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Abstract: In this study, an attempt was performed on the fabrication of Aluminum-Carbon nanotube composites (Al-

CNTs) by Spark Plasma Sintering (SPS) method. Aluminum matrix composites reinforced with 0 to 5 wt. % multi-wall 

carbon nanotubes (MWCNTs) were fabricated by mixing the composite powders, as starting materials, in ball mill for 

1h and consequently sintered at 550oC using a spark plasma sintering (SPS) apparatus. The microstructures of these 

composites were characterized by TEM and SEM and also microhardness and compression testing of Al-CNT 

composites were carried out. The chemical compositional analysis of bulk samples of the spark plasma sintered 

aluminum-carbon nanotube composites were done by X-ray diffraction (XRD). The results show the successful 

synthesis of product by novel SPS method and also the improvement in hardness and compressive strength of  

Al–1%CNT composite compared to pure Al samples, but then decrease with increasing the content of MWCNTs due to 

the agglomeration of MWCNTs. 
Keywords: Aluminum matrix composites, Multi-wall carbon nanotubes (MWCNTs), Spark plasma sintering (SPS), 

Hardness, Compressive strength  

 

 
Introduction  

Many industries, such as the automobile, aerospace, and 

aircraft industries, are expected to develop super-materials 

that are ultralight and that have high hardness and high 

strength. In addition, materials in next-generation must be 

environmental- friendly, energy saving, and inexpensive 

[1]. Carbon nanotubes (CNTs) introduced by Iijima in1991 

[2] Are now well known to possess an extremely high 

strength, high elastic modulus, and low weight, exceeding 

that of conventional fibers [3]. Additionally, CNTs possess 

relatively low density, varying from 1.2 g/cm3 for 

SWCNTs up to 1.8 g/cm3 for MWCNTs [4]. The excellent 

mechanical properties with low density make CNTs an 

ideal reinforcement to design nanocomposites with high 

specific strength [5]. Many researchers have endeavoured 

to develop advanced CNT based composites using metals, 

polymers and ceramic matrix phases, among which Al has 

attracted intense interest as a metal matrix because of its 

excellent strength, low density and corrosion resistance 

properties [6]. One of the major obstacles to the effective 

use of carbon nanotubes as reinforcements in metal matrix 

composites is agglomeration and poor 

distribution/dispersion with in the metallic matrix [5]. Key 

requirements to achieve both properties are uniform 

dispersion of the CNTs in the matrix, and good interfacial 

bonding between the reinforcement and the matrix. Powder 

metallurgy techniques have been used extensively due to 

the ease of incorporating the CNTs in the matrix powder  

 

 

[7]. In recent years, innovative powder densification 

technology known as spark plasma sintering (SPS) has 

been an active area for fabricating metals, ceramics and 

composites [8]. Spark plasma sintering (SPS) is a new 

technique, which includes high pulsed direct current and 

uniaxial pressure for consolidating materials. The SPS 

technique has high heating and cooling rates which are up 

to 1000 K/min, and the processing time is also very fast i.e. 

few minutes [9]. During the SPS process, the DC pulse 

voltage and current create spark discharge and joule 

heating points between particles of powder through the die 

(graphite or tungsten) and sample, while a pressure is 

applied on the powder, as shown in Fig. 1[10]. Joule 

heating provides high heating rates which can provide a 

benefit by by-passing the grain coarsening low temperature 

mechanism i.e. surface diffusion [11]. The SPS technique 

has the capacity of achieving nearly 100% theoretical 

density in almost any metallurgical or ceramic material and 

composites [10]. Compared with hot-pressing, SPS allows 

sintering and sinter-bonding possible at low temperature 

and short periods [12]. The present work investigated a 

new process for fabricating Al–CNTs composites by SPS 

in vacuum without additive. The characteristics and 

mechanical behavior of the Al–CNTs composites with 

different content have been investigated. Because of 

mentioned outstanding mentioned properties. 
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Fig.1.set up of used SPS system 

 

Experimental Procedure 

The starting powders that used in this study were Al with 

an average particle size of 45µm, purity 99%, and multi-

wall carbon nanotubes (MWCNT) with purity >95%,  

50–80 nm in diameter and 3–7 µm in length. TEM 

micrograph of the as-received CNTs is shown in Fig. 2.  

For fabrication of Al matrix composites with different 

weight percent of multi-wall carbon nanotubes  

(Al-1% CNT, Al-3% CNT, and Al-5% CNT), the 

Aluminum with its respective reinforcement material 

(MWCNT) was mixed by using ball mill in the argon 

atmosphere for 60 min at 200 rpm with ball-to-powder 

weight ratio of 10:1. As long as milling of Al-CNTs 

composites powder, Methanol was used as a process 

control agent (PCA) to prevent the melting of the material 

or preventing it from sticking to the balls and walls of the 

jar. The mixed powders filled in cylindrical graphite dies 

with 6mm diameter and after placing the die inside the 

SPS apparatus, uniaxial pressure of 32 MPa was applied 

to the samples. The pressure was exerted to the samples 

during entire sintering time. Sintering was carried out by 

applying a pulsed DC current with 6 A/mm2 current 

density for 450 sec under high vacuum (10-2 Torr). The 

temperature variations of die during the process was 

measured by a placing the thermocouple inside the die 

and sintered at temperature of 550 oC. After sintering, the 

DC current was turned off and samples cooled naturally. 

