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Abstract 
In this research, copper (Cu)-carbon nanotubes (CNTs) nanocomposites were 

synthesized with different weight percentages of CNTs by double pressing double 

sintering (DPDS) method as well as conventional sintering method. A planetary ball 

mill was used to disperse CNTs in Cu matrix. The milled powders were first cold 

pressed to 450 MPa in a uniaxial stainless-steel die with cylindrical compacts (diameter: 

12 mm and height: 5 mm). The effect of CNTs content and the DPDS method on the 

properties of the nanocomposites were investigated. The microstructure and phase 

analysis of Cu-CNTs nanocomposite samples were studied by FESEM and X-Ray 

Diffraction. The electrical conductivity of nanocomposites was measured and compared 

to both sintering methods. Mechanical properties of Cu-CNTs nanocomposites were 

characterized using bending strength and micro-hardness measurements. Enhancements 

of about 32 % in bending strength, 31.6 % in hardness and 19.5 % in electrical 

conductivity of Cu-1wt. % CNTs nanocomposite synthesized by DPDS method were 

observed as compared to Cu-1wt. % CNTs nanocomposites fabricated under the similar 

condition by a conventional sintering process. 

 

Keyword: Cu-CNTs nanocomposites; double pressing double sintering method; 

physical and mechanical properties. 

Introduction 
Copper is known as one the most effective materials used for thermal and 

electronic applications such as in large scale integrated circuits as interconnects in 

electronic industry [1], high-voltage switches, and magnetic confinement fusion reactors 
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[2] for many years, although Cu usage is limited in these applications due to its low 

mechanical strength [3]. 

Since the discovery of CNTs in 1991 by Iijima [4-6], some considerable 

achievements are gained in different areas of research and development [7]. Also, a 

revolution occurred in numerous areas of materials science and technology [8]. Carbon 

nanotubes display excessive strength along with high thermal conductivity and 

exclusive electrical properties [9]. 

CNTs are utilized as reinforcement for a wide range of composite materials due 

to the spectacular mechanical, thermal, and electrical properties [10]. In this regard, the 

CNTs are suggested as an excellent reinforcement for enhancing mechanical efficiency 

of metallic components, because of their unique set of properties; extremely-high elastic 

modulus (~0.5-2 TPa) [11-13], tensile strength (~20-150 GPa) [11, 13-14], and thermal 

conductivity (3000-6000 W/mK ) [2, 12, 15], an incredible low coefficient of thermal 

expansion (~ 0× 10-6 1/K ) [12,16], remarkable small diameter [7], high chemical 

stability [7, 11], good self- lubricating properties [1], and high flexibility [5, 11, 14]. As 

a result, composite properties can be improved by putting CNTs into suitable matrixes, 

for instance, metal matrix composites [10]. 

However, the attention on investigations of metal matrix composites (MMCs) 

reinforced with CNTs has been much less than polymer matrix composites (PMCs) and 

ceramic matrix composites (CMCs) reinforced with CNTs. That is primarily due to 

problems associated with the homogenous distribution of CNTs in most metal matrixes, 

and poor adhesion in the interfaces between reinforcements and matrixes [17]. Recently, 

investigations on metal matrix composites reinforced by CNTs have increased [9]. 

CNTs/metal matrix composites have attracted great interest because of their superior 

mechanical properties and potential for a numerous electrical and structural purposes 

[12, 18]. Many scientific studies have been carried out on the synthesis and 

characterization of metal matrix composites reinforced by CNTs [19]. 

