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ABSTRACT 
 
Anodes have to have a certain physical and chemical quality in order to provide 

uniform anodic corrosion and meet the requirements of electrorefining, i.e. to achieve a 
high current efficiency, low energy consumption, low amount of anode scrap and low 
effort together with high cathode quality. Various properties of the anodes can be 
influenced directly by the casting process, which is the interface of pyro- and 
hydrometallurgy of copper. The aims of anode casting – high output and long mould 
lifetimes – are not consistent with good physical anode quality. The physical 
requirements of an anode are smooth surfaces, uniform weight and thickness, minimal 
edge effects, minimal distortion of the body and the lugs, as well as a homogeneous 
microstructure, in order to achieve uniform dissolution behaviour. The chemical quality 
of the anode copper is a task of electrorefining operations, but the elemental distribution 
within the anodes, which should be as homogeneous as possible in order to provide 
uniform anodic corrosion, can be influenced by the casting process. The cooling rate, 
which determines the grain size and microstructure, respectively, has a significant impact 
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on elemental distribution. Hence it is vital to optimise the casting process, as the quality 
of the anode is decisive for electrorefining operation (output/efficiency, quality). 
Experiments investigated the elemental distribution over anode thickness and the 
resulting dissolution behaviour. 

 

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 influenced directly 
by the casting process. Therefore, it is vital to optimize anode casting, which is the 
interface of pyro- and hydrometallurgy. 

 
During solidification of the anodes, some elements are enriched in the solid phase 

(e.g. Ni), others in the melt (e.g. O, Pb, Sn, As, Sb, Se, Bi). This leads to either solid 
solutions or separate phases of various compositions in the solidified anode. The mostly 
inhomogeneous distribution leads to different dissolution rates when contacting the 
electrolyte. The distribution behaviour of the accompanying elements during 
solidification can be explained by their distribution coefficient, k. During solidification, 
elements with k0 > 1 preferentially accumulate in the solid, those with k0 < 1 (e.g. O, Sb, 
As, Sn, Pb) are enriched in the liquid phase and have a tendency to form precipitations, 
even when their concentration is below the solubility limit. 

 
The importance of chemical and physical anode quality regarding dissolution 

during electrorefining as well as possibilities for influencing is described in the work of 
Wenzl et al. [1,2]. This work focuses on chemical anode quality, i.e. elemental 
distribution in anodes, and compares literature with experimental results. 

 

CHEMICAL QUALITY 
 
The chemical anode quality is mainly the task of fire refining, but the distribution 

and form of the elements can be influenced by the casting process and cooling 
conditions, respectively. Also the amount of non-metallic impurities like slag carry-over 
from the anode furnace, metal-refractory interactions and mould wash has to be taken 
into account. Typical chemical compositions of primary and secondary anodes are given 
in the work of Robinson et al. [3]. These secondary copper anodes are generally rich in 
Sn, Pb, Ni, and Sb, but are notably deficient in Se, Te, and Ag. The behaviour of the 
impurities during electrorefining as well as the phases formed are generally the same as 
for primary copper anodes, but the amounts of these phases differ. One obvious 
difference is the high Sn content in secondary copper anodes [4]. Not only the absolute 
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contents of impurities are decisive for chemical anode quality, but also their form and 
relative contents. A uniform chemical anode quality is desired in order to achieve anodes 
with homogeneous dissolution behaviour and to assure optimum co-ordination with 
electrorefining. This is especially difficult at secondary smelters, which have to deal with 
widely varying scrap compositions. Compositional variations within one charge can be 
minimised by the implementation of gas purging in the anode furnace [5]. 

 
The contents of accompanying elements and their maximum solubility in Cu are 

given in Figure 1 [6]. The minimum and maximum concentrations of the accompanying 
elements in Cu can be determined theoretically if the distribution coefficients are known 
and if only binary interactions occur. The actual concentrations are given by geometrical 
and thermal conditions during crystallization, i.e. the developing microstructure, but the 
predicted trends are valid in principle [6]. The different cooling conditions and 
solidification rates, respectively, may lead to concentration variations over anode 
thickness, which are reported especially in anodes cast on the casting wheel [7-10]. 

