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Abstract 
In the present work, wet ball milling and spark plasma sintering were used to develop carbon 
nanotube (CNT) reinforced Al6061 and Al2124 nanocomposites which have potential 
applications in aerospace and automotive industries.  Al6061 and Al2124 nanocomposite 
powders containing 1 and 2 wt. % CNTs prepared through sonication and wet ball milling 
were spark plasma sintered at 400, 450, and 500 °C for 20 minutes under a pressure of 35 
MPa. In case of 1 wt. % content, CNTs were found to have better dispersion and less 
agglomeration. The increase of CNT content to 2 wt. % resulted in formation of CNT clusters 
and hence their inhomogeneous distribution across the matrix. Composites reinforced with 1 
wt. % CNTs displayed better densification compared to composites containing 2 wt. % CNTs. 
However, almost full densification was achieved for both composites at 500 °C. Maximum 
hardness was found for composites containing 1 wt. % CNTs. For composites containing 2 
wt. % CNTs, hardness was found to be lower than that of the monolithic alloys. 
 
 
1 Introduction 
Carbon Nanotubes (CNTs), discovered by Iijima [1], and proved exceptionally strong by 
Wong and co-workers [2], have been manifested as very promising nanoreinforcements for 
enhancing various mechanical and physical properties of different metallic and non-metallic 
materials. Among metallic materials, aluminum and its alloys have gained significant 
attention for this purpose due to their low densities and wide range of engineering 
applications. However, uniform distribution of CNTs during mixing and consolidating the 
composite powder to full densification remained major challenges in the development of 
CNT reinforced metal matrix nanocomposites. Although few researchers [3-4] reported 
unsatisfactory improvement in the mechanical properties of aluminum as a result of CNTs 
addition; other reported dramatic improvement in the properties [5-8]. The mechanical 
properties of Al\CNT composites were found to be sensitive to CNTs content, as well as, the 
consolidation technique(s) [9-12]. 
 
Mechanical alloying has been used for uniform dispersion of the reinforcement in the matrix and 
to overcome the problem of agglomeration. Mechanical alloying, also called ball milling, is a 
powder metallurgy technique which involves mixing, cold welding, breaking and re-welding of 
powder particles during milling. It is also used to synthesize a variety of materials including 
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nanocomposites. It has many benefits as a processing technique which includes being simple, 
versatile and economically feasible. 
 
It is equally vital to consolidate the composite powder using a technique which yield fully dense 
product and prevent grain growth during sintering. In this regard, spark plasma sintering (SPS) is 
a unique consolidation technique to produce fully dense metallic materials at relatively low 
sintering temperature, short sintering time, and fast heating rate [13-14]. This results the retention 
of fine microstructures and high densification of SPS’ed compacts. In addition, SPS is not only a 
binder-less process but also does not require a pre-compaction step.  
 
In previous work, we investigated the effect of sintering temperature, time and pressure on the 
densification and hardness of spark plasma sintered Al6061 and Al2124 aluminum alloys [15-16]. 
Also, we prepared CNT reinforced Al6061 and Al2124 nanocomposite powders through 
sonication and wet milling [17]. The objective of the present work is to develop CNT reinforced 
Al6061 and Al2124 nanocomposites through wet ball milling and SPS. The microstructure, 
density and hardness of the nanocomposites will be characterized as function of CNT content and 
sintering temperature.  
 
 
2 Materials and Methods 
The Al6061 and Al2124 pre-alloyed powders were used in this study and were supplied by 
the Aluminum Powder Co. Ltd. The chemical composition of both aluminum alloys is shown 
in table 1. CNTs having diameter of around 50 nm and length of few microns were used as 
reinforcement. Al2124 and Al6061 powders containing 0, 1 and 2 wt. % CNTs were prepared 
through wet ball milling using a Fritsch P5 planetary ball mill. CNTs were sonicated via 
probe sonicator for 30 minutes in ethanol and then the pre-alloyed powder was added 
followed by further sonication of the mixture for 15 minutes. The sonicated slurry was 
charged into cylindrical stainless steel vials (250 ml in volume) together with stainless steel 
balls and wet milled for 1 hour. The wet milling was carried out at room temperature at a 
speed of 200 rpm in argon inert atmosphere to prevent the oxidation of the powders. A ball to 
powder weight ratio of 10:1 was used.  
 

Powder Fe Si Cu Mn Mg Zn Al 
Al6061 0.192 0.69 0.29 0.016 0.83 0.012 Bal. 
Al2124 0.064 0.058 3.88 0.58 1.42 0.034 Bal. 

Table 1. Chemical composition of starting powders in weight percent. 
 
Fully automated spark plasma sintering equipment (FCT system, model HP D 5, Germany) 
was used to sinter the samples. The dried nanocomposite powders were directly charged into 
graphite die through which the current is passed. A 20 mm diameter graphite die was used 
and a pressure of 35 MPa was applied during the whole sintering process, i.e., during heating 
and holding time. The heating rate was 100 °C/min. The samples were sintered under vacuum 
at 400, 450, and 500 °C for 20 minutes. Scanning electron microscope (SEM) was used to 
characterize the raw powders and analyze the microstructure of sintered samples. The density 
of sintered samples was measured using Alfa Mirage electronic densimeter (model MD-
300s). Vickers microhardness of the spark plasma sintered samples was measured using 
MMT-3 digital microhardness tester. All measurements were taken at a load of 100 gf and the 
indenter dwell time was 12 seconds.  
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3 Results and Discussion 
Figure 1 shows the morphology of as received powders. It can be seen that the powders are 
composed of particles having various shapes and sizes. Morphology of CNTs used in this 
study is shown in figure 2 where it can be seen that CNTs are in fairly separated state without 
excessive clustering. Morphology of composite aluminum powders after ball milling is 
shown in figure 3. 
 

