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a b s t r a c t

The solidification process of the immiscible alloys exhibit a unique opportunity in designing the compos-
ites with the spherical crystalline particles dispersed in the amorphous metal matrix. The typical Al–Pb
immiscible alloy and the additional elements Ni, Y and Co were selected, and the Al82.87Pb2.5Ni4.88Y7.8Co1.95

multicomponent immiscible alloy has been designed. The ribbon samples of the multicomponent alloy
were prepared by using the melt spinning technique. The ribbons were characterized by the scanning
eywords:
morphous materials
etallic glasses

omposite materials

electron microscopy (SEM). The phase constitution and transformation were studied by the X-ray diffrac-
tion (XRD) and the differential scanning calorimeter (DSC). It was revealed in the as-quenched ribbons the
Al-based metallic glass matrix is embedded by the spherical crystalline Pb-rich particles. The microstruc-
ture evolution, the glass formation and the thermal stability of the as-prepared composite have been
discussed in detail. A method has been developed based on the mechanism of the liquid–liquid phase

scibil
e amo
apid solidification
hase transitions
icrostructure

transformation in the mi
crystalline particles in th

. Introduction

Immiscible systems, such as Al–Pb, Cu–Pb and Cu–Fe alloys, are
haracterized by the stable or metastable miscibility gap in the liq-
id state. When a single-phase liquid is undercooled into the gap,
he liquid–liquid phase transformation takes place and the liquid
eparates into two liquids [1]. Many investigations on the solidi-
cation process of the immiscible alloys have been carried out by
sing the experimental method and numerical simulation [2–6].
he progress in the solidification control has been made to obtain
he refinement microstructure. The effects of the magnetic field
7], the convective flow [8], the gravity level [9] and the droplet
nteraction with the solidification interface [10] on the solidifica-
ion process were investigated recently. It was indicated that the

icrostructure evolution is strongly dependent on the thermody-
amics and kinetics of the liquid phase separation in the miscibility
ap. Generally, the liquid–liquid phase transformation begins with
he nucleation of the liquid minority phase in form of spheres. These
ucleated spheres grow by the solute diffusion in the supersatu-
ated matrix [1,4,11]. Under the condition of the rapid solidification,

he spherical particles in the micron scale are dispersed in the

atrix phase after the complete solidification. Such a composite
icrostructure with the in situ crystalline spheres embedded into

he crystalline alloy matrix is normally formed in various immisci-

∗ Corresponding author. Tel.: +86 24 23971905; fax: +86 24 23971918.
E-mail address: jiehe@imr.ac.cn (J. He).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ity gap of the multicomponent immiscible alloy to produce the spherical
rphous matrix.

© 2009 Elsevier B.V. All rights reserved.

ble alloys [12–16]. Thus, it can be seen that the liquid immiscible
systems present a unique opportunity in designing the composites
with the sphere-dispersed microstructure.

To solve the problem of the low plastic strain of the monolithic
metallic glass, the metallic glass matrix composites consisting of
the crystalline reinforcement phases in the glassy matrix have been
developed by different methods such as the nanocrystal precip-
itation [17–21], the addition of the crystalline particles or fibers
[22–25], and the in situ formation of dendrites [26–30]. Especially,
the two latter methods were used to prepare the metallic glass
matrix composites. With the addition of the crystalline particles
or fibers, the infiltration takes place at a temperature above the
liquidus temperature. The choice of the ex situ phase materials is
limited to the high-melting-temperature materials such as the car-
bides and the refractory metals [31,32]. The in situ composites are
synthesized by precipitating out the dendritic phase from the melt
during the rapid solidification. The liquid–solid phase transforma-
tion occurs prior to the glass transition of the matrix liquid. Sun
et al. [33] reported that sufficient holding time at a temperature
in the liquid/solid two-phase region of the Zr-based bulk metal-
lic glass composites will turn the in situ dendritic phase into the
spherical particles, and the contributions of the spherical crystalline
particles to the ductility and strength of the metallic glasses is

much better than that of the dendritic phase [34]. Recently, the
heterogeneity microstructure was observed for some bulk metal-
lic glass systems, which consist of a strong repulsive tendency
of components. The dispersed particles were formed due to the
phase separation in the bulk Cu-based [35,36], Fe-based [37,38],

