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Abstract: Bulk Cu50Zr40Ti10 amorphous alloy composites reinforced with carbon nanotube (CNT) were successfully fabricated by 
hot pressing technique. Their density, thermal conductivity, and mechanical properties were systemically investigated. The density 
and the compression strength of the compacts both decrease with increasing CNT content. The thermal conductivity of the compacts 
decreases when the CNT content is less than 0.10% or exceeds 0.60% (mass fraction), while increases when the CNT content is in 
the range of 0.1%−0.6%. The strain limit and the modulus of the compacts are obviously improved when the CNT content is less than 
1.0% and then decrease significantly when the CNT content exceeds 1.00%. The optimum CNT addition is less than 0.20% at the 
comprehensive properties point of view. 
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1 Introduction 
 

Bulk amorphous alloys (BAAs), with many unique 
properties, such as excellent corrosion resistance, 
remarkably high strength and hardness and large elastic 
deformation limit [1,2], usually show little overall room 
temperature plasticity due to the formation of highly 
localized shear bands resulting in a catastrophic failure. 
Attempts have been made to enhance the ductility of 
BAAs by introducing crystalline phase [3], adding 
particles and/or fibres [4−9], in situ formed ductile phase 
precipitates [10−13], and by producing porous/foam 
BAAs during casting or consolidation process [8,14,15]. 
However, the BAA composites by casting technique 
exhibit limitations on controlling the volume fraction and 
particle size of the reinforcements. The glass forming 
ability is also affected by the chemical reactions between 
second phase and melt during casting process as for the 
BAA composites by introducing second phase (particle 
and/or fibre), resulting in the difficult formation of these 
BAA composites [16,17]. 

Powder metallurgy techniques can be easily applied 
to preparing amorphous composites and to overcoming 

the above mentioned restrictions. Recently, BAA 
composites are synthesized by consolidation of 
amorphous composite powders using a viscous flow of 
the amorphous powders in the supercooled liquid region 
ΔTx=Tx−Tg (Tx and Tg are the onset crystallization 
temperature and glass transition temperature, 
respectively) [4−9,18−21]. The more the Tx is, the easier 
the realization of the temperature control during the 
consolidation of the amorphous alloy powders. 

It is known that Cu−Zr−Ti alloy is a good glass 
former and exhibits high a mechanical strength and a 
high thermal stability. Cu50Zr40Ti10 amorphous alloy [22] 
characterizes in high tensile fracture strength, low elastic 
modulus, and good corrosion behavior. On the other 
hand, the Cu50Zr40Ti10 amorphous alloy presents high 
ΔTx (66.7 K [22]). Its hardness is the lowest in 
Cu50+xZr40−xTi10 alloy system [23]. These results indicate 
that the Cu50Zr40Ti10 amorphous alloy would be suitable 
for the hot pressing. Moreover, the Tg of the Cu50Zr40Ti10 
amorphous alloy is 624.4 K [22], indicating its 
low-temperature consolidation capacity. 

The thermal conductivity of the amorphous alloys is 
needed to calculate cooling rates during the synthesis of 
BAAs and also to estimate local heating associated with  
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narrow shear instability during plastic deformation. In 
addition, their thermophysical properties are useful for 
studies of practical applications such as welding and 
machining, in order to determine the optimum conditions 
for welding and/or machining BAAs without 
crystallization [24,25], while the work on the thermal- 
physical properties is scarce [26−29]. 

On the other hand, the carbon nanotube (CNT) has 
been extensively used in many fields [30,31] due to its 
high aspect ratio, high mechanical property, high 
electrical and thermal conductivity, and high chemical 
and thermal stability, respectively [32,33]. It has been 
investigated to obtain the composites by adding the 
organic or inorganic materials [16,17,34−37]. However, 
the BAA composites reinforced by the carbon nanotube 
were scarcely investigated [16,17,38]. 

In the present work, we report the formation of a 
Cu-based BAA composite reinforced by the CNT using 
hot pressing technique without vacuum and inert gas 
protection. The thermal and mechanical properties of the 
Cu-based BAA composites were systematically 
investigated. 
 