 

 

Figure 1 - Maximum solubility (left side) and contents (right side) of accompanying 
elements in Cu [6] 

 
In casting wheel anodes, one side solidifies in contact with the mould 

(mouldside), which is made of anode or cathode copper, whereas the other side has air 
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contact (airside). The following characteristics of the airside (compared to the mouldside) 
are reported [11]:  

·  higher impurity content (Ni, Sn, O)  
·  higher oxidic surface portion 
·  continuous NiO layer in high Ni anodes, circular NiO arrangements in low 

Ni anodes  
·  higher Cu2O content (Cu2O network)  
·  lower electrical conductivity  
·  denser slimes 
·  poor dissolution, higher tendency for passivation 
 
Adhering barite on the mouldside can cause certain barite contents in the anode 

slimes. The behaviour of some important accompanying elements during solidification 
and electrorefining is outlined elsewhere [1]. 

 

Thermodynamic aspects 
 
In case of thermodynamic equilibrium the appearance of precipitations can be 

explained by phase diagrams; however it has to be added, that many of the multi-
component systems are not well known [6]. There are two groups of impurities: 

·  High solubility in solid Cu (e.g. Ni, Sn, As, Ag, Sb), so that no 
precipitations occur under equilibrium conditions 

·  Low solubility in solid Cu (e.g. Se, S, Pb, O), so that two-phase 
decomposition (precipitations during crystallization) takes place  

 
However, the cooling conditions during anode casting and the fast solidification 

should result in non-equilibrium conditions. Furthermore, the solubility in multi-
component systems with more complex interactions can be much lower than that in 
binary ones [6]: the solubility of Ni decreases from nearly 100 % to values below 0.3 to 
0.8 % in the presence of O. NiO precipitations appear in anodes with high Ni contents. 
Kupferglimmer (Cu3Ni2-xSbO6-x with x = 0.1 to 0.2 [4]) is a multi-element compound, 
whose appearance is also linked with decreased solubilities in solid Cu. The solubility of 
Sb and Ni in this case is below 0.3 to 0.5 %, but one premise for the formation of this 
phase is a defined Ni-Sb-ratio. These statements are confirmed by thermodynamic data of 
the compounds (see Table 1). The relative stability of the compounds is described by a 
more negative enthalpy of formation and a high melting point and eutectic or peritectic 
temperature, respectively. Thus, under oxidizing conditions, Cu2O, NiO and the Sb-, Pb-, 
Sn- and As-oxides have a strong tendency for forming separate phases. Under reducing 
conditions the formation of chalcogenides (Cu2Se and Cu2S) is most likely [6]. Further 
impurities like e.g. Bi could also be an important factor concerning precipitation [6]. 
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Table 1 - Thermodynamic data of compounds; 1: formula, 2: melting point [K], 3: 
eutectic/peritectic temperature [K], 4: enthalpy of formation [kJ/g atom], ~: no assured 

data available, -: no compound known [6] 

 

Crystallization / Distribution Coefficient 
 
The distribution coefficient (k) describes the different elemental concentrations in 

the crystallized Cu (Cs) and the corresponding melt (Cl) during solidification. It is 
defined as [12]: 

 

 
l

s

C

C
k =   (1) 

 
During solidification, elements with k > 1 are preferentially accumulated in the 

solid, those with k < 1 are enriched in the liquid phase [12]. The schematic liquidus and 
solidus lines in systems with k < 1 and k > 1 are shown in Figure 2. 
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Figure 2 - Liquidus and solidus lines in systems with k < 1 (a) and k > 1 (b) – schematic 
[12] 

