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ABSTRACT

The solidification cooling rate (T), growth rate (v), temperature gradient (G), interphase spacing (A)
and diameter (d) of the Pb-rich phase have been experimentally determined for a hypomonotectic
Al-0.9 wt%Pb and a monotectic Al-1.2 wt%Pb alloys directionally solidified under unsteady-state heat
flow conditions. It is shown for both cases that, from the cooled bottom of the casting up to a cer-
tain position along the casting length, the microstructure was characterized by well-dispersed Pb-rich
droplets in the aluminum-rich matrix, followed by a region of morphological transition (with the Pb-rich
phase formed by droplets and fibers) and finally by a mixture of fibers and strings of pearls for positions
closer to the top of the casting. It has been also observed that such microstructural transition was antic-
ipated for the alloy with higher solute content. It is shown that the correlation between the morphology
of the Pb-rich phase and the growth rate can be synthesized as follows: Al-0.9 wt%Pb alloy, droplets
for v>1.0 mm/s and fibers for v<0.65 mm/s; Al-1.2 wt%Pb alloy, droplets for v>1.1 mm/s and fibers for
v<0.87 mm/s. Experimental growth laws relating the interphase spacing to both G and v are proposed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Monotectic binary alloys are characterized by limited mutual
component solubility in the liquid state. The monotectic reaction
occurs when a liquid of composition L, at the monotectic temper-
ature, decomposes into a solid phase o and another liquid phase
L,. Some of these alloys are of special technical importance as,
for instance, electrical power switches (Ni-Ag) or self-lubricated
bearings (Al-Pb and Al-Bi) [1-4].

In most monotectic systems the solid phase o forms a contin-
uous matrix whereas the liquid phase L, is discontinuous, being
retained in isolated pockets within the solid matrix. The compre-
hension of microstructure formation during casting of monotectic
alloys is fundamental for the design of suitable tribological prop-
erties. Al-Pb alloys are especially indicated as advanced bearing
materials due to their combination of abundant availability, high
strength to weight ratio and excellent friction and wear proper-
ties [5]. Johnson et al. [6] stated that the monotectic alloys are
difficult to be manufactured by conventional processing due to
the extent of the miscibility gap. These authors affirm that alloys
with relatively homogeneous microstructures of fine Pb particles
in an Al matrix could be made by metastable processing such as
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rapid solidification, ion implantation, ball milling and physical
vapor deposition. A comprehensive study on the mechanisms
governing the formation of shell-type structure in the powder
surface of atomized Al-30 wt%Pb drops was performed by Zhao
[7]. Powders with shell-type structures have great potential for
industrial application. One example is the development of the
solder ball for modern electronic packaging technology. The author
stated that the formation of the minor phase shell on the surface
of the hypermonotectic Al-30 wt%Pb alloy powders is due to the
heterogeneous nucleation of the minor phase droplets on the
surface of the atomized drop and the resultant diffusional transfer
of solute during the liquid-liquid phase transformation.
Monotectics are also described as composite materials having
particles, rods or filaments of one metal or compound dispersed
within a matrix of another [8]. Previous studies have been con-
cerned with the control of the distribution of rods or spheres of the
minor constituent in the solvent-rich matrix. Some tested methods
are: addition of dopant elements such as iron [8], melt spinning [9],
magnetic field [10] and solidification under microgravity [11-13].
Solidification of melts under microgravity appears to be a suit-
able method since convection and gravity induced segregation can
be neglected. Ozawa and Motegi [13] investigated the influence
of microgravity on the solidified microstructure of hypermonotec-
tic Al-Pb alloys. Despite the lower cooling rate under microgravity
cooling conditions compared with that exhibited under normal
gravity, it was found that the microstructure of the samples con-


dx.doi.org/10.1016/j.jallcom.2011.08.049
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:spinelli@ufscar.br
dx.doi.org/10.1016/j.jallcom.2011.08.049

