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Phase separating systems present a unique opportunity for designing composites with hierarchical
microstructure at different length scales. We report here our success in synthesizing phase separating
metallic glasses exhibiting the entire spectrum of microstructural possibilities expected from a phase
separating system. In particular, we report novel core shell and hierarchical structures of spherical glassy
droplets, resulting from critical wetting behavior and limited diffusion. We also report synthesis of a bulk
phase separating glass in a metallic glass system. The combination of unique core shell and hierarchical
structures in metallic glass systems opens a new avenue for the microstructure design of metallic glasses.
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Because of the presence of a critical point, phase sepa-
rating systems present a unique opportunity for designing
composites with a hierarchical microstructure at different
length scales and provide an opportunity for developing
materials with unique properties [1–5]. Phase separating
silicate glasses are well known and are widely studied for
scientific understanding and technological exploitation [6–
9]. Recently, considerable effort in developing new multi-
component metallic glassy alloys has been underway
due to the emergence of bulk metallic glass as a potential
engineering material [10–13]. However, early efforts to
obtain phase separating metallic glass were mired in con-
troversy [14–20]. This is primarily because the formation
of metallic glass requires very high negative heat of mixing
and thus runs contrary to the tenets of a phase separating
system which needs repulsive interactions among atoms. It
is only recently that a few limited evidences of the phase
separating metallic glass appeared in the literature [21–
23].

Development of a hierarchical microstructure in a glassy
state is of potential interest in terms of shear band propa-
gation (and potential strain hardening) as well as develop-
ment of additional functional properties. There exists a
series of glasses which contain aluminum and cobalt as
critical alloying elements for glass formation [24,25]. They
form glasses with early transition metals on rapid cooling.
We have systematically explored this type of glasses and
report here our success in synthesizing a range of quater-
nary phase separating glasses exhibiting the entire spec-
trum of microstructural possibilities expected from a phase
separating system. In particular, we report a novel core
shell structure of spherical glassy particles embedded in a
glassy matrix due to the interplay between the critical
wetting behavior of the phase separating system and the
glass transition and novel hierarchical arrangements of
glassy spheres. Finally, we shall present a first report of a
bulk phase separating glass in this class of metallic glasses.

The results that will be presented concern two categories
of glasses. First, we shall present results on glasses which
contain a fixed amount of aluminum and cobalt (24 and
20 at. %, respectively). The rest is made up of yttrium and
titanium of varying compositions from 20 to 60 at. %. In
this case, the alloys are processed from its melt by the rapid
solidification technique of melt spinning with a typical
cooling rate of 106 K=s. In the second category, we present
results of a successful synthesis of a bulk phase separating
glass with an equal amount of zirconium and yttrium in
addition to cobalt and aluminum (Zr28Y28Al22Co22). The
latter is processed by injection casting in the form of 1, 2,
and 3 mm rods.

The microstructural studies using a transmission elec-
tron microscope reveal strikingly unique arrangements of
glassy droplets of differing contrast. Figures 1(a) and 1(c)
show the transmission electron micrographs from two
glasses having compositions Ti45Y11Al24Co20 and
Ti28Y28Al24Co20, respectively. One can clearly observe
the core shell structure of the spherical glassy phase (ligh-
ter contrast) embedded in a matrix of darker contrast
[Fig. 1(a)]. Even though Y has a higher atomic number
than Ti, the average electron density in a Y rich amorphous
phase (light) is smaller than that in a Ti rich phase (dark)
due to the large difference in atomic size between Yand Ti.
The electron and x-ray diffraction patterns in the inset
confirm their glassy structures. The matrix shows evidence
of fine scale decomposition. Composition analysis using an
energy dispersive spectrometer attached to the scanning
transmission electron microscope indicates an average
composition of Y44:5Ti8:8Al36:9Co9:8 for the light contrast
phase. The matrix, on the other hand, is rich in Ti, having a
composition of Ti47:2Y2:1Al19:9Co30:8. Although cobalt has
a similar affinity with yttrium and titanium (the heat of
mixing of cobalt in yttrium and titanium is �22 and
�28 kJ=mole of an atom, respectively), it has primarily
partitioned into the matrix. Similarly, the concentration of
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aluminum is more in the droplet than in the matrix. An
enlarged view of one of the droplets is shown in Fig. 1(b) to
highlight the unique core shell structure of these droplets.
In contrast, Fig. 1(c) shows droplets having a darker con-
trast embedded in the lighter matrix. The hierarchical
structure of droplets of reversed contrast in the bigger
droplets gives them a unique appearance. The finer drop-
lets have a size of �10 nm, while the larger droplets have
an average size of �220 nm. The overall composition of
the larger droplets is Ti49:7Y3:8Al14:7Co31:8, while the ma-
trix has a composition of Y42:2Ti7:3Al35:1Co15:4.

