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Abstract: Planar, cellular and dendrite morphologies were observed at different concentrations in the directional solidification of
Cu-Pb monotectic alloys. In Cu-Pb hypomonotectic alloys, the directional solidification microstructure changes from columnar
dendrite to the irregular rod composite structure with increasing lead content and growth rate. In Cu-Pb hypermonotectic alloys, the
structure changes from the band structure and elongated droplets to irregular rod composite structure with increasing growth rate.
The range of composition of forming the rod composite structure around the monotectic points increases with the increasing growth
rate. The transient morphology of Cu-Pb alloys in the directional solidification was obtained. The solid/liquid interface of Cu-Pb
alloys presents planar and the second liquid droplets are pushed by growing front under the high temperature gradient. With
increasing growth rate or decreasing temperature gradient the planar interface becomes unstable and the cellular structures with Z,

phase at the cell boundaries are developed.

Key words: copper-lead monotectic alloy; directional solidification; transient morphology; microstructure evolution

1 Introduction

Monotectic alloy is an important class of alloy
whose binary phase diagram has a miscibility gap, in
which the original single liquid will decompose into two
distinct immiscible liquids within a few seconds. In the
normal gravity field, a serious gravity segregation will
happen due to the sedimentation of the heavier phase.
This kind of structure has no any valuable application.
But many immiscible alloys having an aluminum or
copper matrix with homogeneous structure or fibrous
arrangement of the second phases, lead, bismuth and
indium are regarded as useful materials for light and soft
in situ superconductors[1], wear-resistant[2—6], electrical
contact materials[7] and so on.

However, some good physical, chemical and
mechanical properties are present with the microstructure
of the fibrous or dispersion of L, phase in the matrix.
Directional solidification is one of the most widely used
methods for production of high quality components, as it

permits a precise control of the temperature gradient and
growth rate to obtain a desirable structure with the
fibrous or dispersion of L, phase.

Directional solidification of monotectic alloys can
be grouped into two families, one gives a regular array of
uniform parallel fibrous in the matrix, for example,
Al-Bi[8], Al-In[9-11], the other shows an irregular
morphology of branching fibre of variable radius. Cu-Pb
alloys belong to the latter[12]. The formation mechanism
of the monotectic composite structure has been discussed
from the viewpoint of energy balance between the three
phases involved, solid § phase, liquid phases Z; and L,.
CHADWICK][13] and LIVINGSTONE and CLINE[14]
proposed that a monotectic composite structure, similar
to the eutectic structure, can be achieved if the liquid
phase L, separated at the monotectic reaction can wet the
solid phase formed in the monotectic reaction, i.e.
V-5, S Vs T Vg1, Vs-1,> Vs-r, and
V1,-1, are the interfacial energies between § and L, §
and Ly, L; and L, respectively). CAHN[15] pointed out
that, however, even if the energy balanceis y, , >

(where
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Vs-1, 741, and L, phase can not wet the solid S,
composite growth accompanied by the incorporation of
the L, into growing S is possible at higher growth rates.
DERBY and FAVIER[16] argued that there is no
difference in the interfacial energy balances between
Al-In regular monotectic alloys and Cu-Pb irregular
nomotectic alloys. Therefore, the mechanism of the
directional monotectic solidification is still not clear.

The microstructure of directional solidification of
monotectic alloys is influenced by microsegregation and
thermal profiles ahead of the solid-liquid interface. These
structures influence the mechanical properties of the final
product. Hence, the instabilities of a planar interface and
its development into a periodic array of cells or dendrites
have received particular attention from the metallurgists.
In the present work, Cu-Pb monotectic alloy was
directionally solidified over a wide range of composi-
tions and the evolution of transient morphology under
the high temperature gradient was observed.

2 Experimental

2.1 Alloy preparation

Alloys were prepared by melting 99.5%Cu(mass
fraction, the same below if not mentioned) and 99.9%Pb
in the high-purity Al,O; crucible with an induction
furnace which was evacuated, and backfilled with 5X
10" Pa argon. According to the phase diagram of
copper-lead shown in Fig.1, the alloys were heated to the
single liquid phase and held more than 5 min to be
homogenized. Then the molten alloy was directionally
solidified at a growth rate of 10 mm/s so that the no
macrosegregations appears in the master billets. Samples
with 5 mm in diameter and 105 mm in length were
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Fig.1 Phase diagram of copper-lead[17]

machined from the ingots. Alloy compositions studied
ranged from Cu-25%Pb to Cu-50%Pb.

