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Abstract 
 

Söderberg electrodes take part in the production of ferroalloys, copper, nickel, platinum, and 

calcium carbide. They are involved in a continuous and with low costs operation. The study of 

such electrodes is essential, since research and new findings will provide us with vital 

information regarding the operation of such furnaces leading to a more efficient production. 

Therefore, the study of Söderberg electrodes materials characteristics is of great importance. 

The current work refers to the thermal properties of Söderberg electrode paste by focusing 

on the thermal conductivity coefficient from room temperature up to 800 °C with the 

Transient Plane Source (TPS) method applied to an electrode paste material with softening 

point at 65°C. Another electrode paste with higher softening point at 90 °C and an already 

baked material are studied to some extent. The study gives significant results for the thermal 

conductivity coefficient for all the investigated cases. Results indicate variation of coefficients 

regarding the phase evolved during heating at different temperatures. In principle, thermal 

conductivity of the green paste with low softening point decreases until 400°C and increases 

after the baking point which is found in between 400-500°C. A few measurements for the 

green paste with higher softening point indicate the same trend. For the case of the fully baked 

electrode, thermal conductivity seems to keep an increasing trend according to temperature 

increase. On the two last mentioned materials, more experimental work will be conducted in 

future. 

 

 

 

Key words: heat transfer, TPS method, söderberg electrode, thermal properties, modelling 
 
 
 
 
 
 
 
 
 
 



2 
 

Sammanfattning 
 
 

Söderberg-elektroder används till produktionen av ferrolegeringar, koppar, nickel, platina och 

kalciumkarbider. De är involverade i kontinuerliga och lågkostnadsoperationer. Studien av 

sådana elektroder är väsentlig eftersom forskning och nya fynd kommer att ge oss viktig 

information om driften av sådana ugnar vilket leder till en effektivare produktion. Därför är 

studien av Söderberg-elektrodens materialegenskaper av stor betydelse. Det nuvarande 

arbetet refererar till de termiska egenskaperna hos Söderberg-elektrodpastan genom att 

fokusera på den termiska konduktivitetskoefficienten från rumstemperatur upp till 800°C med 

den TPS-metoden (Transient Plane Source) tillämpad på ett elektrodpasta-material med en 

mjukningspunkt vid 65°C. En annan elektrodpasta med en högre mjukningspunkt vid 90°C 

samt ett redan bakat material studeras även till viss del. Studien ger signifikanta resultat för 

värmeledningsförmågan för alla undersökta fall. Resultaten indikerar på variationer av 

koefficienterna gällande fasen som utvecklas under uppvärmning vid olika temperaturer. I 

stort sett minskar värmeledningsförmågan hos den gröna pastan med låg mjukningspunkt upp 

till 400°C och ökar efter bakningspunkten som finns mellan 400-500°C. Några mätningar för 

den gröna pastan med en högre mjukningspunkt visar samma trend. När det gäller den helt 

bakade elektroden verkar värmdeledningsförmågan hålla en ökande trend beroende på 

temeperaturökningen. På de två sistnämnda materialen kommer mer experimentellt arbete 

att genomföras i framtiden. 

 

 

Nyckelord: värmeöverföring, TPS metod, söderberg elektroder, termiska egenskaper, 
modellering 
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1. Introduction 
 

1.1 The Söderberg electrode 
 

A Söderberg electrode is made of electrode paste which is a mixture of calcined carbon 

aggregates and a coal tar pitch binder. The solid paste is provided through the top of the 

electrode into a steel casing. During the operation of the process, the electrode is consumed 

continuously and the casing containing electrode paste is moved downwards. The fresh paste 

is heated by the resistive heating of the electrode current and heat from the furnace. The 

casing is filled up with the electrode paste in the temperature range of 50-100°C. [1] Finally, 

the electrode column is fully baked by about 500°C.  

The sizes and shapes of the electrode paste vary and affect the control of the 

softening/melting phase in the electrode column. Cylinders, blocks and briquettes are used 

with good results. Above the softening point, the electrode paste flows as a viscous material. 

The amount and type of pitch, carbon aggregate quality and particle granulometry are some 

parameters which affect the flow properties of the paste material. [2] 

There is a little work made regarding the heat transport phenomena in Söderberg electrodes. 

Most of the so far completed work is referred to simulations and modelling, rather than 

experiments. It is obvious that it is hard to achieve such experimental work due to high 

temperature conditions etc. during a furnace operation. Mc Dougall et al. [3] tried to create a 

mathematical model of electrodes in an operating furnace. This model provides results by 

varying parameters individually, with all the rest parameters remaining the same. [3] 

However, this modelling undergoes many problems due to the temperature-dependent 

nature of the material properties. There is a coupling between the thermal and electrical 

problems and as such the complexity of modelling and simulations increases more. [4] 

Another work regarding temperature profiles in Soderberg electrodes was accomplished by 

A. Skjeldestad [5] where still, the data used for simulations were taken by Mc Dougall et al. [3] 

by using a 4th degree polynomial function in order to describe the thermal conductivity.  

Electrical and thermal phenomena in electrodes have been described and modelled by 

Bermúdez et al. [4]. The heat transfer equation and the Maxwell’s equations are coupled 

through the Joule effect and results for thermoelectrical parameter, both for graphite and 

paste come to the fore.  A simplified representation of a typical Söderberg electrode with its 
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consisted parts is shown in Figure 1. 

 

Figure 1. Simplified representation of a Söderberg electrode, adapted from Arnesen et al., Operation of 

Söderberg electrodes, Proc. of the Elkem seminar on smelting, Rio de Janeiro, Brasil (1979) [6] 

 

It has been clear that there is no published experimental work determining the thermal 

properties of Söderberg electrode paste. Most of the previous work was focused on numerical 

modeling and their results aim to a general understanding of a furnace operation rather than 

the thermal transport in the electrodes.  

