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Abstract
In order to identify possible optimizations regarding the electrical energy efficiency of an aluminium electrolysis cell, 
the impact of service temperature on microstructure and electrical properties of the cell cathode was investigated. The 
investigations include experiments regarding the chemical composition, especially the content of carbon, the electri-
cal conductivity and the microstructure at selected positions. Thermodynamic calculations were used to estimate local 
service temperatures and explain phase transformations and formations. It was found that due to the increased service 
temperature diffusion processes of carbon took place to a particular extent between cast iron and collector bar. As a 
result, the carbon content in the collector bar changed from 0.06 to 1.05–1.4 wt%, while in the cast iron a reduction from 
3.47 to < 1.50 wt% took place. These processes led to isothermal phase transformations and formations, that changed the 
matrix of the collector bar from austenitic with low content of ferrite to an austenitic matrix accompanied by precipitation 
of secondary, predominantly allotriomorphic cementite at service temperature. It was then shown that this has a nega-
tive effect on collector bar and decreases the electrical conductivity by up to 26 %. It was also discovered that graphite 
spheroidization within the grey cast iron has a positive effect on its electrical conductivity, which has increased by 52 
%. The results provide the basis to gain an understanding of the carbon diffusion related processes within the cathode 
of an electrolysis cell and reveal further potential to increase the energy efficiency of primary aluminium production.

Keywords Aluminium electrolysis · Collector bar · Energy efficiency · Electrical conductivity · Diffusion · Long-term heat 
treatment

1 Introduction

Aluminium and aluminium alloys are well-known light-
weight materials with a broad spectrum of applications 
ranging from e.g. construction, to packaging, to transport 
and electrical equipment. A key benefit of aluminium, 
besides high specific strength, is its good recyclability. 
The worldwide demand, however, cannot be covered by 
secondary aluminium, as a direct consequence of eco-
nomic growth, an increasing spectrum of applications and 
requirements on quality and cleanliness of the material. 
Therefore, primary production of aluminium still plays a 

major role in this economic sector and will continue to do 
so in the future. A major industrial process used for pri-
mary production of aluminum is the Hall-Héroult process, 
which is dependent on fused-salt electrolysis in cells oper-
ated with cryolite  (Na3AlF6) as the electrolyte in a typical 
temperature range between 950 and 970 °C [1]. A sche-
matic drawing of such an electrolysis cell is given in Fig. 1. 
The process is fully dependent on electrical energy and 
consumes about 15 kWh per kg of pure metal [2]. Because 
of its high dependence on electrical energy, a compara-
tively costly energy carrier, and the high demand, cell effi-
ciency exerts a main influence on the overall productivity 
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of aluminium production. Thus, it makes sense to investi-
gate all components of the electrolysis cell from a materi-
als science point of view, to unveil potentials for a further 
increase of its efficiency.

The electrolysis cell consists of different components 
and materials. At the bottom, insulating bricks form the 
basis of the cell, above which the cathode is situated. 
The cathode consists of the cathode block and the col-
lector bars. Additionally, a third component is needed to 
establish a mechanical connection and a stable electri-
cal contact between the cathode block and the collector 
bars. The cathode block is typically made of carbon and 
the collector bar is most commonly made of low alloyed 
steel, with a high conductivity for electrical current. The 
connecting material is a high-carbon casting iron alloy in 
most production sites. Cathode blocks (prebaked blocks) 
are available in three different types: anthracite, graphitic 

and graphitized. The cathode blocks used in this study are 
made of graphite and pitch binder, providing an electrical 
resistivity of 19 μΩm at 20 °C [3] (0.053 1/μΩm). To con-
nect the collector bars with the cathode block, grey cast 
iron is used (Fig. 2a). Prior to casting the connecting mate-
rial, a distance between collector bar and cathode block is 
created, using aluminium silicate wool acting as a spacer. 
After pre-heating the collector bars, the cast iron flows 
between collector bar and cathode block, resulting in a 
mechanical connection and, even more importantly, in the 
formation of a stable electrical contact between graphite 
and collector bar.

