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a b s t r a c t

Core-type microstructures offer a unique combination of properties of both layers. Phase separation
and formation of core-type microstructure in Al–65.5 mass% Bi hyper-monotectic alloys were studied
by melting in quartz crucibles with orifices at the bottom and then ejecting the melt into silicon oil.
Effects of processing parameters were investigated by changing the free fall distance of droplets and the
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omposite materials
recipitation

temperature of silicon oil where the droplets solidified. Based on ANSYS simulation, the cooling rate and
temperature gradient of droplets were estimated. As the free fall distance and silicon oil temperature
decrease, both the temperature gradient and cooling rate tend to increase, leading to great changes in
Marangoni and Stokes motions, and hence causing the transitions of morphology between a crescent-
shape shell and a regular shell. The solidification paths under different processing parameters were
analyzed, and it was concluded and exemplified that only if the effects of Marangoni and Stokes are

he reg
discreetly balanced can t

. Introduction

Immiscible alloys have attracted much attention due to their
nique combination of properties, for example, Al–Bi and Al–Pb
lloys can offer excellent self-lubricant property due to existence
f soft Bi or Pb particles in the hard matrix [1]. Many studies have
een carried out on the solidification of immiscible alloys [2–4].
t was found that this kind of alloy easily suffers from serious
egregation during ordinary solidification process. Once the homo-
eneous liquid cools into the miscibility gap, two liquid phases
hich have different compositions coexist in equilibrium. The glob-
les of minority liquid will be generated, and then grow and migrate
nder a combined effect arising from many factors, including the
arangoni motion [5,6], Brownian motion [7], convective flow [8],

ravity level [9], wettability between the two liquid phases [10],
ooling rate [11] and so on. As a result, an immiscible liquid usually
olidifies into two layers at normal ground conditions, which has
estricted its broad applications.

Nevertheless, by tailoring the processing conditions, the char-

cteristics of rapid spatial phase separation during solidification
f immiscible alloys provide a distinctive opportunity to in situ
abricate core-type composites. Recently, Wang et al. [12] and
hnuma et al. [13] reported core-type Cu–Sn–Bi immiscible alloy
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ular core-type particles be obtained.
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powders prepared by gas atomization. This kind of Cu cored/Sn–Bi
shelled alloy powders has great potential in electronic applica-
tions owing to the combination of superior electric and thermal
conductivities of the core and lead-free solder of the shell. Al is
comparable to Cu in electric and thermal conductivities, but is
only one-third of the density of Cu, which will bring significant
weight lightening effect. However, relevant work on Al-cored par-
ticles has rarely been reported. Zhang and Xian [14] showed that
Sn tends to locate with Bi when added to Al–10.7% Bi (number
indicates mass%, hereinafter) monotectic alloy. Considering this,
the formation of core-type morphology in Al–Bi binary alloys is
essential to fabricate the Al-cored/Sn–Bi-shelled particles. In this
paper, effects of processing parameters on core-type Al–65.5% Bi
hyper-monotectic alloys were investigated by changing the free
fall distance of droplets and the temperature of silicon oil where
the droplets solidified. The cooling rate and temperature gradient
of droplets were estimated by ANSYS simulation. The influencing
mechanism of the processing parameters was analyzed, and how
to get regular core-type Al–65.5% Bi alloy particles was discussed
and exemplified.

2. Experimental procedure

Pure element (99.99% in purity) pieces about 3 g with the nominal composition

of Al–65.5% Bi were melted in a quartz crucible by high frequency induction under
argon atmosphere. The melt was overheated to 1540 K, which was 230 K above its
critical temperature (Tc = 1310 K), for 10 min to ensure sufficient mixing of the com-
ponents. Then, the homogeneous melt was ejected from the orifice (about 0.8 mm in
diameter) at the bottom of crucible into silicon oil beneath the orifice. Three free fall
distances of droplets, 75, 100 and 145 mm, were selected to investigate the effect

dx.doi.org/10.1016/j.jallcom.2010.10.203
http://www.sciencedirect.com/science/journal/09258388
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Table 1
The parameters used in the simulation.