 
The liquid and the solid phase are regarded as mixed phases. The distribution 

coefficient for a defined crystallization process is determined by: 
·  thermodynamic properties of main component and accompanying 

elements in the different phases (solid – liquid) 
·  kinetics of the processes in the solid-liquid-interface (phase boundary, 

crystallisation front) 
·  extent of mass transfer in the interface-near area by diffusion and 

convection  
·  shape of solid-liquid-interface 
 
The equilibrium distribution coefficient, k0, is only valid under equilibrium 

conditions, i.e. at a solidification rate v �  0. Under non-equilibrium conditions the 
elemental distribution is described by the kinetic distribution coefficient kkin (including 
kinetics in the solid-liquid-interface) and effective distribution coefficient (including the 
influence of transport mechanisms in the interface-near area). Very high cooling rates 
result in distribution coefficients approaching 1, i.e. homogeneous distribution of the 
elements between liquid and solid phase [12].  

 
There are two extrema concerning the distribution coefficient [6]: 
·  Total equilibrium by diffusion in solid Cu: no single-phase 

decompositions, precipitations occur at concentrations > maximum 
solubility 

·  No diffusion in solid Cu: inhomogeneous distribution of accompanying 
elements (like directional solidification on macro-scale) and formation of 
separate phases for elements with k < 1 in the final stage of crystallisation 

 
The practical conditions are somewhere between these extremes (see Table 2). 

Elements with k < 1 (e.g. O, Sb, As, Sn, Pb) have a tendency to form precipitations, even 
when their concentration is below the solubility limit. Especially Se, S, O, and Pb occur 
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in inhomogeneous distribution and separate phases. The elements Sn, Ag, Sb, and As 
concentrate in the last solidifying areas of the microstructure. Elements with k < 1 
concentrate in the liquid phase and are found between the Cu grains, i.e. along the grain 
boundaries [6]. 

 

Table 2 - Equilibrium distribution coefficients of impurities in Cu and example for 
concentrations in anode copper; (1): estimated value, (2): calculated, (3): literature data, 

(4): experimentally determined, (5): in Cu-matrix, (6): not defined [6] 

O 10-2 (3) 103 (4) 102 (1) 10 (2)
S 10-2 (3) 8.101 (4) 102 (1) 8.10-1 (2)
Se 10-3 (3) 2.102 (4) 102 (1) 2.10-1 (2)
Ni 2 (3) 4.103 (4) 8.103 (2) (6)
Ag 0.5 (4) 3.103 (4) 8.104 (3) 1.5.103 (2)
Sb 0.2 (4) 9.102 (4) 105 (3) 1.8.102 (2)
As 0.2 (3) 5.102 (4) 7.5.104 (3) 102 (2)
Pb 10-2 (3) 2.102 (4) 102 (1) 2 (2)
Sn 0.2 (3) 102 (4) 1.6.105 (3) 2.101 (2)

Element
minimum (5)maximum (5)average

Concentration [ppm]Distribution 
coefficient

 
 
The accompanying elements of Cu can be divided into 3 groups [12]: 
1. Elements that enhance the liquidus temperature of Cu ( 10 >Cu

Bk ): Ni, Pd 
and Pt have unlimited, Co, Nb and Rh limited solubility in Cu. Hence, the 
latter elements form peritectic systems with Cu. 

2. Elements that lower the liquidus temperature of Cu ( 10 <Cu
Bk ): Mn and Au 

have unlimited, Li, B, Mg, Al, P, Ti, Cr, As, Y, Ag, Sb, Ce, Ho, Th 
limited solubility in eutectic systems. The systems with Be, Si, Zn, Ga, 
Ge, Cd, In and Sn form peritectics. 