For usage in the electrolysis cell, the cathode is 
rotated 180 ° after the casting process. Above the cath-
ode, the molten aluminium is connected to the anode 
during fused-salt electrolysis. The direct current passes 
the anode, the electrolyte, the molten aluminium, and 

Fig. 1  Schematic drawing of 
an aluminum electrolysis cell. 
In the right the expanded cath-
ode is rotated by 90 ° to show 
the compound of cast iron and 
collector bar

Fig. 2  Material compound of 
graphite and collector bar with 
cast iron as the connecting 
material (a). The cathode block 
is flipped upside down in the 
electrolysis cell. Cross section 
of the collector bar after usage 
in a cell (b). At the marked 
positions (circles), samples 
have been taken for investiga-
tion and labelled according to 
material and position
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finally the cathode, considering the technical direction 
of the electrical current. The cathode block with the cast 
iron and the collector bars conducts the current out of 
the cell [4]. The current rating is up to 600 kA with a typi-
cal voltage of 4–5 V [5].

To save energy, a high efficiency of the process, and 
particularly of the electrolysis cell, is required. In this 
context, Haraldsson et  al. investigated production-
related energy efficiency measures in the aluminium 
industry [6]. A few authors have also included the cath-
ode in their investigations, mainly focusing on choice of 
materials, cathode design and bonding techniques. The 
material of the cathode (graphitized carbon vs. anthra-
citic carbon) [7, 8] and novel structure cathodes with 
different shapes [9–11] were identified to influence the 
energy requirement in a positive way. To optimize the 
structure, the conductive structure and the size of col-
lector bar and cathode block can be changed as well. 
A regular current flow between collector bar and cath-
ode block is shown to be the effect of these structural 
adjustments [6, 12]. Additionally, electrically insulating 
regions between cathode block and collector bar [9] as 
well as heatproof concrete [13] are discussed in the lit-
erature and are assumed to be able to reduce the hori-
zontal current flow [6]. While the connection between 
cathode block and electrolyte has been investigated in 
detail in several studies [14, 15], the solid–solid inter-
faces between collector bar, cast iron and cathode block 
have not been studied in detail before.

Therefore, this study focuses on the materials com-
pound of the cathode, investigating primarily the collec-
tor bar and the cast iron interlayer in two different con-
ditions. First, the initial state of the materials compound 
prior to its use in an electrolysis cell is investigated. For 
comparison, the same compound is examined at differ-
ent positions after a service time of several years within a 
cell operated at a targeted constant temperature of 960 °C 
[16]. The boundary conditions are therefore equivalent to 
an isothermal long-term heat treatment, even though the 
detailed temperature field within the collector bar cross 
section is not known from experimental investigations. 
The ambition of this study is to discover the microstruc-
tural changes within the cathode resulting from the long-
term heat treatment as follows:

• To what extent does the operation of the cell lead to 
grain growth in the collector bar?

• Does diffusion of alloying elements take place and if so, 
to what extent?

• How does the microstructure evolve during long-term 
tempering?

• Does the electrical conductivity change and if so, to 
what extent?

The whole investigation is to serve as a basis for future 
optimization of cathode materials with the ambition of 
increasing cell efficiency. Experimental data shall be pro-
vided as key information for the validation of computer 
simulations.

2  Materials and methods

Specimen of the Collector bar in its initial state, was taken 
from a fresh collector bar. A specimen of the cast iron in 
its initial state was created by casting the material into a 
mould (diameter 47 mm).

The chemical composition of the collector bar (initial 
state) was measured with optical emission spectrometry 
(OES, company: Thermo Fisher Scientific, type: ARL 4460). 
The chemical composition of the cast iron (initial state) 
was measured using the QuiK-Cup method by Heraeus 
[17].