Parameters Values References

Initial velocity of droplet, m/s 1.0
Density of droplet, kg/m3 4100
Specific heat of droplet, J/(kg K) 730 *

Thermal conductivity of droplet, W/(m K) 52.4 [18,19]
Heat transfer coefficients of air, W/(m2 K) 134.3206 [20,21]
Heat transfer coefficients of silicon oil, W/(m2 K) 35067.2 [20,22]
290 R. Dai et al. / Journal of Alloys an

n macroscopic morphologies of particles. For studying the influence of silicon tem-
erature, the melt was superheated to 1610 K before it was ejected into silicon oil
30 mm below the orifice) with different temperatures of 283 or 383 K. The temper-
ture of melt was measured by an infrared pyrometer whose surface emissivity was
et to be 0.2 calibrated by a thermocouple.

Using a JEOL JSM 6460 scanning electron microscopy (SEM) with energy
ispersive spectroscopy (EDS), the phase constitutions and macroscopic morpholo-
ies of particles were investigated. The particles were etched using a solution
HF:HCl:HNO3:H2O = 2:3:5:190) before observation.

. Results and discussion

More than 70% particles with similar size are alike in mor-
hologies. Fig. 1 shows the typical cross-sectional morphologies of
l–65.5% Bi particles under different free fall distances of droplets.

t can be observed that phase separation took place and core-type
orphologies were formed. For a short free fall distance of 75 mm,

s displayed in Fig. 1a, a white phase encapsulates a black phase.
lso seen are a very small white core and some white spots near

he center. EDS analysis of the spots marked in Fig. 1d indicates
hat the white phase is nearly pure Bi (99.1%) while the black phase
s pure Al. It is similar for the particles with other sizes that all
he dark and white phases contain more than 80% of Al and Bi,
espectively. As the free fall distance becomes longer, the white
hase tends to coalescence and move to one side, and there are also
ome “islands” and spots of white phase in the black phase matrix,
s shown in Fig. 1b, suggesting a heavy gravitational segregation.
ith a further increase in the free fall distance to 145 mm, the
hite shell cannot fully encapsulate the black phase and an irreg-
lar crescent-shape-shell microstructure forms (Fig. 1c), showing
more complete phase separation. From Fig. 1, it suggests that a

hort distance between the orifice and silicon oil favors the for-
ation of relatively regular core-type morphology of Al–65.5% Bi

lloy.
Two kinds of temperature of 283 and 383 K were used to

xamine the effect of temperature of silicon oil on macroscopic
orphologies of particles. According to the above results, the dis-

ance between the orifice and silicon oil was fixed to 30 mm.
s shown in Fig. 2, the phase separation occurred and core-type
icrostructure emerged, too. With increasing the temperature of

ilicon oil, the core-type Al–Bi particles have a tendency to form
rescent-shape shells.

Marangoni motion and gravity play important roles in phase
eparation and formation of core-type structure [11,12]. The center
f a droplet generally possesses higher temperature and thus lower
nterfacial energy than the surface. So the liquid globules will move
o the center because of Marangoni motion [5,6,15,16]. They also
end to float under buoyant force. The velocity of globules due to

arangoni motion (�m) and gravity (�s) can be calculated by Eqs.
1) [6,17] and (2) [17], respectively

m ≈ −2r

3(3�d + 2�m)
· ∂�

∂T
· ∂T

∂x
(1)

s ≈ 2g��r2

3�m
· �d + �m

3�d + 2�m
(2)

here r is the diameter of the globule; �d and �m are the viscosities
f the globule and matrix, respectively; � is the interfacial energy;
is the distance; g is the gravity coefficient; �� is the difference of
ensity between the globule and matrix.

The temperature gradient in a droplet is difficult to be directly
easured during free fall and descending in oil. So, the ANSYS

oftware was applied to simulate the cooling of droplet. For heat

ransfer, the conduction, convection and radiation processes were
onsidered during free fall of droplets while only the conduction
nd convection processes were taken into account when droplets
escended in oil. The parameters used and the references for com-
uting parameters are listed in Table 1. Density of the alloy is
Surface emissivity, ε 0.2
Stefan-Boltzmann constant, W/(m2 K4) 5.67 × 10−8

* Neumann–Kopp rule.

estimated as the sum of the mole fraction times the density of
each element. It is rather complex to obtain the temperature profile
of the whole cooling process where the diffusion, phase separa-
tion, temperature and flow fields are closely coupled. However,
the phase separation will be triggered when the melt tempera-
ture falls below Tc of 1310 K. We could evaluate the temperature
fields of droplets just at this point for comparison. The simulated
results of temperature profiles of droplets under various condi-
tions are shown in Fig. 3 when the temperature of the surface of
droplet reached Tc. Then the temperature gradient and cooling rate
of droplet can be obtained. Fig. 4a shows that the estimated tem-
perature gradient and cooling rate decrease as the free fall distance
increases. With increasing the temperature of silicon oil, as seen
from Fig. 4b, the temperature gradient also declines, and the cooling
rate changes little for the case of melt temperature of 1610 K.

