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Using the computational-thermodynamic approach, the potential compositions of Zr–Cu–Ni–Al
alloy system exhibiting the two-liquid miscibility phase equilibrium in the liquid temperature region
have been identified. The resulting Zr base bulk metallic glasses show a microstructure of two
microscaled glassy phases. The glass possesses a remarkable macroscopic plastic strain of 30% at
room temperature. The gain of mechanical properties is attributed to the unique glassy structure
correlated with the chemical inhomogeneity on the micron scale, the hard phases surrounded by the
soft phases, leading extensive shear-band formation, interactions, and multiplication. © 2007
American Institute of Physics. �DOI: 10.1063/1.2790380�

One exciting benefit of preparing bulk metallic glasses
�BMGs� is a tremendous gain in high yield strength. How-
ever, even for some tougher zirconium or palladium based
metallic glasses, their applicability is limited by the lack of
plasticity resulting from shear localization and work
softening.1 To overcome this limited plasticity, two ways
have been exploited: one is intrinsic toughening by increas-
ing Poisson’s ratio,2,3 and the other is extrinsic toughening by
developing a composite microstructure within the glassy
matrix.4–7 In particular, the discovery of the superplastic
BMGs at room temperature sheds light that BMGs seem to
have the potential to exhibit remarkable plasticity if some
unique structures, e.g., a two-glassy-phase structure, are
available.2,7

In intermetallic alloys and ceramics, we can improve the
mechanical properties by forming a duplex or multiphase
microstructure which can provide effective obstacles for the
propagating microcracks.8,9 Following these ideas, the devel-
opment of a two-glassy-phase microstructure is expected to
be of potential interest in terms of the ductility improvement
of BMGs. The early efforts to obtain two-glassy-phase
BMGs usually involve the addition of alloying elements with
a positive enthalpy of mixing into the master alloy systems
and, thus, inevitably make the resultant BMGs to inherit in-
ferior glass formation ability �GFA�.10

To overcome the dilemma, it is necessary to prepare
dual-glassy-phase BMGs with high GFA. We note that the
Zr–Cu–Ni–Al alloy system is a good candidate for this in-
vestigation, since it shows a high GFA and includes an
atomic pair with a positive enthalpy of mixing between Ni
and Cu elements.11 However, how to pinpoint the composi-

tion of an alloy exhibiting phase separation appears to be a
scientific challenge.

Yan et al. have explored a computational-
thermodynamic approach to identify the potential composi-
tions of Zr–Ti–Ni–Cu alloys exhibiting low-lying liquidus
surfaces that favor the glass formation12 in reasonable agree-
ment with those determined experimentally by Lin and
Johnson.13 A salient feature of this approach is that the ther-
modynamic models of the phases implicitly incorporate the
multiple chemical and topological interactions among com-
ponent elements through the enthalpy and entropy terms. Be-
sides, we need to employ a “thermodynamic description”
concept on the basis of the description of a multicomponent
system obtained by the CALPHAD approach.14 For the quater-
nary system, there are six constituent binaries and four con-
stituent ternaries. Using the quaternary thermodynamic de-
scription obtained and the commercial software PANDAT,15

the isotherms and isopleths can be calculated.
For the quaternary system, the complete isotherm is a

tetragonal volume under a constant pressure, and then, a two-
dimensional section can be obtained from cutting with con-
stant Al content. This will provide the information for the
selection of alloy compositions. In this study, the selected X
alloy within the two immiscible liquid phase regions �L1 and
L2� can be found in the 1050 °C isothermal section, from
which the isopleth cut for Al5Ni40Zr55 and Al5Cu25Zr70 com-
position regions is determined, as shown in Fig. 1. According
to the diagram, the X alloy with the optimum composition of
Zr63.8Ni16.2Cu15Al5 is located in the two-liquid-phase region,
and the compositions of the two calculated liquid phases
are Ni-rich Zr68.4Ni23.9Cu6.6Al1.1 and Cu-rich
Zr61.7Ni12.8Cu18.8Al6.7, respectively.