 

 

 

1.2 Aim of the work 
 

To be able to construct reliable computer models, accurate material property data are 

essential. Critical properties are required, including the thermal conductivity and thermal 

diffusivity of electrode paste, which is a measure of the rate of transfer of heat to or from a 

material. The accuracy of these values greatly influences the accuracy of dynamic computer 

models incorporating heat transfer, such as the electrode model and models for briquette and 

cylinder cooling. 
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The aim of this study is to measure the thermal conductivity of electrode paste from room 

temperature up to 800 °C. Reliable data from room temperature up to 500 °C is necessary to 

accurately model the baking process of the electrode. Above 500 °C the electrode material is 

fully baked and the thermal diffusivity should change as the degree of graphitization increases, 

so the range of 500 °C to 800 °C is also of great interest for the electrode model. What is more, 

these data could greatly improve the accuracy of computer models for briquette and cylinder 

cooling during their production.   

 

1.3 Ethical and social aspects 
 

It is important to say that in this work there is no inclination or prejudice for or against any 

person or group. The work is considered to be properly justified and the background of this 

work is based on accredited literature.  

The content of this work is not directly connected to social issues and is not studied by this 

aspect since the obtained results are not associated with such features in a straight-forward 

manner. However, strong and reliable simulation models based on the current measurements 

of thermal properties would lead to longer and safer operation of smelters and reduction of 

energy consumptions. Safety and energy are huge concerns in the industry.  
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2. Background 
 
 

Thermal conductivity is a material property referred to heat conduction. Materials with low 

thermal conductivity transfer heat at a lower rate in comparison with others with a higher 

value. This property is temperature dependent and its reciprocal is thermal resistivity. It 

depends upon the density of the material, temperature, pressure, and its material structure.  

For measuring thermal conductivity, different methods may be followed according to the 

material under investigation and its thermal properties. There are steady-state and transient 

techniques. 

Thermal conductivity (k) appears primarily in Fourier's Law for heat conduction and its unit is 

Wm-1K-1. This property provides us with valuable information regarding heat transport 

phenomena inside materials as well as predicts the rate of energy loss (in watts, W) through 

a piece of material.  

Fourier’s law expresses the heat conduction and states that the rate of heat transfer is 

proportional to the negative gradient in the temperature (∇𝑇) and to the area, at right angles 

to that gradient, through which the heat flows. This law can be expressed both in a differential 

form and an integral form.  

For the differential form, we look at the flow rates or fluxes of energy locally. The local heat 

flux density is equal to the product of thermal conductivity and the negative local 

temperature gradient: 

 

𝑞 =  −𝑘∇𝑇      (1) 

 

The thermal conductivity is not always constant but varies with temperature. In anisotropic 

materials it varies with orientation and it is represented by a second-order tensor. In case of 

non-uniform materials, it varies with spatial location. 

Now, by integrating the differential form over the material's total surface we arrive at the 

integral form of Fourier's law: 

 

𝜕𝑄

𝜕𝑡
= −𝑘 ∯ ∇𝑇 ∙ 𝑑𝑆        (2) 
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Where 
𝜕𝑄

𝜕𝑡
 is the amount of heat transferred per unit time (in W), and 

𝑑𝑆 is an oriented surface area element.  

In this case we look at the amount of energy flowing into or out of a body as a whole. 

In general, heat flux is hard to control in laboratory settings and it is difficult to come up with 

simple and correct expressions for thermal conductivity at atomic level. At this level, this 

property is determined by how atoms composing the system interact. For calculating the 

thermal conductivity of a system there are different approaches including Green-Kubo 

relations and others which are based upon relaxation time approach. [7] 

At a macroscopic level, by assuming that the thermal conductivity coefficient k, as well as 

physical properties of density ρ and heat capacity c do not depend on other parameters, then 

in the absence of internal heat sources the temperature inside the material is described by 

the following equation: 

𝜕𝑇

𝜕𝑡
=

𝑘

𝜌𝑐
∇2𝑇      (3) 

Where 

∇2𝑇 =
𝜕2𝑇

𝑥2
+

𝜕2𝑇

𝑦2
+

𝜕2𝑇

𝑧2
(4)    𝑖𝑠 𝑡ℎ𝑒 𝐿𝑎𝑝𝑙𝑎𝑐𝑖𝑎𝑛 

And t is the time.  

The quantity 
𝑘

𝜌𝑐
  is called the thermal diffusivity and it is associated with the propagation 

velocity of the isothermal surfaces in a body. 
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3. Experimental 
 

3.1Methodology 
 

The method used for measuring the thermal conductivity of the three different materials is 

the so-called Transient Plane Source (TPS) method which is supported by the commercial 

equipment Hot Disc TPS 3500. This method is known as precise and convenient technique for 

studying thermal transport properties. A commercial heated plane sensor of an electrically 

conducting spiral, etched out of a thin nickel foil, as it is represented in Figure 2, is used. 

According to the operating temperatures, different sensors can be used. In this case and for a 

range of 20-200°C, the measurements took place with a Kapton sensor which is replaced by a 

Mica sensor for measurements at higher temperatures. In general, a Kapton sensor is used for 

measurements up to 300 °C, whereas a Mica sensor can be used under perfect conditions for 

measurements up to 1000 °C. 

 
Figure 2. Sensor with the conducting spiral, etched out of a thin nickel foil. Kapton sensor on the left, Mica on 

the right. [8] 

 

The equipment is supported by a sample holder made of stainless steel. The holder can 

accommodate sample pieces up to a size of 40 mm (each) in height and 70 mm in diameter. 

During the measurement, the hot disc sensor is enclosed by two pieces of electrode paste as 

it is shown in Figure 3. By running an electrical current, the temperature of the sensor 
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increases and at the same time the resistance (temperature) increase is recorded as a function 

of time. So, the sensor acts both as a heat source and as a dynamic temperature sensor. 

 

 
Figure 3. The hot disc sensor enclosed by sample pieces of electrode paste accommodated to a sample holder. 