The collector bar connected to the cast iron after opera-
tion in the electrolysis cell for 1939 days (5.4 years) was 
separated into different samples. The initial state of the 
collector bar material stems from a different batch from 
the state after use in the cell. To continue previous inves-
tigations [18], different positions within the cross section 
of the collector bar were evaluated. The positions were 
marked and named in Fig. 2b. OES analyses to measure 
the chemical composition have been carried out at all 4 
positions. All samples of the collector bar and cast iron 
were embedded at 180 °C (company: Presi, type: meca-
press 3) in epoxy resin prior to metallographic preparation. 
For polishing, the samples were handled with diamond 
suspension (particle size: 1 µm) and lubricant. The Vickers 
hardness (HV10) was measured with an automatic hard-
ness tester (company: ATM GmbH, type: Carat 930). An 
etchant (3 vol%  HNO3, 97 vol% ethanol) was used to visu-
alize grain boundaries. By using an optical microscope, a 
stereo microscope (company: Leica Microsystems GmbH, 
type: DM 2000 M, S6D) and the software ImageJ (Ver-
sion 1.48v) the microstructure was analyzed. The grain 
size was measured according to DIN EN ISO 643 [19]. The 
light microscopic images of the collector bar after usage 
in the cell contained light areas, presumably cementite. 
An image analysis was conducted to quantify the amount 
of secondary, predominantly allotriomorphic cementite in 
the metallic matrix at different positions in the collector 
bar, using the software ImageJ. Therefore, the images were 
binarized and subsequently the area fraction of cementite 
was estimated by point analysis.

For detailed investigations, a scanning electron micro-
scope (SEM) (company: Tescan GmbH, type: Vega3SBH) 
and an energy dispersive X-ray spectrometer (EDS) 
(company: Bruker, type: XFlash 5030, software: Quantax) 
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were used. The working distance varied between 8 mm 
(SEM) and 15 mm (EDS). The acceleration voltage was 
set between 10 kV and 15 kV. The microstructure and the 
chemical composition of the different samples were ana-
lyzed at several magnifications up to a maximum value 
of 15,000×. For phase identification a diffractogram of 
the collector bar after service time was recorded using a 
Bruker D2 Phaser X-ray diffractometer operated at 30 kV 
and 20 mA to generate Cu K(α) radiation. The angle range 
was 20–100 °2θ with a step size of 0.02 °2θ and an inte-
gration time of 2 s. Experiments were conducted with a 
sample rotation of 10 rpm. Thereafter, reflections were 
matched with phase patterns from the ICCD database 
(ICCD: International Centre for diffraction data).

A phase diagram and the equilibrium volume fraction of 
cementite depending on the temperature were calculated 
using the software Thermo-Calc (Version: 2019.1.36671-
604, database: TCFe7). This tool uses thermodynamic data-
bases and evaluates phase diagrams using the established 
CALPHAD method where the thermodynamic proper-
ties of each phase are described through the Gibbs free 
energy. The phases graphite and diamond were rejected 
to consider the metastable condition of the collector bar 
steel. For the calculation, the chemical composition of the 
collector bar after usage in the cell (CB.Top, Fig. 1b) was 
used. Additionally, service temperatures at different areas 
in the collector bar have been calculated by using the 
locally measured chemical composition and the quanti-
fied amount of cementite at those areas.

For electrical conductivity measurements, square sam-
ples (5 mm × 5 mm) with a length between 20 and 23 mm 
were taken from the composite material at the marked 
positions (Fig. 1b) as well as from the initial state of collec-
tor bar and cast iron. Due to the dimensions of the samples 
it can be assumed that the measuring current is almost 
one-dimensional. The samples were cleaned in ethanol 
in an ultrasonic bath to measure the electrical resistivity 
using the Linseis LSR-Platform (company: Linseis Mess-
geräte GmbH, type: LSR-3). The instrument uses a four-
terminal measurement with direct current to supress par-
asitic influences. The measurements were taken at room 

temperature and with a measuring current of 100 mA. By 
calculating the reciprocal, the electrical resistance was 
converted into the electrical conductivity.

