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Commercial production of copper by continuous casting in a wheel-and-band machine,
with suitable modifications to induce high undercooling, is considered. Impurities control
to a large extent the microstructure and mechanical properties of the ingot. Suitable solute
additives in the molten alloy to achieve constitutional supercooling during solidification
have been analyzed, with particular emphasis on the presence of lead. Experimental
information on the Cu-O-Pb phase diagram has been revised and modeling of the
microstructure evolution as a function of several casting parameters is being presented.
C© 1999 Kluwer Academic Publishers

1. Introduction
Solidification in the casting process is largely deter-
mined by thermodynamic and kinetic factors. From the
kinetic point of view, solidification results in an abrupt
decrease of atomic mobility. Since the raw material is
initially in the molten state, the heat release is large,
which means that large amounts of heat have to be ex-
tracted quickly. The microstructure of the cast prod-
uct (i.e. second-phase particle distribution parameters
such as secondary dendrite arm spacing, particle and/or
eutectic colony size, and matrix composition, etc.) is
mostly determined by both phase diagram equilibrium
and kinetic considerations, in particular the liquid com-
position and casting procedure. In the commercial pro-
duction of Cu by the Properzi process, a copper bar
is continuously cast on a wheel-and-band machine [1].
Copper solidifies in the gap as the wheel and band rotate
through a portion of circular path. Casting rates are typ-
ically of 30 tons/h for a 53×39 mm copper billet. Phase
diagram and thermodynamic data are of considerable
fundamental and practical interest to check the influ-
ence of the liquid composition. In particular, the role of
Pb impurities in the solidification process is important
because this element is immiscible in solid Cu [2].

In this paper a series of rich Cu alloys obtained
by the Properzi process are analyzed. Their solidifi-
cation behaviour as a function of composition is de-
scribed in terms of microscopic observations. The phase
equilibrium in the pseudo ternary system Cu-Cu2O-
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PbO-Pb is revised and the role of liquid composition in
the resulting microstructure after continuous casting of
Cu is established.

2. Microstructural analysis
Typically, casting of Cu with impurity contents rang-
ing between 100–300 ppm O and 200–600 ppm Pb
produces the predominant nucleation at, or close to, the
wheel-and-band wall, resulting in a columnar-grown
zone because the crystals advance rapidly when the
growth direction is parallel and opposite to the heat flow
direction. Beyond a certain stage in the solidification
development, a transition from columnar to equiaxed
region occurs which is highly dependent on the casting
conditions. Fig. 1 shows a typical optical microscope
view of the longitudinal and transverse bar sections.
Scanning electronic microscopic observations (see
Figs 2 and 3) indicate that equiaxed Cu grains have
diameters varying from 5 to 100µm whereas eutectic
Cu + Cu2O colonies are located at grain boundaries
and in interdendritic pockets, their size being of 0.1 to
1 µm. PbO grains appear mostly in the central region
of the bar.

The microstructural analysis indicates that two ran-
ges of composition domains may be distinguished ac-
cording to the value of the Pb/O ratio content.

a) Samples with a low Pb/O ratio content exhibit eu-
tectic colonies with irregular grain sizes of the Cu2O
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Figure 1 General view of the vertical and horizontal sections of the bar
produced after casting by the Properzi process.

Figure 2 Micrograph of a sample with 80 ppm Pb and 240 ppm O.
Eutectic phase in between adjacent Cu grains.

precipitates and no trace of coexistence of two immis-
cible liquids in the solidification process (Figs 2 and 3).

b) Samples with a high Pb/O ratio content exhibit
in some of the equiaxed or columnar Cu grains a fine
dispersion and coalescence of droplets which may be
the signature of a liquid-liquid immiscibility in the
solidification path (Fig. 4).

2.1. The Cu-Cu2O-PbO-Pb pseudo
ternary system

According to the microstructural analysis, the loca-
tion of some invariant points in the phase diagram is

(a)

(b)

Figure 3 Micrograph of a sample with 160 ppm Pb and 140 ppm O:
(a) eutectic at the grain boundary results in Cu2O particles; (b) irregular
eutectic with some large Cu2O grains.

Figure 4 Sketch showing the final microstructure generated by the L1
+ L3 immiscibility.

proposed. The general phase equilibrium follows the
lines given by Chang and Hsieh [3]. Experimental in-
formation comes from the bibliography [2, 4–8] and
the results obtained in the present work. The represen-
tation of the equilibrium in condensed phases in the
Cu-O-Pb system bounded by Cu-Cu2O-PbO-Pb is pre-
sented in Fig. 5 as the projection of the monovariant
reactions in the orthogonal composition plane. In this
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Figure 5 Projection of the invariant equilibrium of the pseudo ternary
system Cu-Cu2O-PbO-Pb. The primary crystallization fields of each
crystalline phase are also indicated.

representation the co-ordinates (x, y) of a point cor-
respond to the global fraction of cations and anions
defined by the following equations:

x = nPb/(nPb+ 1/2nCu)
(1)

y = nO/(nPb+ 1/2nCu)

wherenO, nPb and nCu are the number of moles of
anions and cations of the different elements present in
each ternary composition.

