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1 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 pro-
duced 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 spe-
cial importance as the quality of the anode is decisive for
electrorefining operation (output/efficiency, quality). Vari-
ous 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 hydrometal-
lurgy.

2  Chemical anode quality

The anode has to have a certain physical and chemical
quality in order to meet the requirements of electrorefin-
ing, i.e. to achieve a high current efficiency, low energy
consumption, low amount of anode scrap, and low effort

together with high cathode quality [1].

To satisfy the requirements of the electrolysis the anodes
must provide uniform corrosion, weight, and geometric di-
meunsions (especially thickness), smooth surfaces, minimal
edge effects, as well as minimal distortion of the body and
the lugs. Further quality criteria are minimum content of
harmful impurities, surface conditions of anode body (es-
pecially absence of passivating films), density, and gas-satu-
ration capacity [2, 3]. The anode quality is influenced by
the casting process [3]. However, the aims of anode casting
- high output and long mould lifetimes — are not consistent
with good physical anode quality [1]. More details about
chemical anode quality are given in Part I of this work [4].

3 Physical anode quality

The physical anode quality — anode surface, geometry, and
weight, as well as structure — is very important for elec-
trorefining operations. Contrary to chemical quality, which
is determined by firerefining operations, the physical one
can be influenced by the anode casting process.
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Uniform anode weight and therefore thickness as well as
smooth surfaces are essential for uniform anode spacing and
hence dissolution. Perfectly vertical anodes are assumed for
the following considerations on influences on anodic dis-
solution, as uneven anode surfaces and inhomogeneous
current distributions cause much more pronounced effects
than other anode properties, e.g. microstructure [5].

Dissolution behaviour is determined by the structure of
the anode, which is linked with the elemental distribution
and dependent on both thermodynamic and kinetic pa-
rameters [6]. The deviations from equilibrium conditions
(undercooling, supersaturation) are the driving power for
phase transformation, which comprises two processes, ac-
tual transformation and transport mechanisms, which can
both be rate-determining. The crystallization rate is mainly
determined by heat conduction [7]. The solidification type
is of special importance in secondary metallurgy as - due
to varying scrap compositions — the impurity contents are
much higher and hence have a wide influence on electro-
chemical behaviour of the anodes. During solidification
some elements are enriched in the solid phase (e.g. Ni),
others in the melt (e.g. As, Sb, 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 [6].

As - due to the lower (crystallization) overvoltage — elec-
trochemical dissolution occurs preferentially at the Cu
grain boundaries, the grain size distribution has an influ-
ence on anodic dissolution: anodes with finer grains dis-

solve more rapidly because of their higher content of grain
boundaries {6, 8].

However, anodes with finer grains are more susceptible
to passivation, so that — regarding passivation — a uni-
form, relatively coarse, equiaxial structure is desirable [9].
For plating processes anodes with a fine, uniform grain
structure are desired, but anodes for plating are much
purer than those for electrorefining [10]. As anodes with
globulitic structures are less susceptible to passivation,
the dissolution behaviour of anodes could be improved by
magnetic stirring, which minimizes the dendritic zone and
results in a smoother transition zone between dendritic and
inner globulitic zone [6]. Gumowska [11] did not detect any
influence of grain size on passivation behaviour, whereas
AHaN et al. [12] found that anodes with larger dendrite
arm spacing (DAS) exhibit superior passivation proper-
ties such as longer time to passivation and higher critical
current density.

In casting wheel-anodes, the grains on the airside are coars-
er than on the mouldside. The following zones and struc-
tures are found (Figure 1) [6,9,13]:

* Mouldside: thin zone with fine grains (app.. 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)
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Fig.1: Zones and structures in a casting wheel anode (schematic)
[6,9,13]
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Fig.2: Grain size distribution over anode cross-section [6]

e Airside: solidified in contact with the atmosphere (air),
usually cooled with a spray of hot water — equiaxial,
coarse grains (area 1)

Anodes cast in water-cooled moulds show a more sym-

metric grain size distribution over anode cross-section
(Figure 2) [6].

The macrostructure of all casting wheel-anodes is similar
because of the similar casting methods. They differ only in
size, thickness, and composition [9]. Commercial anodes
of smaller dimensions have a smaller grain size in areas 1
and 3. This may be due to a shorter solidification time,
which does not allow growth of larger grains. There is no
dimension-related tendency in area 2. This area results
from constitutional undercooling of the melt. As the level
of impurities is similar, so is the grain size [9].