3  Results

3.1  Variation of the chemical composition

The chemical composition of collector bar and cast iron 
is shown in Table 1. The initial state of the collector bar 
contains only little amounts of alloying elements. The cast 
iron contains 3.47 wt% carbon, 2.66 wt% of silicon, about 
0.8 wt% manganese and high levels of phosphorus [20].

The chemical composition of the collector bar after 
usage in the electrolysis cell differs from the initial state. 
Depending on the position, the content of carbon varies 
(Table 1). In contrast to position CB.Top (1.28 wt%), posi-
tion CB.Mid contains more carbon (1.4 wt%). Position CB. 
Bottom includes less carbon (1.05 wt%) than the two other 
positions. Compared to the initial state (0.32 wt%) the col-
lector bar after usage in the electrolysis cell contains more 
Mn (0.34 wt%). However, one has to keep in mind the dif-
ferent batch of initial state and after service material.

Using the area ratio of cast iron (ACI = 4700 mm2) and 
collector bar (ACB = 14400 mm2) in a cross section as seen 
in Fig. 2b an average amount of carbon was calculated by 
CAvg =

(

ACI ∗ CCI.Initial + ACB ∗ CCB.Initial

)

∕
(

ACI + ACB

)

 , With A 
being the area and C being the amount of carbon in their 
initial states. The resulting average amount of carbon was 
CAvg = 0.9 wt%.

3.2  Investigation of the microstructure

The collector bar in its initial state has a ferritic matrix 
with a low amount of pearlite (Fig. 3a) and a grain size of 
34 ± 3 µm. The microstructure of the cast iron in its initial 
state (Fig. 3a, b) contains irregularly distributed, lamellar 
graphite in a ferritic matrix. For both the cast iron and the 
collector bar, the microstructure changes drastically over 
the service time of 5.4 years.

Table 1  Chemical composition 
of collector bar (col. bar) and 
cast iron in wt%

The chemical composition of the collector bar after usage in the cell was measured with OES
a Measured with calibrated OES grey cast iron programme

Pos. C Si S P Mn Fe

CI.Initial [18, 20] 3.47 2.66 0.03 0.84 0.82 Bal.
CI.Topa < 1.50 2.33 ± 0.04 0.02 ± 0.01 1.19 ± 0.15 0.68 ± 0.01 Bal.
CB.Initial 0.06 0.05 0.01 0.01 0.32 Bal.
CB.Top 1.28 ± 0.01 0.01 0.01 0.01 0.34 Bal.
CB.Mid 1.4 ± 0.01 0.01 0.01 0.01 0.34 ± 0.01 Bal.
CB.Bottom 1.05 ± 0.02 0.01 0.01 0.01 0.34 Bal.
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The collector bar after operation in the electrolysis cell 
(CB.Top) shows a pearlitic structure with massive plates 
of cementite (Fig. 3d, e), passing from the grain bounda-
ries into the matrix [17]. The microstructure at CB.Mid and 
CB.Bottom is comparable with the one of CB.Top. The XRD 
measurement, that has been conducted on collector bar 

after service time, confirms that the microstructure is com-
posed only of ferrite and cementite (Fig. 3f ).

The grain size within the microstructure of the collec-
tor bar after usage in the electrolysis cell (103–109 µm) is 
more than three times higher than the initial state assum-
ing an almost equal condition of the two different batches. 

Fig. 3  Initial state of the collec-
tor bar (a–c) and after service 
at CB.Top (d, e) with light 
microscopy (a, d, e) and SEM 
images for pearlite investiga-
tion (b, c). A corresponding 
XRD pattern (f) of the collector 
bar in the middle position 
after service time with the 
reflections matched to the 
phase patterns of ferrite and 
cementite
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Furthermore, the grain sizes are virtually equal over the 
investigated cross section.

In the cast iron, the formerly lamellar graphite changes 
its shape and is almost spherulitic after the period of use 
(Fig. 4c, d).