 

The position of the sample is fixed onto the sample holder by using a screw which ensures that 

the pieces will not move due to vibrations and other external factors during the experiments. 

A sketch of the apparatus including the sample holder, the sensor and the samples is shown 

in Figure 4 below. 

 

Figure 4. Sketch of the experimental apparatus including the sample holder, the sensor and the samples [9] 
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For the solution of the thermal conductivity equation, it is assumed that the sensor is located 

in an “infinite” medium, so that the transient recording must be interrupted as soon as any 

influence from the outside boundaries of the two sample pieces is recorded by the sensor. So, 

the thermal penetration depth must not exceed the boundaries of the pieces during the 

transient record. 

In case that the measured material has low thermal conductivity (as it happens in our case), 

the size of the samples might have to be increased. This is attributed to the heat capacity of 

the sensor and the need to increase the measuring time. The total time of the transient record 

should be approximately equal to r2/κ (where r is the sensor’s radius and κ the thermal 

diffusivity) which is called characteristic time. This means that for the same material, larger 

sensors need a longer experimental time. These parameters are getting continuously fixed 

according to the needs of our experiments and the experimental conditions as well, so that 

the best parameters combination is achieved.  

The sample holder can be input to a furnace for measurements at higher temperatures and 

the results of the measurement are shown on the computer.  

 

The furnace which accommodates the holder with the samples for measurements up to 200 

°C is a resistance chamber furnace. The furnace works with ambient atmosphere. For 

measurements above 200°C, a tube furnace accommodates the holder and instead of a 

Kapton sensor a Mica sensor is used. A Mica sensor has high temperature resistance and it is 

more suitable for these measurements at higher temperatures.  

 

However, the Mica sensor has short lifetime and must be handled carefully. The sample holder 

for the Mica sensor is different from the one for Kapton and it is shown in Figure 5. The sensor 

is connected to the high temperature cables via two long, solid bars that rest on a ceramic 

insulation plate and are fixed by a pressing clamp. 
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Figure 5. Mica sensor holder.[9] 

 

 

3.2 Furnace Modelling 
 

Measurements at high temperatures should take place in inert atmosphere so that oxidation 

of the testing material is minimized. Also, degradation takes place causing the sensor to 

delaminate. For such reasons and due to the fact that during experiments at high 

temperatures, oxidation influences the samples of the electrodes, another furnace has been 

designed and was used for measurements at elevated temperatures. In more detail, the 

furnace is a horizontal tube furnace with argon inert gas supplier. At the edges, water cooling 

system is placed to protect the rubber stoppers from melting. The temperature inside the 

furnace varies along the tube. The furnace is equipped with an additional type K thermocouple 

(±2,2°C) with the tip placed next to the samples showing their exact temperature at the 

specific position inside the tube. The results should be characterized by accuracy and precision 

to the maximum. A picture of the furnace is shown in Figure 6.  
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Figure 6. The furnace ready for experiments. Tube furnace with water cooling system and argon gas inlet and 

outlet. 

 

The furnace consists of a ceramic tube of 1,5 m length and 3 cm radius. It is placed inside 

another tube of 60 cm length and of a larger radius at 3,2 cm.  

Prior to final design of the furnace, a Comsol model was built so that the operation of the 

furnace was improved. In such a way, the temperature distribution of the heating zone inside 

the furnace was obtained and an integrated view of heat transfer phenomena in our system 

was achieved. Distribution of temperature inside the furnace at an operating temperature of 

1000 K is shown in Figure 7. 
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Figure 7. Comsol model during operation of the furnace at 1000K. 

 

The placement of water-cooling system, results to natural convection and the temperature 

distribution inside the furnace is affected. For that reason, insulation material was placed 

inside the furnace, on both sides of the sample. In that way, natural convection caused by a 

strong temperature gradient in the tube was minimized and a stable temperature of the 

sample required for the measurements was achieved.  

Results from a Comsol model including insulation material at the same operation temperature 

of 1000 K is found in Figure 8. In more detail, the created model is a 3D model and the 

phenomena studied during modeling include heat transfer in the tube, argon fluid flow inside 

the tube, fluid flow of water inside copper coils, as well as interaction phenomena between 

fluid flow and heat transfer. Heat conduction and temperature distribution along the tube are 

affected by the water-cooling system and the caused natural convection. Radiation is not 

taken into consideration. The tube of the furnace is a ceramic material with thermal 

conductivity at 8 Wm-1K-1 and specific heat capacity of 850 JKg-1K-1. It is assumed that the argon 

behaves as an ideal gas with a density of 1,784 kg m-3. For the argon there is an inlet at the 

one edge of the tube and an outlet at the other side. Its flow is assumed laminar with a value 
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at about 0,5 L/min. It is assumed that the water has a laminar flow as well. For the solution, 

convection due to water is taken into consideration. The ambient temperature is the room 

temperature while the temperature of water is 10 °C.  

 

 
Figure 8. Comsol model during operation of the furnace at 1000K including insulation material 

 

In that way the natural convection caused by the temperature gradient in the tube is reduced 

and isothermal conditions inside the furnace are achieved. In that way, samples placed for 

measurements having a stable temperature as required and the transient plane source 

measurement results are accurate and precise. 
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3.3 Samples Preparation 
 

As shown in Figure 9, three different electrode material samples were provided by Elkem 

Carbon for the testing: 

1. Paste briquette with a 65 °C softening point binder 

2. Paste briquette with a 90 °C softening point binder 

3. Electrode material baked to 1200 °C in the laboratory 

In order to determine both the thermal conductivity and thermal diffusivity with good 

accuracy, the thickness of a flat sample should not be less than the radius of the hot disk 

sensor. Both material pieces used, must have a plane surface facing the sensor for 

aforementioned reasons. This means that the electrode paste samples underwent a 

procedure before experiments. For each investigated case of material, a couple of samples 

were prepared by cutting them with a diamond wheel in pieces of 15 mm radius x 26mm 

thickness and then by polishing with water. Finally, they were left to dry for 24 hours before 

performing measurements so that they get rid of moisture. It was not possible to dry them 

inside a furnace because temperature increase would cause irreversible phase changes as it 

will be discussed later in this work 
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                  (a)                                                                      (b) 

