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Introduction 

Copper refining is necessary for impurity removal in order to achieve the properties desired by the 
customers. The refining is done in two steps: firstly, anode copper is produced by fire refining in an 
anode furnace and then cast into anodes. These are subjected to electrorefining, the second refining 
step. The anode casting process is of special importance as the quality of the anode is decisive for 
electrorefining operation (output/efficiency, quality). Various properties of the anodes can be influ-
enced directly by the casting process. Therefore, it is vital to optimize anode casting, which is the 
interface of pyro- and hydrometallurgy.  

Physical Quality 

In order to achieve uniform anodic dissolution during electrorefining, the anode has to have certain 
physical properties. However, the aims of anode casting – high output and long mould lifetimes – 
are not consistent with good physical anode quality [1]. 

Other than the chemical anode quality, which is mainly the task of fire refining, the physical quality 
(anode surface, geometry, and weight, as well as structure) can be influenced directly by the casting 
process and cooling conditions, respectively. However, a certain change in chemical quality may 
occur due to oxygen uptake during casting, slag carry-over from the anode furnace and metal-
refractory interactions. 
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Anodes cast on a casting wheel are reported to have certain disadvantages, especially regarding 
geometrical accuracy and surface quality [2-5], which can lead to irregular electrode spacing, and 
hence result in further defects like shorts, decreased current efficiency and uneven electrodeposition. 
These effects due to not perfectly vertical anodes are much more pronounced than those resulting 
from other anode properties, e.g. microstructure [6]. 

The microstructure of casting wheel anodes shows significant variations over anode thickness. Due 
to the different cooling conditions, the following zones are found (see Figure 1) [3,7,8]: 

• mouldside: thin zone with fine grains (ca. 1 to 2 mm; blue lines in Figure 1) 

• towards centre: columnar crystals, up to 5 mm long (area 3) 

• centre: last solidified part with high amount of seeds - very fine globulitic structure (area 2) 

• airside: solidified in contact with the atmosphere (air), usually cooled with a spray of hot wa-
ter - equiaxial, coarse grains (area 1) 

 

Figure 1: Zones and structures in a casting wheel anode (schematic) [3,7,8]  

The dissolution rates and the necessary energy for dissolution, as well as the tendency for passiva-
tion are different for these areas [7]. As - due to the lower (crystallization) overvoltage - electro-
chemical dissolution occurs preferentially at the Cu grain boundaries, the grain size distribution has 
an influence on anodic dissolution: anodes with finer grains dissolve more rapidly because of their 
higher content of grain boundaries [3.9]. However, anodes with finer grains are more susceptible to 
passivation, so that – regarding passivation – a uniform, relatively coarse, equiaxial structure is de-
sirable [7]. Hence, the anodic structures (as well as anode-cathode spacing) would request different 
cathodic crops. An optimum schedule would be as follows: In the 1st – shorter - period, the anodes 
are thick and the structural differences between air- and mouldside significant (dissolution of areas 
1 and 3). As the irregular outer areas of the anode are dissolved, anodic dissolution improves (disso-
lution of area 2), which results in a longer 2nd period. This is followed by an – again – shorter 3rd 
period, which deals with irregular shaped, maybe porous and perforated anodes, which causes ir-
regular current densities, and therefore irregular dissolution (which leads to Cu losses to the anode 
slime) and deposition.  
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Solidification  

The solidification areas detected in the anodes correspond to the general solidification structure in 
castings (see Figure 2). 

Solidification involves the creation of curved solid/liquid interfaces (leading to capillarity effects) 
and the microscopic flow of heat, as well as solute in the case of alloys [10]. During solidification of 
metals and alloys the crystallisation is mainly determined by nuclei and these in turn by the degree 
of undercooling. Higher undercooling causes an increase in the amount of nuclei and hence also a 
higher crystallisation rate. The direction of the temperature drop influences the crystal growth, 
where the crystal axis aligne with the direction of the heat flux. Higher cooling rates result in finer 
grains, lower cooling rates in coarse and mostly columnar crystals. Porosity is linked with the solidi-
fication structure [11]. 

At the beginning of solidification, solid nuclei form close to the mould. For a short time, they grow 
and form the outer equiaxed zone. Then, those crystals of the outer equiaxed zone, which can grow 
opposite to the heat flux direction (in cubic metals: columnar grains having one [001] axis close to 
the heat flux) advance more rapidly and overgrow other crystals, which have a less favourable orien-
tation. This leads to the formation of the columnar zone. The inner equiaxed zone results from de-
tached dendrite branches, which tend to take up an equiaxed shape because their latent heat of so-
lidification is extracted radially through the undercooled melt. The transition of columnar to 
equiaxed growth occurs when the melt has lost its superheat, becoming slightly undercooled, and 
detached dendrite branches form a barrier ahead of the columnar zone, and is highly dependent on 
the degree of convection in the liquid and hence the casting process [10]. Equiaxed growth continues 
until the dendrites, which grow freely in the melt, impinge on one another [10]. In a pure metal, these 
dendrites are not visible after solidification, but only the points of their impingements (grain 
boundaries). In alloys the dendritic structure remains visible after etching due to local composition 
differences (microsegregations) [10]. The resulting morphology depends upon alloy composition, 
temperature gradient (G), and growth rate (V) [10]. 