The interface between cast iron and collector bar is 
characterized by the presence of pores and, towards the 
cast iron, inclusions (Fig. 5a, b). Position 1 (Fig. 5c) con-
tains almost exclusively carbon (99.22 wt%). Position 2 
consists mainly of aluminium (44.23 wt%) and oxygen 

Fig. 4  Initial state of the cast 
iron (a, b) and cast iron at 
CI.Top after usage in the elec-
trolysis cell (c, d)

Fig. 5  Interface of cast iron 
and collector bar (a, b). The 
SEM image (c) marks two types 
of inclusions. Correspond-
ing hardness and EDS-scans 
10 mm from the interface in 
each direction are additionally 
presented
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(49.97  wt%). Figure  5d includes the content of silicon 
and manganese measured with EDS from the cast iron 
into the collector bar. The cast iron (Fig. 5d, 6–9 mm) con-
tains 0.92 ± 0.03 wt% Si and 0.89 ± 0.08 wt% Mn. Within 
2  mm the content declines to 0.05 ± 0.02  wt% Si and 
0.27 ± 0.02 wt% Mn (Fig. 5d, 11–16 mm). While the results 
for Mn are in acceptable agreement with the measured 
OES results (Table 1), the results for Si in the cast iron are 
too low. However, it can be noted that there seems to be 
only a very small diffusion layer of the substituted ele-
ments Si and Mn in the range of ≈ 1 mm. The compara-
tively thin diffusion layer cannot be precisely measured 
by OES (Table 1).

For investigations regarding the local service tempera-
ture at different positions in the collector bar, the area-% 
of the secondary cementite was calculated (Table 2). It is 
assumed that the area-% is comparable to the actual vol%, 
because the analysis was performed on several images for 
each calculation point.

3.3  Thermodynamic calculations

The pseudobinary phase diagram (Fig. 6) includes the tem-
perature between 500 and 1000 °C with a varying content 

of carbon up to 2 wt%. The other elements were consid-
ered with the values measured in Table 1. In combination 
with the chemical composition and the area-% of cement-
ite at the investigated areas, the local service temperatures 
could be estimated by ThermoCalc (Table 2).

3.4  Investigation of the electrical conductivity

The electrical resistivity was measured at room tempera-
ture and then converted into the electrical conductivity. 
Table 3 shows the results of the different samples. The ini-
tial state of the collector bar exhibits the highest value 
(7.25 1/µΩm), the initial state of the cast iron the lowest 
value (0.99 1/µΩm). Compared to the initial state, the 
electrical conductivity of the collector bar decreased after 
operation in the electrolysis cell. The value at CB.Top, next 
to the cast iron, is lower than in the middle and at the bot-
tom of the collector bar. Relative changes between initial 
states and the condition after long term heat treatment 
were calculated for both cast iron and collector bar.

Table 2  Area-% of cementite and estimated service temperature at 
different positions in the collector bar

Position  Cementite (area-%) Service tempera-
ture (°C)

CB.Top 2.74 ± 0.87 850–885
CB.Mid 4.17 ± 1.00 863–902
CB.Bottom 3.35 ± 1.6 731–803

Fig. 6  Phase diagram based on 
the collector bar (CB.Top). The 
dotted line represents the iso-
thermal carbon diffusion pro-
cess over the time of 5.4 years. 
At the beginning the matrix is 
mostly austenitic with a low 
amount of ferrite (1). With 
increasing carbon content, the 
composition eventually trans-
forms into a fully austenitic 
matrix (2), accompanied by 
grain growth. At the end, the 
carbon content has increased 
so much, that precipitation of 
secondary cementite  (Fe3C) 
occurs (3)

Table 3  Electrical conductivity of the initial state of the collector 
bar and cast iron and of the different positions after service

Position Electrical conductivity (1/
µΩm)

Rel. differ-
ence (%)

CI.Initial 0.99 100
CI.Top 1.51 ± 0.01 152
CB.Initial 7.25 ± 0.10 100
CB.Top 5.34 ± 0.30 74
CB.Mid 6.31 ± 0.05 87
CB.Bottom 6.42 ± 0.10 89
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4  Discussion

