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Abstract The mechanism of liquid-liquid phase separa-
tion and factors determining the solid-state microstructure
of monotectic alloys are discussed. The effect of the
cooling rate on the phase-separated morphology is shown
in examples of Al-In, Al-Pb, Ni-Nb-Y and Zr-Gd-Co—Al
alloys solidified by different techniques. A remarkable
improvement of the microstructure for the Aly;Pbg hyper-
monotectic alloy cast with TiB, particles, which catalyze
the phase separation, is demonstrated.
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Liquid phase separation in hypermonotectic alloys

Multicomponent alloys with a miscibility gap in the liquid
state, so-called monotectic alloys, are a focus of funda-
mental and applied research into the design of new com-
posites. Combining different phases can generate novel
materials with exceptional functional properties quite
unlike those of each phase taken separately. The properties
of nano- and microphase-separated alloys can be very
different, as is evident in cases such as glass colouring,
optical nonlinearity, superionic conductivity, enhanced
magnetoresistance, increased toughness, improved plastic-
ity, reduced wear friction, etc. The required properties can
be tailored by tuning the volume fractions of coexisting
phases, their size, and their spatial distribution. In the
following, we discuss the mechanisms of liquid-liquid
phase separation, factors determining the solid-state mor-
phology of monotectic alloys, and liquid state fabrication
of composite materials using methods that exploit phase
separation.

A schematic phase diagram of a binary system with
miscibility gap is shown in Fig. 1. The composition and
temperature region where the miscibility—immiscibility
transition occurs are bounded by the coexistence (binodal)
line, the locus of temperatures Ty, [1-3]. Above the coex-
istence curve, the two components are completely miscible
and only one phase exists. Below the coexistence curve, the
single-phase is metastable, and the equilibrium state of the
system has two liquid phases of different chemical compo-
sition. Below the spinodal line, the system is unstable. In the
metastable region, phase separation proceeds by nucleation
and growth of the liquid minority-phase, characterized by
large-amplitude chemical fluctuations over a small spatial
extent, generally leading to a droplet morphology [1-5]. In
the unstable region, the phase transition occurs by a spinodal
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mechanism, characterized by long-range fluctuations, ini-
tially of very small amplitude, yielding an interconnected
phase-separated structure [1-3].

If a homogeneous single-phase liquid L of solute content
x > xp (Fig. 1) is cooled from a temperature T, above the
binodal line to a temperature 7 in the metastable region or
to a temperature 75 in the unstable region it demixes into
the liquids L, and L,. At the monotectic temperature Ty,
the liquid L; decomposes into a solid phase S; and the
liquid phase L,. Upon further cooling, the composition of
the liquid L, changes along the liquidus line to xg and it
solidifies at the temperature Ty in a terminal eutectic
reaction L, —» S; + S,.

As concentration fluctuations at the binodal temperature
Tvin are energetically unfavourable, undercooling of the
melt below Ty, is required to nucleate the L,-liquid phase.
The undercooling AT = T—T;, depends on the alloy sys-
tem as well as on the alloy composition. Near the critical
point (xc, Tc), the two coexisting phases are nearly iden-
tical and the energy barrier for the nucleation is very low;
therefore demixing occurs at millidegrees undercooling of
Tc [6]. AT increases by moving from the critical concen-
tration to the monotectic concentration [7-9]. Depending
on the system, the undercooling may reach various values
from a few to several tens of degrees (K) for hypermono-
tectic alloys close to xy; as has been shown experimentally
[8, 9]. The nucleated droplets of L,-liquid are embedded in
a highly saturated matrix and grow by diffusive transport of
the solute in the matrix. In order to produce composites
with finely dispersed minority-phase particles in a major-
ity-phase matrix from hypermonotectic alloys, one has to
be able to control the size and distribution of the
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Fig. 1 Schematic phase diagram of a binary system with liquid—
liquid miscibility gap. Tc is the critical, Ty is the monotectic, and Tg
is the eutectic temperature; x is the monotectic and xg is the eutectic
composition

L,-droplets in the L;-matrix before and during solidifica-
tion. For this, different physical properties and processes
need to be considered.