The cooling rate is given by [10]: 

GVT -=�  
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Figure 2: Solidification structures in castings [10]  

When the heat flow is opposite to the growth direction, i.e. directional or columnar solidification, 
the rate of advance of the isotherms constrains the dendrites to grow at a given velocity (constrained 
growth).The grain boundaries are parallel to the primary dendrite axes (trunks) and are continuous 
along the length of the solid. Most of the dendrites are arranged parallel to each other, and a charac-

teristic trunk spacing, l 1, can be defined. Many trunks together make up one grain (see Figure 3). 
During equiaxed solidification, where the heat flows from the crystal into the melt, the dendrites can 
grow freely, as rapidly as the imposed undercooling permits. They grow until they impinge on one 
another and grain boundaries form a continuous network throughout the solid. Each dendrite forms 

a grain and the primary (dendrite trunk) spacing , l 1, usually equals the grain diameter [10]. 

Figure 3: Formation of columnar and equiaxed dendritic microstructures [10]  

For both columnar and equiaxed dendrites, a secondary (dendrite arm) spacing, l 2, can be defined 
[10] (see Figure 4). 
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The value of l 1 in the solidified microstructure is the same as that during growth, but l 2 undergoes 
a ripening process and increases enormously due to the long contact time between the highly-

curved, branched structure and the melt. l 2 is proportional to the cube root of time and hence gives 
an indication of the local solidification conditions [10]: 

n
fBt=2l  

B,n constants 

t'f' local freezing time 

 

Figure 4: Growing dendrite tip und dendrite root in a columnar structure [10]  

The effect of the cooling rate on the size and shape of crystals in a solid solution alloy is shown in 
Figure 5, where the arrow indicates the increase of cooling rate. Higher solute contents also result in 
finer grains [12]. 

Figure 5: Effect of cooling rate on size and shape of crystals in a solid solution alloy – schematic [12]  
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The creation of a crystal from the melt always leads to a local composition change. The difference 
in composition at the growing interface can be described by the distribution coefficient, which is 
defined as [10,12]: 

l

s

C

C
k =  

Cs concentration in solid phase 

Cl concentration in liquid phase 

 

During solidification, elements with k > 1 are preferentially accumulated in the solid, those with k < 
1 are enriched in the liquid phase, which is known as segregation [10,12]. The solute distribution 
ahead of the solid/liquid interface results in various growth morphologies, which in turn determine 
the solute distribution in the solid and result in concentration differences over microscopic dis-
tances, interdendritic precipitates and porosity. As solute can be transported by diffusion or convec-
tion (or both), the segregation pattern depends on the process involved. Mass transport via convec-
tion covers larger distances compared to that via diffusion and can hence result in 
macrosegregations. Microsegregation depends on solute diffusion in the liquid and solid and is re-
lated to the dendrite shape and size. Microsegregation also reveals the original microstructure of a 
solidified alloy, due to the differences in etching tendency of regions of varying local composition 
[10]. 

Influencing the Physical Anode Quality by the Casting Process 

Smooth anode surface as well as uniform anode weight and thickness are dependent on proper con-
trol of the casting process and the weighing system, respectively. The structure and elemental distri-
bution can be determined by solidification conditions, e.g. cooling rate and heat transfer. These can 
be influenced by: 

·  mould material (thermal conductivity) 

·  mould wash 

·  amount of cooling water (airside/bottom of mould) 

·  mould preheating 

·  thermal treatment of anodes 

·  casting temperature of liquid anode copper 
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Experimental Investigations and Results 

The samples were taken from 6 different anodes (see Table 1. The structural variations over anode 
thickness under varying cooling conditions, as well as the differences over anode area were investi-
gated. 

 

Table 1: Investigated Anodes 

Anode Mould material Mould wash 

A anode copper barite 

B anode copper barite 

C cathode copper barite 

D anode copper barite 

E anode copper carbon black 

F cathode copper barite 

 

Samples from anode A were taken from the upper, middle and lower part of the anode, and also 
from the lug (see Figure 6). In order to investigate different cooling conditions, samples from an-
odes B, C, D, E and F were cut from the middle of the anodes (same location as samples 4.3 in Fig-
ure 6). The analysis of the micro- and macrostructure were carried out by using the image analysis 
software Clemex Nikon. 

