the electrode paste is converted into a solid and conductive material. In Figure 6 we can see
that the electrode temperature above the furnace cover (in a platinum operation) is only in the
200-400°C range.
Figure also shows that the 500°C isotherm is reached inside the furnace cover or within the
electrode sealing area. The whole portion of the electrode inside the furnace is in this case
baked to minimum 500°C (left-hand side in Figure 6). Lowering the freeboard temperatures will
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strongly influence the heat transport into the electrode and part of the electrode will remain
unbaked inside the furnace. This does not necessarily mean that problem will occur, but there
is no mechanical support from baked electrode paste in this region. If large movements or
vibration cause defects in the partly-baked material they will probably not be healed further
down.
A hole in the electrode casing combined with unbaked electrode paste can cause unbaked
paste to flow out into the furnace room. Good welding of the casing section joints is of critical
importance in electrodes carrying low current densities.
The liquid slag in a FeNi or a platinum furnace is normally fully or partly covered by the colder
charge material. A low temperature of the charge material and completely covered slag will
lead to lower freeboard temperatures. In some processes it is, however, necessary to operate
with an open slag bath, resulting in very high freeboard temperatures.
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Figure 6-Freeboard temperatures (platinum operation) and electrode isotherms. 25 kA electrode
current, slipping 12 cm/24 hours.1.25 m electrode diameter
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Thermal stresses during shut-down – optimization of shut-down procedures
Another area where mathematical modelling is useful is the analysis of thermal stresses during
shut-downs. All temperature changes in electrodes will generate thermal stresses, but the level
of the stresses depends on how large the temperature changes are. Hence, a shut-down with
long duration will generate stronger cooling compared to a short shut-down and consequently
more pronounced thermal stresses will occur. Based upon calculated temperature changes with
ElkemD, ElkemT is used to calculate the thermal stresses during a shut-down. It is possible to
evaluate the effect of process parameters during the period of the shut-down or during the
recovery time. The model will provide information on how the electrodes can be operated to
minimize the thermal stresses and reduce the risk of hard breakages.
Figure 7 shows the temperature variations in an electrode during a 6 hour shut-down. The
majority of the heat loss takes place through the electrode surface, and this is where we
observe the fastest temperature change. The thermal stresses generated by the temperature
changes can be presented in several ways; in data tables, in ’ElkemT timeplot’, or in graphs
showing the isoplots of various stress components. Since the most critical stress component is
the tensile stress parallel to the length of the electrode (z-axis), this is the stress component
that is normally studied. The compressive stresses (negative stresses) do not normally cause
problems since the compressive strength in baked carbon electrode materials is typically 7-10
times higher than tensile strength.
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Figure 7-Temperature distribution in a 1.55 m electrode during a 6 h shut-down
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The ’ElkemT timeplot’ is a useful plot showing how the maximum stresses in the electrode
centre and on the electrode surface vary during a shut-down.
Figure 8 shows the ’ElkemT timeplot’ for a 1.55 m diameter electrode during a 6 hour shutdown. The black dotted lines represent the stresses on the electrode surface. The highest
tensile stress on the electrode surface is formed a short time (1 hour) after the electrical
current is turned off. The reason for these stresses is the fast cooling of the surface material,
which causes the material to contract. The tensile stresses in the centre of the electrode (red
curve) typically reach higher values than the stresses on the surface. It is also typical that the
maximum stresses are reached some hours after full load is reached during the electrode
recovery time. Experience with real electrodes has also shown that the highest risk of a
breakage is when full load is reached or a few hours later. The high tensile stresses in the centre
of the electrodes are believed to be responsible for the occurrence of hard breakages at this
part of the recovery.
Although the shut-down procedures can be optimized, the most important factor in avoiding
electrode breakage parameter is to use a high-quality electrode paste that can withstand the
thermal stresses.
The duration of the current recovery is a parameter that can be adjusted, and it has been found
that the recovery rate does influence the level of the thermal stresses. From a production point
of view it would be best to reach full load as fast as possible. For short shut-downs, the
modelling results have shown that fast recovery also results in the lowest thermal stresses. One
example of this is shown in Figure 9, where the ’ElkemT timeplot’ is compared for two different
recovery times, 15 minutes and 2 hours.
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Figure 8-ElkemT timeplot showing changes in stresses during a 6 hour shut-down of a 1.55 m
electrode
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The electrodes in question are 1.5 m diameter electrodes in a closed FeMn furnace and the
shut-down duration is 6 hours. The conclusion from this modelling work is that the lowest risk
of a hard breakage is obtained with a fast recovery. However, for longer shut-downs and with
different electrode sizes there are other shut-down procedures that result in the lowest level of
thermal stresses.
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Figure 9-ElkemT timeplots comparing thermal stresses for two different recovery rates. Closed furnace
with 1.5 m electrodes for FeMn production

Conclusions
Larger furnaces and electrodes demand improved electrode paste and electrode management.
The Elkem electrode models are useful tools for better understanding of the electrode baking
and recovery processes and improving electrode management. Both temperatures and thermal
stresses at various operating conditions can be studied.
Calculation of temperatures is very helpful in order to follow the baking zone and to manage
the electrodes with reduced risk of a soft breakage.
Shut-down procedures are optimized to minimize the risk of hard breakages.
The mathematical models are some of the tools we use in our technical service together with
the users of Elkem electrode paste.
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