Factors determining the solid-state morphology

The solid-state morphology of hypermonotectic alloys
demixed in the metastable region is essentially the result of
the interplay between the growth and motion of L,-phase
droplets. Principally, the growth of L,-droplets embedded in
a supersaturated L;-matrix depends on the effective diffu-
sion coefficient D, the time elapsed ¢, and the relation of
solute concentrations in the matrix liquid C,,,, in the L,-
droplet Cyyop, and at the matrix/droplet interface Ciperr [4, 5]

Cmatr - Cinterf
R=,] prar el /r. 1
Cdrop - Cinterf ( )

According to Eq. (1), the droplet radius R decreases with
increasing cooling rate proportionally to (dT/dt)fl/ 2,

Also, the droplets grow due to Ostwald ripening (growth
of larger drops at the expense of smaller droplets) and
coalescence caused from collisions of the moving droplets
[10, 11]. The movement of droplets in the liquid matrix is
mainly determined by four processes: Brownian motion,
Stokes  sedimentation, Marangoni (thermocapillary)
motion, and matrix convection [4, 11, 12]. The Brownian
motion is appreciable for the droplets with radius less than
1 wm, while the effects of Stokes sedimentation and
Marangoni motion become significant with increasing
droplet size. The terminal settling velocity vg due to gravity
is determined by the difference in densities of the droplet
and of the liquid matrix (Pdrop — Pmar), their viscosities
(Marop and Mmar), and the droplet radius R [5]

_ 2 8 (pdrup - pmatr) Mimatr + ndrop 2 (2)
3 Mmatr (znmatr + 317dr0p) ’

Vs

where g is the gravitational acceleration. The Marangoni
velocity vy is determined by the droplet radius R, the
viscosity of the matrix and of the droplet, their thermal
conductivities Amay and g, and the temperature
dependence of the interfacial tension ¢ between the
coexisting liquids [5]

2R Jo

— VT,
[(2)‘matr + )Vdrop)/)vmatr} (2nmatr + 3ndr0p) 6T
(3)

where VT is the temperature gradient in the molten alloy.

In general, the microstructure of a solid alloy showing
immiscibility in the liquid state is determined by its ther-
mophysical properties and casting conditions. This sug-
gests that variation in the processing temperature and

VM = —

@ Springer



8362

J Mater Sci (2012) 47:8360-8366

cooling rate is a tool for controlling the size and spatial
distribution of coexistent phases. The nucleation rate for
L,-liquid would increase at higher undercooling below the
binodal temperature. As a reduction in temperature results
in a decrease of atomic mobility, decreasing the solidifi-
cation temperature would reduce the diffusion-controlled
minority-phase growth rate and thermocapillary motion, as
well as Ostwald ripening and coalescence. Finally,
increasing cooling rate facilitates rapid trapping of
minority-phase particles in the matrix.

Solidification of hypermonotectic alloys under different
conditions

Experimental procedures

Al-In and Al-Pb master alloys were produced by melting
of high-purity Al, In and Pb (99.994 %) in graphite cru-
cibles. Ni-Nb-Y and Zr-Gd-Co-Al master alloys were
prepared by arc-melting of high-purity components (99.9+
%) in a Ti-gettered Ar atmosphere in a water-cooled Cu
crucible.

AlgyIng and Algylnse alloys (wt%) were solidified in a
device for high-temperature investigations described else-
where [13]. The vertical resistance-heating furnace was
evacuated to a vacuum of about 1 x 10~® mbar and filled
with argon to a total pressure of ~ 1 bar. The samples were
heated in graphite capillaries (6 mm in diameter) at a rate
of about 0.15 K s™' up to 900 °C and kept there for
10 min. Then a small drop was squeezed from the capillary
onto an Al,Oj3 substrate and the system was cooled down
through the miscibility gap at a rate of about 0.25 K s,

NisyNb,3Y»; alloy (at.%) was rapidly quenched by the
melt-spinning on a copper wheel under Ar atmosphere.
Ribbons of about 3-mm width and 30-pum thickness were
obtained. Quenching at a lower cooling rate has been
carried out with electromagnetically levitated NisyNb,3Yo3
drops of about 6 mm diameter. After falling onto a copper
plate, discs of about 12-mm diameter and 1-mm thickness
were produced. In both cases, the Ni-Nb-Y liquid alloy
was heated by an induction coil up to about 1500 °C before
quenching.

