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Cu47.5Zr47.5Al5 was prepared by arc melting and solidified in situ by suction casting
into 2–5-mm-diameter rods under various cooling rates (200–2000 K/s). The
microstructure was investigated along the length of the rods by electron microscopy,
differential scanning calorimetry and mechanical properties were investigated under
compression. The microstructure of differently prepared specimens consists of
macroscopic spherical shape chemically inhomogeneous regions together with a low
volume fraction of randomly distributed CuZr B2 phase embedded in a 2–7 nm size
clustered “glassy-martensite” matrix. The as-cast specimens show high yield strength
(1721 MPa), pronounced work-hardening behavior up to 2116 MPa and large fracture
strain up to 12.1–15.1%. The fracture strain decreases with increasing casting diameter.
The presence of chemical inhomogenities and nanoscale “glassy-martensite” features
are beneficial for improving the inherent ductility of the metallic glass.

I. INTRODUCTION

Since Zr-based bulk metallic glasses (BMGs) with
high glass-forming ability were fabricated,1 many inter-
esting mechanical and physical properties of BMGs have
been investigated2–5 for commercial applications. The
major advantages of BMGs are high strength, low elastic
modulus, and good wear properties.2,6 However, the final
fracture of BMGs occurs catastrophically and involves
very little overall plastic deformation due to highly lo-
calized shear banding.6 To overcome the problem of lim-
ited plasticity in BMGs, several composite materials
have been developed,7–17 which can be broadly classified

in two groups according to their processing: (i) ex situ
and (ii) in situ formed composites. Several trials have
previously been made to improve the ductility by intro-
ducing quasicrystalline18,19 or nanocrystalline20,21 pre-
cipitates in a glassy matrix upon partial crystallization
during annealing treatment of the amorphous precursors.
The ex situ composites are formed by directly introduc-
ing a crystalline solid phase as reinforcement into the
glass-forming melt during processing and consist of ei-
ther particle reinforcements7–9 or fiber reinforcements9,11

(continuous or discontinuous fibers). On the other hand,
the in situ composites are formed from their melts during
the process of solidification itself, containing either par-
ticle reinforcements12,13 or ductile dendritic phase rein-
forcements.14–17 The latter type of composites has been
found to be more suitable for suppressing catastrophic
shear banding compared to the other nanocrystalline/
quasicrystalline composites whereby the room tempera-
ture ductility of BMGs is increased due to the reinforce-
ment with a ductile phase. For the first time, Hays et al.14
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reported the formation of a composite microstructure
consisting of body-centered cubic (bcc) �–Zr(Ti)-type
dendrites in a glassy matrix for a Zr–Ti–Nb–Cu–Ni–Be
alloy exhibiting 5–6% compressive plastic strain at room
temperature. A similar microstructure has also been re-
ported for Zr–Nb–Cu–Ni–Al alloys,15,16 and Mg-based
alloys.17 It was suggested14,22 that in such composite
microstructures, the � phase acts as a seed for the initia-
tion of organized shear bands and confines the propaga-
tion of individual shear bands.

Along this line, bcc dendrite phase reinforced compos-
ites have been developed in a series of Ti-based23–26 and
Zr-based27–29 multicomponent alloys. These composites
exhibit promising mechanical properties, i.e., high
strength of more than 2 GPa and large ductility of more
than 15%, thus showing superior plastic deformability
compared to monolithic bulk metallic glasses,3,6 previ-
ously reported other bulk metallic glass composites,14,15

and single-phase nanocrystalline30 materials. It was ob-
served that a bimodal grain size distribution is an effec-
tive way of improving the ductility of nanostructured
materials without sacrificing strength.31 Moreover, it was
reported that the appropriate choice of casting conditions
has a strong impact on the supersaturation of the den-
dritic phase, dendrite arm spacing, and refinement of the
nanocrsytalline matrix, which can significantly alter the
mechanical properties.28

Very recently, a large number of metallic glasses have
been reported to show ductility.32–35 In this paper, we
present the effect of the casting diameter (and thus the
achieved cooling rate upon solidification) on the micro-
structure evolution and the resulting mechanical proper-
ties of the Cu47.5Zr47.5Al5 glassy alloy. Even though
there is no significant microstructural change along the
length of the rods, larger casting diameters (i.e., slower
cooling) exhibit lower plastic deformability. A lower
cooling rate promotes the formation of CuZr B2 phase
and monoclinic martensite. However, the glassy phase of
this alloy contains nanoscale structural inhomogenities
with a “glassy martensite” feature for all the differently
cooled samples with different diameters.

II. EXPERIMENTAL DETAILS

The Cu47.5Zr47.5Al5 alloy was designed by adding
5 at.% Al to the Cu50Zr50 bulk glass forming alloy com-
position. The alloy was fabricated after melting elemen-
tal pure Zr, Cu, and Al by arc melting under a Ti-gettered
Ar atmosphere. Cylindrical rods of 2, 3, and 5 mm diam-
eter (�) and 50–90 mm length were solidified by in situ
suction casting in the arc melter. Structural investigations
were carried out by using x-ray diffraction (XRD) in
transmission geometry (Bragg–Brentano) on a STOE
(Darmstadt, Germany) STADI P diffactometer equipped
with a Mo source (monochromoter, � � 0.7093 Å), and

2�/� scans were performed with a position sensitive de-
tector (PSD) covering an angle range of 6°. In this case,
the specimens were polished and thinned down to 70 �m.
A Zeiss axiophot optical microscope, a Zeiss DSM 962
scanning electron microscope (SEM) operated at 25 kV,
and a Phillips XL 30 FEG (SEM) and equipped with an
in situ energy-dispersive spectrometer (EDX) were used
for microstructure observation and phase composition
determination. Samples were taken from different posi-
tions (top part of the rods, the section where the liquid
entered into the mold; middle and bottom, the sections
where the liquid solidified first) of the as-cast cylinders
to reveal possible variations in the microstructure and the
mechanical properties along the rod axis. Selected-area
electron diffraction (SAED) and microstructural studies
were performed with a Phillips CM 20 transmission elec-
tron microscope (TEM) operated at 200 kV. The TEM
samples were prepared by the conventional method of
slicing and grinding, followed by dimpling and finally
ion-milling under liquid nitrogen cooling (BAL-TEC
RES 010). To reveal the artifact-free sample, the prepa-
ration condition was optimized as reported earlier.34,36,37

For evaluation of the mechanical properties, cylindrical
specimens with a length/diameter ratio 2:1 were tested
under compression in an Instron (Norwood, MA) 5569
electromechanical testing machine under quasistatic
loading (initial strain rate of 8 × 10−5) at room temperature.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns (2�/� coupled
scan) from the different sections along the length of the

FIG. 1. XRD patterns from different sections of 2-mm-diameter speci-
mens showing the reflections from the CuZr B2 phase superimposed
on the amorphous diffraction maxima. The crystalline peaks com-
pletely disappear after stopping the sample rotation indicating the pres-
ence of big crystallite in the microstructure.
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