4.1  Change of microstructure by diffusion processes

According to the ThermoCalc simulation at local service 
temperatures, the collector bar is austenitic with a low 
amount of ferrite at the start of service time, because the 
lowest local service temperatures are around 731–803 °C 
and for the content of carbon at the beginning the aus-
tenite and ferrite window ranges from 717 to 890  °C 
(Fig. 6). During the service time, the content of carbon 
increases isothermally up to 1.4 wt% (Table 1). An incre-
ment of carbon shifts the phase transformation—ferritic 
& austenitic to fully austenitic—to lower temperatures 
because the system is getting closer to the eutectoid 
composition (Fig. 6). This leads to a fully austenitic col-
lector bar with high carbon solubility. Eventually the 
carbon content surpasses the eutectoid composition 
and secondary cementite can be formed isothermally 
in addition to the austenitic phase. For example, for a 
temperature of 885 °C, cementite is precipitated when 
the content of carbon exceeds 1.16 wt% (Fig. 6) and for 
lower temperatures cementite is formed even earlier. 
XRD measurements of a sample at position CB.Mid indi-
cate that only cementite and ferrite occur in the micro-
structure and that no graphitization or formation of 
other carbides has happened. The measured cementite is 
related to both the eutectoid cementite and the cement-
ite plates. As explained, it is assumed that the latter is 
secondary, allotriomorphic cementite, formed isother-
mally during the application time. The calculated local 
service temperatures, based on the phase diagram and 
measured amount of cementite, are in accordance with 
this assumption. In contrast to this isothermal phase 
transformation and formation, pearlite is formed upon 
cooling after shutdown of the electrolysis cell.

The formation of perlite during cooling happens close 
to the equilibrium state because the electrolysis cell has 
stored an extremely high amount of thermal energy 
after shutting down and therefore the collection bar 
cools down very slowly, which prevents the formation 
of martensite or bainite. An earlier formation of pearl-
ite at service temperature can be ruled out as the full 
cross section of the collector bar is isothermally kept at 
a temperature higher than the eutectoid one (Fig. 6). For 
that reason, the volume or area fraction of secondary 
cementite can be used to determine the local tempera-
tures in the collector bar at service condition. The latter 
is an important measurement to validate simulations of 
the electrolytic process.

During the application time, carbon diffuses from 
the graphite (cathode block) and the cast iron to the 

collector bar, leading to an increased content of carbon 
in the collector bar after 5.4 years of operation in the 
electrolysis cell (Table 1). The diffusion coefficient D is 
calculated with D = D0 * exp(− QA/RT) with the diffusion 
constant  D0, activation energy  QA, gas constant R and 
temperature T [21]. With the diffusion constant of carbon 
in γ-Fe  (D0 = 0.23 cm2/s [21]) and D = 1.42 * 10−7 cm2/s the 
diffusion distance for carbon in γ-Fe after 1939 days at 
886 °C is 6.89 cm. The width of the collector bar is 9 cm 
and the collector bar is surrounded on three sides by cast 
iron, thus it is safe to say that the diffusion affected the 
whole collector bar and that the diffusion has reached a 
point of saturation.

In contrast to carbon diffusion, there has been little to 
no observed diffusion of Mn and Si, because these ele-
ments are substituted and not interstitial like carbon. 
At a raised temperature of between 1095 and 1347 °C, 
the diffusion of silicon in iron is described by D = 0.44 * 
exp(200.83/(R*T)) [22], which results in a diffusion length 
of max. 4 mm in 1939 days. It is assumed that the actual 
diffusion length is shorter because of the lower tempera-
tures at the collector bar and cast iron compared to the 
literature diffusivity of 1095–1347 °C. This assumption is in 
agreement with the EDS measurement, revealing a raised 
Si content in the collector bar only within 1 mm from the 
interface.