Z135Gd;»3C0,3Al 9 alloy (at.%) was re-melted in a quartz
tube and injection-cast into a water-cooled copper mould
with an inner bore of 1-mm diameter and 20-mm length.

The mould-casting of the Alg;Pby (Wt%) alloys was
carried out with and without inoculant. The samples were
heated under Ar atmosphere up to 1050 °C and kept for
60 min to ensure homogenization. The inoculant (TiB,
powder, <4 um, ESK Ceramics) already mixed with lead
powder and compacted was added to the Al-Pb molten
alloy 5 min before casting and the alloy was stirred to
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disperse the particles in the volume and avoid their settling.
The alloys were finally cast into a steel mould with a bore
of 12-mm inner diameter and 60-mm length. After solidi-
fication, pieces from the middle of the samples were cut out
for the microstructure analysis.

An Alg;Pbg (Wt%) ingot cast in a steel mould was used
for rapid quenching. The alloy was heated to about
1100 °C and held for 2 min before melt-spinning on a
copper wheel under Ar atmosphere. Ribbons of about
5-mm width and 80-um thickness were obtained.

The cross-sections of the solidified samples were inves-
tigated with scanning electron microscopy (SEM) combined
with energy-dispersive X-ray (EDX) spectrometry (LEO
GEMINI 1530 and JEOL JSM-7100F). Three-dimensional
images of the Al-In and Al-Pb samples were obtained with
X-ray computed tomography (Phoenix nanotom).

Slow cooling

Slow cooling of hypermonotectic melts from a single-
phase state into a liquid-liquid miscibility gap results in
phase separation via a nucleation and growth mechanism.
The size and spatial distribution of coexisting phases in the
solidified alloys depend on the factors described above, on
the relative volume fractions of the phases, as well as on
the balance of interfacial energies and wetting of the phases
[14]. For example, all of the three Al-In alloys cooled at
about 0.25 K s~ in the same furnace showed very distinct
macro-phase separation, as demonstrated in Figs. 2, 3.
However, the spatial distribution of the Al-rich and In-rich
phases is quite different. The Algylnse (at.%) alloy in a
graphite container solidified with one layer on top of
another (Fig. 2). If a drop of the same alloy was squeezed
from the container onto an Al,O5 substrate, then the Al-
rich phase has formed a large droplet at the middle-top of
the sample as shown in the 3D-view in Fig. 3a. The phase-
separated morphology of the indium-poor sample on the
Al,O5 substrate (Fig. 3b) is different. There is just a small
droplet at the top of the Aly,Ing (at.%) alloy and irregularly
distributed In-rich particles at the sample surface.

Fast cooling

Phase separation has been known for a long time to occur
in multicomponent metal-oxide and chalcogenide glasses
[1, 2, 15-17]. The excellent glass-forming ability of metal-
oxide liquids such as silicates, borates, phosphates etc., or
their combinations, is related to the high viscosity in the
liquid and the supercooled-liquid state, which impedes
nucleation and crystal growth upon cooling into the solid-
state. Low atomic diffusivity has a crucial impact not only
on the crystallization, but also on the phase separation in
the liquid state. Upon fast cooling of metal-oxide mixtures,
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Fig. 2 Alglnsg (at.%) alloy solidified at about 0.25 Ks!'in a
graphite container: SEM image taken at the interface between the
Al-rich (dark) and In-rich (light) phases

Fig. 3 (Colour online) X-ray tomography images of a Alg4In;e and
b Alg,Ing alloys (at.%) solidified at about 0.25 K st on ALOs
substrates: dark (blue) phase—Al-rich; light (yellow) phase—In-rich

it is relatively easy to pass through the metastable region
without phase separation, which then occurs in the unstable
(spinodal) region [1]. In favourable cases, the phase sepa-
ration can be suppressed completely by increased cooling

rate. It can be triggered or enhanced by subsequent heat
treatment of a homogeneous or nanophase-separated glassy
alloy. Also, by proper selection of alloy composition and
cooling rate, multiple phase separations with formation of
different phases can be achieved.