The microstructure of the alloys in between these two
compositions shows a typical coarsened spinodal struc-
ture of two interpenetrating glassy phases. Figure 1(d)
shows an example of this. The evidence of a droplet
structure of reversed contrast is present within both the
phases. The phases are still in a glassy state as evidenced
from the electron diffraction pattern shown in the inset
with two clear strong diffuse peaks. The composition
analysis of the two phases give a yttrium rich composition
of Y38:8Ti12:8Al37:1Co11:3 for the light phase while a tita-
nium rich composition of Ti43:3Y3:7Al15:3Co37:7 for the
darker phase.

We shall now attempt to explain the above results in
terms of competition between the kinetics of phase sepa-
ration and the approach to glass transition due to the
kinetics of heat transfer. First, we show that, in spite of a
strong glass former, the system indeed has a miscibility gap
reflecting the strong repulsive interaction between yttrium
and titanium. The binary phase diagram of these two
elements exhibits a miscibility gap with a low dome height
(expressed as the difference between the monotectic hori-
zontal and the critical point, 172 K in the present case).
Using a subregular solution model [26], the free energy of
the liquid can be obtained from the expression

 G � RT
X

i

xi lnxi �
Xn

i�1

Xn

j�i�1

xixj
X

��0

��ij�xi � xj��;

where �ij represents the interaction parameter between the
i and j components. The free energy curves of a Ti-Y-Al-
Co system at a temperature range of 400–1200 K are
calculated for a constant aluminum and cobalt composition
of 24 and 20 at. %, respectively. The calculated free energy
curves at a lower temperature range exhibit dome bounding
regions of immiscibility, while those at a higher tempera-
ture range exhibit a single minimum. The pseudobinary
phase diagram of the liquid phases based on the calculated
free energy curves is shown in Fig. 2. The diagram also
includes the spinodal boundaries where the second deriva-
tive of the free energy function goes to zero. Note that the
pseudobinary section is shown here only to illustrate the
situation. The tie line for any composition within the
miscibility gap may or may not lie in this plane.

Let us consider the origin of the core shell structure of
the droplets shown in Figs. 1(a) and 1(b). In Fig. 2, we have

FIG. 1 (color online). Bright field transmission electron micro-
graphs obtained from as-melt-spun (a) Ti45Y11Al24Co20,
(c) Ti28Y28Al24Co20, (d) Ti36Y20Al24Co20, and alloys.
(b) shows an enlarged view of one of the droplets shown in (a)
to highlight the unique core shell structure of the droplets. The
corresponding selected area diffraction patterns and digitized
intensity profile are included in (a), (c), and (d).
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also included the experimentally observed upper glass
transition temperatures obtained through differential scan-
ning calorimetry of the melt spun alloys. Crossing this
temperature will dramatically slow down the kinetics of
phase decomposition due to a large increase in viscosity
and, hence, a concomitant decrease in diffusivity. This will
effectively quench the structure evolved at this point.
Under the condition of a high cooling rate, the alloy ‘‘A‘‘
will first nucleate a liquid rich in yttrium as it enters the
miscibility gap. However, the decomposition will not go to
completion due to the reduced time available for mass
transport due to the high cooling rate, and the matrix will
follow a path similar to that shown schematically by the
dotted line in Fig. 2. In case the matrix composition reaches
the spinodal above the glass transition temperature (Tg), a
spinodal phase separation will occur. Cahn [27] has shown
that in such a situation the presence of any other interface
will lead to what is termed as ‘‘critical wetting’’ at tem-
peratures between the critical temperature (Tc) and a wet-
ting transition temperature (Tw). One of the evolving
phases of the spinodal decomposition will wet the interface
and form an intruding layer between the decomposing
matrix and the third phase. In most of the organic liquids,
this happens at temperatures very close to the critical
temperature. However, for metallic alloys, the wetting
can occur at temperatures substantially lower than the
critical point [28–30]. In order to predict the nature of
the microstructure that evolves in such a situation, we have
carried out a phase filed modeling of the microstructure
that will evolve in the presence of a prenucleated liquid in a
matrix which is decomposing spinodally. The model as-
sumes isotropic properties applicable for phase separating
glasses. These clearly show the evolution of a core shell-
like structure due to critical wetting. The evolved micro-
structure with the wetted layer around the primary
nucleated phase in the liquid with the composition corre-
sponding to the left side of the critical point is shown in