2 Experimental 
 
2.1 Experimental procedures 

Master ingots of the Cu50Zr40Ti10 alloy (composition 
is given in nominal mole fraction) were prepared by arc 
melting a mixture of high purity Cu, Zr and Ti in a 
Ti-gettered argon atmosphere. The Cu50Zr40Ti10 glassy 
alloy powders were produced by a high pressure argon 
gas atomization method. Atomization of the Cu50Zr40Ti10 
alloy was carried out in a closely coupled nozzle 
atomizing system. The master alloy was induction heated 
at 1200 K in an alumina crucible under a vacuum of 10−2 
Pa. The melt was teemed through a guide tube, and 
atomized by a jet of Ar at 4.0 MPa. The Cu50Zr40Ti10 
powder was collected and sieved in a closed system 
filled with inert gas. After the mixing of the Cu50Zr40Ti10 
powders and multi-wall carbon nanotubes (MWCNT, 
outside diameter>50 nm, length~20 um, and 
purity>95%), a uniaxial pressing method was conducted 
using top and bottom stainless steel punches. In order to 
alleviate the oxidation of the powders, the powders were 
pre-compacted at pressure of 150 MPa before hot 
pressing. Then the powders were hot pressed at the 
temperature of 380 °C under the pressure of 450 MPa for 
30 s. The hot pressed specimens were in cylindrical 
shape of d10 mm×5 mm for the thermal conductivity 
measurement and of d10 mm×20 mm for the 
compressive test, respectively. 
 
2.2 Testing methods 

The size of the gas-atomized powder was measured 

by a size analyzer. The structures of the powder, carbon 
nanotube (CNT), and bulk samples were examined by 
X-ray diffractometry (XRD) in reflection with a 
monochromatic Cu Kα radiation. The thermal stability of 
the as-atomized powder was examined by differential 
scanning calorimetry (DSC) at a heating rate of 0.5 K/s. 
The density of the consolidated specimens was 
determined by an Archimedean method. The thermal 
diffusivity was measured using a laser flash method. The 
thermal conductivity (κ, W/(m·K)) was calculated by an 
equation of κ=αρcp, where α, ρ and cp are thermal 
diffusivity, bulk density, and specific heat capacity, 
respectively. The mechanical property under uniaxial 
compression was measured using a mechanical testing 
machine at a strain rate of 5×10−2 s−1. The microstructure 
was characterized by scanning electron microscopy 
(SEM). The experimental results are shown in Table 1. 
 
Table 1 Properties of Cu50Zr40Ti10 BAA composites reinforced 
by carbon nanotube (CNT) 

Content of
CNT/% 

Density/
(g·cm−3)

Thermal 
conductivity/ 
(W·m−1·K−1) 

Compression 
strength/MPa

Strain 
limit/%

0 7.05 3.85 1181.0 6.7 
0.05 6.83 3.30 1057.0 10.0
0.10 6.75 2.78 889.2 9.1 
0.20 6.71 2.98 813.6 9.0 
0.30 6.64 2.94 749.0 9.2 
0.40 6.59 3.16 697.7 8.6 
0.50 6.52 3.22 641.3 9.2 
0.60 6.50 3.32 597.1 8.9 
0.70 6.45 2.85 547.8 8.7 
0.80 6.42 2.75 354.9 6.9 
1.00 6.40 2.15 280.3 2.1 
1.50 6.30 2.15 236.8 2.9 

 
3 Results 
 

The average size of the gas-atomized powder is 42.5 
μm according to the results of size analysis. The SEM 
morphology of the gas-atomized Cu50Zr40Ti10 powder is 
shown in Fig. 1. Most of the gas-atomized powders are 
in spherical form and which can be suitable for the 
consolidation of powder by hot pressing. 

The formation of amorphous phase of the 
gas-atomized Cu50Zr40Ti10 powder was confirmed by 
XRD. The XRD pattern of the gas-atomized powder is 
shown in Fig. 2. As can be seen in Fig. 2, fully 
amorphous phase of the gas-atomized powder is formed 
in the average particle size range below 42.5 μm. 
Therefore, the Cu50Zr40Ti10 amorphous powders with the 
average particle size of 42.5 μm were used for 
subsequent consolidation in this study. 
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The thermal stability and crystallization behavior of 
the Cu50Zr40Ti10 amorphous powder were examined by 
DSC measurement. Figure 3 shows the DSC curve of the 
Cu50Zr40Ti10 amorphous powder at a constant heating 
rate of 0.5 K/s. As shown in Fig. 3, the onset temperature 
of crystallization (Tx) is 693.2 K. Below the onset of 
crystallization, the glass transition (Tg), which is shown 
as an endothermic reaction in the DSC curve, occurs at 
 