Recently, phase-separated metallic glasses have been
fabricated by rapid quenching of multicomponent metallic
melts exhibiting good glass-forming ability and liquid—
liquid immiscibility [18-22]. Rapid quenching can be
realized by several methods, among which the melt-spin-
ning is the most widely used. In melt-spinning, a jet of a
molten alloy impinges on the surface of a rotating copper
wheel, yielding a continuous solid ribbon, and giving
cooling rates of 10°-10° K s™'. A cooling rate of 10°—
10* K s™! is typical for the quenching of a liquid alloy
drop freely falling onto a metallic chill plate. In both
methods, the cooling rate varies strongly across the sample.

Figure 4 shows scanning electron microscope images of
cross-sections for the phase-separated NisyNb,3Y53 (at.%)
alloy rapidly quenched by the two different methods from a
liquid initially heated to the same temperature (1500 °C):
Fig. 4a—ribbon obtained by melt-spinning, Fig. 4b—flat-
tened drop obtained by free fall onto a copper plate. The
size of minority-phase (NiNb-rich) particles is about 107
times larger in the copper plate-quenched sample than in
the melt-spun ribbon, due to the very different cooling
rates. The large difference in the cooling rate for the two
methods is also indicated by the fact that both solid phases
are amorphous in the melt-spun ribbon, while they are
crystalline in the copper plate-quenched drop, as proven by
X-ray diffraction (not shown). The size of minority-phase
particles varies remarkably between the copper-contact
side and the free ribbon surface due to the gradients in
temperature and cooling rate in this direction. As the
liquid-liquid interfacial tension ¢ decreases with increas-
ing temperature according to the power law (1 — TITe)?
with the exponent f§ close to 1.3 [23-26], the temperature
gradient causes thermocapillary motion of the nucleated
minority-phase droplets from the cold copper-side to the
warmer contact-free surface; the droplets then coalesce and
grow.

It has been demonstrated recently that binodal-type
phase separation can be overcome in glass-forming
metallic alloys with a liquid miscibility gap if Ty, is close
to the glass-transition temperature [19, 22]. The size of
minority-phase particles has been determined to be 2—-5 nm
in a melt-spun CusyZrysGds amorphous alloy [22]. Nano-
scale phase separation of spinodal-type has been achieved
in an injection-cast ZrpgY,gAl»,Co,, bulk metallic glass in
the work [19]. Figure 5 shows the SEM image taken close
to the surface of the Zr;5Gd;3Co,3Al9 glassy rod (about
50 um from the edge). The average composition of the
light phase is Zr;7;Gd43Al30Co,¢ (at.%) and that of the dark
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Fig. 4 SEM micrographs of Nis4Nb,3Y,3 (at.%) alloy quenched by
melt-spinning (a) and by dropping of a liquid droplet onto a copper
plate (b). Bottom of the images corresponds to the copper-contact
side. Light phase—NiNb-rich, dark phase—NiY-rich. Please note that
the image scales differ by two orders of magnitude

phase is Zr4sGdoAl,oCoys (at.%) as determined by the
EDX spectroscopy. The observed phase-separated mor-
phology is very similar to a “worm-like” structure typical
for decomposition via a spinodal mechanism.

The SEM image taken at the middle of a cross-sectioned
AlgPbg (Wt%) ribbon obtained by melt-spinning is shown
in Fig. 6 along with the SEM image taken at the middle of
a cross-sectioned AlgiPbg (Wt%) rod cast in a steel mould.
The size of minority-phase (Pb-rich) particles formed
through the binodal phase separation differs by more than
10? times for these two methods. It varies between 100 and
300 nm in the melt-spun ribbon (Fig. 6a) and from some
micrometres to some tens of micrometres in the mould-cast
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Fig. 5 SEM image taken at the edge region (50 um inside) of the
injection-cast Zr3sGd,3Coy3Al 6 rod (at.%). Light phase—GdAl-rich,
dark phase—ZrCo-rich

sample (Fig. 6b). In both cases, there are a number of small
particles formed at the boundaries of «-Al grains through the
monotectic reaction. The reason for this might be either
relatively large supercooling of the Alg;Pbg melt by the melt-
spinning and/or a high supersaturation of the Al-matrix by
mould-casting.