Figure 6: Anode samples – anode A 
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Microstructure 

The anode samples were ground and polished and etched with ammoniumpersulfate (5 %). A den-
dritic microstructure was found in all samples from air- to mouldside. The dendrites consist of rela-
tively pure copper, the interdendritic phase is a Cu-Cu2O eutectic, where various oxides of the ac-
companying elements, like Ni, Sn, As, Sb, and Pb are present. No significant difference was found 
between air- and mouldside concerning type and distribution of the phases (see Figure 7). An oxide 
layer was detected at the airside, which comes from the contact with air during casting and solidifi-
cation, respectively. In some samples, pores were detected, which are visible even without a micro-
scope. 

The secondary dendrite spacing (DAS, l 2) were measured over anode thickness. The coarsest den-
drites are found in the central region of the anode, which is the last solidifying part of the anode. 
This is consistent with the theory that longer solidification times lead to larger DAS, due to the rip-
ening process. The average DAS values amount to 88.3 µm (airside), 96.4 µm (centre), and 70.1 µm 
(mouldside) 

Figure 7: Airside (a) and mouldside (b) – microstructure and distribution of phases 

Macrostructure – Structure and Grain Size Distribution over Anode Area 

The anode samples were ground and polished and etched with ammoniumpersulfate (25 %). The 
different solidification zones (equiaxed and columnar) described in literature were clearly visible.  

As expected from solidification theory, coarse grains with a size of several mm were found on the 
airside. The outer equiaxed zone on the mouldside was very thin. In most samples, a columnar zone 
with crystals of a length of up to app. 10 mm is present. The inner equiaxed area, i.e. the last solidi-

Airside      Mouldside 

a)  b)  
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fying central region of the anode, was found to show variations in grain size from air- to mouldside 
in several samples. The grin size in this area is determined by the amount of impurities present, 
which act as nuclei. The variations of the structure over anode area are shown in Figure 8. The 
thickness of the different areas and the corresponding grain sizes were measured (see Figure 9). The 
structures showed significant variations over the anode area, which should result in inhomogeneous 
dissolution behaviour during electrorefining. In some locations, the columnar zone totally disap-
peared and an almost equiaxed zone was detected instead on the mouldside (e.g. samples 2.3.2, 
4.3.2, 4.5, 6.1 and 6.5). These samples showed also a larger fine equiaxed area in the centre of the 
anode. In some samples, the columnar crystals on the mouldside were not arranged in a parallel 
way, but fan-shaped columnar crystals were found (e.g. sample 2.5). The grain size on the airside 
also showed variations, which indicates inhomogeneous cooling conditions on the airside. The fin-
est grain size on the airside was detected in the middle of the anode, i.e. in sample 4.3.2 and 4.2 (see 
Figure 10). The anodes are cooled in air in the first positions after pouring. A solid layer has to have 
formed when the water-cooling starts in order to avoid an uneven anode surface. The inhomogene-
ous grain size on the airside indicates varying cooling conditions, possibly due to the arrangement of 
the water spray nozzles and the occurrence of the Leidenfrost-effect, which deteriorates the effect of 
water cooling because of the formation of an insulating water vapour layer between the copper and 
the cooling water. Further causes for different local solidification and cooling conditions, respec-
tively, within one anode mould may be inhomogeneities regarding mould, mould wash, and move-
ment of the liquid copper due to pouring and movement of the casting wheel. The uneven surfaces 
(cracks) in the mould surface result in inhomogeneous cooling conditions of the mould. As the 
mouldwash is not only applied automatically, but also corrected manually, the actual amount of 
mouldwash and hence the heat transfer through the mould varies not only between different anodes, 
but also over anode area, as additional mouldwash is applied to certain areas, where the mould is 
highly stressed or cracks are already present. The bath movement of the liquid copper in the mould 
comes from pouring the liquid copper into the mould and also from movement of the casting wheel 
when the copper is still liquid. This may cause a certain bath stirring and hence temperature distri-
bution within the solidifying anode, as well as a detachment of dendrite arms, which act as addi-
tional nuclei for solidification then. These effects would in general be similar to magnetic stirring, 
where a bath movement is applied in order to achieve a finer, equiaxed structure. 
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Figure 8: Macrostructure over anode area 

Figure 9: Distribution of anodic structures over anode thickness 
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Figure 10: Variation of grain size on airside over anode area 