Based on the selected optimum composition within the
two liquid-phase region, Zr63.8Ni16.2Cu15Al5, cylindrical in-
gots of the Zr base BMG, 2 mm in diameter, were prepared
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by arc melting the pure elements under a purified Ar atmo-
sphere and in situ suction casting in a copper mold. The rod
specimens with an aspect ratio of 2:1 were tested in com-
pression under an initial strain rate of 2�10−4 s−1 at room
temperature.

Figure 2�a� shows the as-cast structure under the scan-
ning electron microscope �SEM�, which is macroscopically
homogenous without observable crystals and other cast de-
fects. The x-ray diffraction �XRD� curve of the as-cast ingot
is inserted in Fig. 2�a�. The diffuse hump in the XRD curve,
coupled with the clear glass transitions and sharp crystalliza-
tion events in the differential scanning calorimetry curve,
confirms the glassy nature of the BMGs. Tg, Tx, �Tx, and Tl
of the current Zr BMG are 647, 745, 98, and 1178 K, respec-
tively. The GFA parameters such as ��=Tx / �Tg+Tl�� �Ref.
16� and �m�=�2Tx−Tg� /Tl� �Ref. 17� are 0.41 and 0.72, re-
spectively. The corresponding critical cooling rate to produce
glass phase is around 1 K/s.17 All of these results prove that
the alloy has good glass forming ability. It is interesting that
the transmission electron microscopy �TEM� bright-field im-
ages and the corresponding selected area-diffraction pattern
of sites I and II �Figs. 2�b� and 2�c�� clearly show the pres-
ence of two different glassy phases with brighter and darker
contrasts for the Zr BMG. The global second glassy phase
having a darker contrast is embedded in the lighter glassy

matrix. The high resolution electron-microscopy �HREM�
image taken at the interface III �Fig. 2�d�� shows a homog-
enous maze pattern, indicating that the two glassy phases
with different compositions combine perfectly.

The TEM/energy dispersive spectroscopy �EDS� compo-
sition analysis of the two phases gives a Ni-rich composition
of Zr68.5Cu8.1Ni21.3Al2.1 for the darker phase while a Cu-rich
composition of Zr62.4Cu16.7Ni14.6Al6.3 for the lighter matrix.
The characteristic length scale for the glassy phases with
darker contrast is 0.5–1 �m, which differs from the much
finer scale for the solid-state spinodal decomposition. It is
likely that the two glassy phases are directly formed from the
two separated liquid phases. The results support the validity
of the prediction based on the computational-thermodynamic
approach.

Figure 3 shows the room-temperature true stress-strain
curve for as-cast 2 mm diameter cylinders under compres-
sion loaded at a strain rate of 2�10−4 s−1. Under quasistatic
loading, the material exhibits yield stress �y =1.60 GPa. On
further deformation, plastic deformation at a roughly con-
stant flow stress appears. The two-glassy-phase BMG exhib-
its remarkable plasticity with the compressive true strain up
to about 30%. After that, flow instability becomes dominant,
meaning that shear-band localization initiates, as shown in
the inserted image of the deformed specimen. The overall
failure true strain exceeds 35%. However, it is noted that
once the strain exceeded 30%, the major shear band would
touch the upper or lower test platen, thus the further straining
does not have any physical meaning.

The specimen and fracture surfaces after deformation are
investigated by SEM, as shown in Fig. 4. Figure 4�a� pre-
sents the image of the strong interaction of shear bands with
some phases with light contrast. The SEM/EDS analyses
prove that they are the second glassy clusters on the de-
formed surface. The shear bands propagate preferentially
through many second glassy clusters, occasionally initiate or
terminate within the clusters. However, the shear bands are
highly branched and their movement is rather wavy in na-
ture. This trend suggests that the dispersed second glassy
phase clusters act as a network in the glassy matrix, thus
separate and restrict the highly localized shear banding to
isolated regions, avoiding catastrophic shearing off through
the whole sample. The fracture surface analysis �Fig. 4�b��
reveals two distinct morphologies: �i� veinlike pattern and
�ii� highly rough regions. Figure 4�c� is a part within the
highly rough regions, where the shear bands can be clearly
observed. According to the state of shear bands, the fracture
surface can be divided into the I and II regions, as shown in

FIG. 1. The simulated phase diagram for the composition cut between
Al5Ni40Zr55 and Al5Cu25Zr70.