                          

                                                                                                                        

 

 

 
 
 
 
 
 
 
                                                                                                                       
                                                     (c)                                                                  (d) 
 

 
(e)  

Figure 9. (a) 65°C softening point paste, (b) 90°C softening point paste, (c) a cut of the pastes, (d) the baked 

electrode sample, (e) samples prepared for measurements after machining. 
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3.4 Experimental Procedure 
 

After sample preparation, as described before, and the right equipment settings, the 

experiments were started. The first batch of experiments refers to measurements of thermal 

conductivity of all samples at room temperature. Although it is normally not necessary to 

repeat a transient recording it might still be interesting to estimate the precision in the 

recordings. For such reasons, repeated recordings were performed at each temperature so 

that the precision increases. Reproducibility of current experiments is satisfied. As it will be 

shown later, the results of repeated cycles give the same values of the investigated thermal 

properties and the entire study can be reproduced in its entirety. 

For measurements at higher temperatures, the samples were accommodated inside a furnace 

where the temperature increased up to the desired value. The same as before, repeated 

recordings took place with a relaxation time (time between repeated experiments) of 10 

minutes. Every time the furnace achieved a target temperature there is a stabilization time of 

100 minutes so that the environmental conditions in the chamber were stabilized and the 

samples are heated up to the right temperature. In such a way, temperature drift was 

prevented, and the results have high accuracy.   

A Kapton sensor with a 6.4 mm radius used for the experiments up to 200 °C. For elevated 

temperatures a Mica sensor replaced the Kapton. For measurements above the softening 

point, the solid paste turns into a viscous material, so a ceramic crucible with 50mm inner 

diameter and 60 mm depth accommodated the samples. By this way, flow of viscous material 

inside the furnace was prevented and the samples stayed safely inside the crucible. It was still 

assumed that the sensor is located in an infinite medium and the measurements were not 

interrupted. 

The thermal conductivity of a studied material affects how much heating power is used. This 

power is the constant effect fed to the sensor during a measurement. Materials with low 

thermal conductivity require only a small effect, whereas high conductivity metals require 

higher effects. An incorrectly selected, overly high, heating power can result in irreversible 

damage to the sensor. In our case the heating power is fixed at 400 mW for Kapton sensor and 

at 800 mW for Mica. As mentioned before, the total time of the transient in our experiments 

was approximately equal to r2/κ. The corresponding values are 20 s for the baked electrode 
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and 10 s for the pastes. The measurement specifications for the studied material are found at 

the Table 1 below. 

 

Table 1.     Measurement specifications 

Material Temperature 
[°C] 

Sensor 
insulation 

Heating power 
[mW] 

Recording time 
[sec] 

 
Prebaked 
electrode 

22-200 Kapton 400 20 

200-800 Mica 800 20 

 
Electrode 

pastes 

22-200 Kapton 400 10 

200-800 Mica 800 10 
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4. Results 
 

The green electrode paste with low softening point was examined in a temperature range 

starting from room temperature up to 800° C. For the paste with high softening point and the 

case of the fully baked electrode, measurements were conducted at specific temperature 

points for indicative comparison. A full comparison between those three materials and their 

thermal properties behavior according to temperature is planned for future studies. Raw data 

from the measurements are tabulated in the Appendix. They contain data regarding thermal 

conductivity, thermal diffusivity and volumetric heat capacity of all materials tested. The mean 

and standard deviation values for abovementioned properties have been calculated too. At all 

the represented graphs, error bars have been included. The mean deviations and standard 

errors of the measurements are significantly small. 

Reliable data from room temperature up to about 500 °C are necessary to accurately model 

the baking process of the electrode. After this temperature threshold the electrode is baked, 

and measurements give us important information about its behavior at high temperatures.  

What follows is graphs regarding thermal properties of the three different materials for the 

range from room temperature up to 800°C. 

 

4.1 The baked electrode case 
 

The baked electrode samples after a batch of repeated experiments at room temperature 

found to have a thermal conductivity value at 3,85 Wm-1K-1. As it is shown in Figure 10 the 

trend is increasing, and the value of thermal conductivity reaches at 7,97Wm-1K-1 at 800°C.  
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Figure 10. Thermal conductivity for the case of the fully baked electrode at three different temperatures. 

 

Thermal diffusivity value at room temperature is 3,60 mm2s-1. The trend is not linear as in the 

case of thermal conductivity. Its value at 400 °C is decreased. However, an increased value at 

6,28 mm2s-1 appears at 800 °C as it is shown in Figure 11. 

 

Figure 11. Thermal diffusivity for the case of the fully baked electrode at three different temperatures. 

 

The value of volumetric specific heat at 400 °C is higher than the one at room temperature. As 

it is shown in Figure 12, the value at 800 °C decreases again, reaching at 1,41 MJm-3K-1. By 

comparing the trends between those three points of thermal diffusivity and volumetric 

specific heat, it is found that those are reversed.  
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Figure 12. Volumetric heat capacity of the fully baked electrode at three different temperatures. 

 

 

4.2 The 65 °C softening paste 
 

The electrode paste with low softening point at 65 °C is examined to a large extent from room 

temperature up to 800 °C. For this paste, it was found that its thermal conductivity at room 

temperature is 3,26 Wm-1K-1. After heating up to a temperature of 400 °C, this value drops to 

0,50 Wm-1K-1. As it is shown in Figure 13 for the range 400-600 °C, thermal conductivity is 

steady and after 600 °C, increases again, linearly, up to the value of 2,57 Wm-1K-1 at 800 °C.  

 

Figure 13. Thermal conductivity for the case of the 65°C softening point paste up to 800°C. 
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For the case of this paste material, up to 150 °C, the thermal diffusivity trend is decreasing. It 

has an initial value 4,15 mm2s-1 at room temperature and a final value 3,68 mm2s-1 at 150 °C. 