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jiehe@imr.ac.cn
dx.doi.org/10.1016/j.jallcom.2009.09.102
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Fig. 1. Illustration of the mixing heat (�HMix) amo

r-based [39,40] and Ti-based [41] amorphous alloys with high
lass-forming ability. However, the in situ formation of the spher-
cal crystalline particles in the amorphous alloy with relative low
lass-forming ability, e.g., the Al-based amorphous system was not
eported so far. Little is known about the formation mechanism
f the composite microstructure [37,42]. In the present work, the
ypical Al–Pb immiscible alloy and the additional elements Ni, Y
nd Co were selected. The Al82.87Pb2.5Ni4.88Y7.8Co1.95 multicompo-
ent immiscible alloy was designed, and the Al-based metallic glass
atrix composites with the spherical crystalline Pb-rich particles

ave been developed. In this paper, a method has been presented
ased on the liquid–liquid phase transformation in the miscibility
ap to produce the spherical crystalline particle in the amorphous
atrix. The microstructure evolution, the glass formation and the

hermal stability of the as-quenched composite have been dis-
ussed in detail.

. Experimental procedures

The liquid-state phase separation into two liquids takes place during cooling
rom the single-phase liquid of Al–Pb alloy into the miscibility gap. The spherical
b particles are distributed in the �-Al matrix after the complete solidification. The
utual solubility of the components Al and Pb in the liquid and solid states is very

mall. In order to obtain the Al-based amorphous matrix composites containing
he spherical crystalline Pb-rich particles, the additional elements X, Y, Z should be
elected and added into the Al–Pb immiscible alloy. According to Inoue’s empirical
ule [43], the high negative heat of mixing among the main constitution element
l and the selected elements X, Y, Z is required to ensure the Al–X–Y–Z alloy to
e an amorphous system with relative high glass-forming ability. Furthermore, to
ake the Pb phase in form of the spherical crystalline particles be dispersed in the
l-based amorphous matrix, the positive heat of mixing between Pb and the main
elected elements X, Y, Z should be required, as illustrated by Fig. 1. Ideally, the
–Pb, Y–Pb and Z–Pb alloys are immiscible systems, respectively.

According to the above analysis, in this work, the metallic elements Ni, Co, Y are
elected. The mixing heats between Al and the selected elements Ni, Y, and Co are
egative, while the mixing heats of Ni–Pb and Co–Pb are positive, as listed in Table 1.
he Al–Ni–Y–Co system has relative high glass-forming ability [45]. According to

he binary alloy phase diagram [46], the Ni–Pb and Co–Pb alloys are immiscible
ystems. The Al–Pb–Ni–Y–Co alloy is a multicomponent immiscible system. It is
xpected that due to the negative heat of mixing the selected elements Ni, Y and Co
ill be mainly distributed in the Al-rich matrix liquid during the liquid-state phase

eparation in the miscibility gap. To ensure the occurrence of the liquid–liquid phase
eparation during the rapid solidification, a hypermonotectic Al–2.5 at% Pb alloy was

able 1
eats of mixing in liquid binary systems [44], kJ/mol.

Al Pb Ni Y Co

Al 0 +11 −22 −38 −19
Pb 0 +12 −48 +17
Ni 0 −31 0
Y 0 −22
Co 0
elements Al, Pb and the selected elements X, Y, Z.

selected. Consequently, the composition of the multicomponent immiscible alloy
was optimized and designed as Al82.87Pb2.5Ni4.88Y7.8Co1.95.