The main requirement in the fabrication of appropriate metal matrix-CNTs 

nanocomposites is to achieve uniform dispersion of CNTs in the metal matrix, due to 

detrimental effects of agglomeration on the composite properties [3, 12]. Moreover, 

CNTs clusters usually form insufficient bonding with Cu particles leading to the 

formation of pores and cracks in the structure. Mechanical milling (MM) method has 

been proven as a promising technique for uniformly dispersing CNTs [3], which can be 

developed by enhancing milling’s energy. Sintering process can be performed by 

conventional methods, such as vacuum hot pressing [2, 3, 12, 20], spark plasma 

sintering [2, 12, 21], hot extrusion [3, 12, 20]. Also, non-sintering methods can be 

applied, such as electroless deposition [12, 15] and thermal spraying [12]. Powder 

metallurgy techniques have been developed in the last decades as a common fabrication 

method to produce metal matrix-CNTs composites [22-24]. One of the real advantages 

of this method is the fabrication of a broad range of compositions. In addition, this 

method prevents excessive wasting material and complicated shapes can be produced by 

this method with the minor need to machining. However, the most important problem 

with this method is the high porosity content of the sintered components that deteriorate 

the mechanical properties of sintered components [23, 25-26]. 

One of the most prevalent methods to improve mechanical properties and 

decrease the bulk porosity is known as double pressing double sintering [27]. The aim 

of this technique is to reduce porosity and increase the density of composites with the 
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help of two-fold pressing [28-29]. According to previous work by German [30], an 

increase of about 20% in mechanical strength would result in a decline of 2-3% in 

porosity. The aim of this work is to compare the mechanical and physical properties of 

composites fabricated by DPDS technique and conventional sintering method. 

Experimental  

Materials  

Cu powder with 99.9 % Purity and particle size less than 25 µm (produced by 

atomization method at Powder Metallurgy Complex of Iran - PMCI) as the matrix and 

multi-wall carbon nanotubes (MWCNTs) with 20-30 nm diameter and the average 

length of 10-30 µm (were provided by US Nano of America) as the reinforcement were 

purchased for this study. SEM and TEM images of MWCNTs are displayed in Fig. 1. 

As shown in Fig. 1 the CNTs have curvilinear morphology and twisted shape with 

nano-scale morphological features. 

   

Fig. 1. Micrographs of MWCNTs, (a) SEM, and (b) TEM. 

 

Nanocomposites synthesis 

The nanocomposites were produced by powder metallurgy technique. The Cu 

powder with various amounts of CNTs (0, 0.5, 1, 1.5 wt. %) was milled at 120 rpm in a 

planetary ball mill (Sanatceram Co., model: PLM2 C) within a stainless-steel jar 

including stainless steel milling balls of 4, 7.5, 10 mm diameter under argon 

atmosphere. Small diameter balls (4mm) were applied to enhance contact areas between 

powders and balls. The ball to powder ratio (BPR) is 10:1 and the milling time was up 

to 10 h. 

The milled powders were first cold pressed under a compaction pressure of 450 

MPa in a uniaxial stainless-steel die with cylindrical compacts (diameter: 12 mm and 

height: 5 mm). The prepared compacts were pre-sintered in a tube furnace at 600 °C for 

1 h under argon atmosphere. After cooling the specimens at room temperature, second 

pressing was carried out. The samples were again compacted at a pressure of 450 MPa 

and finally sintered at 900 °C for 2 h under argon atmosphere. In order to compare, 
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other samples have been fabricated by the conventional sintering method. The milled 

powders were put into a uniaxial die of stainless steel at 450 MPa. The compact 

powders were sintered in a tube furnace at 950 °C under argon atmosphere for 2 h. 

Characterization  

The sintered density of the prepared samples was determined using the 

Archimedes principal according to ASTM B311. LECO combustion analysis has been 

employed to detect a low level of oxygen using an elemental combustion system 

(Costech4010 model). Vickers micro-hardness of the Cu-CNTs nanocomposite samples 

was measured using a micro-hardness tester (HVS-1000A model), with a 50 g loading 

and dwell time of 10 s according to ASTM E92. Also, the bending strength test was 

carried out using a Zwick Roaell-Z100 universal testing machine with an initial strain of 

0.5 mm/min at room temperature (according to ASTM D790). The electrical 

conductivity of the sintered samples was measured according to the international 

annealing copper standard (IACS %) by a Sigmore 100 testing machine. 