 

Fig. 1 SEM image of gas-atomized Cu50Zr40Ti10 powder 
 

 

Fig. 2 X-ray diffraction pattern of gas-atomized powder 
 

 

Fig. 3 DSC curve of Cu50Zr40Ti10 amorphous powder at 
constant heating rate of 0.5 K/s 

629.5 K. This means that a fairly large supercooled 
liquid region ΔTx of 63.7 K exists for gas-atomized 
Cu50Zr40Ti10 amorphous powder, which is slightly lower 
than the literature data measured with melt spun 
Cu50Zr40Ti10 amorphous ribbons [22]. 

Figure 4 presents the XRD patterns of the CNT and 
the consolidated specimens with different CNTs. It is 
clearly seen from Fig. 4 that the XRD patterns of the 
consolidated specimens show sharp peaks belonging to 
CuO and ZrO2 superimposed on a broad halo peak, 
indicating that the consolidated specimens are all 
somewhat oxidized. The consolidated specimens are 
oxidized more and more seriously when the CNT content 
is less than 0.30% or exceeds 0.70%, because the 
intensity of the peaks increases in these regions. 
However, the oxidation of the specimens is relieved 
when the CNT content is between 0.30% and 0.70%. 
 

 
Fig. 4 XRD patterns of carbon nanotube (CNT) and 
consolidated specimens with different CNTs 
 

The density and thermal conductivity of the 
consolidated specimens were measured by the 
Archimedean method and laser flash method, 
respectively. Two parameters are listed in Table 1 and the 
changes of two parameters with the CNT content are 
presented in Fig. 5. As shown in Table 1 and Fig. 5, the 
density of the consolidated specimen decreases with 
increasing CNT content. The thermal conductivity of the 
consolidated specimens continuously decreases when the 
CNT content is less than 0.10% and exceeds 0.60%, 
respectively, and increases when the CNT content is 
between 0.1% and 0.6%. 

The mechanical properties of the consolidation 
specimens were measured by uniaxial compression test 
at a strain rate of 5×10−2 s−1. The compressive stress—
strain curves are plotted in Fig. 6. As shown in Fig. 6, the 
slopes of the stress — strain curves for the BAA 
composites with <1.0% CNT are smaller than those of 
monolithic BAA, indicating that the toughness of the 
BAA composite can be improved by the CNT addition. 
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Fig. 5 Relationships between properties and CNT content for 
consolidated specimens (The line is used to guide the eye) 
 

 

Fig. 6 Compressive stress— strain curves of consolidated 
specimens with different CNTs 
 
When the CNT content exceeds 1.0%, the slopes of the 
stress—strain curves of the BAA composites are larger 
than those of the monolithic BAA. In addition, the 
mechanical properties are listed in Table 1 and the 
changes of the mechanical properties with the CNT 
content are presented in Fig. 5. As shown in Table 1 and 
Fig. 5, the compression strength of the specimen 

decreases with increasing CNT, indicating that the CNT 
is disadvantageous for improvement of the strength. In 
addition, the strain limit of the BAA composite is 
improved by the CNT addition when the CNT content is 
less than 0.80%. However, the strain limit of the BAA 
composites is less than that of the monolithic BAA when 
the CNT content exceeds 0.80%. 

In order to investigate the effect of introducing CNT 
in the amorphous matrix on the fracture behavior, 
fracture surface of the failed compacts was observed by 
using SEM. The SEM micrographs of the compressive 
fracture surfaces with different CNT contents are shown 
in Fig. 7. As shown in Fig. 7(a), the fracture surface of  
 

 

Fig. 7 SEM images of consolidated specimens containing 
different carbon nanotubes: (a) Without CNT; (b) 0.005%− 
0.8% CNT; (c) 1.0%−1.5% CNT 
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the monolithic BAA shows the classic vein-like fracture 
pattern and some cracks propagate along powder 
boundaries. As for the BAA composites containing 
0.05%−0.8% CNT, the fracture surface shows the classic 
vein-like and smooth cleavage fracture patterns as well 
as the fracture along particle boundaries. In addition, 
there are many pores between the amorphous alloy 
powders and the cracks initiate and propagate along 
particle boundaries. When the CNT content exceeds 
0.8%, most of amorphous powders present original 
spherical form, indicating the deterioration of the 
deformability of the amorphous powders by the CNT 
addition. Thus, the compacts containing 1.00% and 
1.50% CNT fracture along power boundaries. 
 