 
Figure 1. Morphology of as received powders of (a) Al2124 and (b) Al6061 

 
It is evident that CNTs are less agglomerated; uniformly dispersed, and have good adhesion to the 
matrix for composites containing 1 wt. % CNTs, however, inhomogeneous distribution and 
clustering of CNTs is more pronounced for composites containing 2 wt. % CNTs. Almost similar 
trend was observed for Al2124 composite powders. The clustering of CNTs is being constantly 
observed and reported [4-12] and found highly undesirable because these agglomerates hinder 
proper neck growth between adjacent matrix particles during sintering and hence cause poor 
densification and mechanical properties of the composite material [6]. 
 

 
Figure 2. Morphology of as received CNTs.  

 
Uniform dispersion of CNTs requires careful design of dispersion techniques and routes to 
have maximum benefit from these extremely strong reinforcements. The combination of 
sonication and wet milling used in this work improved CNTs dispersion which led to their 
uniform distribution in composite containing 1 wt. % of CNTs. However, considerable 
agglomeration was observed in the composite containing 2 wt. % CNTs which caused poor 
hardness of the composites as discussed below.  
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Figure 3. Morphology of Al6061 powders containing (a) 1 wt. % and (b) 2 wt. % CNTs 
 
Particles size distribution of as-received and powders milled for 1 hour, is shown in figure 4. 
It can be seen that frequency of the distribution changed after milling and curves of the graph 
slightly shifted towards smaller particle size. It was observed that average particle of as 
received Al6061 and Al2124 aluminum powders are 50 and 35 µm, respectively.   
 

 
Figure 4. Particle size distribution of as received and ball milled composite powders. 

 
Figure 5 (a) shows x-ray diffractograms (XRD) of as received Al6061 and Al2124 powders 
and composite powders before sintering. Figure 5 (b) shows XRD peaks of sintered Al6061 
and its nanocomposites. There is no evidence of the presence of phases such as Al4C3 or other 
carbides which may form during sintering.   
 

 
Figure 5. (a) X-Ray Diffractograms for the Al6061 and Al2124 powders and there composites. (b) SPS’ed 

Al6061 and its nanocomposites containing 1 and 2 wt % CNTs, specimens were sintered at 500 °C. 
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Figure 8 shows hardness and density of nanocomposites as a function of CNT content at 
different sintering temperatures. It can be seen that density remained considerably low at a 
sintering temperature of 400 °C (figure 8 a and d). However, it increased significantly as the 
temperature was increased to 450 °C (figure 8 b and e). An increase in the temperature to 500 
°C (figure 8 c and f) promoted densification for nanocomposites, especially for Al6061 alloy. 
For monolithic alloys, temperature of 450 °C is enough for complete densification but for 
nanocomposites, 100 % densification was hardly achieved even at 500 °C. However, 
improvement in densification is significant as the temperature increased from 400 to 450 and 
500 °C. This is owing to the fact that sintering is a thermally activated process controlled 
primarily by diffusion. Therefore, the higher sintering temperature the higher the diffusion 
rate and the higher the rate of porosity elimination. Also, it is well known that in SPS, the 
electric pulse (DC) discharge generates spark plasma between the particles and resulting joule 
heating promotes densification [13, 18-20]. The formation of plasma during SPS has direct 
effect on generating heat which results in neck growth between adjacent particles in the 
powder mixture. However, the exact phenomenon is still having critical discussion amongst 
researchers [13, 21]. The overall trend shows that the sintered composites displayed good 
densification and high relative densities and this is due to the fact that field assisted 
consolidation methods such as SPS are capable of providing high instantaneous energy for 
sintering nanocomposites compared to other conventional sintering techniques.  
 

 
Figure 8. Hardness (▲) and density (■) of (a, b and c) Al6061 and (d, e and f) Al2124 alloys as a function of 

CNT content at sintering temperatures of 400 °C (a and d), 450 °C (b and e) and 500 °C (c and f). 
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Figure 8 also shows Vicker’s microhardness of nanocomposites as a function of CNT content 
at different sintering temperatures. The change of microhardness with sintering temperature 
matched the change of relative density as a function of sintering temperature and this is due 
to the fact that both relative density and microhardness are dependent upon the percent 
porosity present in the material. Increase of CNT content up to 1 wt. % resulted in increase of 
the hardness of the samples. A further increase of CNT content up to 2 wt. % caused the 
decrease of the microhardness to values lower than the value of monolithic alloys. 
 
The above results show that 1 wt. % CNTs is an optimum content for maximum hardness of 
the Al6061 and Al2124 alloys and CNT content as high as 2 wt. % results in dramatic 
decrease of hardness. Esawi et. al., [9] reported enhancement in mechanical properties upon 
addition of lower proportion of CNTs, but for higher CNT contents, opposite trend was 
observed which was attributed to the presence of CNT clusters. Also, Kim et al. [22] found 
highest hardness and wear resistance for Al in case of 1 wt. % CNTs and for higher CNT 
content, poor properties were attributed to CNT agglomeration and formation of aluminum 
carbide. Also, maximum tensile and compressive properties were reported [11] for 0.5 wt. % 
CNTs and decreasing trend was observed for much higher CNT proportions.   
 
 
4 Conclusion 
Al\CNT nanocomposites were successfully prepared using probe sonication and wet ball 
milling followed by SPS. Less agglomeration of CNTs, good densification, and better 
hardness were achieved for composites containing 1 wt. % CNTs. However, composites 
containing 2 wt. % CNTs had excessive agglomeration of CNTs and poor hardness. 
Therefore, 1 wt. % CNTs is an optimum content for obtaining highly dense and hard Al6061 
and Al2124 nanocomposites. 
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