Ingots with the nominal compositions of Al82.87Pb2.5Ni4.88Y7.8Co1.95 were pre-
pared by arc melting the component elements with a purity of 99.9% or higher under
a Ti-gettered argon atmosphere in a water-cooled copper mold. The alloys were
remelted several times. The arc-melted slow-cooled ingots were cut, and the cross-
section was polished and etched. Rapidly solidified ribbon samples were prepared
by remelting the alloy ingots in quartz tubes, and ejecting with an overpressure of
50 kPa through a nozzle onto a Cu single roller rotating with a surface linear velocity
of 40 m/s. The ribbons have a thickness of about 60 �m and a width of about 3 mm.
The glass transition and crystallization temperatures were investigated in a Perkin-
Elmer differential scanning calorimeter (DSC-7) under flowing purified argon. A
heating rate of 0.667 K/s was employed. DSC studies of the annealed samples were
accomplished up to 1473 K in an argon atmosphere using a Netzsch 404 DSC at a
heating/cooling rate of 0.333 K/s. The as-prepared ribbons were annealed respec-
tively at temperatures 550, 600 and 700 K. The X-ray diffraction (XRD) experiments
were performed for the as-prepared and as-annealed ribbons by using monochro-
matic Cu K� radiation for a 2� range of 20–80◦ . The scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) linked with an energy disper-
sive X-ray spectroscopy (EDX) were employed to analyze the microstructure and
phase composition of the composites. The average size, the size distribution and the
volume fraction of the spherical particles were determined by using SISCIAS image
analysis system.

3. Results and discussion

3.1. Solidification microstructure

The solidification microstructure of the cross-section of the
arc-melted and slow-cooled Al82.87Pb2.5Ni4.88Y7.8Co1.95 alloy ingot
is presented in Fig. 2. It shows the phases are distinguished by
dark, gray and white color. The EDX analysis indicates that the
white spherical particles are Pb-rich phase, and a composition
of Al8.5Pb86.4Ni1.7Y2.3Co1.1 is measured. Lower Al, Ni, Y and Co
concentrations are detected in the particles compared with the
gross composition of the ingot. In the gray lamellar phase no
Pb is detected. The large grey lamellas have a composition of
Al67.49Ni13Y14.53Co4.98. The dark phase between the large grey
lamellas turns out to be essentially a two-phase structure: a
real dark phase with embedded small grey lamellas, as shown
in the inset of Fig. 2. The EDX analysis shows the small gray
phases are enriched with Al, Ni, and Co, while a composition of
Al92.53Ni1.09Y5.9Co0.49 is measured for the dark areas. It indicates
that the element Pb is almost distributed in the white particles.
The solid solubility of Pb in the dark and gray areas is neglectable.

Fig. 3 indicates the back-scattered electron micrograph

of the cross-section of the as-prepared ribbon sample. It
shows a heterogeneous microstructure spread over the whole
sample. The white spherical particles are homogeneously dis-
tributed in the gray matrix. Locally, an average composition of
Al69.52Pb16.43Ni3.91Y8.62Co1.52 is measured for the white spheres,
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ig. 2. SEM backscattered electron images of the cross-section of the arc-melted
nd slow-cooled alloy ingot.

nd an average Al83.39Pb1.15Ni5.26Y7.58Co2.33 is detected for the gray
reas of the SEM image, respectively. The composition of the spher-
cal particles strongly deviates from the nominal composition. The
pherical particles are depleted in Al, and mainly enriched in Pb.
he image analysis shows that the volume fraction of the white
pheres is about 12%. The average diameter of the spheres is about
.6 �m near the free side (FS), and 50 nm near the wheel side (WS)
f the ribbon.