FIG. 2. Microstructures of the 2 mm diameter Zr base BMG rod: �a� SEM
image of the etched as-cast microstructure with the inserted XRD pattern,
��b� and �c�� TEM bright-field image, and �d� HREM image of the interface
marked by III in �c�.

FIG. 3. Room-temperature stress-strain curve for as-cast 2 mm diameter
cylinders. The inset shows the deformed sample.
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Fig. 4�c�. By SEM/EDS analyses, the compositions of re-
gions I and II are different, and resemble the compositions
measured by TEM/EDS for the glassy phases with lighter
and darker contrasts, respectively. The size of second glassy
phases observed by SEM is obviously much larger than the
TEM observations, this is reasonable since the SEM reveals
the “congregated” or the clusters of the second glassy phases.
The limited length of the abundant shear bands surrounding
region B indicates the strong interaction between shear bands
and second glassy phases. Figures 4�d� and 4�e� show the
shear bands morphology in regions I and II, respectively, at a
higher magnification. The shear bands in region I are wavy
and branched, and the periodicity of the wave is about
0.5–1.5 �m �Fig. 4�d��. The consistency between the wave
periodicity of shear bands �0.5–2 �m� and the size scale of
second glassy phase �around 0.5–1 �m� suggests that there
exists strong interaction between shear bands and second
glassy phases. Most interestingly, interaction of less wary
shear bands is also observed in region II of the fracture sur-
face, as illustrated in Fig. 4�e�. This trend indicates a homo-
geneous nucleation and distribution of shear bands through-
out the BMG to accommodate the applied strain rather than
the accumulation of damage at some particular shear bands,
as seen in monolithic BMGs.18

The HREM observations did not reveal nanocrystals
even in heavily deformed flakes. This trend indicates that the
remarkable plasticity is not a result of the stress-induced
nanocrystallization found in other BMGs.19

We know that a direct result of the phase separation is
the emergence of the regions with different chemical compo-
sitions, different coordinate numbers, and different closest
neighbors. This will cause the inhomogeneous distribution of
hardness �and modulus� in the BMG. In this case, the softer
Cu-rich glassy phase in the two-phase BMG is the glassy
matrix with a brighter contrast, and the local hardness mea-
sured by nanoindentation for the bright phases is
5.22±0.04 GPa, which is softer than that of the dark phases
�6.17±0.04 GPa�. They might possess different critical shear
stresses �CSSs� for activating shear bands.20 The softer
glassy matrix should have more open free volumes, thus ex-
hibiting higher Poisson’s ratio �,21 which will benefit the
initiation of shear bands due to the lower CSS. When yield-
ing occurs, the relatively soft glassy phase, i.e., the matrix in

this case, will become preferentially the shear-transformation
zones, serving as the nucleation sites for the shear bands.
Consequently, abundant shear bands can be observed in the
soft matrix regions, as shown in Fig. 4�c�.

On the other hand, there exists a large amount of well
bonded interfaces between the two glassy phases in the cur-
rent BMG. As a result, the shear-band propagation would be
impeded by the second glassy phase clusters with a higher
CSS, and this trend will alter the propagation directions and
assist shear-band multiplication, resulting in the wavelike ap-
pearance of shear bands �Fig. 4�d��, as also observed by Xing
et al.6 So the micron-scale inhomogeneity resulted from
phase separation would possess the ability to hinder the
propagation of shear bands, resulting in multiple shear band-
ing.

The present work shows that, by the two-liquid phase
separating based on the thermodynamic prediction, a good
GFA Zr base BMG can be achieved. The Zr base BMG
shows remarkable plasticity through the formation of a two-
glassy microstructure composed of hard regions surrounded
by soft regions, which enables easy and homogeneous nucle-
ation of the shear bands and continuous multiplication during
deformation. The present results for the two-phase BMG
are promising and demonstrate the possibility of designing
other ductile bulk metallic glasses by the thermodynamic
prediction.
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FIG. 4. Observations of the sample and fracture surface after deformation:
�a� SEM image of the specimen surface, �b� SEM image of fracture surface,
�c� shear-bands pattern on the fracture surface, �d� shear banding in region I,
and �e� shear banding in region II.
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