A.P. Silva et al. / Journal of Alloys and Compounds 509 (2011) 10098-10104

sisted of a rather homogeneous distribution of lead particles. The
use of dopants is a traditional method capable of breaking down
the liquid-solid interface for the chosen alloy into a cellular pat-
tern upon directional solidification from the melt [8]. The severity
of gravity segregation in hypermonotectic Al-Pb alloys seems to be
reduced during processing by melt spinning. Suh and Lee [9] stated
that a more homogeneous solute distribution can be obtained for
undercooling lower than 3 K. Magnetic field is also an interesting
method to homogenise the distribution of Pb particles. According
to Li and Zhao [10], the application of a static magnetic field dur-
ing directional solidification can minimize the convective effects.
This can cause a more uniform distribution of the nucleation rate
of the minority phase as well as a decrease in the maximum size
of the droplets in front of the solidification interface. Thus, a well-
dispersed microstructure can be obtained.

Kaukler et al. [14] developed an X-ray transmission micro-
scope (XTM) for studies of horizontal directional solidification
of monotectic alloys under steady-state conditions. They found
microstructural transitions during the tests with a hypermonotec-
tic Al-1.5 wt%Pb, which were related to the imposed pulling rates.
Monodisperse distribution of spherical Pb particles was found for
pulling rates exceeding 6.0 um/s. Fibers and strings of pearls were
noted for lower velocities.

It is essential stress that the morphology of soft phase in mono-
tectic alloys is also a feature to be controlled during processing.
Microstructural transition in a monotectic Al-Bi alloy has been
recently reported by Ratke and Miiller [15,16]. They observed the
bismuth-phase arranged as both fibers and strings of pearls after
performing directional solidification experiments under steady-
state heat flow conditions. Although the Jackson-Hunt model [17]
was developed for eutectic growth, some authors [15,18-20] state
that this classical relation A%2v=C (A is interphase spacing, v is
growth rate and C is a constant) may be also valid to the fibrous
monotectic growth. On the other hand, proper models have to be
developed in order to describe the monotectic growth concerning
both string of pearls and droplets.

Some factors affect significantly the microstructure evolution of
monotectic alloys, namely: the temperature gradient (G), solidifi-
cation velocity (v), concentration gradient, melt flow and natural
convection [10]. In particular, microstructural features such as
the interphase spacing (A) and the relation between the diameter
and the width (d/w) of the Pb-rich particles should be correlated
to the aforementioned factors. The establishment of correlations
between these microstructural features and solidification thermal
parameters (G and v) can be useful in order to pre-programming
the manufacturing casting processes. The focus is to produce
components with a compromise between microstructural arrange-
ment and good mechanical properties. Nevertheless, experimental
reports on the microstructural evolution of monotectic Al-Pb alloys
are scarce in literature.

The majority of the aforementioned studies existing in the litera-
ture have used Bridgman-type furnaces to produce the directionally
solidified monotectic samples. The data obtained for stationary
conditions do not reached a sufficient span of solidification veloci-
ties. This limitation can be overcome with the use of water-cooled
experimental setups, which permit not only transient heat flow
conditions during directional solidification (which are of prime
importance since this class of heat flow encompasses the major-
ity of solidification industrial processes) but also a larger spectrum
of solidification velocities.

Directionally solidified hypomonotectic Al-0.9wt%Pb and
monotectic Al-1.2wt%Pb alloys have been examined in the
present study. The experimental setup permitted solidification
under nonsteady-state freezing conditions as well as a wide range
of solidification conditions to be examined. The present article
was planned with a view to investigating both the microstructural
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Fig. 1. Schematic representation of the experimental setup: (1) rotameter; (2) heat
extracting bottom; (3) thermocouples; (4) computer and data acquisition software;
(5)datalogger; (6) casting; (7) mold; (8) temperature controller; (9) electric heaters;
(10) insulating ceramic shielding.

evolution of the minority phase and the dependence of interphase
spacing, size and morphology of the Pb-rich minority phase on the
solidification thermal parameters and on the alloy solute content.

2. Experimental procedure

The casting assembly used in solidification experiments is detailed in Fig. 1. Heat
is directionally extracted only through a water-cooled bottom made of low carbon
steel (SAE 1020), promoting vertical upward directional solidification. The exper-
iment was performed with the Al-0.9 wt%Pb hypomonotectic and the monotectic
Al-1.2 wt%Pb alloys, being the initial melt temperature (T,) adjusted at 5% above
the liquidus and monotectic temperatures, respectively. A detailed partial phase
diagram of the Al-Pb system, calculated by the Thermo-Calc software, is shown in
Fig. 2.

