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a b s t r a c t

Since the discovery of amorphous alloys, extensive attentions have been paid to understand the mecha-
nism of glass-forming. The structural studies on its underlying mechanism have met challenge on direct
structural characterization. It has been shown that the phase behavior of colloids dispersed in a solvent
is thermodynamically equivalent to that of atoms and small molecules, however, colloids can be studied
with optical microscopy due to their relatively large size. In this work, we use a binary colloidal model
system with the particle size ratio comparable to atomic ratio of reported binary bulk metallic glasses to
lass-forming ability
etallic glass

olloid
rystallization

study the topological effect on crystallization and glass-forming ability of binary metallic alloys (Cu–Hf
and Cu–Zr systems). The crystallization kinetics and structure of the colloid system were studied by real-
time optical examination and light scattering technique. The results exhibit that there are two confined
regions in the mixing ratio (composition) range in the colloid system with an enhanced glass-forming
ability and retarded crystallization kinetics. The agreement between results of the model system and

the b
dete
the experimental data on
plays an important role in

. Introduction

When a liquid is cooled sufficiently, it may undergo dynam-
cal arrest and become a glass, if the liquid is stable enough.
tomic structures in liquids are believed to have an intrinsic influ-
nce on the glass-forming ability (GFA) of alloy [1]. However, it is
till hard to identify the structural mechanism responsible for the
ompetition between crystallization and vitrification, as the char-
cterization of the atomic-level structure in liquid and glass state is
ery challenging for experimental techniques, such as X-ray scat-
ering which usually give a statistical result. Despite this, structural
tudies have ascribed the high GFA to a complicated dense random
acked structure, which lead to high viscosity of the supercooled

iquid state and slow crystallization [1–4]. The select of multicom-
onents on bulk metallic glass (BMG) formation is concluded as

a principal confusion’ [5]. This compositional complexity makes
t extremely difficult for different atoms to rearrange their spatial
ositions so that they are frozen directly into a disordered glassy
tructure upon cooling. Recently, binary BMG forming alloys have

lso been developed in a few alloy families [6–14], and their GFA is
ound to be very sensitive to the minor change of chemical composi-
ion [15,16]. These further confuse the criterions of GFA in metallic
lloys. The degree of atomic arrangement is governed by two fac-
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inary bulk metallic glass formation suggests that purely topological factor
rmining the glass-forming ability.
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tors: atomic packing and atomic bonding. Atomic packing involves
some geometrical parameters, such as atomic size difference and
size of clusters, while atomic bonding is more related to the elec-
tronic structures. It is still unclear that the effect of compositional
complexity on structure is purely topological [1,17] or is strongly
influenced by the intricate bonding environments [4,18].

Suspensions of spherical colloidal particles in a liquid show
a fascinating variety of phase behavior which are recognized
as mesoscopic ‘model atoms’ because they have a well-defined
thermodynamic temperature, and also form glasses [19–21]. Fur-
thermore, it was shown by computer simulations and experiments
that such a system shows a purely entropy-driven phase transi-
tion from a disordered fluid phase to a crystal phase under the
appropriate conditions [22]. A significant breakthrough thus came
as colloids can be studied with optical microscopy at the single
particle level. It is clear that the use of binary colloid systems can
significantly inhibit crystallization, and may be a fruitful avenue
for exploration of the competition between crystallization and
vitrification [23,24]. In this work, we use a binary colloidal sys-
tem with the size ratio comparable to that of the reported binary
BMG forming alloys, to provide a visible experimental approach for
studying the compositional effect (geometrical aspect) of crystal-

lization kinetics and GFA.

2. Experimental

The particles used in these experiments were polystyrene spheres, with average
radius of 2.0 �m and 2.9 �m, respectively, which was examined by scanning electron

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:weibc@imech.ac.cn
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Fig. 2. Optical micrograph of monodisperse colloidal systems: (a) the initial liquid
Fig. 1. Schematic figure of the sample for optical real-time observation.

icroscopy (SEM). The size polydispersity of both was less than 0.05. The particles
ere dispersed in Milli-Q water without ion exchange resin. Because of the large

ize of PS particles, they behaved a nearly hard spheres feature [25]. These two kinds
f PS spheres were fully mixed with different particle numbers, with mixing ratio,
hich is defined as fm = Nsmall/Nlarger, from 0.6 to 2.2, increasing by a step of 0.2.

he volume fraction for all the samples is identical, 10%, an obvious liquid state of
olloidal system.