2.2 Directional solidification of experimental alloys

The samples were placed in the graphite crucible
under an argon atmosphere and the entire sample was
remelted in the hot zone of the furnace, as shown in Fig.2.
The directional solidification was performed by moving
the crucible, which was screw-driven, with a wide range
of withdrawal velocities available. A liquid-metal coolant
of Ga-In-Sn alloy with a melting point of 5 °C was used
to enhance the heat transfer within the graphite crucible
containing the specimen and the chill. A baffle was used
as an insulator between the heating and the cooling zone.
A thermocouple was positioned in the center hole of the
specimen to determine the temperature gradient during
the directional solidification. The temperature gradient
measured was 15 K/mm and 40 K/mm at the steady
directional solidification and the initial growth stage,
respectively. The samples were sectioned both
loneitudinallv and transverselv after the directional
solidification and polished. The optical micrograph was
viewed after removing some copper matrix with nitric
acid.
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Fig.2 Schematic diagram of directional solidification apparatus
3 Results and discussion

3.1 Hypomonotectic alloys

The solidification structures of Cu-25%Pb hypomo-
notectic alloy at different growth rates are shown in Fig.3.
The dendrite structures are formed from the melt during
the solidification process. The L, phase precipitates at
monotectic reaction, and disperses between the dendrites
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because of the limited solubility of Pb in the copper
matrix. At low growth rate, there is enough time to
coarsen the dendrite, and the lead-rich liquid L, phase
droplets can not wet the solid matrix, (74—, = 0.02
Im?, Vs-1, =0.26 J/m* and Vs-1, =0.35 J/m®, hence,
Vs-1, >Vs-1, +77-1,) and aggregate between the
dendrites. Some coarsening liquid droplets are elongated
along the primary of the cellular or dendrite which grows
directionally, as shown in Fig.3(b). The microstructure of
hypomonotectic alloys depends on the morphology of the
growing solid phase which shapes the L, liquid during
the growth at a constant rate. In this interpretation, the
solid dominates in the formation of the structure and the
L, phase just fills the remaining volume. At higher
growth rates, where the columnar crystal is fully
developed, as shown in Fig.3(c), the L, liquid becomes
interconnected through the whole structure, as observed
in Fig.3(d). It is also shown that the secondary dendrite
arms and the pronounced crystallographic directions
become evident with further increases in growth rates.
With the increasing lead content, the monotectic growth
front shows more irregular cells, the lead-rich liquid Z,
separated through the monotectic reaction is incorporated

into the cell boundaries, forming the irregular shape
rod-like L, composite, as shown in Fig.4. With the
increasing growth rate, the rod composite becomes finer,
as shown in Fig.5.

3.2 Hypermonotectic alloys

The liquid L, is the first precipitated phase from the
solidification of hypermonotectic alloys whose lead
content is beyond 36%. Generally, once the second phase
droplets separate from the immiscible gap, a spherical
shape presents, and then they will collide and coagulate
rapidly and become much coarser. They will settle and
pile up successively because of the density difference
between the second phase and the parent liquid. As
solidification proceeds, the coalesced L, phase finally
covers the solid/liquid interface if the growth front
maintains flat at a slow growth rate. After L, phase
completely covers the interface, the monotectic reaction
that requires the coexistence of all the three phases is
prohibited by the lead-rich Z, phase layer. This situation
leads to a decrease and poverty of lead content of Z;
liquid above the lead-rich L, phase layer, with the
withdrawal proceeding, copper solid will nucleate in the
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Fig.3 Directional solidification structures of Cu-25%Pb at different growth rates: (a) Longitudinal section of sample at growth rate of

200 pm/s; (b) Transverse section of sample at growth rate of 200 pum/s; (¢) Longitudinal section of sample at growth rate of 400 um/s;

(d) Transverse section of sample at growth rate of 400 um/s
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Fig.4 Directional solidification structures of Cu-34%Pb at various growth rates: (2)100 pum/s; (b) 200 pm/s; (¢) 300 um/s; (d) 400

pum/s
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Fig.5 Relationship between average interrod spacing and

growth rate of hypomonotectic alloy

interface, the repetition mentioned above will result in
the banded structure found 1in the directional
solidification, as shown in Fig.6. Even though the growth
rate is increased , the elongated droplets form instead of
rod because of high lead concentration, as shown in
Fig.7.

So it is necessary to decrease the concentration and

Fig.6 Band structure of Cu-50%Pb directionally solidified at
growth rate of 33 um/s

increase the growth rate in front of solid/liquid interface
to avoid occurrence of the band structure and elongated
droplets. With the increasing growth rate, the monotectic
growth front shows irregular cells which pass by the
lead-rich L, separated from Z, and these liquid droplets
are too late to coarsen and incorporated into cell
boundaries, forming the irregular shape rod-like L,
composite, as shown in Fig.8. With the increasing growth
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rate, the average interrod spacing will decrease, as shown
in Fig.9.

