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Abstract: Zr49Cu46Al5 and Zr48.5Cu46.5Al5 bulk metallic glasses(BMGs) with diameter of 5 mm were prepared through water-cooled 
copper mold casting. The phase structures of the two alloys were identified by X-ray diffractometry(XRD). The thermal stability was 
examined by differential scanning calorimetry(DSC). Zr49Cu46Al5 alloy shows a glass transition temperature, Tg, of about 689 K, an 
crystallization temperature, Tx, of about 736 K. The Zr48.5Cu46.5Al5 alloy shows no obvious exothermic peak. The microstructure of 
the as-cast alloys was analyzed by transmission electron microscopy(TEM). The aggregations of CuZr and CuZr2 nanocrystals with 
grain size of about 20 nm are observed in Zr49Cu46Al5 nanocrystalline composite, while the Zr48.5Cu46.5Al5 alloy containing many 
CuZr martensite plates is crystallized seriously. Mechanical properties of bulk Zr49Cu46Al5 nanocrystalline composite and 
Zr48.5Cu46.5Al5 alloy measured by compression tests at room temperature show that the work hardening ability of Zr48.5Cu46.5Al5 alloy 
is larger than that of Zr49Cu46Al5 alloy. 
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1 Introduction 
 

In recent years, bulk metallic glasses(BMGs) have 
attracted broad attention due to their importance in both 
theoretical study and industrial applications[1−2]. As a 
very promising structure material, BMGs have unique 
properties such as high yield strength, high hardness, and 
excellent corrosion and wear resistance[3]. However, the 
high strength of BMGs is often accompanied by 
remarkably decrease of plastic deformation, which 
greatly limits their application as engineering materials 
[4]. Based on this reason, BMG based composites are 
well developed to improve the plastic deformation ability 
of the BMGs[5]. For example, it has been found that 
addition of Pd, Pt, Au in ternary Zr-Cu-Al metallic 
glasses can induce the formation of nanostructure 
composed of Zr2(Cu, M) (M=Pd, Pt or Au) and remain 
amorphous phase during annealing. These 
nanocrystalline alloys show better bending ductility and 
higher tensile fracture strength than the corresponding 
Zr-based monolithic amorphous alloys[6]. Zr-Ti-Cu-Ni- 

Be system has large glass forming ability, which has 
drawn plenty of intensive investigations because of its 
excellent properties, including high strength and high 
hardness[7]. HAYS et al[8] developed a Zr-Ti-Cu-Ni-Be 
BMG composite containing BCC dectile dendritic β solid 
solution as toughening phase by adding Nb to the alloy 
melt. The composite exhibits remarkably improved 
plastic deformation and obvious strain hardening on the 
premise of preserving its high fracture strength. Besides, 
SUN et al[9] reported that Zr48.5Cu46.5Al5 bulk metallic 
glass matrix composites with diameters of 3 mm and 4 
mm formed a microstructure with coexistence of CuZr 
martensite plate and nanocrystalline Zr2Cu and Cu10Zr7. 
Room temperature compression tests reveal that these 
composites exhibit obvious strain hardening and plastic 
deformation prior to failure. JAYANTA et al[10] 
suggested that the work hardening capability and 
ductility of Cu-Zr-Al metallic glass are attributed to an 
unique structure correlated with atomic-scale 
inhomogeneity, which leads to extensive shear band 
formation, interactions, and multiplication of shear  
bands. Work hardening is an interesting question, because 
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BMGs usually do not show strain hardening during 
deformation as ductile metals do, but exhibit strain 
softening and thermal softening instead[11]. In order to 
further clarify the microstructure—property relationship, 
we produced Zr49Cu46Al5 alloy containing nanocrystals 
and Zr48.5Cu46.5Al5 alloy containing CuZr martensite 
plates. The effect of the size and distribution of CuZr 
crystalline phase on the deformation behavior was 
studied. 
 
2 Experimental 
 

Zr49Cu46Al5 and Zr48.5Cu46.5Al5 alloys were prepared 
by arc melting under a Ti-gettered argon atmosphere. 
Bulk glassy alloy rods in a cylindrical shape with a 
length of 80 mm and diameter of 5 mm were prepared by 
the copper mold casting method. The resulting samples 
were cut, polished, etched, and then observed by optical 
microscopy(OM). The phase structures of all samples 
were identified by X-ray diffractometry. The 
microstructure and fracture morphology of the as-cast 
alloys were analyzed by transmission electron 
microscopy(TEM) and scanning electron microscopy 
(SEM). To produce TEM specimen, disks with a 
thickness of about 0.5 mm were cut from the rods. 
Samples for TEM analysis were prepared first by 
mechanical grinding to be about 50 μm in thickness and 
finally thinned by ion milling. The thermal stability was 
examined by differential scanning calorimetry(DSC) 
with a heating rate of 20 K/min. Cylindrical specimens 
of 5 mm in diameter and 10 mm in length were prepared 
from the as-cast rods, and tested in an MTS testing 
machine under quasistatic loading (initial stain rate of 
1×10−4 s−1) at room temperature.  