The suspensions of mixture were made into small droplets with radius range
rom 0.1 to 1 mm, and injected into a cell with size of 18 mm × 18 mm × 1 mm, then
overed every single droplet with a thin membrane of silicone oil. The cell was sealed
or optical observation. Fig. 1 shows the schematics of the optical cell with a single
rop of the mixture inside.

The existence of the thin membrane of silicone oil enabled the water phase
n the mixture droplets to vaporize into the optical cell in a very slow speed, so
hat particles inside the droplets had enough time to self-assemble into a locally
avorable structure.

After the final structure had been obtained judging from the optical microscope,
he optical cell was set in a light channel to obtain the characteristic information of
tructure by light scattering technique. The light source used here is a He/Ne laser
ith the wavelength of laser beam 532 nm.

. Results and discussion

In order to check the validity of the present method, we firstly
onsider the phase behavior of the monodisperse colloid system in
he cell by optical microscopy. The initial states (liquid state) of the

onodisperse colloid mixture with particle size of 2.0 and 2.9 �m
s shown in Fig. 2a and c, respectively. It has been shown that a
mooth hard wall causes pronounced layering and pre-freezing of
he fluid phase at the wall [26,27]. A stable crystal can be grown,
here the particles are stick-up by the strong capillary forces. If the

olume fraction of particles is appropriately controlled, one layer
rystal, i.e. two-dimensional (2D) crystals can be formed as shown
n Fig. 2b and d. It can be seen that the small particles froze into a
ew crystals, while the large particles formed a single crystal. The
ime duration from the initial liquid state to the final frozen state
s 138 min and 220 min for the small and large particles, respec-
ively. Although the 2D results cannot provide a truly quantitative

easurement, they do yield information about the general struc-
ure, and can easily demonstrate a long-range ordered (crystalline)

tructure. In addition, the pre-freezing on the container wall could
esemble the condition of heterogeneous nucleation of crystals,
hich is a key factor dominating the glass formation.

The atomic size ratio (q = rsmall/rlarge) of several reported binary
etal–metal type BMG systems is listed in Table 1. It can be found

Table 1
Atomic size ratio (rsmall/rlarge) of several reported binary
metallic glasses systems.

Alloy system rsmall/rlarge

Cu–Zr [10–12] 0.7039
Cu–Hf [7–9] 0.6971
Ni–Nb [13] 0.7525
Ca–Al [14] 0.6082
state of colloidal suspensions with particle size 2.0 �m; (b) the frozen state of (a);
(c) the initial liquid state of colloidal suspensions with particle size 2.9 �m; (d) the
frozen state of (c).

that q ranges from 0.55 to 0.80. Here, we use a binary colloid sys-
tem to simulate the situation of binary BMGs with large particle
(d = 2.9 �m) and smaller particles (d = 2.0 �m). The size ratio of
small to large particles q is thus 0.69, which is comparable to that
in Cu–Zr (0.7039), and especially in Cu–Hf (0.6971) system.

Like the case in monodisperse colloid system, particles in the
binary system also tend to self-assembly, resulting in the volume
exclusion. However, the binary system has complicated frozen solid
phases, which are sensitive to the mixing ratio (composition). The
optical freezing structures as functions of composition are shown in
Fig. 3. In contrast to the case in the monodisperse system, the binary
colloidal systems do not freeze into a distinct crystalline phase, but
form an irregular structure. Partially ordered or distorted ordered
structures can be seen at some mixing rations (fm), e.g. at fm = 0.6,
0.8, 1.4, 1.6. In addition, phase separation can clearly be found at
fm = 0.8 and 1.4, wherein large particles tend to segregation at the
outer boundary of the mixture. A highly disordered structure is
formed at fm = 1.2 and 1.6.

Light scattering technique was used to further study the struc-
ture of the frozen monodispere and binary mixtures. The setup
of the light scattering measurement is shown in Fig. 4a. For the
monodisperse system, clear Bragg spots can be captured, as seen
in Fig. 4b indicating the order structures. Typical light scattering
results for binary systems are shown in Fig. 4c and d. No distinct
Bragg spots are found any more, demonstrating the lack of long-
range order. These results agree with the direct optical observation
2D structures in Fig. 3. Furthermore, there is still difference in the
scattering pattern among the binary systems at various fm. The mix-
tures with fm = 0.6, 0.8, 1.0, 1.4, 1.6, 2.0 exhibit a streak-like pattern,
implying the existence of ordered clusters within the solid phases,

as shown in Fig. 4c. Whereas, mixtures with fm = 1.2 and 1.8 exhibit a
featureless scattering pattern, implying a disordered structure, like
the case in the glassy state of condensed matter. The detailed struc-
ture factor of the frozen mixtures and its relationship with the glass
formation were not performed in the present work. Instead, we use
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Fig. 3. The frozen structures of suspensions of different mixing ra

he time scale from the initial liquid suspensions to the freezing
tate (when particles do not change their position) to demonstrate
he stability of liquid state at various mixing ratios.

