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Abstract: Using melt infiltration casting at different temperatures (965, 990 and 1015 °C) for different time (10 and 15 min), the 
composites of (Cu50Zr43Al7)99.5Si0.5 bulk metallic glass reinforced with tungsten wires were produced. X-ray diffraction (XRD), 
scanning electron microscopy (SEM) and quasi-static compression tests were carried out to evaluate the microstructure and 
mechanical properties. The results show that the maximum ultimate compressive strength and strain-to-failure of about 1880 MPa 
and 16.7% were achieved, respectively, at the infiltration temperature of 965 °C for 15 min. 
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1 Introduction 
 

It did not last long from the discovery of the first 
bulk metallic glass (BMG) that, these novel engineering 
alloys proved their positions as potential materials in a 
wide range of technical applications based on a variety  
of unique physical, chemical and mechanical   
properties [1−5]. 

However, BMGs are known to possess extremely 
low ductility along with poor plastic deformation 
behavior at room temperature, which greatly confines 
their use in structural applications. To practically 
overcome this certain drawback, extensive works have 
been devoted to promote the mechanical properties of 
BMGs via different strategies [6−10]. 

Meanwhile, raising the ductility, i.e., the 
strain-to-failure of BMGs, in general, has been well 
accepted to be possible by developing in situ and ex situ 
BMG matrix composites (BMGMCs) [11−21]. 

In the case of ex situ BMGMCs, the crystalline 
fibers or second phase particles are placed in a mold as 
the reinforcement, and subsequently, BMG melt 
infiltrates into the preform [22−37]. Herein, there is a 
significant relationship between the major parameters of 
infiltration process, such as temperature and time, and 

the microstructure and mechanical properties of the 
finally produced BMGMC. In fact, these parameters are 
effective on diffusion and interfacial reactions between 
the BMG matrix and the reinforcement. Excessive 
diffusion and reaction will eventuate in the dissolution of 
the reinforcement and will ultimately cause the loss of 
mechanical properties [31,32,36,37]. Thus, it is very 
important to catch the optimal infiltration temperature 
and time to achieve the best possible mechanical 
properties [35,36,37]. 

Among various types of BMGs, Cu-based alloys 
have gained appreciable interest among researchers 
owing to advantageous properties, such as good 
engineering strength, low cost and high density [37]. 
QIU et al [27] have also suggested tungsten fibers for 
three reasons: high melting temperature, limited reaction 
with the matrix material and the increase of density of 
reinforced composite that can lead to a great increase of 
dynamic energy in dynamic deformation case. 

In the present study, a (Cu50Zr43Al7)99.5Si0.5 (mole 
fraction, %) BMG was chosen, which is of high strength 
and suitable glass forming ability (GFA) by nearly 10 
mm of critical thickness [38] to produce a new Cu-based 
BMG/W wire composite using melt infiltration casting 
process. The microstructure and mechanical properties of 
the composite were discussed in detail. 
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2 Experimental 
 

Ingots of (Cu50Zr43Al7)99.5Si0.5 (mole fraction, %) 
were prepared by arc melting of a mixture of high purity 
metal elements in Ti-gettered Ar atmosphere in a 
water-cooled copper crucible. The ingots were remelted 
several times to ensure homogenizing followed by 
suction casting into a water-cooled copper mold to make 
BMG rods with 3 mm in diameter. 

Tungsten wires with 1 mm in diameter were 
straightened and cut into 50 mm in length and cleaned in 
an ultrasonic bath of acetone and ethanol. The wires were 
then placed in the sealed end of stainless steel tubes (304) 
with 4.3 mm in inner diameter. The volume fraction of W 
wires was up to 70%. The tubes were necked about 1 cm 
above the wires, and the BMG rods were then placed in 
the tubes above the neck. The assembly of the tubes was 
washed by repeated evacuation (up to 10−3 Pa) and 
purged with high purity Ar gas of 0.35 MPa for   
several times followed by heating at various 
temperatures (965, 990 and 1015 °C , all above the 
liquidus temperature of BMG [38]) and held for different 
time (10 and 15 min) in an electrical furnace. Finally, it 
was quenched in water. 