4 Discussion 
 

As shown in Fig. 4, the compacts are all somewhat 
oxidized, and the oxidized degree of the consolidated 
specimens is not relieved with increasing CNT content. 
The oxidation of the specimens would be due to not only 
the residual oxidizing gas in the holes among the 
powders but also the absorbed oxidizing gas on the inner 
and exterior surface of the CNT. The holes are partially 
filled by the CNT, resulting in the decrease of the content 
of the residual oxidizing gas. While the absorbed 
oxidizing gas increases with increasing CNT content. 
Thus, the specimens are oxidized more and more 
seriously with increasing CNT content when the CNT 
content is less than 0.30%. In addition, the oxidizing 
degree of the specimens increases when the CNT content 
exceeds 0.70%. It would be due to the increase of the 
absorbed oxidizing gas as well as the increase of the 
holes resulted from the agglomeration of the CNT (see 
Fig. 8), although most of the holes are filled by the CNT. 
Nevertheless, when the CNT content is between 0.30% 
and 0.70%, the oxidized degrees of the specimens is the  
 

 

Fig. 8 Typical SEM morphology of distribution of carbon 
nanotube in consolidated specimens 

fact relieved with increasing CNT content. It would be 
due to that the holes are effectively filled by the CNTs in 
spite of the increase of the content of the absorbed 
oxidizing gas. In addition, these results would be also 
related to the pre-performing pressure in this study. The 
pre-performing pressure of 150 MPa would be somewhat 
low for densification of the green pressing as possible. 
The more the CNT content is, the lower the green density 
of the green pressing is. 

The densities of the compacts decrease with 
increasing CNT content as shown in Table 1 and Fig. 5. 
It is due to the increase of the holes, as shown in Fig. 7 
and Fig. 8. It is well known that the plastic deformation 
capacity of the CNT is worse than that of the amorphous 
alloy when the amorphous alloy is in the supercooled 
liquid region. Thus the adhesion between the CNTs is 
mainly mechanical. In addition, it is clearly seen from 
Fig. 7 and Fig. 8 that the addition of the CNT influences 
the deformation of the amorphous alloy powder because 
the magnitude of prior amorphous powder is more and 
more with increasing CNT content. On the other hand, it 
is clearly seen from Fig. 4 that the compacts are partially 
oxidized and the oxides are composed of CuO and ZrO2. 
These hard and brittle oxides would deteriorate the 
consolidation capacity of the amorphous powders. 
Finally, the flow ability of the partially oxidized 
amorphous alloy powders is not enough high at 380 °C 
far away from the onset crystallization temperature 420 
°C because the viscosity of the supercooled liquid 
decreases with increasing temperature in supercooled 
liquid region. And it would be that the pressure of 450 
MPa for hot pressing is somewhat low for further 
densification of the samples. 

As shown in Table 1 and Fig. 5, the thermal 
conductivity of the compacts decreases when the CNT is 
less than 0.10% and exceeds 0.60%, respectively. 
According to the solid-state physics, the thermal 
conductivity of the metal or alloy depends on the 
transmission of the electron and the phonon, which is 
related to the defects, such as the holes, interfaces and 
particle boundaries, in the material. The more the defects 
are, the stronger the scattering of the electron and the 
phonon are resulting in the decrease of the thermal 
conductivity. As shown in Table 1, the density of the 
compacts decreases with increasing CNT content, 
indicating the increase of the holes. In addition, the 
magnitude of the powder boundary increases with 
increasing CNT content, as shown in Fig. 7. As shown in 
Fig. 4, the compacts are partially oxidized, resulting in 
the increase of the magnitude of the interfaces. These 
results are disadvantageous for the transmission of the 
electron and phonon, although the increase of the CNT 
can improve the thermal conductivity. However, the 
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thermal conductivity increases when the CNT content is 
between 0.10% and 0.60%. It would result from the 
reason that the decrease of the oxide content and the 
increase of the CNT play a more important role than the 
decrease of the defects. 