In contrast to the increased carbon content in the col-
lector bar, the cast iron has a considerably lower carbon 
content compared to the initial state (Table 1). The grey 
cast iron programme for the OES is calibrated only up to a 
minimal carbon amount of 1.50 wt% and measurements 
with this programme showed an amount below 1.50 wt%. 
Therefore, the exact carbon amount could not be meas-
ured, but the measurement shows a massive depletion of 
carbon in the cast iron in contrast to the high amount of 
3.47 wt% in its initial state. A rough consideration of the 
volume ratios between cast iron and collector bar results in 
an average carbon content of ≈ 0.9 wt% over the entire vol-
ume. Looking at the measured amounts for CI.Top, CB.Top, 
CB.Mid and CB.Bottom (Table 1), this is a sign that carbon 
diffusion from the surrounding graphite into the cast iron 
has happened and that the diffusion processes of carbon 
are not only limited to interactions between the cast iron 
and the collector bar. Local deviations of temperature and 
chemical composition in the cast iron and collector bar 
have not been considered yet but play a crucial role in dif-
fusion processes. The following paragraphs try to explain 
the measured differences regarding the amount of carbon 
in the different positions.

It is well known that carbon solubility in ferrous alloys 
is reduced by Si, which can lead to an uphill diffusion of 
carbon [23]. With the measured Si contents in cast iron and 
collector bar next to the interface, it can be deduced that 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1583 | https://doi.org/10.1007/s42452-020-03391-w Research Article

the solubility in the cast iron is lower than in the collector 
bar and that the raised temperatures could lead to a diffu-
sion process where the content of carbon in the cast iron 
is ultimately lower than in the collector bar on the other 
side of the interface.

This phenomenon is also a likely reason for the higher 
contrast in the middle of the collector bar in relation to the 
position next to the cast iron. As already pointed out, EDS 
measurements indicate a small amount of Si which has 
diffused into the collector bar. Therefore, the solubility of 
carbon in the edge regions next to the cast iron is lower 
than in the middle. Assuming that the carbon diffusion has 
reached a point of saturation, the carbon has been pushed 
from the edge regions to the middle.

The lower content of carbon at CB.Bottom can be 
explained by a lower service temperature during the elec-
trolysis process at the bottom of the collector bar [24], that 
lowers the solubility for carbon in the bottom area of the 
collector bar in comparison to the areas with a higher tem-
perature. The thermodynamic simulation, which indicates 
a relatively low temperature of 731–803 °C at the bottom, 
confirms this hypothesis (Table 2). It is to be mentioned 
that the calculated temperatures are not fully consistent. 
While it is reasonable that the temperature at the top of 
the collector is higher than the one at the bottom, because 
it is closer to the aluminium melt, no reason has been 
found as to why the temperature seems to be rising in the 
middle. This might be due to relatively high uncertainty in 
the measurement of the area-% of cementite.

One important finding was the formation of pores and 
inclusions near the interface. The formation of the pores 
could be a result of the processing and is likely a combina-
tion of trapped processing gas and contraction cavities. 
Diffusion effects during the application time can also be 
responsible for an enlargement of these cavities. The inclu-
sions (points 1 and 2, Fig. 5c) contain aluminium oxide. 
During the operating time or the recycling process, the 
cast iron could have been contaminated with aluminium 
and aluminium oxide.

4.2  Electrical conductivity

It is one of the main goals of this study to investigate the 
decrease of electrical conductivity, since it has an extreme 
influence on the energy efficiency of the electrolysis pro-
cess. In general, the electrical conductivity of iron/iron 
alloys is highly sensitive to the content of impurities and 
alloying elements. Containment of non-metallic elements 
is likely to lead to a decrease of the electrical conductivity 
in relation to pure iron. The examined iron alloy has an 
extremely low content of alloying elements in the initial 
state and its electrical conductivity of 7.25 ± 0.10 1/µΩm 
is close to 7.69 1/µΩm, the electrical conductivity of pure 

iron at 20 °C [25]. Compared to pure iron, the electrical 
conductivity of the collector bar in its initial state is lower, 
mainly because of the additional Mn, which is needed for 
deoxidation. During operation in the electrolysis cell, car-
bon diffuses into the collector bar, increases the content 
of carbon in the matrix and eventually leads to the for-
mation of secondary cementite. Both events contribute 
to the decrease in electrical conductivity. It must be men-
tioned that the measurements were carried out at room 
temperature, and the matrix is therefore not austenitic like 
it would be during operation, but rather pearlitic. The rela-
tive measurement results could be influenced by this.