The dissolution rates and also the necessary energy for
dissolution are different for each of the anode areas. The
dendritic one has the strongest tendency for passivation [9].
Areas having a larger grain size require higher potentials
for the onset of passivation. The dissolution starts at the
grain boundaries and is always more intense around im-
purities or inclusions. Hence, larger grain sizes reduce the
susceptibility to passivation, as they present fewer surfaces
where impurities are located. Therefore, the contribution
of the impurities to the formation of a passive layer on the
anode surface is smaller.

Industrial practice has shown that finer grain shows better
(electrochemical) dissolution behaviour. Hence, the anodic
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structures (as well as anode-cathode spacing) request dif-
ferent cathodic crops, although uniform periods (7-7-7)
are common in industrial practice. An optimum schedule
would be as follows: In the 1% - 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, anodicdis-
solution improves (dissolution of area 2), which results in
a longer 2™ period. This is followed by an — again — shorter
3« period, which deals with irregular shaped, maybe porous
and perforated anodes, which causes irregular current den-
sities, and therefore irregular dissolution (which leads to
Cu losses to the anode slime) and deposition.

4  Technology of anode casting

Anode quality is not only dependent on the casting tech-
nology used, but especially on proper process control.

4.1 Casting wheel

The most common technique is anode casting on casting
wheels [4], although it is linked with certain disadvantag-
es, especially regarding geometrical accuracy and surface
quality [3, 6,15]:

» Fluctuations in anode weight and thickness [3,16],

s Various effects at the boundary of the crystallization
zone (e.g. formation of pores, accumulations of oxides,
mould wash particles) [3,6,16],

* Poor surface quality: “inflamed” surface, very likely to
have fins, warp, irregular surface due to discharge of gas
at the time of casting, and other casting defects including
the formation of oxides on the anode surfaces [3, 16},

¢ Numerous inclusions of Cu,O in the bulk of the anode
[15],

» Different surface structures on air- and mouldside [6},

¢ Adhering mould wash, which may influence inclusions
and is released during electrorefining [3, 15, 16],

* Potentially finishing processes required.
The casting defects can cause irregular electrode spacing,

which can result in further defects like shorts, decreased
current efficiency, and uneven electrodeposition.

42 Hazelett/Contilanod

The continuous casting of copper anodes is not growing
— only six refineries in the world have installed such a sys-
tem, of which three are in operation [14] - although it is
said to have various benefits [1, 14]:

¢ Less required space compared to production capacity
— easier to maintain [16],

* Good anode quality: high density, fine and even struc-
ture, low porosity, smooth surface, uniform anode thick-

ness {1,16,17],

¢ Better anode geometry, anode surface, and vniformity
of weight than casting wheel process [1],

* TUniform distribution of impurities,

e Production of thin anodes [16],

¢ Higher casting rates [16],
¢ No additional straightening or machining [1, 17].

Statements on anode porosity are inconsistent. On the one
hand, porosity should not be a problem [1,16,17,18}, 0n the
other hand a significant amount of segregated macroporos-
ity in the anodes, presumably due to air entrainment (result-
ing from the turbulent and swirling liquid copper flow from
the tundish to the beltcaster), lubricant volatility, and [H] +
[O] steam reaction is reported [19]. The difference in qual-
ity between casting wheel technology and the Contilanod
process is dependent on process control. The slightly better
quality of the Contilanod-anodes does not compensate the
equipment and capital costs required [1, 14].

4.3 Vertical mouids

Anode casting in vertical moulds with (Figure 3) and with-
out cooling was investigated by CHERNOMUROV et al. [3].
This technique should result in high geometrical accuracy,
good surface quality, and high density as well as uniform
elemental distribution over ingot height. One disadvantage
is the formation of shrink holes at the anode edges. Mould-
filling, density, and distribution of porosity can be improved
by preheating the moulds.

.

Fig.3: Vertical mould with condensation-gas cooling; 1: cooling jacket,
2: intermediate heat transfer medium, 3: cooled surfaces of the
tube bank, 4: condensation chamber; [3]

Further investigations on anodes cast in a water-cooled
mould were done by ANTREROWITSCH et al. [6].

As there are no more publications about vertical anode
casting and continuous anode casting is not very common,
the following considerations about influencing anode qual-
ity by the casting process focus on casting wheel technol-
ogy.

5  Possibilities of influencing anode quality
during anode casting

Only the physical quality can be influenced directly by
anode casting, but not the chemical one, which is the task
of firerefining. However, a certain change in chemical qual-
ity may occur due to oxygen uptake during casting, slag
carry-over from the anode furnace and metal-refractory
interactions.
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The elemental distribution within the anode can be influ-
enced by the cooling conditions. At rapid cooling, the ef-
fective distribution coefficient for all elements approaches
1 (k< 1) as no equilibrium is reached. In equilibrium,
the elemental distribution is described by the equilibrium
distribution coefficient k : depending on its value, the ele-
ments are either enriched in the liquid (k,<1) or in the
solid (k, > 1) phase. Hence, at rapid cooling no elemental
distribution takes place as the elements are not enriched
in one of the phases.