Continuous temperature measurements in the castings were monitored during
solidification via the output of fine type K thermocouples (made from 0.2 mm
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Fig. 2. Partial phase diagram of the Al-Pb system. The arrows indicate the Al-Pb
chemistries examined in the present study.
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Fig. 3. Experimental cooling curves for thermocouples inside the castings: (a)
Al-0.9 wt%Pb and (b) Al-1.2 wt%Pb.

diameter wire), which were placed at the positions 4, 8, 12, 21, 53, 68 and 88 mm
from the cooled bottom of the casting. The thermocouples were calibrated at
the melting point of aluminum exhibiting fluctuations of about 1°C. All of the
thermocouples were connected by coaxial cables to a data logger interfaced with a
computer, and the temperature data, read at intervals of 0.1's, were automatically
acquired.

The cylindrical ingots were subsequently sectioned along its vertical axis,
ground and etched with an acid solution to reveal the macrostructure (Poulton's
reagent: 5mL H,0; 5 mL HF - 48%; 30 mL HNOs; 60 mL HCl). Selected longitudinal
sections (parallel to the growth direction) along the casting length were elec-
tropolished and etched (a solution of 0.5% HF in water) for metallography. Image
processing systems were used to measure the interphase spacing, A (about 50 inde-
pendent readings for each selected position). The A values were measured on the
longitudinal section by averaging the horizontal distance between the Pb particles,
adopting as reference the center of each particle. The size of the Pb-rich particles
along the casting length was also measured.

3. Results and discussion

Fig. 3 depicts the resulting experimental cooling curves for
the thermocouples inserted in the Al-0.9 wt%Pb and Al-1.2 wt%Pb
alloys castings. The experimental thermal solidification parameters
like growth rate (v), cooling rate (T) and temperature gradient (G)
can be determined from these temperature profiles.

The thermocouples readings have been used to generate a plot
of position from the metal/mold interface as a function of time cor-
responding to either the monotectic front (Al-1.2 wt%Pb alloy) or
the liquidus isotherm (Al-0.9 wt%Pb alloy) passing by each ther-
mocouple. A curve fitting technique on these experimental points
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yielded a power function of position as a function of time. The
derivative of these functions with respect to time gave values for
both the monotectic growth velocity and the tip growth rate, v.
Fig. 4a shows the experimental evolutions of v for the experi-
mentally examined alloys. The experimental cooling rates (Fig. 4b)
were then determined by considering the thermal data recorded
immediately after the passing of either the monotectic front or the
liquidus isotherm by each thermocouple. Temperature gradients
(G) were determined from the experimental values of cooling rate
and growth rate, i.e.: G = T/V (Fig. 4c).

Figs. 5 and 6 show typical macrostructures and microstruc-
tures obtained after metallographic examination. Columnar grains
prevailed in the entire length of the solidified castings, which
means that vertically aligned grains have grown from the bottom
of the casting. In these figures, the chosen longitudinal microstruc-
tures (optical and SEM images) refer to three different positions in
the casting from the cooled bottom. Such positions were chosen
in order to evaluate the effect of the free change of solidifica-
tion thermal variables along the casting length on the resulting
microstructure. The water-cooled mold imposes higher values of
cooling rates close to the bottom of the casting and a decreasing
profile along the casting length due to the increasing thermal resis-
tance of the solidified shell with increasing distance from the cooled
bottom. This influence translates to the microstructural growth,
with smaller interphase spacings at the bottom and larger ones
close to the top of the casting.