Metallography of samples was prepared using SiC papers of grade numbers 320 

mesh to 5000 mesh. For the purpose of investigating the microstructure of samples by 

FESEM, samples were polished using 0.5-micron alumina suspension, felt and diamond 

paste (< 0.25 µm). In addition, samples were etched by a solution of 

CrO3+HNO3+H2SO4+H2O. The microstructure of the obtained nanocomposite samples 

was investigated using field emission scanning electron microscope (FESEM) fitted 

with energy-dispersive X-ray spectroscopy (EDX). The grain size of the nanocomposite 

samples was measured by image analysis of the FESEM micrographs (Image J 

Program). Finally, XRD analysis was carried out by XPert (Philips PW 3710) 

diffractometer (Co Ka radiation with λ= 1.54Ao) with voltage and the current setting of 

40 kV and 30 mA, respectively. 

Results and discussion 

Microstructure  

The Cu powder with different amounts of CNTs was milled for 10 h. Fig. 2 

indicates the FESEM micrographs of the mixed powders of Cu-CNTs nanocomposites 

containing 0.5, 1 and 1.5 wt.% CNTs. As these micrographs indicate, Cu-0.5 wt.% 

CNTs nanocomposites powder include coarse grains which were obtained due to 

impact, fracture and welding of Cu powders excessively since low amount of CNT 

particles may increase the contact area of Cu powders in the mixture. By adding 1 wt.% 

CNT, layered microstructure has been gained, however, Cu-1.5 wt.% CNTs 

nanocomposites powder agglomerates due to the high amount of CNT. 
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Fig. 2. FESEM micrographs of a) Cu-0.5 wt.% CNTs, b) Cu-1wt. % CNTs 

nanocomposite powders and c, d) Cu-1.5 wt.% CNTs nanocomposite powders and 

agglomerated CNTs region. 

Cu-CNTs nanocomposite samples were fabricated by powder metallurgy method 

as well as DPDS method. Fig. 3 shows the microstructures of the etched Cu-CNT 

nanocomposites containing 0.5, 1 and 1.5 wt.% CNTs as produced by the DPDS 

method. 

According to Fig. 3 (a), microstructure of Cu-0.5 wt.% CNTs nanocomposite 

fabricated by DPDS shows dense structure. The Fig. 3 (b, d) indicates, the CNTs are 

located at the prior particle boundaries (existence of CNTs in the microstructure has 

been proved by an EDX analysis). Hence, the movement of dislocations in the matrix 

will be stopped by these CNTs, effectively. Fig. 3 (f) shows agglomeration of CNTs in 

the Cu-1.5 wt.% CNTs nanocomposite. The agglomeration of CNTs is one of the 

biggest challenges for CNTs reinforced composites since it leads to premature crack 

initiation and fracture. In fact, by increasing the number of CNTs in the copper matrix 

leads to agglomeration. In addition, some pores in Cu-1.5 wt.% CNTs nanocomposites 

were produced as a result of CNTs agglomeration. It can be observed that the blank 

pores were increased with increasing the number of CNTs in the Cu matrix 

nanocomposites. 
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Fig. 3. FESEM micrographs of a) Cu-0.5 wt.% CNTs nanocomposite, (b, c, d) Cu-1 

wt.% CNTs nanocomposite and its EDX analysis and (e, f) Cu-1.5 wt.% CNTs 

nanocomposite produced by DPDS method. 
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Fig. 4 (a, b) shows the microstructure of Cu-0.5 wt.% CNTs and Cu-1 wt.% 

CNTs nanocomposite fabricated by the conventional sintering method. Distribution of 

CNTs in a nanocomposite with 1 wt.% of CNTs as well as FESEM micrograph of Cu-

1.5 wt.% CNTs nanocomposite are shown in Fig. 4 (c) and Fig. 4 (d) respectively. In 

Fig 4, some pores in microstructure can be seen clearly which could be related to the 

method of sintering. 

 

Fig. 4. FE-SEM micrographs of a) Cu-0.5 wt.% CNTs nanocomposite, b, c) Cu-1 wt.% 

CNTs nanocomposite and d) Cu-1.5 wt.% CNTs nanocomposite fabricated by the 

conventional sintering method. 
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Taking some significant differences between nanocomposite produced by both 

methods into account, fewer pores are found in the microstructure of the sample 

produced by DPDS method that could be attributed to the mechanism of this method. 