.2. Phase constitution and transformation

The phase structure of the slow-cooled
l82.87Pb2.5Ni4.88Y7.8Co1.95 alloy ingot and as-prepared ribbon
ample has been analyzed by the X-ray diffraction experiments,

nd the results are shown in Fig. 4. The slow-cooled alloy ingot
s mainly composed of Al, Pb, Al3Y, Al9Co2, and Al3Ni. It can be
onfirmed that the white spherical particles in Fig. 2 are Pb phase.
ompared with that of the slow-cooled alloy ingot, the X-ray

ig. 3. SEM backscattered electron images of the cross-section of the as-prepared
ibbon sample.
Fig. 4. XRD patterns of the slow-cooled alloy ingot and the as-prepared ribbon
sample.

diffraction patterns of the as-prepared ribbon sample indicate,
except for the sharp peaks of Pb, the sharp peaks of Al, Al3Y, Al9Co2
and Al3Ni phases have disappeared. The sharp peaks of Pb super-
impose on a broad scattering hump characteristic of an amorphous
phase. The diffraction peaks with maxima at 2� = 31.2◦, 36.16◦,
52.2◦, 62.08◦, 65.2◦, and 77◦ are identified as the white spherical
Pb-rich particles in Fig. 3 with face-centered cubic structure and a
lattice parameter a = 0.4914 nm. The matrix phase is confirmed to
be the amorphous phase.

A heating rate of 0.333 K/s was employed and the ribbon sam-
ples were annealed at 550, 600 and 700 K, respectively. In order
to get rid of the effect of the surface crystallization, the surface
layer of the annealed samples was removed by polishing before
the X-ray diffraction experiments. Fig. 5 shows the X-ray diffraction
patterns of the as-annealed ribbon samples at different tempera-
tures. Compared with that of the as-quenched ribbons in Fig. 4, the
XRD patterns of the ribbons annealed at 550 K indicates the exis-
tence of the weak peaks of Al except for the sharp peaks of Pb, as
shown in Fig. 5. It suggests that the crystal Al has precipitated from
the Al-based amorphous matrix phase [47–50]. The XRD analysis
shows the nanocrystal �-Al is with face-centered cubic structure
and a lattice parameter a = 0.4049 nm. The crystallization of the
�-Al phase may primarily occur at the interface between the crys-

talline Pb-rich particle and the Al-based amorphous matrix. When
the annealing temperature is 600 K, the Bragg peaks corresponding
to the �-Al phase become more intense and narrower, indicating a
slight grain coarsening. The intermetallic compounds such as Al3Y,

Fig. 5. XRD patterns of ribbon sample annealed at different temperatures.
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l3Ni, AlYNi, and Al9Co2 have been formed during this crystal-
ization process. The X-ray diffraction patterns of the as-annealed
ibbons at 700 K indicate the microstructure consists of the face-
entered cubic Pb, the face-centered cubic �-Al, the rhombohedral
l3Y, the monoclinic Al9Co2 and the orthorhombic Al3Ni.

.3. Thermal stability and glass formation

Fig. 6 shows the DSC curves of the as-prepared ribbon samples
sing a heating rate of 0.667 K/s. The Al85.37Ni4.88Y7.8Co1.95 alloy
ibbons without element Pb were also prepared by the melt spin-
ing technique. From the DSC curve of Al85.37Ni4.88Y7.8Co1.95 alloy
ibbons, the glass transition temperature, Tg, and onset tempera-
ure of crystallization, Tx, are about 530 and 555 K, respectively, as
ndicated in Fig. 6(a). There exist three sharp peaks of exothermic
eat reaction due to the crystallization after the endothermic heat
vent of the glass transition. The DSC trace of the composite ribbons
eveals that the glass transition and onset crystallization tempera-
ures are about 517 and 540 K, respectively, as shown in the inset in
ig. 6. Only one sharp peak of the exothermic heat reaction due to
he crystallization is observed in Fig. 6(b). The total enthalpy of the
rystallization decreases from 164 J/g for the Al-based monolithic
etallic glass to 110.5 J/g for the Al-based metallic glass matrix