 
3 Results and discussion 
 

Fig.1 shows the X-ray diffraction patterns of the 
 

 
Fig.1 X-ray diffraction patterns of alloys: (a) Zr48.5Cu46.5Al5;  
(b) Zr49Cu46Al5 

alloys. For Zr48.5Cu46.5Al5 alloy, apart from CuZr phase 
that is monoclinic with lattice parameters of a=0.330 1 
nm, b=0.413 8 nm, c=0.527 3 nm, and β=104.7˚, few 
diffraction peaks identified as Cu10Zr7 are also found. 
For Zr49Cu46Al5 alloy, two small crystalline diffraction 
peaks superimposed on the broad amorphous diffraction 
peak are identified as CuZr phase, which has a cubic 
structure, with the lattice constant of a=0.325 6 nm. 

DSC curves of Zr49Cu46Al5 and Zr48.5Cu46.5Al5 alloy 
rods are shown in Fig.2. Zr49Cu46Al5 alloy shows a glass 
transition temperature, Tg, of about 689 K, an 
crystallization temperature, Tx, of about 736 K and a 
supercooled liquid interval, ΔTx (=Tx−Tg), of 47 K. 
Zr48.5Cu46.5Al5 alloy shows no obvious exothermic peak, 
which indicates the much less amount of amorphous 
phase. 
 

 
Fig.2 DSC curves of Zr48.5Cu46.5Al5 (a) and Zr49Cu46Al5 (b) 
alloys 
 

Fig.3 shows optical micrographs of Zr49Cu46Al5 and 
Zr48.5Cu46.5Al5 alloys. Some spherical-like islands 
distribute non-uniformly in the amorphous matrix of 
Zr49Cu46Al5 alloy, while large areas of crystalline regions 
are found on the surface of Zr48.5Cu46.5Al5 alloy. 
According to the results of optical micrographs, it is 
found that although the compositions of two alloys are 
very close, the microstructures are quite different. 

Fig.4(a) shows the bright-field TEM image of 
Zr49Cu46Al5 alloy and the corresponding selected-area 
diffraction pattern. It is seen that nanocrystals are 
embedded in the amorphous matrix and distribute 
randomly. The particles can be identified to be a mixture 
of nanocrystalline CuZr and CuZr2 according to the 
SAED pattern. In addition, an interesting phenomenon is 
found that some nanocrystals connect together. Fig.4(b) 
shows HRTEM image of Zr49Cu46Al5 alloy. Clearly, the 
morphology is composed of aggregations of nanosized 
crystallites. Nanocrystal has a size of about 20 nm. The 
lattice image is randomly oriented in each region and 
hence each nanocrystal appears with a random orienta-  
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Fig.3 Optical micrographs of alloys: (a) Zr49Cu46Al5; (b) Zr48.5- 
Cu46.5Al5 
 
tion. The microstructure is quite different from that of 
Zr48.5Cu46.5Al5 alloy. The bright-field TEM image of 
Zr48.5Cu46.5Al5 alloy is shown in Fig.4(c). It can be seen 
that CuZr plates consist of a large amount of stacking 
faults. The CuZr phase is thought to be a martensite 
phase. The XRD result (Fig.1(a)) indicates that CuZr 
phase is a monoclinic structure, which is consistent with 
the microstructure of the martensite phase in CuZr 
compound, as pointed out in previous studies[12−15]. 

The stress—stain curves of Zr49Cu46Al5 and 
Zr48.5Cu46.5Al5 alloys are shown in Fig.5. According to 
the curves shown in Fig.5, Zr49Cu46Al5 alloy exhibits a 
yield strength of 1 554 MPa, an ultimate compressive 
strength of 2 037 MPa, and plastic strain of 6.0%. For 
Zr48.5Cu46.5Al5 alloy, the ultimate fracture strength (σf=  
1 607 MPa) is obviously lower than that of Zr49Cu46Al5 
alloy. According to Ref.[16], crystalline specimens of the 
same nominal composition show significantly lower 
values of fracture strength. The room temperature 
compression results are in good agreement with the 
report. In addition, Zr48.5Cu46.5Al5 alloy shows a yield 
strength of about 310 MPa. The yield point of it is not  

 

 

Fig.4 TEM images of Zr49Cu46Al5 and Zr48.5Cu46.5Al5 alloy:  
(a) Nanocrystals embedded in amorphous matrix in Zr49Cu46Al5 
alloy; (b) HRTEM image showing aggregation of nanocrystals 
in Zr49Cu46Al5 alloy; (c) CuZr martensite plates in 
Zr48.5Cu46.5Al5 alloy 
 
obvious, and the original elastic modulus is about 53 
GPa. Although the stress— strain curves from both 
BMGs clearly reveal a stress increase with further 
increasing strain, the slope change of the stress—strain 
curves after yielding is much larger for Zr48.5Cu46.5Al5 
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alloy than for Zr49Cu46Al5 alloy. This means that the 
former exhibits a significant strain-hardening feature due 
to the presence of amount of martensite phases.  