Fig. 3, which is consistent with the experimental observa-
tion. For the case in Fig. 1(c), the change in liquid compo-
sition is not adequate for the liquid to enter the spinodal
regime, as there is a wider separation between the spinodal
boundary and the binodal line near this composition and
the phase separation can occur only by nucleation and
growth. However, due to the high cooling rates, the time
available for the matrix and the separating droplets to
equilibrate is insufficient and, hence, on further cooling,
will lead to supersaturation of both decomposing phases. In
such a situation, a driving force will develop for secondary
nucleation inside these two phases, leading to the forma-
tion of droplets rich in yttrium and titanium, respectively,
at a nanometric scale yielding a hierarchical structure. In
the case of alloy melts entering the spinodal regime, the
liquid decomposes spontaneously inside the spinodal do-
main with the composition fluctuation growing due to up-
hill diffusion [31]. However, once the composition reaches
the spinodal boundary, the spontaneous decomposition
ceases. The driving force for further decomposition at
this stage is available which leads to a nucleation and
growth process as the composition moves between the
spinodal and binodal boundaries.

In a glass forming system, the viscosity of the melt and
hence diffusivities of the species change significantly with
the reduction in temperature during the cooling process.
Therefore, following spinodal decomposition, a secondary
decomposition within the spinodally decomposed regions
(where the compositions will now be between the binodal
and spinodal boundaries) by nucleation will set in, charac-
terized by a smaller length scale. This is shown in Fig. 1(d),
which again provides the opportunity of designing a hier-
archical microstructure.

Following the success in synthesizing a phase separating
metallic glass, we have explored the possibility of synthe-
sizing a phase separating bulk metallic glass and succeeded
in obtaining one in a Zr-Y-Al-Co system. To the best of our
knowledge, such a report of phase separating bulk metallic
glass is not available in the current literature. Figure 4

FIG. 3. Phase field modeling showing the evolution of a micro-
structure with the wetted layer around the primary nucleated
phase in the liquid with the composition corresponding to the left
side of the critical point.

FIG. 2 (color online). Pseudobinary phase diagram of the
liquid phases in a Ti-Y-Al-Co system calculated using a sub-
regular solution model at a temperature range of 400–1200 K for
a constant aluminum and cobalt composition of 24 and 20 at. %,
respectively. The diagram includes the spinodal boundary
(dashed-dotted line) and the glass transition temperature (Tg)
(dotted line).
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shows the microstructure of the bulk glass of composition
Zr28Y28Al22Co22. The morphology suggests that the de-
composition has most likely taken place in the spinodal
regime. This microstructure is obtained from a sample
obtained from a 3 mm diameter cast rod. The inset shows
the electron diffraction pattern exhibiting the superim-
posed halos from the phase separated zirconium rich and
yttrium rich glasses. The scale of decomposition is finer for
the 1 and 2 mm diameter cast rods, suggesting a glass
transition has intervened the decomposition process earlier
due to the higher cooling rates in these cases. Because of
the lack of data for the interaction parameter between Zr
and Co, we could not compute the critical point of this
glass. But the experimental results suggest that the glass
transition temperature is close to the critical point of this
glass. Thus, we are unable to get nucleation controlled
morphologies of the glassy sphere.

In conclusion, we confirm the possibility of phase sepa-
ration of both melt spun and bulk metallic glass. We show
that the interaction of critical point wetting and rapid
solidification can lead to a unique core shell structure
and a hierarchical microstructure which opens a new ave-
nue for the microstructure design involving metallic glass.
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FIG. 4. Bright field transmission electron micrographs ob-
tained from an as-injection-cast Zr28Y28Al22Co22 alloy (diame-
ter: 3 mm). The corresponding selected area diffraction pattern is
included in the figure.
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