omposites. The glass transition and onset crystallization tempera-
ures of the Al82.87Pb2.5Ni4.88Y7.8Co1.95 composite strongly deviate
rom that of the Al85.37Ni4.88Y7.8Co1.95 monolithic metallic glass.
his indicates that the element Pb has the significant effects on the
lass transition temperature as well as the crystallization transfor-
ation process of the glassy phase. The element Pb promotes the

ormation of the crystalline phase in the Al82.87Pb2.5Ni4.88Y7.8Co1.95
etallic glass matrix composites.
However, it is worthy to note that the glass transition and onset

rystallization temperatures of the Al82.87Pb2.5Ni4.88Y7.8Co1.95
omposite are approximately 14 K lower than that of the
l85.37Ni4.88Y7.8Co1.95 monolithic amorphous alloy, respec-

ively. The Al82.87Pb2.5Ni4.88Y7.8Co1.95 composite and the
l85.37Ni4.88Y7.8Co1.95 amorphous alloy exhibit a similar super-
ooled temperature region (�Tx ≈ 14 K). The lower onset
rystallization temperature corresponds to a lower thermal
tability of the glassy matrix against crystallization. This can be
ttributed to the alloy composition and the spherical crystalline Pb-

ich particles in the composites that may act as the crystallization
ucleation site to induce heterogeneous nucleation. Considering
hat the element Pb also leads to a decrease in the final melting
emperature, Tl, of the Al82.87Pb2.5Ni4.88Y7.8Co1.95 composites, the

ig. 6. DSC curves of the as-prepared ribbon samples using a heating
ate of 0.667 K/s: (a) Al82.87Pb2.5Ni4.88Y7.8Co1.95 alloy ribbon sample, (b)
l85.37Ni4.88Y7.8Co1.95 alloy ribbon sample.
pounds 489 (2010) 535–540

reduced glass transition temperature, Trg = Tg/Tl, may have a very
little change in comparison with that of the Al85.37Ni4.88Y7.8Co1.95
amorphous alloys.

3.4. Microstructure formation

Fig. 7 shows the DSC heating/cooling traces of the
Al82.87Pb2.5Ni4.88Y7.8Co1.95 alloy. The heating trace is charac-
terized by the typical sharp endothermic peak due to eutectic
melting at Te = 902 K and the extended tail of final melting at
Tl = 1204 K. The DSC cooling trace indicates that the first devia-
tion from the baseline at a demixing temperature is due to the
liquid–liquid phase separation. The Al82.87Pb2.5Ni4.88Y7.8Co1.95
multicomponent monotectic alloy is characterized by an onset
temperature for the liquid phase separation, Tsep ≈ 1359 K, and a
monotectic temperature, Tmono ≈ 1134 K. The dome height of the
miscibility gap, �T, defined as Tsep − Tmono, is determined to be
225 K. The liquid–liquid phase transformation in the miscibility gap
can occur by two mechanisms, i.e., by the liquid-state nucleation
and growth or by the liquid-state spinodal decomposition [51]. Due
to a smaller degree of local undercooling, the liquid–liquid phase
transformation takes place by liquid-state nucleation and growth
mechanism rather than by liquid-state spinodal decomposition
[1].

The microstructure formation of the present metallic glass
matrix composites strongly depends on the kinetics of the liquid-
state nucleation and growth. Because the Al–Pb, Ni–Pb and Co–Pb
alloys are immiscible systems with the positive heat of mixing,
there exists the repulsive interaction between Pb atom and Al, Ni,
Co atoms. The solubility of Pb in the single-phase liquid is lim-
ited. When the liquid is undercooled into the miscibility gap, the
supersaturation of Pb gradually increases with the temperature
falling. The driving force for the nucleation of the Pb-rich spheres
increases with decreasing temperature. Once the liquid phase sep-
aration begins with the nucleation of the Pb-rich phase in form of
the liquid sphere, the nucleation rate will increase sharply. The sol-
ubility of Pb in the single-phase liquid decreases continuously, and
the supersaturation gradually decreases from a peak value [52].
The nucleated spheres grow by the solute diffusion. During the
growth and coagulation of the Pb-rich spheres, the concentration