Moderate cooling

It is widely accepted that the phase separation of a hyper-
monotectic melt in the metastable region starts by homo-
geneous nucleation. However, studies of grain refining in
Al-based monotectic alloys upon addition of inoculants
revealed that they have affected not just the matrix micro-
structure, but also the minority-phase [27, 28], which indi-
cates heterogeneous nucleation of the L,-liquid. In the
framework of classical theory [2, 29, 30], the minority-phase
L, can nucleate heterogeneously on the inoculant particles if
they are preferably wetted by the liquid L, in the presence of
the liquid L. The contact angle 6 at the triple line inoculant/
L,/L, determines the relative nucleation barrier f{(6) for
nucleation, so-called catalytic factor [2, 29, 30]:

_ AGhe  (2+cos0)(1 — cos ) @
B AGhom - 4 ’

f(0)

where AGy,., is the energy barrier for heterogeneous
nucleation. AGyom, is the energy barrier for homogeneous
nucleation

16n o3

AGhom = ——5, (5)
M3 AGE
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Fig. 6 SEM images taken at the middle of melt-spun (a) and mould-
cast (b) Aly;Pbg (Wt%) alloys. Please note that the image scales differ
by one order of magnitude

where o is the interfacial tension between liquids L, and
L,; AGy is the Gibbs free energy change per unit volume
associated with the formation of the L,-phase.

Hence, the nucleation rate / of liquid phase L, in an
immiscible alloy (Eq. 6) can be greatly enhanced by
addition of properly selected inoculant particles [2, 29, 30]:

1=1Iyexp (— AG“%W) , (6)

where [, is a pre-exponential factor, k is the Boltzmann
constant and T is the absolute temperature.

Measurements of the wetting angle for Al,O3, ZrO, and
TiB, ceramics at the liquid-liquid interface in Al-Bi, Al-In
and Al-Pb monotectic alloys [26, 31] suggest that all of
these ceramics have the potential to catalyse nucleation of
the liquid phase L,. The best results for the Alg;Pbg (Wt%)
hypermonotectic alloy have been obtained in casting
experiments with addition of TiB, particles [26, 32]. As an
example, three-dimensional images taken at the centre of
the Aly;Pbg ingots cast with and without TiB, inoculant are
shown in Fig. 7. The size and spatial distribution of the

Pb-particles in the Al-matrix of the reference TiB,-free
alloy are remarkably non-uniform (Fig. 7a). On the other
hand, Pb-particles of notably smaller size are regularly
distributed in the ingot cast with TiB, particles (Fig. 7b).
The size-number distribution plot in Fig. 8 clearly dem-
onstrates that the addition of the inoculant results in a
significant increase in the number of Pb-particles and in a
decrease of their size. Obviously, the number of nucleated
L,-droplets is markedly increased by addition of TiB,
inoculant. As the L,-phase is distributed over a large
number of nucleated droplets, the supersaturation of
Al-rich matrix is reduced; thus, there is less Pb for particle
growth. The smaller the particles, the smaller are the side-
effects affecting their growth.

Fig. 7 Three-dimensional images (X-ray computed tomography) of
Alg Pby (Wt%) alloys cast without inoculant (a) and with 1.0 wt% of
TiB, inoculant (b). The Al-based matrix has been made transparent
for better presentation of the Pb-rich particles
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Number density (mm3

Fig. 8 Size-number distribution of Pb-rich particles in the Aly;Pbg
(wt%) alloys, estimated from the 3D-images: cast without inoculant
(grey) and with 1.0 wt% of TiB, inoculant (black)

Summary

Composites made of multicomponent alloys with liquid—
liquid miscibility are the focus of basic and applied
research on design of new materials with exceptional
functional properties. The solid-state microstructure of
monotectic alloys is essentially determined by their ther-
mophysical properties and solidification parameters. While
the liquid state fabrication of phase-separated metal-oxide
glasses with fine and tunable microstructure has been well
established, it is still under development for metallic alloys.
One of the methods for obtaining solid hypermonotectic
alloys with fine microstructure is rapid quenching. Casting
of liquid alloys with a miscibility gap, adding inoculants to
achieve heterogeneous nucleation of the minority liquid
phase, have been shown to offer a new possibility for
fabrication of composite materials with a remarkably uni-
form dispersion of minority-phase in the matrix.
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