As shown in Table 1 and Ref. [22], the compression 
strength of the consolidated monolithic Cu50Zr40Ti10 
BAA is lower than the tensile strength of the Cu50Zr40Ti10 
amorphous ribbon, while the strain limit of the former is 
larger than that of the latter. It would be due to the 
continuity and homogeneity of materials. Generally, the 
as-spun amorphous alloy ribbon is continuous and 
homogeneous, resulting in a catastrophic failure. 
However, the consolidated BAA is composed of many 
powders with different sizes, resulting in many powder 
boundaries. In addition, the Cu50Zr40Ti10 amorphous 
powder is oxidized during the hot-pressing procedure 
(see Fig. 4), resulting in an oxide film on the powder. 
Therefore, the bond strength of the powders is largely 
deteriorated, resulting in the decrease of the compression 
strength of the consolidated BAA. On the other hand, the 
slip can be set out along the powder boundary (see   
Fig. 7(a)), resulting in the increase of the strain limit and 
the decrease of the compression strength of the 
consolidated BAA. 

The compression strength of the compacts decreases 
with increasing CNT content, as shown in Fig. 5 and 
Table 1. It would be due to the fact that: 1) the decrease 
of the density (Table 1 and Fig. 5) reduces the loaded 
area; 2) the increase of the magnitude of the powder 
boundary and the interface (Fig. 7) results in the increase 
of the magnitude of the defects for the origination and 
the propagation of the cracks (Fig. 7). 

As shown in Fig. 6, the Cu50Zr40Ti10 BAA 
composites characterize in higher strain limit than the 
monolithic BAA when the CNT content is less than 
0.80%, which would result from the excellent toughness 
of the CNT and/or the easier slip along the powder 
boundary. On the other hand, the fracture mode changes 
from the brittle fracture mode of the monolithic BAA 
characterized in vein-like pattern and smooth cleavage 
pattern (see Fig. 7(a)) to the complex fracture mode of 
the BAA composite characterized in brittle vein-like 
pattern and ductile dimple-like pattern (see Fig. 7(b)). 
However, the modulus and strain limit of the BAA 
composites sharply decrease when the CNT exceeds 
0.80%. It would result from that the strength of the 
powder interface is obviously influenced by the serious 
oxidization and the excessive CNT addition. It is clearly 
seen from Fig. 7(c) that the compacts fracture along with 
the powder boundary, and the powders are not seriously 
deformed in the consolidation procedure. 

 
5 Conclusions 
 

1) The density and the compression strength of the 
consolidated specimens decrease with increasing CNT 
content. 

2) The thermal conductivity of the compacts 
decreases when the CNT content is less than 0.10% and 
exceeds 0.60%, respectively, while increases when the 
CNT content is between 0.10% and 0.60%. 

3) The strain limit and the modulus of the compacts 
are obviously improved when the CNT content is less 
than 1.00%, while decrease significantly when the CNT 
content exceeds 1.00%. 

4) The optimum CNT addition is less than 0.20% at 
the comprehensive properties point of view. 
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摘  要：采用热压成型法制备碳纳米管增强的 Cu50Zr40Ti10非晶合金复合材料，并研究碳纳米管添加量对其密度、

热导率和力学性能的影响。结果发现，随着碳纳米管含量的增加，块体非晶合金复合材料的密度和抗压强度都降

低；当碳纳米管的含量少于 0.1%或超过 0.6%时，块体非晶合金复合材料的热导率随着碳纳米管含量的增加而降

低，然而，当碳纳米管的含量介于 0.1%和 0.6%之间时，块体非晶合金复合材料的热导率随着碳纳米管含量的增

多而增大；当碳纳米管的含量少于 1.0%时，块体非晶合金复合材料的应变量与模量明显得到提高，并随着碳纳米

管含量的进一步增加块体非晶合金复合材料的应变量与模量明显下降。综合各种性能得出，碳纳米管的添加量少

于 0.2%为宜。 
关键词：Cu 基非晶合金；碳纳米管；复合材料 
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