The effective factors in this method include pre-sintering which acts as an annealing 

process and provides the possibility to apply the second step of pressing and the major 

effect of second pressing on microstructure which causes a dense microstructure with 

less porosity. In terms of grain size, the finer microstructure is demonstrated for the 

nanocomposite produced by DPDS method. The average grain size of the 

nanocomposites produced by DPDS is significantly smaller (Fig. 5) which could be due 

to impressive effect of first-step compacting and sintering resulting in the limit of space 

for grain growth in second-step sintering. Cu-CNT composites have been finer by 

adding CNT particles; in particular Cu-1 wt.% CNTs nanocomposite produced by 

DPDS method, as its fine microstructure has been shown in Fig. 3 (b), although by 

adding more CNTs to composites (Cu-1.5 wt.% CNTs), agglomeration of CNTs 

prevents from a uniform distribution of them among Cu particles and also fine 

microstructure. Thus, values of grain size for Cu-1.5 wt.% CNTs nanocomposites 

increase. 

 

Fig. 5. Values of grain size of Cu-CNT nanocomposites as a function of CNTs wt.%. 

X-ray analysis 

The x-ray diffraction patterns of Cu-1wt. % CNTs and Cu-1.5wt. % CNTs 

nanocomposites produced by conventional sintering and DPDS methods are shown in 

Fig. 6. Also, a pattern of pure Cu as a reference pattern is presented to compare peaks. 

Three major peaks corresponding to the FCC phase of Cu exist in all the patterns. 

Cubic structure of Cu can be shown by (111), (200) and (220) planes. Generally, the 

XRD patterns of MWCNTs consist of three peaks at 26°, 43°, and 54°. However, 

according to the Fig 6, there is not any observable peak for CNTs in these patterns. The 

absence of the peaks can be explained because the detection limit of the XRD 

instrument is greater than 5 wt.% [31], and the low crystallinity of carbon [32-33]. 

Although the nanocomposite samples are more prone to oxidation [24], no copper oxide 
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diffraction peak is seen at 36.5° due to the weakness of XRD analysis to detect a trace 

of elements [31]. LECO combustion analysis has been used to detect a low level of 

oxygen element in Cu-1 wt.% CNTs nanocomposite produced by DPDS method (Fig. 

7). In addition, according to these patterns, no chemical reaction occurred between Cu 

and CNT particles over both sintering processes. 

As it can be proven from the Fig. 6, the patterns of nanocomposites produced by 

DPDS method indicate peaks that are broader than that of nanocomposites produced by 

the conventional sintering method. Refined grains and micro-strains [9] could cause 

broader peaks in nanocomposites produced by DPDS method (Fig. 6 (b)). 

 

Fig. 6. XRD patterns of A: Cu pure, B: Cu-1 wt.% CNTs nanocomposite produced by 

conventional sintering method, C: Cu-1 wt.% CNTs nanocomposite produced by DPDS 

method, D: Cu-1.5 wt.% CNTs nanocomposite produced by conventional sintering 

method, E: Cu-1.5 wt.% CNTs nanocomposite produced by DPDS method. 

 

Fig. 7. LECO combustion analysis of the Cu-1 wt.% CNTs nanocomposite produced by 

the DPDS method. 
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Physical properties  

The relative density of Cu-CNTs nanocomposites fabricated by conventional 

sintering and DPDS methods are presented in Fig. 8(a). As seen, the measured density 

of composites was decreased by increasing weight percent of CNTs in both methods. 

The sintering mechanism of composites involves diffusion of Cu atoms at the 

sintering temperature. It seems that the CNTs are located at the prior particle 

boundaries. The lowest density in both methods refers to the 1.5 wt.% CNTs composite 

that could be due to the lower density of CNTs [8] and the agglomeration of CNTs at 

the prior particle boundaries. In other words, when the amount of CNTs increases, 

agglomeration of nanotubes [10] occurs; the CNTs inhibit the diffusion of Cu into their 

minor spaces that resulted in agglomeration and formation of the pores during the 

sintering process. In addition, by increasing the amount of CNTs agglomeration, the 

number of voids inside the Cu-CNTs nanocomposites samples increases [10]. The 

agglomeration also prevents extremely effective interfacial bonding between the CNTs 

and Cu [8].  