3. Elements with a very low solubility in Cu ( 10 <<Cu
Bk ): O, S, Ca, Se, Sr, 

Re, Ba, La, Pr, Yb, Tl, Pb, U, Bi, Pu 
 
The anodes' microstructure is not in an equilibrium state. This leads to the 

formation of regions (components of the microstructure, but also within one phase) with 
different electrochemical properties, which result in locally different dissolution 
behaviour [6,8]. The non-equilibrium state is described by constitutional undercooling 
and oversaturation of the melt, which are the driving forces for phase transformations and 
determine the value of kkin [12]. Phase transformations consist of two processes, which 
can both be rate-determining: the processes at the phase boundary (actual transformation) 
and the transfer processes in the different phases. The crystallization rate during 
solidification of metals is generally determined by heat transfer. Mass transfer is 
important regarding accumulation of elements, which are not build into the solid phase 
(k0 < 1), in front of the phase boundary as well as a lack of elements which preferentially 
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go to the solid phase (k0 < 1) [12]. The deviation of kkin from k0 and its dependence on 
undercooling and oversaturation is determined to a great extent by atomic processes 
during solidification. If many nuclei for crystal growth are present in the melt and the 
undercooling is small, the value of kkin is almost equal to k0. This is not the case, if the 
undercooling is large. If the cooling rate is high enough or the temperature gradient 
lowered, dendritic growth occurs due to constitutional undercooling [12]. 

 

ELEMENTAL DISTRIBUTION - EXPERIMENTAL RESULTS 
 
The reported varying metal composition (e.g. variations of Pb and Ni content of 

up to 30 % and 20 %, respectively [11]) between the first and last amounts of molten 
copper poured from the anode furnace was not found. Cu samples were taken from the 
launder during the casting process at a secondary copper producer to investigate the 
elemental variations over casting duration. It can be seen from Figure 3, that the 
implementation of gas purging in the anode furnace ensures constant chemical anode 
quality within one charge. Compared to data before implementation of gas purging 
(January to June 2006 - see Table 3 without purging) a significant improvement in 
chemical quality during the casting process, i.e. within one batch, can be seen (July to 
December 2006 - see Table 3 with purging). For example, without purging, the Ni 
content would rise from e.g. 0.3 % at the start to 0.321 % at the end of the batch, whereas 
with purging the value remains relatively constant (e.g. decreases slightly from 0.3 % to 
0.299 %). The variation of analysis especially decreased with Sn, Zn and Fe within the 
batches as the gas purging improves melt homogenisation. The improvement expressed 
as the average of the absolute relative deviation of batches without and with gas purging 
is with Sn: 94 % �  26 %, Zn: 145 % �  51 % and Fe: 116 % �  41 %. Thus the variation 
could be decreased by 3 to 4 times.  
 

Table 3 - Average of deviations between chemical analysis from start to the end of the 
batches in 2006 
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Figure 3 - Chemical quality during casting process 

 
The anode samples were cut from the anodes (hatched areas in Figure 4), ground 

and polished, and etched with ammoniumpersulfate for metallographic investigations. 
 

 
 

Figure 4 - Anode samples 
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The chemical analysis over anode thickness was done by spectrometer and 

quantitative scanning electron microscope (SEM) analysis. Figure 5 shows the elemental 
distribution over anode thickness in one anode sample. As these analysis methods 
mentioned measure the concentrations in a defined, limited area, deviations in elemental 
distributions occur when certain phases, e.g. oxides, are present in this area. To overcome 
these effects, average values were used, so that every data point in Figure 5 represents an 
average value of 3 measurements. Figure 6 shows the average concentrations of 10 
samples taken from one anode. The dotted lines represent the general chemical analysis 
of the anode copper. It is obvious, that – contrarily to literature statements [7,10] – the 
contents of impurities are relatively constant over anode thickness, except the 
concentrations of oxygen and Cu. On the airside, higher oxygen and lower Cu contents 
were detected. This is consistent with the higher oxide content on the airside, due to the 
contact with air during cooling. If the elemental distribution is relatively constant, the 
inhomogeneous anodic dissolution behaviour may be mainly caused by varying physical 
quality, i.e. grain size, over anode thickness (see chapter 3.1). 
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Figure 5- Elemental distribution over anode thickness 
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Figure 6 - Elemental distribution over anode thickness – average values of 10 samples 
from one anode 

