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Abstract 

 

Aluminium matrix nanocomposites reinforced with carbon nanotubes were fabricated in a new 

way by direct synthesis using high-pressure torsion (HPT). Aluminium of 99.99% and 99.5% 

purities were used as matrix materials with carbon nanotubes in amounts of 0.5 and 1wt.% as 

reinforcement. The HPT processing led to extensive grain size refinement which was 

significantly higher than for pure metals and to a relatively uniform distribution of the fillers. 

The grain size of the matrix was smaller for Al99.5 compared to Al99.99 while the particle 

spatial distribution was more homogenous for the Al99.99 matrix. This was attributed to a lower 

hardness and higher plasticity of Al 99.99 alloy. The addition of carbon nanotubes also 

improved the thermal stability of the ultrafine-grained structure, especially if homogenously 

distributed as for the Al99.99 matrix nanocomposites.  

Keywords: aluminium, carbon nanotubes, high-pressure torsion, nanocomposites, thermal 

stability  
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1. Introduction  

The continuous development of applied technologies in the automotive, aerospace and 

electronics industries, as well as contemporary efforts to protect the natural environment by 

reducing emissions of exhaust and greenhouse gases, have contributed to numerous studies 

seeking effective methods to significantly improve the mechanical properties of metal alloys 

and composites with favourable strength-to-density ratios [1–4]. One of the developmental 

paths leading to the improvement of strength, hardness and wear resistance of such metallic 

materials is a significant refinement of their grain structure where this can be achieved by, 

among others, the use of processing through the application of severe plastic deformation (SPD) 

[5–9]. Among a number of SPD methods, High-Pressure Torsion (HPT) is considered the most 

effective in terms of grain size refinement due to the large plastic strains introduced to the 

material [5,7]. 

Several studies have demonstrated that HPT processing leads to a significant increase in 

hardness and tensile strength in many engineering materials [7,10,11] due to the production of 

severe grain refinement to the sub-micrometric and nanometric sizes. Nevertheless, the ability 

of each material to achieve grain refinement is limited so that ultimately the grain size saturates 

at a certain level [11–17]. Moreover, the purity level of metals also has a significant impact on 

the final structural refinement. For example, high purity Al (99.9999%) undergoes HPT-

induced softening due to grain growth during the processing whereas a commercial purity Al 

(99.5%) exhibits a strain hardening during processing [18]. This softening effect is caused by 

the high mobility of dislocations and the role of grain boundaries as dislocations sinks which 

are significantly influenced by the presence of impurity atoms [19]. 

Additionally, ultra-fine grained (UFG) and nanocrystalline (NC) metals are inherently 

thermally unstable so that annealing, even at low temperatures, leads to recrystallization and 

grain growth of the microstructure and this is deleterious to the material properties [20–22].  
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In order to improve the thermal stability of these types of materials and stabilize the grain sizes 

at elevated temperature, some limited attempts have been made to create metal matrix  

nanocomposites reinforced with various particles such as Al2O3, multi-walled boron nitride 

nanotubes (BNNTs),or carbon nanotubes (CNTs) [23–25]. Nano-particles uniformly 

distributed within the metallic matrix constitute a pinning effect on lattice defects, such as 

dislocations and grain boundaries, thereby stabilizing the UFG microstructure and expanding 

the temperature window for their potential technological applications.  

There are only a few reports describing Al-CNTs nanocomposites subjected to HPT processing 

[26–28]. Furthermore, a review of these reports shows that all of the nanocomposites were 

fabricated in multi-stage procedures in which the HPT processing was always preceded by 

powder metallurgy synthesis such as ball milling of the powders followed by conventional 

sintering [29,30], hot pressing [31,32], spark plasma sintering [33] or hot extrusion[34]. The 

aim of the present work was to remove this time-consuming pre-treatment step and to produce 

an Al-CNTs nanocomposite using HPT as a direct mixing method by forming a sandwich of 

CNTs between two pure Al plates with different purity levels ranging from 99.5 to 99.99%. 

This objective was inspired by recent publications describing the fabrication of metal 

composites and metastable alloys by directly packing alternating disks of different metals for 

the HPT processing [35–37]. To date, only some limited publications describe any thermal 

stability studies of these types of materials [28,38]. Accordingly, the present report provides a 

detail description of the mechanical properties, thermal stability and microstructural 

characteristics of Al-CNTs nanocomposites produced by this new procedure of direct HPT 

processing. 

2. Experimental material and procedures 

High and commercial purity aluminium, Al99.99 and Al99.5%, respectively, in the form of 

rods of 10 mm diameter were used as a matrix while multi-walled CNTs with tube diameters 
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of 2-5 nm were used as the reinforcement. The Al-CNTs nanocomposites with 0.5 and 1wt.% 

of CNTs were produced by direct HPT synthesis. Specifically, a stack of two aluminium 

disks with diameters of 10 mm and thicknesses of 0.4 mm, with CNTs placed 

between them, was subjected to HPT processing under a pressure of 1 GPa through a total 

number of 50 turns. Fig. 1 schematically illustrates the process for the direct synthesis of 

nanocomposites by HPT. In addition, 1 mm thick aluminium  disks of both purities were HPT 

processed under the same pressure for up to 10 revolutions and these disks served 

as reference samples.  