During baking process of the paste and up to 600 °C, values of thermal diffusivity increase to 

6,85 mm2s-1. As it is shown in Figure 14, then, the values decrease up to 800 °C. However, at 

the range 400-600°C, the standard deviation values are slightly high. So, it should be taken 

into consideration that near the point of 450 °C -the point where the paste gets fully baked- 

thermal diffusivity values might be steady.  

 

Figure 14. Thermal diffusivity for the case of the 65°C softening point paste material up to 800°C. 

 

The reversed route of thermal diffusivity seems to be followed by volumetric specific heat 

capacity. In this case, the convexity is inverted in comparison to thermal diffusivity.  Values 

presented by TPS method are found in Figure 15. 
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Figure 15. Volumetric heat capacity for the case of the 65°C softening point paste material up to 800°C. 

It is shown that values of volumetric heat capacity are steady for the range 400-600°C. 

 

4.3 The 90 °C softening paste 
For the 90°C softening point electrode paste material, the value of thermal conductivity at 

room temperature is 2,48 Wm-1K-1. As it is shown in Figure 16, this value drops at                          

0,56 Wm-1K-1 at the temperature of 400 °C and then increases up to 2,75 Wm-1K-1 at 800 °C.  

 

Figure 16. Thermal conductivity for the case of the 90°C softening point paste material at three different 

temperatures. 
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Thermal diffusivity measurement results are presented in Figure 17. There is a high value 

deviation detected at the temperature of 400 °C. It is assumed that the baking process which 

takes place around this temperature is steep, and the sensor is unable to react at such 

conditions. A relatively high deviation at this point is also found at measurements regarding 

thermal conductivity.  

 

 

Figure 17. Thermal diffusivity for the case of the 90°C softening point paste material up to 800°C. 

 

The reversed trend is followed by specific heat capacity as it is shown in Figure 18. At 400 °C, 

volumetric specific heat capacity has a lower value than the one at room temperature, but an 
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Figure 18. Volumetric heat capacity for the case of the 90°C softening point paste material at three different 

temperatures. 
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5. Discussion 

 
After measurements completed, it is of great importance to summarize the results and discuss 

on the overall properties and behavior of the electrode materials. Thermal conductivity values 

for all three cases are represented in Figure 19 below. 

 

Figure 19. Comparison of thermal conductivity of all electrode material samples from room temperature up to 

800°C. 

 

At room temperature, the electrode paste is a solid material, but it softens and turns into a 

viscous fluid at temperatures between 60 and 90°C and the electrode casing in the smelting 

furnace is filled with this viscous paste. From the softening point and up to the baking 

temperature i.e. 500 °C, the paste is a solid-liquid mixture and flows as a viscous material. 

Indeed, in those current experiments, the pastes get a semi-liquid form phase above the 

softening temperature point. It is necessary to state that the phase changes of the paste 

materials during heating are irreversible. 

Thermal conductivity in liquids is based on a model suggested by Bridgman, where its value is 

given by the following formula 
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𝜅 = 2 𝑎 𝑣 𝛿−2  (5) 

 

 

Where 𝑎 is the Boltzman-Drude constant i.e 2.02 x 10-16 

𝑣 is the speed of the sound, 

and 𝛿 the mean separation distance between the molecules 

 

Relative motion of neighboring layers is prevented by interaction of intermolecular forces. 

With temperature increase, the cohesive forces between the molecules decrease and they are 

free to move. As a result, viscosity decreases. 

In Bridman’s model, a liquid is ascribed a local molecular structure similar to that of a solid. 

According to this model, thermal conductivity is inversely proportional to the square of the 

molecules’ separation distance. With temperature increase, the molecules move apart as their 

kinetic energy increases. Heat conduction relies on contact between atoms or molecules. As 

the freedom of motion becomes higher, the chance that molecules collide with another is less 

and the energy transfer through the medium becomes more difficult. This is verified by 

Bridgman’s model, where increase of the mean separation distance of molecules results to a 

decrease of thermal conductivity. As a rule, thermal conductivity and viscosity diminish with 

temperature increase [10]. The measurements where the material turns into viscous, are in 

agreement with this statement since the thermal conductivity experimentally decreases.  

Above 500°C, the electrode material is fully baked (carbonized), meaning that volatile organic 

compounds have been completely removed, and the pitch-binder has become a solidified 

carbon structure. Graphitization is a solid-state transformation during which, the carbon 

structure gradually organizes into graphite crystallites that grow larger with increasing 

temperature. In carbon materials, the heat conduction is determined by phonons and their 

transfer as elastic waves. The model of thermal conduction in carbon materials is based on 

the Debye formula [10]. According to Debye formula (6), thermal conductivity (κ) depends on 
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volumetric specific heat capacity( 𝐶𝑣), phonons speed( �̅�), and the mean free path of phonons 

(L) which is relevant to the graphitization degree. [11] 

𝜅 =
1

3
𝐶𝑣�̅�𝐿(6) 

At a specific temperature, volumetric specific heat capacity and phonons speed are constant. 

So thermal conductivity is determined by the free paths of phonons which depends on the 

scatting and collision between phonons. This parameter is proportional to microcrystal size of 

material and it is a function of graphitization degree [12]. So, as the graphitization degree 

increases, thermal conductivity increases too. Lianxing Wang et. al [11] established a 

mathematical model for thermal conduction in carbon materials, where the thermal 

conductivity depends only on graphitization degree. 

The behavior of thermal conductivity in the case of the fully baked electrode is different from 

the rest materials pastes. It is shown that the trend regarding the thermal conductivity of the 

baked electrode is increasing with temperature increase. 