In both cases the resulting microstructure close to the bottom of
the casting is formed by Pb-rich droplets having diameters of about
3.5 and 3.2 pum for Al-0.9 wt%Pb and Al-1.2 wt%Pb alloys, respec-
tively, dispersed in the Al-rich matrix. This microstructure prevails
up to distances of about 20 mm and 15 mm from the casting cooled
bottom for the Al-0.9 wt%Pb and Al-1.2 wt%Pb alloys, respectively.
The range of coexistence of Pb-rich fibers and droplets is much
larger in the case of the Al-0.9 wt%Pb alloy, remaining between
20mm and 85 mm from the bottom of the casting, characteriz-
ing a region of transition of the microstructure morphology. The
microstructural transition for the Al-1.2 wt%Pb alloy occurred from
15 mm to 30 mm from the bottom of the casting. After the transi-
tion region, Pb-rich fibers and strings of pearls are the predominant
morphologies for positions >85 mm and >30 mm up to the top of the
castings for the Al-0.9 wt%Pb and Al-1.2 wt%Pb alloys, respectively,
as can be seen in Figs. 5 and 6.

Fig. 7 shows the microstructure evolution along the casting
length. The experimental interphase spacing measured for both
droplets and fibers as a function of position in the castings (distance
from the bottom of the casting) is also depicted in Fig. 7.

Fig. 8a and b shows the mean experimental values of the inter-
phase spacing measured from the aforementioned microstructures
as a function of the growth rate, v. Points are experimental results
and lines represent the empirical fit on the experimental points,
with A being expressed as a power function of the growth rate. It
can be observed in Fig. 8a and b that the Pb-rich phase has a droplet
morphology for v>1.0mm/s and v>1.1 mm/s for Al-0.9 wt%Pb
and Al-1.2 wt%Pb alloys, respectively. On the other hand, a fiber-
like Pb-rich phase prevails for v<0.65 mm/s and v<0.87 mm/s for
Al-0.9 wt%Pb and Al-1.2 wt%Pb alloys, respectively. According to
Ratke [15,16] the competition between the growth of the minor-
ity phase and the advancement of the solidification front, will
determine if fibers will prevail or irregularly arranged droplets
will appear. If the rate of the solidification front is faster than the
droplets growth, the droplets are engulfed by the advancing front.
If the solidification front moves slower with respect to the droplets
growth, fibers can be formed.

Ratke [11,12,15,16] states that when a monotectic alloy solidi-
fies with a fibrous structure, it has the same functional dependence
on growth rate as the interlamellar separation in eutectic alloys.
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Fig. 4. (a) Growth rate; (b) cooling rate; (c) temperature gradient as a function of position from the cooled bottom of the casting during transient directional solidification.

On the other hand, appropriate models permitting the growth
and distribution of droplets to be described, are still in develop-
ment. The relationship proposed by Jackson and Hunt [17] is A2v=C
(constant), which would be valid for the growth of fibrous mono-
tectics and eutectics. Two different experimental power functions
relating the interphase spacing with the growth rate have been
derived from the present experimental results: A =20(v)~%° and
A=25(v)~9> for droplets while the fibrous morphology was char-
acterized by higher exponents: A =17(v)~22 and A =23(v)~22, for
Al-0.9 wt%Pb and Al-1.2 wt%Pb alloys, respectively. It can be seen
that the Jackson-Hunt relationship was not able to encompass the
fibrous growth during the transient directional solidification of
these alloys.

An average constant C of about 5.5 x 10~13 was found to fit the
classical growth law A2v=C for the two alloys examined in the
present study. Such value is higher than other C values reported
in the literature for monotectic growth [15,16,18-20]. It can be
explained as a consequence of much higher velocities imposed by
the present experimental solidification setup. In a study of steady
and non-steady state growth of monotectic alloys Grugel et al.
[21] reported that the corresponding C values differ by one or two
orders of magnitude, the non-steady examples examined being
much coarser at any given growth rate.

According to Ratke [16], the stable morphology of the minority
solid phase during monotectic growth of alloys with exact mono-
tectic composition is the fiber-like. The fibrous growth is only stable
for high gradients and low growth rates, considering steady-state
heat flow conditions during solidification. Indeed, in the present
study the existence of fibers and string of pearls was observed,

after the region of morphological transition, for v<0.87 mm/s and
v<0.65 mm/s for the Al-1.2 wt%Pb and Al-0.9 wt%Pb alloys, respec-
tively (Fig. 8).