While the effects of diffusion and change in microstruc-
ture in the collector bar over the service time lead to a local 
decrease in electrical conductivity, it is to be mentioned 
that the opposite is the case for the cast iron. This positive 
effect of the long-term heat treatment on the electrical 
conductivity can be linked to the transformation of irregu-
larly distributed, lamellar graphite to a spherulitic shape 
and to the decreased content of carbon. The influence of 
the graphite shape within the cast iron on electrical con-
ductivity is well known [26, 27]. Under the assumption that 
the electrical current mainly passes through the matrix, 
lamellar graphite structures act as barriers with contact 
resistances and a lower electrical conductivity (0.07–0.16 
1/µΩm at 20 °C [28]). In this case a transformation from 
lamellar to spherulitic graphite is beneficial for electron 
transport, because electrical current can bypass the bar-
riers more easily. It must be kept in mind that a potential 
change regarding the total volume fraction of graphite 
has not been considered in this assumption and can have 
further influence on the electrical conductivity of the cast 
iron.

It was also discovered that there are pores and inclu-
sions along the interface between cast iron and collector 
bar. Although this study focuses primarily on the electrical 
conductivity of the collector bar, the electrical conductivity 
of the entire electrolysis cell, and accordingly, the contact 
resistance at the interface must ultimately be considered. 
Since pores reduce the area of the cross section between 
cast iron and collector bar, the contact resistance is inevi-
tably increased and therefore the electrical conductivity 
of the system decreases.

5  Conclusions

It has been shown that the high service temperatures in 
an electrolysis cell have an impact on the microstructure, 
chemical composition and consequently the electrical 
properties. The reason is seen in the diffusion of carbon 
from the surrounding cast iron. The initial state of the 
collector bar has an extremely low content of carbon 
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and other alloying elements, which results in an electri-
cal conductivity of 7.25 1/µΩm at room temperature. The 
surrounding cast iron has a high content of 2.66 wt% car-
bon. The high temperature from the electrolysis process 
allows diffusion, especially of interstitial solute elements 
like carbon. This leads to an increased carbon content of 
up to 1.4 wt% and eventually to the formation of second-
ary cementite plates in the originally almost carbon free 
collector bar over the time of 5.4 years. Due to this extreme 
change of chemical composition and microstructure, the 
electrical conductivity decreases by up to 28 % at room 
temperature. On the other hand, the electrical conductiv-
ity of the cast iron increases due to the shape transfor-
mation of lamellar graphite to globular graphite by up to 
50 %. Additionally, pores and inclusions in the interface 
between cast iron and collector bar decrease the area of 
the cross section, and therefore increase the electrical 
resistivity.

This study is a basis for further investigations and 
allows suggestions for improvement of the energy effi-
ciency of aluminium electrolysis. Therefore, further nec-
essary investigations are proposed:

The measurements on electrical conductivity in this 
study were performed at room temperature. Ongoing 
experiments must aim at measuring this property at the 
service temperature between 800 and 950 °C.

The discovered carbon diffusion through the whole 
cross section of the collector bar is accompanied by a 
loss of electrical conductivity. Further work must focus 
on prevention of carbon diffusion, for instance by a coat-
ing acting as a diffusion barrier.

In contrast to the loss of electrical conductivity in the 
collector bar, a raised electrical conductivity in the cast 
iron has been observed, due to the transformation of 
lamellar graphite to spherulitic graphite. Future work 
should try to implement other cast irons to optimize the 
electrical conductivity of the cell from the start.

The examined states of the collector bar are limited 
to the initial state and the state at end of service after 
5.4 years. Future work should try to simulate diffusion 
processes of interstitial and substituted elements within 
this complex materials compound.
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