Let us now have a look at the process regarding carbon electrodes operation. While the 

electrodes are slipped downwards, the paste is progressively carbonized into a solid by a 

temperature of 400-500°C. By the time the steel casing melts (above 1147°C/the Fe-C eutectic 

point), the electrode is fully baked. It turns into electrically conductive material with high 

mechanical strength. The phase changes of electrode paste materials are irreversible and the 

achieved mechanical, electric and thermal properties remain and are characteristic for the 

material. This means that thermal properties which have been obtained after the fully baking 

point temperature are dominant. After cooling, the material is a graphitized solid conductor 

with a higher value of thermal conductivity than the one at its initial low-conducting state. 

For the green paste with low softening point, which has been fully examined up to 800 °C, 

thermal conductivity has a decreasing trend until 400 °C. Its values around the baking point 

and between the range 400-600°C are steady. Beyond this temperature, thermal conductivity 

starts to increase with temperature. For the paste with higher softening point, a decreased 

value of thermal conductivity is found at 400 °C which later increases when the material is 

heated at 800 °C. It seems that both pastes follow the same trend. Although the paste with 

lower softening point has a higher thermal conductivity value at room temperature, its value 

is slightly lower at 800°C in comparison with the other paste with a higher softening point.  
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After 450°C, the electrode is a solid baked material whose thermal conductivity seems to 

increase linearly at a rate of 1,02 Wm-1K-1per 100 °C for the lower softening point paste. 

Extrapolated curves of thermal conductivity for each material under study are represented in 

Figure 20 below. It is shown that the curves of thermal conductivity coincide at about 1200 °C 

(near the Fe-C eutectic point) where the material gets fully baked. It is shown that during 

reheating of a prebaked electrode material, this behaves as a solid conductor, which after 

1200 °C reaches a specific value of thermal conductivity. This specific value is the one which 

the material had achieved during its first heating cycle at the laboratory at elevated 

temperatures. 

 

Figure 20. Thermal conductivity forecast for all three material cases at higher temperatures. 

 

Besides thermal conductivity, another interesting parameter, for industrial metallurgical 

process and the operation of the smelters, is thermal diffusivity. It is the ratio between 

thermal conductivity and volumetric heat capacity. Thermal diffusivity provides information 

about the ability of a material to conduct heat relative to its ability to store it. A comparison 

of thermal diffusivity of all three cases is shown in Figure 21. 
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Figure 21. Thermal diffusivity of all cases from room temperature up to 800°C. 

 

 

It is shown that among the three materials, the one with the highest thermal diffusivity, at 

room temperature, is the case of 65°C softening point. Its value is 4,15 mm2s-1. Then, 3,60 

mm2s-1 for the baked electrode and 3,58 mm2s-1 for the 90°C softening point material.  

All three measurements for the case of the high temperature softening point paste confirm 

that the trend of thermal diffusivity may be the same as the one for the low softening point 

paste.  

As it has been stated, thermal diffusivity is a combination of properties including thermal 

conductivity, density and heat capacity. In modeling, it is needed for cooling processes 

prediction and simulation of temperature fields. It is incorporated for solving the Fourier 

Differential Equation for heat conduction. It has a strong physical significance and it is an 

important factor in processes. Materials with high thermal diffusivity have a high conduction 

rate relative to heat storage capacity. Therefore, they correspond quickly to temperature 

changes. In our case, thermal diffusivity, in general is low and decreases beyond 500°C. Data 

for the range 20-200°C is valuable for cooling processes of the paste. Low values of thermal 

diffusivity means that it is difficult for the electrode to react to cooling processes. 
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Regarding the volumetric heat capacity, values concerning all three cases are shown in Figure 

22. If someone looks carefully at the graph, he will realize that the curves of volumetric heat 

capacity for each material case are kind of reversed in comparison to the curves of thermal 

diffusivity. 

 

Figure 22. The volumetric heat capacity concerning all three cases. 

Initial and final values are not the same for the three investigated cases. The highest value of 

volumetric heat capacity is found for the baked electrode material, followed by the 65°C 

softening point paste and then by the 90°C softening point paste. 

Volumetric specific heat for both pastes, seem to share the same trend.  

Indeed, according to M.Long et.al  [13] who conducted experiments on the behavior of 

petroleum coke during calcining graphitization process, thermal diffusivity decreases with 

temperature increase. Whereas, specific heat capacity increases. 

It is necessary to make clear that aforementioned values refer to volumetric specific heat 

capacity and not to specific heat capacity, i.e ρCp is given by TPS. In order to calculate heat 

capacity of the materials, one should know their density which depends on the composition 

of the materials. In addition, probably, density of such cases is not standard but changes 

according to temperature i.e ρ=ρ(Τ). Once the density function is known, the heat capacity 

function can be calculated.  
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6. Conclusions 
 

Transient Plane Source (TPS) method is an accurate and precise method for recording the 

thermal conductivity and other thermal properties of Söderberg electrode paste. This is 

verified by standard deviation values and errors, as they are presented in the Appendix, which 

are significantly small. 

Thermal conductivity and the other studied thermal properties of Söderberg electrode paste 

are not constant coefficients, but they are temperature dependent. 

Pastes with different softening points do not have the same value of coefficients in the 

investigated temperature range. This means that manufacturing process of paste influences 

the upcoming thermal properties. However, for both pastes, the baking point is similar 

between 450 and 500°C. 

Thermal conductivities of fully baked electrode and Söderberg paste behave in a different 

manner by temperature. Specific measurements for the baked electrode, give an increasing 

trend for thermal conductivity with temperature. For the pastes, thermal conductivity 

behaves differently regarding the studied temperature range and the phases evolved. 

For the range between the room temperature and 500 °C, thermal conductivity of pastes 

follows the rules for liquids and viscous materials with a decreasing trend. Fully baked 

electrode behaves as a conductor whose thermal conductivity increases with temperature. 

For the fully examined electrode paste with low softening point, during baking process (400-

600°C), thermal conductivity seems to remain at the same value. After the baking point, 

thermal conductivity starts to increase linearly and quickly resulting to a high conductive 

material. All three measurement points for the high softening point paste confirm the same 

trend. 