TABLE I Invariant phase equilibrium scheme

Cu-O Cu-Pb Cu-O-Pb Pb-O Cu2O-PbO

m1: 1223◦C
L3m1⇔L1m1 +Cu2O
e1: 1066◦C
L1e1⇔ (Cu)e1 +Cu2O

II1: 1040◦C
L1II1 +Cu2O⇔ (Cu)II1 +L3II1

m2: 955 ◦C
L1m2⇔L2m2 + (Cu)m2

I1: 954◦C
L1I1⇔L2I1 +L3I1 + (Cu)I1

m3: 870◦C
L3m3⇔L2m3 +PbO

II2: 847◦C
L2II2 +L3II2⇔ (Cu)II2 +PbO

e4: 680◦C
L3e4⇔Cu2O+ PbO

I2: 677◦C
L3I2⇔ (Cu)I2 +Cu2O+ PbO

e3: 327◦C
L2e3⇔ (Pb)e3 + PbO

e2: 326◦C
L2e2⇔ (Cu)e2 + (Pb)e2

I4: 325◦C
L2I4⇔ (Cu)I4 + (Pb)I4 +PbO

L1II1 and L3II1 have, respectively, 2.4 wt % O and 8 wt % Pb, and 9 wt % O and 10 wt % Pb.

3. Discussion
According to the phase reaction scheme shown in
Table I, solidification under equilibrium in Cu-rich al-
loys is mainly determined by the invariant reaction
II 1 (see also Fig. 5), namely: L1II1 +Cu2O⇔ (Cu)II 1 +
L3II1, since alloys with a Pb/O weight ratio content ei-
ther higher or lower than≈1.1 will have an excess of
L1II1 or Cu2O at the end of that reaction, respectively.
We will comment successively on the consequences of
the value of the Pb/O weight ratio in the molten alloys
on the microstructure of the resulting cast material.

Molten alloys with a Pb/O weight ratio content lower
than about 1.1 will form primary Cu crystals followed
by eutectic Cu+Cu2O formation from a Cu rich liquid,
L1, down to 1040◦C. At this temperature reaction II1
takes place and L1 is consumed, with some Cu2O, to
increase solid Cu and form L3. Subsequent solidifica-
tion of the L3 liquid follows the eutectic monotectic line
II 1→ I2 where the eutectic mixture Cu+ Cu2O forms
from an O enriched liquid, L3, until this liquid trans-
forms to the solid phases at 677◦C. Non-equilibrium so-
lidification results in partial transformation at 1040◦C
and, consequently, irregular eutectic mixture distribu-
tion over the casting product. Fig. 6 shows the sequence
of phases appearing during the solidification of two se-
lected alloy compositions. Such figure has been con-
structed by application of the lever rule to the solidi-
fication path, depicted in Fig. 5. Below 1040◦C there
is an increase in the amount of Cu2O formed by the
eutectic reaction from the O rich liquid L3. As a conse-
quence, the cast product has Cu2O particles, irregular in
shape and size, surrounding the Cu grains, as depicted
in Figs 2 and 3.

On considering the solidification path in molten al-
loys with a Pb/O weight ratio content higher than about
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Figure 6 Phases appearing during the solidification of alloys with 150
ppm Pb and 200 ppm O (solid lines) and with 200 ppm Pb and 300 ppm
O (dashed lines).

Figure 7 Phases appearing during the solidification of alloys with 250
ppm Pb and 200 ppm O (solid lines) and with 350 ppm Pb and 100 ppm
O (dahsed lines).

1.1 the first steps, namely primary crystallization of Cu
followed by eutectic Cu+ Cu2O formation, are iden-
tical to those already described. However, at 1040◦C,
reaction II1 under equilibrium conditions leaves some
amount of L1 unreacted which coexists with L3 and is
further consumed to the expense of Pb enrichment of L3
and Cu precipitation until line II1→ I2 is reached. Fig. 7
depicts the situation for two selected alloy composi-
tions. Under casting production, again some unreacted
Cu+Cu2O eutectic mixture formed above 1040◦C re-

mains below that temperature, but, more significantly
for practical purposes, the eutectic reaction continues at
a temperature much below 1040◦C, that is, at increasing
undercooling, and consequently the remaining liquid
has a negligible probability to be distributed over large
pockets. Therefore, large Cu2O particles are avoided
at the Cu grain boundaries. Further, the coalescence of
the immiscible droplets produces a fine dispersion as
well as Cu2O precipitates inside the grains, as shown
in Fig. 4.

4. Conclusions
Commercial production of copper by continuous cast-
ing in a wheel-and-band machine, with suitable mod-
ifications to induce high undercooling, has been con-
sidered. The Pb impurities control to a large extent the
microstructure of the casting product and affect the me-
chanical properties of the ingot.

Experimental information on the Cu-O-Pb phase dia-
gram has been revised and modeling of the microstruc-
ture evolution as a function of several casting param-
eters has been presented. Suitable Pb/O weight ratio
amounts in the molten alloy to achieve specific mi-
crostructures after solidification have been analyzed.
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