Fig.6 shows the fracture morphologies of two alloys. 
For Zr49Cu46Al5 alloy, the compressive fracture takes 
place along the maximum shear plane that is declined by 
about 45˚ to the direction of compressive load. The 
fracture morphology of Zr49Cu46Al5 nanocrystalline alloy 
is shown in Fig.6(a), which has a typical characteristic of 
ductile fracture with well-developed vein pattern. 
Furthermore, Fig.6(b) shows that the shear bands are 
highly branched on some regions of the same specimen 
surface. The shear band spacing is estimated to be 
500−800 nm. The SEM image of the whole fractured 
surface of Zr48.5Cu46.5Al5 alloy is shown in Fig.6(c). The 
fractured surface consists of many steep slipped planes 
and secondary fractured crevices. In addition, some 

molten droplets can be found on the fracture surface of 
Zr48.5Cu46.5Al5 alloy (Fig.6(d)). 

The above results show that microstructure and 
deformation behavior of Zr-Cu-Al system alloys are 
quite sensitive to the chemical composition. The 
aggregations of the nanocrystals in Zr49Cu46Al5 alloy 
hinder the propagation of the shear bands; and enable 
their branching to lead to global ductility. When the 
nanocrystals are very small and separated by the 
amorphous matrix, they can not block the propagation of 
the shear bands[17]. When the nanocrystals occupy large 
volumetric fraction and the crystals are connected, they 
will act as an obstacle to the local shear deformation, 
thus retarding the shear fracture of the alloy[18]. 
Therefore, the Zr49Cu46Al5 alloy exhibits high strength 
and large plastic strain at the same time. Compared with 
the elastic-perfect plastic deformation feature during 

 

 
Fig.5 Compressive strain—stress curves: (a) Zr49Cu46Al5 alloy; (b) Zr48.5Cu46.5Al5 alloy 
 

 
Fig.6 Fracture morphologies of Zr49Cu46Al5 and Zr48.5Cu46.5Al5: (a) Well-developed vein patterns of Zr49Cu46Al5 alloy; (b) Shear 
band of Zr49Cu46Al5 alloy; (c) and (d) Fractured surface of Zr48.5Cu46.5Al5 alloy 

 



MA Wen-jie, et al/Trans. Nonferrous Met. Soc. China 17(2007) 933
 
compressive test, Zr48.5Cu46.5Al5 alloy containing large 
amount of martensite plates exhibits a significant strain 
hardening without distinct yielding phenomenon. This 
significant strain hardening is caused by the presence of 
many CuZr martensite plates. It is suggested that the size 
and distribution of CuZr martensite plate have significant 
influence on the deformation behavior of the alloys. 
Zr49Cu46Al5 alloy in this study may also contain a small 
amount of martensite plate, but the volume fraction is too 
small to be identified by XRD. Compared with previous 
reports, the strain hardening ability of the present 
Zr48.5Cu46.5Al5 alloy with diameter of 5 mm is also larger 
than that of Zr48.5Cu46.5Al5 alloy with diameter of 3 mm 
or 4 mm[8]. The reason may be that for Zr48.5Cu46.5Al5 
alloy with diameter of 5 mm, CuZr martensite phase 
distributes in whole region of the sample, while for 
Zr48.5Cu46.5Al5 with diameter of 3 mm and 4 mm, the 
micrometer sized CuZr martensite phase distributes in 
the central region of the sample. The difference of 
volume fraction and distribution of martensite plate 
results in the difference of deformation behavior. 
Therefore, it is suggested that the plastic deformation 
behavior, especially the strain hardening feature, is 
sensitive to the size and distribution of nanocrystals or 
martensite phases. 

According to Ref.[19], the metallographic method 
of pinpointing the best glass forming alloy has been used 
in Zr-Cu-Al alloy. They have pinpointed the three best 
glass forming regions, Zr48Cu45Al7, Zr45Cu49Al6, and 
Zr54Cu38Al8 and Zr56Cu36Al8 in three adjacent eutectics. 
The best glass formers were surrounded by the alloys 
forming crystalline and amorphous composite with 
similar size. Therefore, it is worth noting that near the 
composition of Zr48Cu46Al5 alloy, the microstructures of 
the materials are rather complex. CuZr phase in the 
amorphous matrix can either exist in nanocrystals or 
transform into martensite phase, sometimes can occur a 
eutectoid reaction CuZr → Cu10Zr7+CuZr2 at about    
988 K[20]. Tiny change of the composition will bring 
enormous changes in the microstructure of Zr-Cu-Al 
alloy, resulting in the differences of mechanical 
properties. By changing the composition slightly, the 
BMGs with more excellent mechanical property may be 
found.  
 
4 Conclusions 
 

1) The mechanical properties of Zr-Cu-Al bulk 
metallic glasses are sensitive to the size and distribution 
of CuZr crystalline phase.  

2) The strain hardening ability of Zr48.5Cu46.5Al5 
alloy is larger than that of Zr49Cu46Al5 alloy. The size and 
distribution of CuZr martensite plate in Zr-Cu-Al alloy 

have important influence on the deformation behavior.  
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