As shown in Fig. 8 (a), the samples of DPDS method possess higher density in 

comparison with the samples of conventional sintering method. The initial pressing of 

powders results to work hardening of Cu powders, while pre-sintering causes annealing 

of Cu powders. As a result, higher density could be obtained in second pressing and 

sintering as compared with conventional sintering method. The most considerable 

feature of the DPDS method which leads to higher density including densification of 

microstructure and elimination of structural pores is due to the pre-sintering and second 

step of pressing. In addition, copper which results in outstanding compressibility has a 

substantial effect on densification of samples [34]. 

In order to investigate the effect of the second step of pressing in DPDS method, 

a comparison between sinterability of Cu samples produced by conventional sintering 

and DPDS methods has been made, as shown in Fig. 8 (b). Sinterability of the compacts 

follows by the equation [35]:  

𝜑 =
𝜌𝑠−𝜌𝘨

𝜌𝑡ℎ−𝜌𝘨
   (1) 

Where, 𝜌𝑠, 𝜌𝘨 and 𝜌𝑡ℎ are the sintered, green and theoretical densities, 

respectively. As it is observed, sinterability of the samples increased as a result of pre-

sintering and second step of pressing in DPDS method. It is evident that second pressing 

has a significant influence on sinterability of samples produced by DPDS method which 

led to higher density, as discussed. 
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Fig. 8. a) Relative density and b) sinterability of the Cu-CNTs nanocomposites prepared 

by conventional sintering and DPDS methods as a function of CNTs wt.%. 

Fig. 9. shows the electrical conductivity of Cu-CNTs nanocomposites as a 

function of CNTs wt.% produced by conventional sintering and DPDS methods. 

Electrical conductivity is affected by the amount of CNTs and their dispersion, and also 

sintering method of Cu-CNTs nanocomposites. As shown in Fig. 9, there is a decrease 

in the electrical conductivity values of nanocomposites with increase in the amount of 

CNTs for both methods. The reduction is due to the presence of some defects, such as 

voids and interfaces between Cu matrix and CNTs, which operate as barriers against 

(a) 

(b) 
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electron mobility and decline the conductivity. The latter might be due to the 

agglomeration of CNTs at Cu interfaces, creating a type of boundary which scatters the 

charge carriers at the interface. It is interesting to note that CNTs as nanoparticles have 

a major effect on the electrical conductivity. The addition of CNTs which cause a 

decrease in the grain size by increasing grain boundaries in the microstructure plays a 

key role in decreasing electrical conductivity through created grain boundaries as 

sources of electron scattering [36]. Fig. 9 shows the electrical conductivity values of 

Cu-CNTs nanocomposites produced by DPDS method which have a conductivity 

higher than those of Cu-CNTs nanocomposites produced by the conventional sintering 

method. It can be explained by the decrease of porosity and voids in microstructures of 

Cu-CNTs nanocomposite samples produced by DPDS method. Processes of pre-

sintering, second pressing and final sintering in DPDS method resulted in lower 

porosity and voids compared to conventional sintering method. 

 

Fig. 9. The electrical conductivity variations of Cu-CNTs nanocomposites with 

increasing weight percent of CNTs in conventional sintering and DPDS methods. 

Mechanical properties  

The hardness and bending strength values of Cu-CNTs are higher than Cu 

without CNTs in both methods (Fig. 10). This can be explained by the following 

reasons: First, the movement of dislocations in the matrix is effectively stopped by 

CNTs as the CNTs are located at the prior particle boundaries, as shown. Second, the 

matrix of Cu-CNTs nanocomposites contains a higher dislocation density because of 

dislocation generation due to the difference between thermal expansion coefficient of 

Cu and CNT. The difference produces thermal mismatch stresses, increasing dislocation 

density, micro-hardness, and bending strength. 