Smooth anode surface, as well as uniform anode weight and
thickness are dependent on proper control of the casting
process and the weighing system, respectively. The structure
and elemental distribution can be determined by solidifica-
tion conditions, e.g. cooling rate and heat transfer.

5.1 Anode mould

Casting moulds are subjected to thermally induced stress’

from molten copper and cooling water and probably side
reactions with the anode copper and impurities. Hence, the
main signs of wear are intercrystalline cracks and corro-
sion, as well as distortion of the moulds [20].

Wear caused by the stream of molten copper becomes
apparent in furrowed surfaces, which result in wave-like
concave cavities on the mould side of the anodes. This does
not affect the quality of the cathodes, but impedes the ex-
traction of the anode from the mould. Since the cracks are
very deep, milling the surface of the mould is not possible
due to problems in process automation [20]. Another sign
of wear is distortion caused by thermal stress, which leads
to convex anodes that locally shorten the distance to the
cathode [20,21]. '

Materials used for anode moulds are anode or cathode
copper, but also certain copper alloys (SE-copper, SF-cop-
per, OF-copper or a copper alloy with up to 10 % of alloy-
ing elements like Ag, Cr, Zr, Mg, Zn or Al [20,21]) may be
suitable. The chemical composition of the material used
determines its thermal conductivity and therefore influ-
ences mould lifetime and solidification of the anodes.

The grain size of the mould, which depends on its manu-
facturing process, is decisive for mould wear and lifetime.
The usual cause of mould replacement is either warping or
cracking. Mould levelling is essential for producing anodes
with uniform thickness [2]. Mould lifetime also depends
on the casting load, whereby lower casting rates result in
longer lifetime [20].

5.1.1 Material

The higher conductivity of cathode copper moulds has
some influence on the process, but statements about the
correlation of mould material and mould lifetime are in-
consistent. On the one hand, Hakakarr and Pariant {22]
did not find significant extra lifetime for the cathode cop-
per moulds, but some (however not consistent) quality
degradation in the lug area, as the softer cathode copper
is damaged more easily than anode copper moulds. On
the other hand, cathode copper moulds are said to have

a longer lifetime and produce higher guality anodes than
anode copper moulds [2]. One parameter concerning du-
rability is the heat conductivity of copper, which is lowered
by additives. The performance of the mould is improved
by minimizing the oxygen level, as Cu,O segregates along
the grain boundaries and accelerates crack formation. If
too high levels of P are used for deoxidation, the lifetime
decreases again. Segregations of other alloy components
limit the lifetime, too [20, 21].

The supposed benefits of cathode copper moulds regard-
ing improved anode quality seem to outweigh the higher
costs.

5.1.2 Manufacturing process

The quality of the moulds, which are usually cast by the
smelters, varies with the quality of the copper used, the
kind of mould used, and the care and technique to pour
the mould [2]. The anode moulds are either produced by
casting the metal in another mould with the contour of the
anode or by inserting a cooled die with the desired contour
of the anodes into a molten metal [21]. The latter technique
should improve microstructure and hence prolong mould
lifetime, but cavities beneath the surface may occur {20}

Cast anode moulds have certain disadvantages, such as
coarse grains and internal stresses, which result in limited
lifetime. A new technique for anode mould manufacturing
is milling the moulds out of continuously cast cakes with
uniform material properties and sandblasting them for
good adhesion of the mould wash. Alternatives to milling
are other machining or forming operations, e.g. forging or
extrusion. To overcome the disadvantages of the coarse
microstructure due to slow solidification of the continu-
ous cast cakes, which causes cracks and distortion even in
moulds made of purest copper, the blank should be forged
(or extruded or rolled) before milling the mould in order to
achieve a smaller grain size and hence hinder crack elonga-
tion. One of the advantages of this method is a prolonged
mould lifetime due to finer grain {20,21].

5.2 Cooling rate

The solidification of casting wheel anodes is accelerated by
water spray cooling of the moulds and - later — the anode
surfaces themselves. The optimization of spray nozzles
layout and hence uniform cooling helps to minimize geo-
metrical distortion [23].

It is known that the cooling rate determines the structure:
high cooling rates lead to fine grain, whereas slow cool-
ing results in coarse microstructure. As a fine structure is
reported to result in better dissolution behaviour [6,8,10],
rapid cooling seems to be preferable.

This requires:

¢ High thermal conductivity of mould material

* High amounts of cooling water

* Minimum casting temperature of liquid copper

Problems that have to be considered are the thermal shock
resistance of the mould material, the cooling water supply,
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