and supersaturation of Pb in the liquid Al-rich matrix decrease con-
tinuously. As a result, the liquid matrix mainly consists of Al, Ni, Co,
and Y. As is known, the equilibrium solidification temperature of
the bulk Pb is about 600.6 K, which is higher than the glass transition

Fig. 7. DSC curves of the annealed Al82.87Pb2.5Ni4.88Y7.8Co1.95 alloy ribbon samples
upon heating and cooling at a heating/cooling rate of 0.333 K/s. L1 and L2 denote
Al-rich and Pb-rich liquids, respectively.
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Fig. 10. Particle size distributions of (a) the primarily produced large Pb-rich parti-
cles and (b) the secondly nucleated small Pb-rich ones.
ig. 8. TEM image of the composite showing the presence of the spherical crystalline
b-rich particles in the amorphous matrix. SADP recorded from one of the Pb-rich
articles taken along the [1̄ 1 2] zone axis and the matrix.

emperature 517 K of the liquid matrix. However, the undercooling
f the metal droplet has a correlation with the droplet size [53].
or instance, the undercooling degrees of emulsified Sn droplets in
iameter of 275 and 2 �m reach 55 and 175 K, respectively [54].
nder the condition of the nonequilibrium solidification, the glass

ransition of the liquid Al-rich matrix may occur prior to the freez-
ng of the liquid Pb-rich spheres. The liquid matrix with relative
igh glass-forming ability transits into the glassy phase by the rapid
olidification. It is further confirmed by the corresponding selected
rea diffraction pattern (SADP), as shown in the right inset in Fig. 8.
he liquid Pb-rich spheres produced by the liquid phase separation
ubsequently solidify into the crystalline particles at a lower tem-
erature. Fig. 9 shows the magnified image of the matrix region

A’ in Fig. 8. It reveals that there exist smaller crystalline Pb-rich
articles in the Al-based glassy matrix. The size distributions of
he big Pb-rich particles (as shown in Fig. 8) and the small ones
as shown in Fig. 9) were determined by using the image analysis

ystem, respectively. The measured results, as indicated in Fig. 10,
isplay two particle size populations: the big one is 0.1–1.6 �m,
nd the small one is 3–15 nm.

Fig. 9. TEM image of the magnified region “A” in Fig. 8.
4. Conclusions

The Al82.87Pb2.5Ni4.88Y7.8Co1.95 multicomponent immiscible
system has been designed to prepare the Al-based metallic glass
matrix composites containing the spherical crystalline Pb-rich
particles by the rapid solidification. The single-phase alloy melt
separates into the Al-rich and Pb-rich liquids during it cooling
through the miscibility gap. Under the condition of the rapid solid-
ification, the separated Al-rich and Pb-rich liquids subsequently
solidify into the Al-based amorphous matrix and the spherical
crystalline Pb-rich particles, respectively. The diameter of the Pb-
rich particles mainly distributes in two particle size populations of
0.1–1.6 �m and 3–15 nm. The volume fraction of the Pb-rich par-
ticles is about 12%. A method has been developed based on the
liquid–liquid phase separation in the miscibility gap to produce
the spherical crystalline particles in the amorphous matrix. Com-
pared with that of the Al85.37Ni4.88Y7.8Co1.95 monolithic metallic
glass, the glass transition and onset crystallization temperatures
of the Al82.87Pb2.5Ni4.88Y7.8Co1.95 amorphous matrix composites
decrease by about 14 K, and the supercooled temperature region
value of the Al-based glassy matrix composites does not change
significantly, but the thermal stability of the composites low-

ers.
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