Fig. 5 displays the calculated results of �m and �s at 1200 K. For
example, when r = 5 �m, ∂�/∂T = 1.39 × 10−4 J/(m2 K) [16], �d and
�m are estimated from [23], �m of Al globules dispersed in liquid Bi
is 8 mm/s, which is 16 times as fast as �s (0.5 mm/s) for a temper-
ature gradient of 80 K/mm. But in the case of a larger temperature
gradient of 300 K/mm comparable to those shown in Fig. 4a, �m

will be 62 times the value of �s. On the other hand, from Eqs. (1)
and (2), it is obviously seen that �m is proportional to r whereas
�s scales with r2, implying that �s increases much quicker with r
than �m. For example, when the size of globules increases from 5 to
283 �m under the same temperature gradient (300 K/mm), �s will
begin to exceed �m. This suggests Marangoni motion plays a critical
role at the early state of phase separation, and with the proceeding
of cooling, the temperature gradient decreases and size of globules
increases, the effect of gravity will become more and more pro-
nounced accordingly. Evidently, the time that is allowed by cooling
rate for keeping liquid states is an important factor to determine
the effect of gravity.

According to Fig. 4, both the temperature gradient and cool-
ing rate are highest for the free fall distance of 75 mm, resulting in
the formation of relatively complete core–shell morphology due to
large �m and scarce time for gravitational sedimentation. It is also
confirmed by the presence of a small Bi-core which may be formed
by the coagulation of lately formed liquid globules of Bi in supersat-
urated Al-rich matrix nearby the center, but are unable to move to
the outside layer of Bi in a limited solidification time. With increas-
ing the free fall distance to 100 mm, both the temperature gradient
and cooling rate get shallower, leading to a slower �m and longer
time for sedimentation as well as for local agglomeration of lately
formed liquid globules. Further increase in the free fall distance
gives rise to a more faint Marangoni effect but a more sufficient
time for migration and coagulation of liquid spheres, and hence
a nearly complete segregated microstructure with fewer spheres
trapped within will be produced, where the lighter Al phase floats

upwards because of the relatively larger effect of gravity. This can
be clearly seen in Fig. 1.

Therefore, the possible solidification paths during solidification
of Al–65.5% Bi alloys could be illustrated in Fig. 6. The sketch on the
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ig. 1. Cross-sectional morphologies of Al–65.5 mass% Bi particles produced under
istance of (a) 75 mm, (b) 100 mm, and (c) 145 mm. The spots for EDS analysis are m

eft represents a schematic diagram of miscibility gap in Al–Bi alloy.
enerally, much lower driving force is needed for liquid–liquid

ransition than that for liquid–solid transition, particularly very

ittle is for a composition with highest critical point [1,24], such
s Al–65.5% Bi alloy. When the homogeneous melt is undercooled
cross the critical temperature to point “a”, it readily separates into
he corresponding compositions along the binodal boundary, that
s, the primary liquid phase separation occurs. Notwithstanding

ig. 2. Cross-sectional morphologies of Al–65.5 mass% Bi particles produced under the tem
ilicon oil of (a) 283 K and (b) 383 K.
mperature of melt of 1540 K, the temperature of silicon oil of 283 K and the free fall
d by arrows in (d) which is a magnified micrograph of (c).

this, the surface segregation of Bi still most probably takes place
before the primary bulk liquid phase separation, because Bi has
lower surface tension than Al. We have found that the surface

of Al–Bi particles is always covered by more or less a layer of Bi
irrespective of compositions [15]. Similar facts also exist in Al–Pb
powders encased a layer of Pb [25], and Fe–Sn particles with Sn
shells [26]. Furthermore, the simulations carried out by Qin et al.
[26] and Luo et al. [27] have confirmed that a very thin layer of

perature of melt of 1610 K, the free fall distance of 30 mm and the temperature of
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Fig. 3. Simulated temperature profiles in Al–65.5 mass% Bi droplets for (a) different free fall distances and (b) different temperatures of silicon oil and melt.
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above calculations of �m and �s. So, the liquid globules of Al will
move to the center of droplet under the effect of Marangoni, and
will grow further by diffusion and coagulate during movement, as
shown by the schematic microstructure (b) in Fig. 6. In the end,
ig. 4. Estimated temperature gradient (G), cooling rate of the center (Rc) and surf
emperatures of silicon oil and melt.