Slices of composite specimens were cut by a low 
speed saw to prepare quasi-static compression test 
samples. The ends of the samples were lapped to ensure 
parallelism of each other. The mechanical properties 
were measured with a Santam testing machine. The 
gauge dimensions of specimens were 4.3 mm in diameter 
and 8.6 mm in length for compressive test and the strain 
rate was 10−4 s−1. The phase characterization and 
microstructural observations were carried out by X-ray 
diffraction (XRD) with Cu Kα radiation and scanning 
electron microscopy (SEM). 
 
3 Results and discussion 
 

Figure 1 displays the X-ray diffraction patterns of 
the composites prepared at different infiltrating 
temperatures. In the patterns, the sharp diffraction peaks 
of W phase superimposed on the diffuse broad peaks of 
amorphous unreinforced matrix are visible, alongside 
with the occurrence of some smaller diffraction peaks. 
These small peaks do not correspond to the pattern of the 
pure reinforcement and imply that partial crystallization 
of the matrix in the form of new crystalline phases takes 
place during the infiltration process. This phenomenon 
also correlates well with the intensity reduction of the 
diffuse amorphous peaks in bulk metallic glass matrix 
composite patterns due to the increase of volume fraction 
of such crystalline phases. Phases like Cu8Zr, Cu10Zr7 
and Zr2Cu in addition to W2Zr and W5Zr3 (in the 

interfacial reaction layer) can be indexed as well in the 
diffraction patterns of the composites. 
 

 
Fig. 1 XRD patterns of cross section of (Cu50Zr43Al7)99.5Si0.5 

BMG matrix composites prepared at different infiltrating 
temperatures (965, 990 and 1015 °C) for 15 min 
 

The SEM images of the phases formed during the 
preparation of composites are shown in Fig. 2. They are 
identified as sphere-like, dendrite-like and polygonal 
phases. At low temperature of melt infiltration, a very 
narrow interfacial reaction layer can be observed, as 
shown in Fig. 2(a). The subsequent increase of 
temperature not only increases the reaction layer 
thickness, as shown in Fig. 2(d), but also increases the 
volume fraction of crystalline phases formed, by giving 
rise to thermally-activated reactions, i.e., the inter 
diffusion of matrix constituents and tungsten inside the 
matrix and near the interfacial regions. Moreover, the 
size and morphology of phases vary from sphere-like to 
dendrite-like and also polygonal morphology at elevated 
temperatures, which can be considered as another impact 
of such regional thermally-activated atomic interactions. 
The EDS analysis reveals that both sphere-like and 
polygonal phases marked with A in Figs. 2(a) and (c) are 
rich in Cu and Zr, as reported in Tables 1 and 2, and this 
is in consistency with the results obtained from the XRD 
patterns shown in Fig. 1. 

It should be noted that the erosion of tungsten 
particles away from the wires and toward the matrix is an 
inevitable consequence of raising the process 
temperature and time, as shown in Fig. 2(c) by arrows. 

Figure 3 shows the quasi-static compressive 
stress−strain curves of the composite samples. The total 
deformation and ultimate strength of the bulk metallic 
glass sample have been reported elsewhere [38], while 
for the composite sample prepared at 965 °C for 15 min, 
the ultimate compressive strength and strain at   
fracture are 1880 MPa and 16.7%, respectively. Any 
further increase of infiltration temperature or time makes 
the ultimate strength and total strain-to-failure of the 
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Fig. 2 SEM images of (Cu50Zr43Al7)99.5Si0.5 BMG matrix composites prepared at different temperatures: (a) 965 °C for 15 min.;    
(b) 990 °C for 15 min.; (c) 1015 °C for 10 min; (d) 1015 °C for 15 min 
 
Table 1 EDS analysis of components in sphere-like phase 
marked with A in Fig. 2(a) 

Element w/% x/% 

Al 9.9 22.6 

Si 0.4 0.9 

Cu 55.0 53.1 

Zr 34.5 23.2 

Total 100.0 100.0 
 
Table 2 EDS analysis of components in polygonal phase 
marked with B in Fig. 2(c) 

Element w/% x/% 

Al 10.1 23.0 

Si 0.4 0.9 

Cu 53.4 51.7 

Zr 35.9 24.2 

Total 100.0 100.0 
 
composites reduce. Figure 4 displays the specific 
absorbed energy or toughness (the area under the 
compressive stress−strain curves) of the composite 
samples that confirms the reduction in toughness by 
increasing the temperature or time of the infiltration  

 