Macrostructure – Variation of Cooling Conditions 

Anode B and C are from the same batch, but were produced in moulds made of different materials. 
The structures of the anodes from different mould materials did not show significant differences, 
although cathode copper has a higher thermal conductivity than anode copper. As thermal and elec-
trical conductivity are linked, measurements of electrical conductivity were carried out (see Table 
2). At room temperature, the "Wiedemann-Franz-Lorenz Law", which states, that the ratio of ther-

mal conductivity (l  [W/mK]) and the product of electrical conductivity (k [(Wm)-1]) and absolute 
temperature (T [K]) has a constant value, is approximately valid for all metals: 
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With this formula, approached values for the thermal conductivity can be calculated from the meas-
ured values for electrical conductivity. Alloying elements result in a tremendous decrease in thermal 
conductivity in most metals, especially at low temperatures (below room temperature) [14]. The 
measured value of the cathode copper is consistent with literature statements. The calculated ther-
mal conductivity of cathode copper shows a certain deviation (5 %) from the value given in litera-
ture (401 W/mK). The electrical and thermal conductivity of anode copper amount to about 62 to 69 
% of the values of cathode copper. Even though these calculations are only approximations, there is 
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a significant difference in electrical and thermal conductivity, respectively, between anode and cath-
ode copper, which should also result in different cooling conditions during anode casting. 

 

Table 2: Electrical and thermal conductivity of anode and cathode copper mould at room tempera-
ture (25 °C) 

Material Measured electrical conductivity 
[MS/m] 

Calculated thermal conductivity 
[W/mK] 

Cathode copper 58 423.5 

Anode copper 36 – 40 262.8 - 292 

 

The structural differences between anodes from anode copper and cathode copper moulds due to 
different thermal conductivity should be most pronounced at the beginning of the anode moulds' 
life. However, the moulds had already passed 12 casting days when the samples B and C were 
taken. Hence, an insulating chalk scale had already built-up on the bottom side of the mould, where 
the cooling water impinges, and decreased the heat conductivity of the cathode copper mould. This 
insulating layer was clearly visible when the mould was removed from the casting wheel. The sam-
ples from anode B and C do have very similar structures (see Figure 11), but the latter – as well as 
the sample from anode F - shows a finer grain size on the airside. Anode F was taken from a cath-
ode copper mould on the 30ieth casting day. This sample does not show any major structural differ-
ences to anodes from anode copper moulds. The insulating effect of the chalk scale is also visible 
from the rise in temperature in the anode mould. After 13 casting days, the average temperature in 
the mould had risen by app. 25 °C, after 30 casting days by app. 50 °C. 

The use of carbon black instead of barite resulted in a very homogeneous structure over anode 
thickness. The temperature in the mould was significantly higher (app. 40 °C higher average tem-
perature) than when using barite. This may have caused relatively homogeneous solidification and 
cooling conditions, respectively. The columnar zone in anode E is not as clearly visible as in anode 
D, and also thinner. As in the samples from cathode copper moulds (C,F), the airside shows a rela-
tively fine grain size (see Figure 12). 

The finer grain on the airside in the samples from anode C, E and F, as well as 4.3.2, which were all 
taken from the middle of the anodes, cannot only be caused by the cooling nozzle arrangement, as 
the samples from anode B and D, which were taken from the same position, show much coarser 
grains. The variation of the grain sizes in the samples from the same position of the anode, i.e. from 
the middle, is shown in Figure 13. 
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Figure 11: Structural variations under different cooling conditions (mould material) – anode B (a) 
and C (b) 

Figure 12: Structural variations under different cooling conditions (mould wash) – anode D (a) and 
E (b) 

 

a)  b)  

a)  b)  
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Figure 13: Grain size of different anodic areas in samples from the middle of the anode 

Summary and Conclusions 

The anodic microstructure consists of Cu dendrites and an interdendritic oxide phase containing 
various accompanying elements, like Ni, Pb, Sn, As, and Sb. The type and distribution of phases did 
not vary significantly over anode thickness. According to literature statement, the secondary den-
drite arm spacing (DAS), which is depending on local solidification time, shows the highest values 
in the last solidifying central area of the anode. 

The different solidification structures (columnar and equiaxed regions), as well as the variation of 
grain size over anode thickness were clearly visible in the anode samples. The macrostructure (co-
lumnar and equiaxed areas) varies over anode area, which indicates locally different solidification 
and cooling conditions, respectively. Bath movement due to pouring of liquid copper into the mould 
and movement of the casting wheel when the copper is still liquid also influences the solidification 
structure, as detached dendrite arms act as additional nuclei. 

The different mould materials (anode and cathode copper) do not show significantly different an-
odic structures after a certain time of usage, as an insulating chalk scale forms at the bottom side of 
the mould, where the cooling water impinges. This chalk scale has an insulating effect, which is 
visible from higher mould temperatures. 

The use of carbon black instead of barite resulted in higher temperatures in the mould and a more 
homogeneous structure over anode thickness. 
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It is vital to investigate the different anodic structures and their influence on anodic dissolution be-
haviour, as well as the influence of the casting process and cooling conditions on the evolving struc-
ture, in order to optimise anode casting and produce anodes with homogeneous dissolution behav-
iour during electrorefining. 
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