Fig.7 Elongate droplets structure of Cu-50%Pb at growth rate
of 500 pm/s

3.3 Transient morphology of solid/liquid interface
Generally speaking, the irregular type of monotectic
structure has a similar mechanism of formation as
faceted/non-faceted eutectics except one product phase at
the monotectic reaction is a liquid which brings about
many interesting microstructures. This liquid Z, phase,

precipitating at the solidification front can not maintain
the final morphology during the precipitation process
because of the strong tendency of the growing solid
phase to shape the L, phase, not only at the moment of
quenching but also during the growth at a constant
growth rate, therefore, when considering the morphology
evolution of the solid/liquid interface, primary interest
should be focused on the growth of solid phase, not
liquid Z, phase. Experiments were carried out to examine
the shape of the solidification front.

At the initial growth stage, the bottom of the sample
is just contacted with the liquid melt Ga-In-Sn alloy, the
transient temperature gradient is the highest for the
whole directional solidification process, as shown in
Fig.10, where 7, is the monotectic temperature and 77, is
the liquid melt temperature. Therefore the growth front
maintains a flat interface, and lead-rich Z, phase
separated through the monotectic reaction is pushed by
the solid/liquid interface and collected in nodes, as
shown in Fig.1l. Meantime, Marangoni convection
caused by the interfacial tension gradient 1is also
contributed to the liquid droplets away from the
solid/liquid interface. The droplets pushing will not
continue until the temperature gradient decreases and
Marangoni convection can not overcome the Stokes
motion resulted from the gravity. At the moment, the

Fig.8 Directional solidification structures of Cu-43%Pb at different growth rates: (a) Longitudinal section of sample at growth rate of

200 pm/s; (b) Transverse section of sample at growth rate of 200 pum/s; (¢) Longitudinal section of sample at growth rate of 400 umv/s;

(d) Transverse section of sample at growth rate of 400 um/s
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Fig.9 Relationship between average interrod spacing and

growth rate of hypermonotectic alloy
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Fig.10 Determination for temperature gradient of Cu-30%Pb at
growth rate of 200 um/s
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Fig.11 Planar solidification structure of Cu-30%Pb at growth

rate of 200 pum/s under 40 K/mm temperature gradient

planar interface becomes unstable and the cellular
structures of L, phase at the cell boundaries are

developed, as shown in Fig.12(a). However, when the
growth rate increases, the ratio of temperature gradient to
growth rate value decreases and irregular finer rod
composite forms even though the temperature gradient is
high, as shown in Fig.12(b).

3.4 Microstructure evolution of Cu-Pb monotectic

alloys during directional solidification

The microstructure evolution of Cu-Pb monotectic
alloys during directional solidification mainly depends
on the composition and the growth rate and is
summarized, as shown in Fig.13. The major aspects of
these experimental results that call for discussion are the
range of compositions over which composite structures
are observed. The results clearly demonstrate that the
range of compositions of forming the rod composite
structure around the monotectic points increases with the
increasing growth rate.

The microstructure of hypomonotectic alloys
presents the dendrite structure. With the increasing
growth rate. the dendrite becomes finer and the content
of lead required to form rod composite decreases. For the
hypermonotectic alloys, the lead droplets and band
structure form at low growth rate. With the increasing
growth rate, competitive growth between the composite
structure and liquid lead drops occurs, the results of this
competitive growth can be seen clearly in Fig.7, where
an increase in growth velocity results in the composite
interface overtaking the large droplets. The band
structures change to the elongated lead droplets at the
relative high concentration and the lead droplets become
the finer rod composite at the relative low concentration.
The existence of a large composition range of composite
structure at high growth rate is significant. High growth
rates are attractive because they lead to very fine
structures which wusually improve the properties.
Meantime, the short processing time can be obtained at
high growth rates. It can be concluded from our
experimental results that the fine rod composite structure
will be obtained if the specimens with compositions
ranging from 34% to 43% are drawn at a speed above

400 pm/s.
4 Conclusions

1) Directional solidification microstructure of
Cu-Pb hypomonotectic alloys changes from columnar
dendrite to the irregular rod composite structure with the
increasing lead content and the growth rate.

2) The transition of Cu-Pb hypermonotectic alloys
from the band structure and elongated droplets to the
irregular rod composite structure is observed with the
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Fig.12 Directional solidification structures of Cu-36%Pb at different growth rates: (a) 200 pm/s; (b) 400 um/s
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Fig.13 Microstructure evolution of Cu-Pb during directional

solidification (arrow marks monotectic composition)

increasing growth rate. The range of compositions of
forming the rod composite structure around the
monotectic points increases with increase of the growth
rate.

3) The
solidification microstructure of Cu-Pb alloys is obtained.
The solid/liquid interface of Cu-Pb alloys presents planar

transient morphology of directional

and the second liquid droplets are pushed by the growth
front under a high temperature gradient. With the
increasing growth rate or the decreasing temperature
gradient the planar interface becomes unstable and the
cellular structures of L, at the cell boundaries are
developed.
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