The sintered compact cylindrical sample had a diameter 

of 6mm and a length of 10 mm. In order to investigate the 

effect of MWCNTs content on the strength and ductility 

of the composite, compressive and hardness tests were 

carried out. The microstructure of polished surface of the 

samples fracture surfaces of the SPS processed 

MWNTs/Al composites after compressive testing were 

observed and analyzed by using scanning electron 

microscopy. At the end, hardness measurements were 

done using a Vickers micro-indenter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig2: Transmission electron micrograph (TEM) images of 

the as-received CNTs that show (a)  the diameter of 

CNTs and (b) the length of CNTs 

 

 

Results and Discussions 

It is known that the mixing process and its duration 

determine the effective dispersion of MWCNTs in the Al 

powder. SEM micrographs of the blended Al–MWCNT 

powders are depicted in Fig. 3. There seems to be 

homogeneous mixing obtained of Al powder and 

MWCNTs at 1 wt.% loading and there is unwanted 

considerable agglomeration of MWCNTs at 3 wt.% and 5 

wt.%. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig3: SEM micrographs of the mixed Al and MWCNTs powders (a) homogeneous mixing of CNTs at Al–1 wt.% 

MWCNT and (b) large cluster of CNTs at Al–5 wt.% MWCNT  

 

However, when larger amount of MWCNTs (3-5 wt.% ) 

were added to the aluminum powder, the MWCNTs tend 

to conglomerate more easily and impeded the 

densification process, 

Fig. 4 shows the uniaxial compressive curve of the 

samples. The strength reached its maximum when the 1 

wt.% MWCNTs was added, but decreased with 

increasing amount of MWCNTs (3 and 5 wt.% 

MWCNTs). Compared with the pure Al, the elongation of 

the composites showed a sharp decline because of the 

adding of MWNTs.The 1 wt.% MWCNTs composite 

shows excellent ductility. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: Uniaxial compressive stress–strain curves of the 

MWNTs/Al composites as a function of MWNTs content. 

 

Clustering of high percentage of MWCNTs in Al matrix 

was also reported by several researchers [13]. In addition, 

the agglomerated MWCNTs not only cause to a fail in 

transfer or share the stress effectively, but also became a 

fracture and fracture initiation sources. Finally, there may 

be insufficient interfacial bonding between the MWCNTs 

and the Al matrix, which indicates that chemically  

 

functionalized MWCNTs which should be considered for 

composites fabrication.  

SEM images of fracture surface of Al-1%CNT are shown 

in Fig.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. SEM images of fracture surface of Al–1%CNT 

composite showing failure of Al matrix by CNT pull out 



 

As can be seen, the carbon nanotube is homogeneously 

dispersed in the Al matrix and carbon nanotube pull out 

mechanism can be seen in fracture surface. As nanotubes 

used in the present study are shorter than critical length of 

reinforcement. MWCNTs have straightened out from the 

fracture plane in the loading direction. The other end of 

the dangling nanotube is embedded in Al matrix 

indicating excellent adhesion between matrix and 

dispersed reinforcement. 

Vickers hardness was measured for the pure Al and  

Al–MWCNT composites, as shown in Fig.6. In general, 

the hardness increases with the content of MWCNTs. 

Hardness reached maximum for the 1 wt.% MWCNT/Al, 

but then dropped with the further loading of MWCNTs. 

Similar observation was also reported by Deng et al. [14] 

in their Al–MWCNT composites study.  

 

Fig.6. shows Variation of Vickers micro-hardness with 

MWCNT loadings in Al matrix composites. The hardness 

measurements on the pure Al sample are also included. 

 

XRD scans (for Al–1%CNT and Al–5%CNT composites) 

are presented in Fig.7 and reveal aluminium carbide 

formation in the 5 wt.% sample. The generation of 

aluminium carbide upon subjecting the samples to the 

consequent thermal processing by sintering at 550oC and 

possible CNT amorphization expected in milled powders. 

On the other hand, no peaks of aluminium carbide appear 

in the scan of the 1 wt.% sample which indicates either no 

or a limited interfacial reaction that possibly was not 

detected due to the limited resolution of the XRD 

instrument at this smaller CNT content. A detailed TEM 

study by other investigators also revealed the formation 

of nanometric Al4C3 at the open ends of nanotubes and 

the amorphous surface layers at annealing temperatures 

as low as 500oC [15]. However, it was argued that such 

carbides could enhance the Al–CNT bonding and 

therefore their presence is not regarded as detrimental 

from the mechanical point of view. It is important to note 

that due to the small diameters and large lengths of the 

CNTs employed here, their surface areas are large which 

could have also increased the chances of their reaction 

with the aluminium matrix. In addition, the quality of the 

CNTs, in particular, the degree of graphitization of the 

CNTs which in turn affects the degree of interfacial 

reactions, could also be playing a role in the observed 

mechanical behaviour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7: XRD scans of Al–1 wt.% CNT and Al–5 wt.% CNT 

 

  



 

Conclusions 

1-Al–MWCNT composite was successfully fabricated by 

spark plasma sintering method.  

2-Carbon nanotubes are successfully retained and 

dispersed uniformly in the composites after using ball 

mill. The fracture manner of composites mainly include 

“pulling out” of CNTs in fracture surfaces 

3-The mechanical properties of the Al–1 wt.% MWCNT 

composites are enhanced noticeably at room temperature, 

and in the counter, decrease with increasing the content of 

MWCNTs due to the agglomeration of MWCNTs and 

insufficient interfacial bonding. 

4- Due to the thermal processing of the samples, carbide 

formation was observed for the samples containing 

5 wt.% CNT. 
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