Thermal diffusivity and volumetric specific heat are significant thermal properties in heat 

transfer and modeling. The curve of the volumetric heat capacity for each material case is kind 

of reversed in comparison to the one of thermal diffusivity. This comes from the fact that 

thermal diffusivity is inversely proportional to the volumetric heat capacity. In principle, it is  
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𝜆 =
𝜅

𝜌𝑐
.  Taking thermal conductivity as constant and studying only the relation between those 

variables, this relation is a function of   𝑦 =
𝑎

𝑥
 

Materials with low thermal diffusivity have a low conduction rate relative to heat storage 

capacity. Therefore, they correspond slowly to temperature changes. In our case, thermal 

diffusivity is low and decreases beyond 500°C. Low values of thermal diffusivity means that it 

is difficult for the electrode to react to cooling processes.  

Still, volumetric heat capacity is expressed in terms of heat capacity and density. So, density is 

another highly important physical parameter which should be taken into consideration. Data 

regarding density and its dependence by temperature will indirectly give information about 

the heat capacity of Soderberg paste.  

Solution of the thermal conductance equation by computers, in principle presents no 

difficulties. However, this requires higher reliability in determining the variable coefficient of 

thermal conductivity for the investigated system. Accurate and precise experimental results 

will help to the development of more reliable simulation tools for improving smelting 

furnaces’ operation to the maximum. 
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7. Future work 
 

• By defining density dependence on temperature, properties like specific heat capacity will be 

revealed. A better view of thermal transport in the electrode will be achieved. 

• Measurements up to 1500°C will give an integrated view of electrodes behavior regarding 

temperature gradient inside the electrodes throughout the process. 

• The fully baked electrode and the high softening point paste should be investigated to a larger 

extent with more measurements so that a full comparison between the electrodes behavior 

is satisfied. 

• More pastes can be investigated for a better comparison between composition and thermal 

properties of the material. 

• A comparison between thermal conductivity of electrode paste and pure coal tar pitch could 

lead to improved paste manufacturing. 

• A simulation model with the obtained data can be build and compare existing results to the 

new ones. 

• Thermal properties can be associated with electric and magnetic ones in order to obtain an 

integrated view for electrodes operation. 
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Appendix: Measurements of thermal properties 
 

Table1. The baked electrode material 

Measurement Temperature Thermal 
Conductivity 

Thermal 
Diffusivity 

Volumetric Heat 
Capacity 

 °C Wm-1K-1 mm2s-1 MJm-3K-1 

1 22,0 3,76 3,15 1,19 

2 22,0 3,86 3,24 1,19 

3 22,0 3,86 3,31 1,16 

4 22,0 3,86 3,38 1,14 

5 22,0 3,85 3,44 1,12 

6 22,0 3,86 3,53 1,09 

7 22,0 3,87 3,65 1,06 

8 22,0 3,88 3,78 1,03 

9 22,0 3,88 3,90 0,99 

10 22,0 3,88 4,05 0,96 

11 22,0 3,88 4,16 0,93 

Average 
 

3,86 3,60 1,08 

Standard error 
 

0,01 0,10 0,03 

Standard deviation 
 

0,03 0,32 0,09 

     

 

 

 

1 400,0 5,44 2,57 2,12 

2 400,0 5,41 2,53 2,14 

3 400,0 5,37 2,43 2,21 

4 400,0 5,28 2,38 2,22 

5 400,0 5,22 2,40 2,18 

6 400,0 5,18 2,37 2,18 

7 400,0 5,10 2,34 2,18 

8 400,0 5,02 2,30 2,18 

9 400,0 4,95 2,27 2,18 

Average 
 

5,22 2,40 2,18 

Standard error 
 

0,06 0,03 0,01 

Standard 
deviation 

 
0,16 0,09 0,03 
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1 800,0 7,99 5,55 1,43 

2 800,0 7,92 5,53 1,39 

3 800,0 7,96 5,55 1,46 

4 800,0 7,87 5,49 1,44 

5 800,0 7,95 5,48 1,27 

6 800,0 7,96 5,53 1,43 

7 800,0 8,06 5,23 1,42 

8 800,0 7,87 6,69 1,40 

9 800,0 8,15 5,58 1,44 

10 800,0 7,92 5,53 1,38 

Average 
 

7,97 5,62 1,41 

Standard error 
 

0,03 0,12 0,02 

Standard 
deviation 

 
0,08 0,37 0,05 

 

 

 

 

 

Table 2. 65°C softening point paste 

Measurement Temperature Thermal 
Conductivity 

Thermal 
Diffusivity 

Volumetric 
Heat 

Capacity 
 °C Wm-1K-1 mm2s-1 MJm-3K-1 

1 50,0 2,80 4,49 0,62 

2 50,0 2,89 4,19 0,69 

3 50,0 2,78 4,77 0,58 

4 50,0 2,91 4,06 0,71 

5 50,1 2,86 4,27 0,67 

6 50,0 2,73 4,80 0,57 

7 50,0 2,85 4,30 0,66 

8 50,0 2,83 4,42 0,64 

9 50,0 2,86 4,26 0,67 

10 50,0 2,80 4,53 0,62 

Average 
 

2,86 4,42 0,65 

Standard error 
 

0,02 0,05 0,01 

Standard deviation 
 

0,11 0,22 0,04 

1 99,9 2,68 4,38 0,61 

2 100,0 2,68 4,33 0,62 
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3 100,0 2,71 4,21 0,64 