 
Figure 7 and Figure 8 show the distribution of phases on the airside. It can be 

seen, that the accompanying elements are accumulated between the Cu crystals. This is in 
accordance with the theory of the distribution coefficients and previous studies. The 
phases detected were generally the same on airside and mouldside and agree very well 
with previous studies [4,6,9,13-19]. A closer analysis showed that the dark parts in 
Figure 7 and the light ones in Figure 8, respectively, consist of pure Cu (primary Cu 
dendrites), which makes up the majority of the structure. A eutectic phase (Cu-Cu2O), 
which is also described as dark spherical particles in literature [11,13-16] (see Figure 8 
and Figure 9), is found between the Cu dendrites. The oxidic particles do not only consist 
of Cu and O, but also contain a certain content of other accompanying elements (Ni, Pb, 
Sn), as described by Chen et al. [9,11,13]. On the airside, the Cu2O particles also occur in 
elongated form next to the surface of the anode (see Figure 9). The higher oxide content 
of the airside compared to the mouldside is clearly visible from the oxide layer on the 
surface and the higher amount of interdendritic phase in Figure 10. The Cu2O particles 
are often partially rimmed with PbO. Pb was only detected as PbO, often also containing 
some Sb, as separate phase or rim of Cu2O or other complex oxides. Ni is present mainly 
as NiO and in complex oxides, especially on the airside. In Figure 8 and Figure 9, the 
oxide layer on the surface, resulting from the contact with air during the casting process, 
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and also the NiO layer on the airside are clearly visible. Sn is found as oxide in form of 
needles or angular crystals, whereby the needle is often filled with other oxidic phases. 
Besides these relatively small spherical particles (some µm) also some larger 
"inclusions" were found, which seem to be gas inclusions trapped during solidification. 
Various oxides, containing Sn, Zn, Ni, As, Sb, Pb and Fe have formed in these areas (see 
Figure 9 and Figure 11). These pores are also visible without a microscope on the ground 
and polished samples. They appear as black spots under the microscope. Ag was only 
found in solid solution in the Cu – no separate Ag containing phases were detected. This 
agrees with statements in literature [13,19,20]. Sb and As was found in various oxides, 
e.g. Cu-Pb-As oxide and and Cu-As-Sb-Pb oxide. As expected from the anode analysis 
and literature statements concerning area of existence (Sb contents > 0.05 wt.-% and Ni 
contents > 0.25 wt.-% [14]), no kupferglimmer was detected. 

 

Figure 7 - SEM-micrograph of anode sample – distribution of phases on the airside 

 
 

Cu 

oxidic phase 
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Figure 8 - Distribution of phases on the airside 

 

 

Figure 9 - Interdendritic phases (airside) 
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Figure 10 - Airside (a) and mouldside (b) – structure and distribution of phases 

 

 

Figure 11 - Larger magnification of a pore 
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Influence of Physical Anode Quality 
 
As the chemical composition over anode thickness was found to be relatively 

constant, the big differences in anodic dissolution behaviour and hence performance 
during electrorefining must result from variations in physical anode quality, i.e. structure 
and grain size, respectively (see Figure 12 and Figure 13). The different structural areas 
described in literature [8,11,21] (see Figure 12) are clearly visible:  

·  mouldside: thin zone with fine grains (blue lines in Figure 12) 
·  towards centre: columnar crystals (area 3) 
·  centre: last solidified part with high amount of nuclei - very fine globulitic 

structure (area 2) 
·  airside: solidified in contact with the atmosphere (air), usually cooled with 

a spray of hot water - equiaxial, coarse grains (area 1) 
 
The dissolution rates and also the necessary energy for dissolution are different 

for each of the anode areas. The dissolution starts at the grain boundaries and is always 
more intense around impurities or inclusions [8,22]. Hence, the anodic structures (as well 
as anode-cathode spacing) would request different cathodic crops. 