Fig. 3 Quasi-static compressive stress−strain curves of 
(Cu50Zr43Al7)99.5Si0.5 BMG matrix composites prepared at 
different temperatures and time: (a) 965 °C for 15 min; (b) 965 
°C for 10 min; (c) 990 °C for 10 min; (d) 990 °C for 15 min;  
(e) 1015 °C for 10 min: (f) 1015 °C for 15 min 
 
process. It is also in good harmony with the results 
obtained from Fig. 2 in which the raised volume fraction 
of crystalline phases and the reaction layer formed at 
high temperatures might act as stress-concentration sites 
inside the matrix microstructure and thus deteriorate the 
mechanical properties of the composite. 
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Fig. 4 Absorbed energy (toughness) versus temperature for 
composites prepared at temperatures of 965, 990 and 1015 °C 
for 10 and 15 min 

Figure 5 shows the SEM micrographs of fracture 
features of the composites. Figure 5(a) shows the lateral 
view of W fibers (Wf)/BMGMC prepared at 965 °C for 
15 min after compressive failure. A combination of 
primary shear bands (PSB), secondary shear bands (SSB), 
interactive shear bands (ISB), micro cracks (MC), and 
cracks [36], can also be observed in fracture surfaces of 
the same bulk metallic glass matrix composite, as shown 
in Figs. 5(b) and (c), which are significantly illustrative 
for the outstanding total fracture strain of the composite 
prepared at 965 °C for 15 min. The more the propagation 
of shear bands and cracks is blocked and/or deviated 
through certain mechanisms, the later the catastrophic 
failure of the composite takes place [16,37]. In Fig. 5(d), 
the track of one of these cracks is traced. Owing to the  

 

 
Fig. 5 SEM micrographs of fracture features of (Cu50Zr43Al7)99.5Si0.5 BMG matrix composites prepared at 965 °C for 15 min (a−d) 
and 1050 °C for 10 min (e, f): (a) Lateral buckling; (b−d) Shear bands, micro cracks and cracks; (e, f) Shear bands , river-like mode 
of fracture and cracks 
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satisfactorily strong interfacial bonding between the 
matrix and W wires, the moving crack can not help 
passing through the wires with its tip becoming gradually 
blunt and its strain energy decreased, resulting in a 
higher toughness in BMGMC compared with the 
monolithic BMG. Besides the formation of visible 
chevron patterns as a result of the interaction, strike and 
branching of shear bands [33], the river-like mode of 
fracture in the sample prepared at 1015 °C for 10 min, as 
shown in Fig. 5(e), can be considered as another 
supporting idea for the enhanced toughness of the 
composite. While the weakening of the interface due to 
the formation of a thick reaction layer at 1015 °C, as 
shown in Fig. 5(f), changes the track of moving shear 
cracks from inside the wires to the weak interfacial 
regions, resulting in decreased strength and 
strain-to-failure of the composite compared with those 
prepared at low infiltrating temperatures [27,28]. When 
the stress approached the ultimate compressive strength 
(UCS), the failure is accompanied by buckling of 
reinforcing wires, as shown in Fig. 5(a). 
 
4 Conclusions 
 

1) The optimal conditions for melt infiltration 
process were proved to be 965 °C in temperature and  
15 min in time through which the best mechanical 
properties, i.e., the ultimate strength of about 1880 MPa 
and total strain-to-failure of near 16.7% can be achieved 
under quasi-static compression test. 

2) During the process, some crystalline phases 
formed and distributed in the matrix of the bulk metallic 
glass matrix composite, which have certain effects on the 
mechanical and fracture features especially at elevated 
infiltration temperatures and time. 
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熔体渗透参数对钨丝增强(Cu50Zn43Al7)99.5Si0.5非晶复合材料 
显微组织和力学性能的影响 
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摘  要：在不同的温度(965，990 和 1015 °C)和时间(10 和 15 min)下，使用熔体渗透铸造制备钨丝增强的

(Cu50Zn43Al7)99.5Si0.5块体非晶复合材料。通过 X 射线衍射、扫描电镜和准静态压缩实验表征材料的显微组织和力

学性能。结果表明：在渗透温度为 965 °C 下保温 15 min 时制备的非晶复合材料，获得的最大极限抗压强度和失

效应变分别为 1880 MPa 和 16.7%。 

关键词：Cu-基块体非晶复合材料；熔体渗透；剪切带；钨丝 
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