 

Figure 1 Schematic of sandwich carbon nanotubes between two aluminium disks for HPT processing. 

To investigate the thermal stability, the HPT-processed Al-CNTs nanocomposites and HPT-

processed aluminium disks were annealed for 1 hour at temperatures of 100⁰C, 150⁰C, 200⁰C, 

250⁰C, 300⁰C, 350⁰C or 400⁰C. The annealing was conducted in a protective argon atmosphere 

and the accuracy of maintaining the set temperature was 5◦C. 

Initial observations of cross-sections of the disk samples were made using a Zeiss Axio 

Observer optical microscope (OM). These observations were carried out on disk samples after 

10, 20 and 50 revolutions in order to determine the level of mixing of the CNTs with the matrix 

material and also to evaluate the quality of bonding along the diameter of the disk. Images of 

the entire cross-sections of each sample were obtained by assembling a series of photographs 

using the Adobe Photoshop graphics program. The samples for OM observations were prepared 

by cutting the disks along their diameters using a circular saw, encapsulating the samples in 
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resin, grinding the samples on sandpaper and then polishing the samples using a 1 µm diamond 

suspension.  

Advanced structural observations of the fabricated nanocomposites before and after annealing 

were collected using a scanning electron microscope (SEM) Hitachi Su8000 operating in back-

scattered electron (BSE) mode. Observations were carried out on cross-sectional planes 

approximately 1 mm from the edges of the disks. Samples for SEM investigations were 

prepared using an Hitachi IM4000 ion milling system. This procedure gives high-quality 

surfaces for observation due to the ion beam polishing which eliminates any deformation, 

stresses and/or the formation of oxide layers. The surface quality after the ion milling process 

permitted the structure to be observed in so-called channel contrast in the SEM. 

The average grain sizes together with the standard deviations, were measured based on 

SEM/BSE image analysis. NIS-Elements BR 3.2 software was used to analyse the grain size 

and its variability and GIMP 2 software was used to prepare the SEM images for analysis. 

Detailed microstructural observations were performed using a scanning-transmission electron 

microscope (STEM) Hitachi HD-2700 operating at an accelerating voltage of 200 kV. Samples 

for the STEM observations were prepared using a focused ion beam facility (FIB) Hitachi 

NB5000. 

A Falcon 503 hardness tester was employed to determine the Vickers hardness of the samples 

before and after annealing using a 200 g load for each measurement. Hardness values were 

recorded on cross-sections of the specimens with a 0.3 mm distance between each indentation. 

Hardness measurements for the annealed specimens were taken approximately 1 mm from the 

edge of the disk with a 0.2 mm spacing between indentations. Prior to these hardness 

measurements, the specimens were encapsulated in resin and the cross-sectional surfaces of the 

disks were mechanically ground and then polished using a 3 µm anhydrous diamond suspension 

in order to remove any oxides.  
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3. Experimental results  

3.1 Microstructure of Al-CNTs nanocomposites  

 

Figure 2 Light microscopy views of cross-sections of HPT-processed composites. 

 

Fig. 2 shows a series of OM images of the cross-sectional areas of Al99.5 and Al99.99 with 

0.5% and 1% of CNTs nanocomposites after HPT processing through 10, 20 and 50 turns. These 

images provide clear evidence for the gradual evolution towards nanocomposites. A large 

structural variation can be observed depending on the number of rotations.  With increasing 

numbers of HPT turns, there is an obvious improvement in the distribution of CNTs in the 

aluminium matrix and thus a reduction in the number of large and visible CNTs agglomerates. 

Since the CNTs where applied directly between two aluminium disks, they tended to 

accumulate along the horizonal axis of the disk sample especially near the centre of each disk. 

For all nanocomposites, more dispersed CNT particles in the aluminium matrix are observed 

with higher numbers of turns and increasing distance from the disk centres. Inspection shows 

that samples of all nanocomposite types after 10 and 20 HPT rotations have visible long bands 

of CNTs agglomerates while in the samples after 50 rotations such bands are much less visible 
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so that there is an improved dispersion of CNTs throughout the samples. The only exception is 

the Al99.5 - 1% CNTs sample for which a significant proportion of CNTs agglomerates remains  

visible in the central regions. In addition, it is noticeable that in the nanocomposites based on 

Al99.99 the CNTs particles exhibit a higher tendency to be uniformly distributed in the matrix 

by comparison with Al99.5.  

 

Figure 3 Microstructure of Al 99.99 and Al 99.5 alloys after HPT processing and the microstructure of their composites 
containing 0.5% and 1% of CNTs after various numbers of HPT revolutions. 