 

 

Figure 12 - Zones and structures in a casting wheel anode (schematic) [8,11,21]  

 
As the grain size in the central area (area 2) shows variations from air- to 

mouldside (see Figure 13), it is divided into "area 2 – mould" and "area 2 – air". The 
grain sizes detected in the different anodic areas are given in Table 4. 
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Figure 13 - Macrostructure over anode thickness 

 

Table 4 - Grain sizes in the different anodic areas 

Area Grain size [µm]
1 2240.27
2 - air 533.80
2 - mould 1127.39
3 2719.19  

 
Another indication for the importance of anode structure and grain size is the 

distribution of the current density at the cathodes in opposite of the air- and mouldside of 
the anodes see Figure 14). In other investigations, the current density was determined on 
the air- and the mouldside during the anodic crop in one cell. The produced cathodes 
were weighed separately and the current densities calculated afterwards. Figure 14 
shows, that the current density and the standard deviation are higher on the mouldside in 
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both cathodic crops. The relation of airside and mouldside is very similar in both 
cathodic crops. This result, which is representative for those of 10 investigations in total, 
is contradictory to literature statements. According to literature, there should not be any 
differences between air- and mouldside after the 1st cathodic crop, as the chemical 
inhomogeneities are no longer present. However a big difference in current density 
distribution was detected also in the 2nd cathodic crop (see Figure 14). The obvious 
deviations between air- and mouldside in Figure 14 indicate that the chemical influence 
seems not to have that big influence directly to the produced cathode sheets.  

 
These findings agree well with the different grain sizes detected over anode 

thickness. Using the estimated dissolved anodic areas marked in Figure 13 and the 
corresponding grain sizes (see Table 4), the deviations in the 1st cathodic crop can be 
explained by the different dissolution behaviour of area 1 and 3, those in the 2nd cathodic 
crop by the difference in grain size within area 2 ("area 2 – air" and "area 2 – mould"). 
The mean values and standard deviation of the data in Figure 14 are given in Table 5. 
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Figure 14 - Current density distribution on air- (AS) and mouldside (MS) during 1st 
(1CC) and 2nd (2CC) cathodic crop 
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Table 5 - Mean values and standard deviation of data in Figure 14 

AS_1CC MS_1CC AS_2CC MS_2CC
Mean current density 290 327 303 330
Standard deviation 34 42 32 38  

 

SUMMARY AND CONCLUSIONS 
 
Due to the use of gas purging in the anode furnace, the chemical composition 

within one charge of anodes, i.e. during the casting process, was found to be relatively 
constant. 

 
According to literature, elements with k < 1 (O, Pb, Sn, Sb, As) concentrate in the 

liquid phase during solidification and are found between the Cu dendrites, where they 
form separate phases at the end of solidification. Although Ni has a distribution 
coefficient > 1, it is found in oxides and especially on the airside, which agrees very well 
with literature, as Ni should be found in oxidic form at Ni contents > 0.3 %. Here, the 
distribution coefficient of NiO, which is different from that of Ni has to be taken into 
account. Ag was only found in solid solution in the Cu phase – no separate Ag containing 
phases were detected. This is in accordance with previous studies. Contrarily to literature, 
the chemical composition over anode thickness was found to be relatively constant. If the 
elemental distribution is relatively constant over anode thickness, variations in physical 
anode quality, especially grain size, may be the main cause for irregular anodic 
dissolution.  

 
Areas of different grain sizes were detected over anode thickness. Therefore, it is 

vital to investigate the casting process and the cooling conditions, which determine the 
evolving structure, more closely, in order to find a way of producing anodes with a more 
homogeneous structure and hence dissolution behaviour.  
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