As shown in Fig. 10, the average Vickers micro-hardness and bending strength 

values increase by increasing the number of CNTs in both methods. Micro-hardness of 

the Cu-1 wt.% CNTs nanocomposite exhibits a higher value of hardness than other 

nanocomposites. For this weight percent in DPDS method, there is an enhancement of 

about 31.6 % in comparison with conventional sintering method. According to the 
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theory of short fiber reinforced composites, as the nanotubes distribute uniformly in the 

matrix, effectively inhibits matrix deformation and produces a strengthening effect. Fig. 

10 shows the bending strength as a function of CNTs wt.%. It shows that the bending 

strength increases from 140.50 MPa for nanocomposite containing 1 wt.% CNTs 

produced by conventional sintering method to 185.52 Mpa for Cu-1 wt.% CNTs 

nanocomposite produced by DPDS method; about 32% increase. 

 

Fig. 10. Comparison of a) micro-hardness and b) bending strength of nanocomposites 

fabricated by conventional sintering and DPDS methods as a function of CNTs wt.%.  

(a) 

(b) 
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However, by increasing the CNTs higher than 1wt. %, the hardness and bending 

strength decrease, because of agglomeration of the CNTs, and also the presence of 

pores, which are main reasons for the decrease of these mechanical properties [37]. In 

addition, agglomeration of the nanotubes leads to poor interface between nanotubes 

resulting a weak bonding and failure under the load. 

Moreover, it is observed that the average Vickers micro-hardness and bending 

strength values of samples obtained from DPDS method are higher than 

nanocomposites produced by the conventional sintering method. The second pressing 

and sintering process cause grain refinement and deformation strengthening of the 

matrix, because of which higher Vickers micro-hardness and bending strength values 

are obtained. 

There are several hypotheses for the reinforcing mechanisms explaining the 

enhanced mechanical properties. To fully understand the strengthening mechanisms that 

take place in the Cu-based nanocomposites reinforced with nano-fibers (MWCNTs), 

additional work is required. Nevertheless, we should consider the following hypotheses: 

(i) inhibition of dislocation motion by MWCNTs, (ii) thermal mismatch between 

MWCNTs and Cu, (iii) formation of a transition layer between the MWCNTs and the 

Cu matrix, (iv) grain refining produced by MM process, and (v) formation 

(crystallization) of Cu2O [38]. Orowon strengthening, grain, and substructure 

strengthening, quench hardening resulting from the dislocations generated to 

accommodate the differential thermal contraction between the reinforcing particles and 

matrix, and work hardening due to the strain misfit between the elastic reinforcing 

particles and the particle matrix is also the possible strengthening mechanisms, which 

may operate simultaneously leading to increased hardness and elastic modulus of the 

particle-reinforced metal matrix composites [38]. Although improvement in mechanical 

properties is under influence of aforementioned strengthened mechanisms, inhibition of 

dislocation motion by CNTs and increasing of dislocation density produced by MM 

process of powders [36] and thermal mismatch between CNTs and Cu could be 

effective mechanisms to improve mechanical properties in this research work. It is 

noteworthy to mention that other researchers have performed some research to 

investigate the significant effect of second pressing and sintering on a metal matrix 

which led to considerable enhancement of mechanical properties [28, 38, 39]. 

Conclusion 
Cu-CNTs nanocomposites were successfully fabricated by DPDS method. The 

micro-hardness and bending strength increase with increasing amount of CNTs up to 1 

wt.% in DPDS method. The composite with 1 wt.% CNTs content produced by DPDS 

process indicates an enhancement of about 31.6 % in micro-hardness, 32 % in bending 

strength and 19.5 % in electrical conductivity compared to the nanocomposite 

containing 1 wt.% CNTs fabricated by a conventional sintering process. It is noteworthy 

to mention that double pressing double sintering method is an appropriate and newly 

used method for synthesis of Cu-CNTs nanocomposites in comparison with 

conventional sintering method due to refined grain microstructure and improved 

properties. 
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