urface segregation forms rapidly before the decomposition of bulk
iquid phase. Once the Bi-rich thin layer is formed, a neighboring
ayer depleted in Bi emerges, and thus a concentrate fluctuation
long the radial direction of droplet will be produced. Following
his, the liquid globules of Al will be generated where the supersat-
ration reaches a critical value of that temperature, as represented
y microstructure (a) on the right of Fig. 6.
The growth of liquid globules depends mainly on Ostwald ripen-
ng at the very beginning, and then on Brownian and Marangoni

otions [1]. Despite Stokes motion will weigh gradually heavier
ith the snowball-like growth of globules, it is still quite weight-

ig. 5. Calculated �m and �s as a function of radius of the liquid Al globules inside
l–65.5 mass% Bi droplets at 1200 K.
s) in Al–65.5 mass% Bi droplets for (a) different free fall distances and (b) different

less due to small size of “snowballs”, which is confirmed by the
Fig. 6. Schematic representation of phase separation and formation of core-type
microstructure during cooling of an immiscible liquid.
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ig. 7. Cross-sectional morphology of a regular core-type Al–65.5 mass% Bi particle
roduced under the temperature of silicon oil of 283 K, free fall distance of 30 mm
nd temperature of melt of 1410 K.

hese spheres will assemble at the center and form a core, as illus-
rated by microstructure (c). If the droplet still retains in liquid state
t this time, the core tends to move away from the center to form
crescent-shape-shell type structure, as shown by microstructure

d) in Fig. 6. That is because �s usually exceeded �m for such a “big”
ore, along with a faded temperature gradient on cooling. Addition-
lly, once the supersaturation degree becomes high enough during
ooling process, the Al phase could nucleate repeatedly in Bi-rich
iquid and vice versa. But when temperature is low and viscosity is
igh, these lately formed liquid globules may have no time to com-
letely coalesce and migrate, and they would be trapped locally
y solidification in the form of irregular “block”, spot or even film
onfined within interdendritic zones and also some fine particles of
arious sizes dispersed in matrix, which can be clearly seen in Fig. 1.

It is worth pointing out that spinodal decomposition is also pos-
ible for a composition in the center of the miscibility gap. Wang
t al. got such kind of microstructure in 52Cu–44Fe–4V alloys [11].
owever, irregular microstructure resulted from spinodal decom-
osition have not been found yet in our experiments. This suggests
hat liquid phase separation is rather complex depending on many
rocessing conditions and may differ greatly for different systems.
he microstructure in the early state of phase separation is not nec-
ssarily the same type as is found in the final stage, which may
hange radically under the effects of diffusion and Marangoni, etc.
simulation on Fe–50 at.% Cu alloy by Qin et al. [26] may support

his hypothesis. It can be seen from their modeling that, if time per-
itted, the spinodal decomposed microstructure will be evolved

nto a core-type one at last.
From the above discussions, it is very important to obtain regular
ore–shell morphology through a fine balance between tempera-
ure gradient and cooling rate. Indeed, we have successfully got
erfect core-type Al–65.5% Bi particles under the conditions of free
all distance of 30 mm, temperature of silicon oil of 283 K and tem-
erature of melt of 1410 K, as shown in Fig. 7. The temperature

[
[
[
[
[
[
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field, estimated temperature gradient and cooling rate have also
been plotted into Figs. 3b and 4b. From Fig. 4b, this case seems
to have provided an appropriate temperature gradient and cooling
rate (which are moderate compared with the others) so that a good
core-type microstructure was formed. So, further study should
be focused on quantitatively evaluation of the interplay between
temperature gradient and cooling rate to gain regular core-type
morphology of immiscible alloys.

4. Conclusions

For Al–65.5% Bi hyper-monotectic alloy solidified under differ-
ent conditions, the phase separation occurred and the core-type
microstructure with an Al-rich core encased by a Bi-rich phase
was formed. From the ANSYS simulation, the cooling rate and tem-
perature gradient of droplets solidified under different conditions
can be estimated and then velocities of Marangoni and Stokes
motions were calculated. It reveals that the temperature gradient
and cooling rate should make a compromise to obtain perfect core-
type morphology; otherwise, a crescent-shape-shell type would
be formed instead. By tuning the processing conditions to free fall
distance of 30 mm, temperature of silicon oil of 283 K and temper-
ature of melt of 1410 K, perfect annular shape Al–65.5% Bi alloy has
successfully been gotten.
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