The experimental growth rate profiles observed for both alloys
are quite similar as can be seen in Fig. 4a. However, as shown in
Fig. 8, the beginning of the morphological transition from droplets
to fibers occurs for a slightly higher velocity for the Al-1.2 wt%Pb
alloy. Although the difference concerning the alloys solute con-
tents is small, it can be seen that the increase in solute content
anticipates the transition. Lang [22] stated that the fluidity of
Al-Pb alloys is increased with the increase in solute content.
The final morphology of the minority phase can be affected by
such parameter, especially considering that the improved flow
conditions ahead the solidification front, due to higher fluidity,
may improve the coalescence of fibers provided that preferential
formation conditions are established. Furthermore, in the verti-
cal upward configuration of the solidification setup used in the
present experiments, the phase L, (which is denser than L;) can
settle towards the solidification front. This can impose a richer
Pb layer at the monotectic front during directional solidifica-
tion of the Al-1.2 wt%Pb alloy when compared with that of the
Al-0.9 wt%Pb alloy. This condition seems to favor the coalescence of
fibers.

The experimental evolution of the diameter of Pb-rich droplets
as a function of the growth rate is shown in Fig. 9 for the two alloys
experimentally examined. A single power law is able to represent
the droplet size distribution along the casting length for both alloys,
with the droplet size having a functional dependence on v char-
acterized by a —1.5 exponent. The same exponent was reported
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in recent studies concerning the transient solidification of Al-Bi
monotectic alloys [23-25]. The range of maximum and minimum
experimental diameters that can be observed for a same position
in casting seems to be related to the typical thermal instabilities
of the solidification front, which is a consequence of the transient
regime of heat extraction.

The functional dependence of the interphase spacing dur-
ing monotectic growth can also be established as a function of
the product Gv [26], as shown in Fig. 10 for both fibrous and
droplets morphologies from the present study. The same expo-
nents for G and v were experimentally defined for both alloys,
—1/4 and —1/8, respectively, and are the same proposed in theo-
retical models of dendritic growth [27-29]. These same exponents
were also experimentally found to be appropriate to represent
the experimental evolution of interphase spacings for a monotec-
tic Al-3.2 wt%Bi alloy solidified under unsteady-state conditions
[23].

An appropriate design of the final monotectic structure can be
critical considering particular industrial applications. For instance
fibrous structures are desired for the fabrication of porous alu-
minum with deep pores by using electrochemical etching [30,31].
This material can be applied to filters or heat exchangers. Al-Pb
monotectic alloys are especially attractive as self-lubricating bear-
ing alloys if the soft Pb-rich phase could be well-dispersed in the
solid microstructure [5]. Thus, the control of the solidification pro-
cess by the pre-programming of solidification processing variables
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based on experimental growth laws such as those proposed in the
present study, can be used as an alternative way to produce com-
ponents of monotectic alloys having microstructural arrangements,
which are conducive to specific applications.
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Fig. 9. Diameter of Pb-rich droplets as a function of the growth rate.
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4. Conclusions

The following major conclusions can be drawn from the present
study:

- The microstructures of the Al-0.9 wt%Pb and Al-1.2 wt%Pb alloys
are formed by well-dispersed Pb-rich droplets in the aluminum-
rich matrix for v>1.0mm/s and v>1.1 mm/s, respectively. On
the other hand, a fiber-like Pb-rich phase and string of pearls
prevail for v<0.65 mm/s and v<0.87 mm/s for Al-0.9 wt%Pb and
Al-1.2wt%Pb alloys, respectively. The range of growth rates
between these limiting values is associated with a region of
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morphological transition characterized by the coexistence of
Pb-rich fibers and droplets distributed in the Al-rich matrix.
- Two different experimental power laws with exponents —2.2
and —0.5 expressing A as a function of v were found to better
represent the monotectic growth of both Al-Pb alloys examined
for fibrous and droplets morphologies, respectively. The func-
tional dependence of the interphase spacing during monotectic
growth has also been experimentally established as a function
of the product Gv.
An average constant C of about 5.5 x 1013 was found to fit the
classical growth law A2v=C for the growth of Pb-rich droplets
for both alloys examined in the present study.
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