The time scale of liquid stability as function of the mixing ratio
s plotted in Fig. 5. It should be noted that as mixing ratio increases

rom 0.4 to 2.2, time for reaching freezing state exhibits a two-peak
urve. The two sharp time peaks correspond to the mixing ratio of
.2 and 1.8, respectively. The time scale at fm = 1.2 and 1.8 is 690 min
nd 730 min respectively, which is about 2.7 times longer than the
verage time (∼260 min.) of other mixing ratios. This means that

ig. 4. Light scattering setup and scattering pattern of the frozen structures of the col
onodisperse colloidal system (d = 2.9 �m); (c) typical scattering pattern for mixture wit

.8.
= 0.6 (a), 0.8 (b), 1.0 (c), 1.2 (d), 1.4 (e), 1.6 (f), 1.8 (g), and 2.0 (h).

the binary suspensions are more stable at these two compositions,
wherein a sluggish arrangement of particles and slow kinetic of
volume exclusion exist owing to the specific mixing ratio of the
two kind of particles. This is in a good agreement with the optical
structure (Fig. 3) and light scattering results (Fig. 4), and further

prove that the packing of particles is difficult at fm = 1.2 and 1.8.
The results suggest that for the present binary colloidal system
there exist two confined regions in the mixing ratio/composition
range accentuated by an enhanced glass-forming ability or retarded
crystallization kinetics.

loidal system: (a) schematics of the apparatus; (b) the scattering pattern of the
h mixing ratio of 0.8; (d) typical scattering pattern for mixture with mixing ratio of
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Fig. 5. The time scale of liquid stability as function of the mixing ratio.

The size ratio (q) of small to large particles in the present binary
olloid system is 0.69, which is quite similar to the atomic size ratio
f Cu–Hf binary alloy (0.6971). It is interesting to find that there are
wo best glass-forming compositions reported up to now, Cu55Hf45
9] and Cu65Hf35 [7,8] with the corresponding mixing ratios of
.22 and 1.86, respectively. The agreement between the colloid
ixtures results and the experiment data of binary bulk metal-

ic glasses supports the present experimental design, and gives a
irect evidence for the validity of topological factor in determining
he glass-forming ability in binary metal liquid. At certain mixed
atios (here, fm = 1.2 and 1.8, respectively), the alloy exhibits a slug-
ish crystallization kinetic as shown is Fig. 5, possibly due to the
ore effective atomic packing. The correlation between the atomic

acking geometry and mixed ration will be investigated later.
The CuZr binary alloy has an atomic ratio of 0.7039, which is

lso close to the particle size ratio of the present binary colloid
ystem. The best BMG forming compositions Cu64.5Zr35.5 [11] and
u64Zr36 [10] correspond to a mixing ratio of 1.82 and 1.78, respec-
ively. This also agrees well with the colloid mixture exprimental
esults. The CuZr binary BMGs composition around Cu50Zr50 [12]
corresponding to the mixing ratio of 1.0 here) does not exhibit easy
lass formation ablility in the colloid system. This may be due to the
light deviation of the particle size ratio from the atomic size ratio.
. Conclusions

A binary colloid system with the two different particle sizes
2.0 and 2.9 �m, respectively) was prepared with the particle size

[
[
[

[
[

pounds 504S (2010) S243–S246

ratio of 0.69, which is comparable with the atomic size ratio of
Cu–Hf and Cu–Zr binary alloys. A sluggish crystallization kinet-
ics and good glass-forming ability are found at the particle mixing
ratios of 1.2 and 1.8. The time duration from the initial liquid state
to the final squeezed state shows a two-peak curve on the function
of mixing ratio. Comparison of the present results with experi-
mental data for binary bulk metallic glasses supports the validity
of purely topological effect on the glass-forming ability of binary
metallic melts.
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