4 100,0 2,74 4,14 0,66 

5 100,0 2,69 4,30 0,62 

6 100,0 2,70 4,24 0,64 

7 100,0 2,68 4,37 0,61 

8 100,0 2,69 4,31 0,62 

9 99,9 2,72 4,23 0,64 

10 100,0 2,71 4,23 0,64 

Average 
 

2,70 4,28 0,63 

Standard error 
 

0,01 0,02 0,01 

Standard deviation 
 

0,02 0,07 0,01 

1 150,0 2,51 2,98 0,84 

2 150,0 2,48 3,55 0,70 

3 150,0 2,46 3,04 0,81 

4 150,0 2,43 3,18 0,77 

5 150,0 2,37 3,82 0,62 

6 150,0 2,38 3,57 0,67 

7 150,0 2,37 3,69  0,64 

8 150,0 2,35 3,38 0,69 

9 150,0 2,33 3,67 0,63 

10 150,0 2,28 4,23 0,54 

11 150,0 2,25 4,48 0,50 

12 150,0 2,23 4,04 0,55 

13 150,0 2,24 3,51 0,64 

14 150,0 2,21 3,85 0,57 

15 150,0 2,19 3,62 0,61 

16 150,0 2,15 4,27 0,50 

17 150,0 2,19 3,61 0,61 

18 150,0 2,19 3,34 0,65 

19 150,0 2,18 3,85 0,57 

20 150,0 2,17 3,82 0,57 

Average 
 

2,30 3,68 0,63 

Standard error 
 

0,02 0,09 0,02 

Standard deviation 
 

0,11 0,38 0,09 

 

1 200,0  1,04  5,64 0,19  

2 200,0  1,21  4,86 0,25  

3 200,0  1,29  5,31  0,24 

4 200,0  1,30  4,93  0,26 

5 200,0  1,23  5,78  0,21  

6 200,0  1,31  5,49  0,24  

Average 
 

1,23  5,33  0,23  

Standard error 
 

0,03  0,11  0,01  

Standard deviation 0,09  0,34 0,03  
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1 400,0 0,48 5,69 0,08 

2 400,0 0,44 5,72 0,08 

3 400,0 0,43 7,11 0,06 

4 400,0 0,47 5,62 0,08 

5 400,0 0,46 8,03 0,06 

6 400,0 0,53 5,55 0,09 

7 400,0 0,52 5,49 0,09 

8 400,0 0,52 5,56 0,09 

9 400,0 0,50 7,00 0,07 

10 400,0 0,56 6,73 0,08 

11 400,0 0,52 7,56 0,07 

12 400,0 0,62 7,87 0,08 

Average 
 

0,50 6,49 0,08 

Standard error 
 

0,01 0,20 0,00 

Standard deviation 0,05 0,95 0,01 

 

1 500,0 0,53 6,23 0,09 

2 500,0 0,52 7,02 0,07 

3 500,0 0,49 6,83 0,07 

4 500,0 0,56 6,73 0,08 

5 500,0 0,47 7,31 0,06 

6 500,0 0,52 6,13 0,09 

Average 
 

0,52 6,71 0,08 

Standard error 
 

0,01 0,13 0,00 

Standard deviation 
 

0,03 0,42 0,01 

 

1 600,0 0,513 5,482 0,094 

2 600,0 0,520 5,812 0,089 

3 600,0 0,490 6,827 0,072 

4 600,0 0,562 7,592 0,074 

5 600,0 0,521 7,501 0,069 

6 600,0 0,628 7,907 0,079 

Average 
 

0,539 6,854 0,080 

Standard error 
 

0,014 0,290 0,004 

Standard deviation 
 

0,045 0,917 0,009 

 

1 700,0 1,52 5,23 0,29 

2 700,0 1,34 5,34 0,25 

3 700,0 1,64 5,36 0,31 

4 700,0 1,43 5,32 0,27 

5 700,0 1,74 5,43 0,32 

6 700,0 1,21 5,21 0,23 
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Average 
 

1,48 5,32 0,28 

Standard error 
 

0,06 0,02 0,01 

Standard deviation 
 

0,18 0,08 0,03 

 

800,0 2,57 3,77 0,68 

 

 

Table 3. 90°C softening point paste 

 

Measurement Temperature Thermal 
Conductivity 

Thermal 
Diffusivity 

Volumetric Heat 
Capacity 

 °C Wm-1K-1 mm2s-1 MJm-3K-1 

1 21,0 2,47 3,51 0,70 

2 21,0 2,47 3,51 0,70 

3 21,0 2,48 3,65 0,68 

4 21,0 2,485 3,65 0,68 

  Average 2,48 3,58 0,69 

  Standard error 0,003 0,04 0,007 

  Standard deviation 0,006 0,07 0,01 

 

 

Measurement Temperature Thermal 
Conductivity 

Thermal 
Diffusivity 

Volumetric Heat 
Capacity 

 °C Wm-1K-1 mm2s-1 MJm-3K-1 

     

1 400,0 0,14 1,17 0,12 

2 400,0 0,59 2,66 0,22 

3 400,0 0,71 3,89 0,18 

4 400,0 0,21 1,72 0,12 

5 400,0 0,27 2,95 0,90 

6 400,0 0,74 6,43 0,12 

7 400,0 0,48 2,14 0,22 

8 400,0 0,67 3,90 0,17 

9 400,0 0,84 8,81 0,10 

10 400,0 0,68 2,76 0,24 

11 400,0 0,64 2,60 0,25 

12 400,0 0,80 2,07 0,39 

13 400,0 0,64 8,80 0,07 

14 400,0 0,65 3,42 0,19 

15 400,0 0,19 5,18 0,04 

16 400,0 0,84 8,15 0,10 

17 400,0 0,80 7,43 0,11 

18 400,0 0,23 3,80 0,06 



40 
 

Average 
 

0,56 4,33 0,20 

Standard error 
 

0,04 0,42 0,05 

Standard 
deviation 

 
0,24 2,45 0,19 

 

 

 

 

1 800,0 2,71 3,43 0,79 

2 800,0 2,78 3,39 0,82 

3 800,0 2,92 3,31 0,88 

4 800,0 2,53 3,63 0,69 

5 800,0 2,74 3,43 0,80 

6 800,0 2,79 3,39 0,83 

Average 
 

2,75 3,43 0,80 

Standard error 
 

0,04 0,03 0,03 

Standard deviation 
 

0,12 0,10 0,06 
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