 

The polished surfaces of the Al-CNTs samples were further observed by SEM at higher 

magnifications to reveal the grain structure. The results are presented in Fig. 3 and for 

comparative reasons were complemented with images for pure aluminium samples of both 

purities processed through 10 HPT turns. These microstructures were evaluated quantitatively 



7 
 

using a computer-aided image analyser. The grain sizes described in terms of the equivalent 

grain diameter (d) and the standard deviation (SD) are summarized in Table 1. 

Table 1 Summary of grain sizes and standard deviations from grain sizes for individual samples. 

Sample Turns nr. d [nm] SD [nm] 

Al 99,5% 10 670 216 

Al 99,5% 
0,5% CNT 

10 377 150 
20 340 136 
50 234 95 

Al 99,5% 
1% CNT 

10 438 176 
20 364 137 
50 188 72 

Al 99,99% 10 827 352 

Al 99,99% 
0,5% CNT 

10 794 377 
20 506 138 
50 211 77 

Al 99,99% 
1% CNT 

10 883 417 
20 597 262 
50 229 84 

 

The average grain sizes in pure Al99.5 and Al99.99 after 10 HPT turns were 670 and 830 nm 

(Fig. 3), respectively, and this is consistent with results reported for materials processed using 

conventional SPD methods [18,39,40].  The addition of CNTs led to more intense grain 

refinement in the metal matrix in both nanocomposites, as is evident from Fig 3 and Table 1. 

After 10 HPT revolutions, the grain size was reduced to ~800 nm in the Al99.99 matrix 

nanocomposites and below ~450 nm in the Al99.5 matrix nanocomposites. A further decrease 

in grain size was observed with increasing numbers of turns such that, after 50 turns, the average 

grain sizes of the aluminium matrices for all nanocomposites was below ~250 nm (Table 1). 

The matrix structure in all nanocomposites consisted of equiaxed grains and the grain size 

scatter was typical for fairly homogenous materials. The smallest grain size in the aluminium 

matrix of ~190 nm was obtained for the Al99.5 matrix nanocomposite containing 1% of CNTs.        

It is important to note that, although the structure of the matrix is reasonably homogeneous, the 

distribution of CNTs is not homogeneous. Fig. 4a and b show SEM images of the edge region 
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for Al99.99 containing 0.5% of CNT after 10 and 50 HPT turns, respectively. It is apparent that 

the CNTs are mostly distributed in the form of micro-sized agglomerates and in the form of 

chains along grain boundaries after 10 revolutions whereas after 50 revolutions many of these 

larger agglomerates are fragmented to sizes of ~20 to 200 nm and they become uniformly 

distributed in the aluminium matrix. However, the size and the density of the CNTs 

agglomerates strongly depends on the purity of the aluminium matrix. Fig. 4c and d were taken 

at the same magnification and they illustrate the microstructures after 50 HPT revolutions for 

Al99.99 – 0.5% CNTs and Al99.5 - 0.5% CNTs, respectively. These images show that the 

agglomerates are smaller and their density is lower in the purer metal and this tendency was 

observed in all samples.  

 

Figure 4 SEM images of Al99.99 + 0.5% CNTs composite after a) 10 and b) 50 HPT turns, together with comparative 
microstructural images taken at the same magnification for c) Al99.99 + 0.5% CNTs and d ) Al99.5 + 0.5% CNTs. 

In order to better describe the distribution of CNTs in the matrix, a series of SEM images was 

analysed in terms of the average size and the surface fraction of CNTs agglomerates that were 
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larger than ~150 nm and the results are summarised in Table 2. In general, for small numbers 

of revolutions it is apparent that mostly large agglomerates dominate the structures with their 

size and surface fraction associated with the amount of CNTs used.  With increasing numbers 

of revolutions, there is an observed decrease in both the size of the agglomerates and their 

surface fraction. It is also be noted that this tendency is less for the Al99.5 matrix than for the 

Al99.99 matrix.  

Table 2 The average size of CNTs agglomerates and their fraction surface. 

Sample d [nm] SD [nm] Surface fraction 
[%] 

99.99 0.5% CNT 10T 590 3100 5.7 

0.5% CNT 20T 440 550 - 

0.5% CNT 50T 300 260 1.2 

99.99 1% CNT 10T 740 4580 8.9 

1% CNT 20T 580 890 - 

1% CNT 50T 360 707 1.8 

99.5 0.5% CNT 10T 910 8410 6.8 

0.5% CNT 20T 620 1550 - 

0.5% CNT 50T 520 950 3.4 

99.5II 1% CNT 10T 1355 9560 9.2 

1% CNT 20T 750 2125 - 

1% CNT 50T 550 1045 4.5 
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Figure 5 STEM and HAADF (a, b) images showing the microstructures of samples Al99.99 + 0.5%CNTs processed by 50 HPT 
turns, together with high resolution STEM image (c) showing the interface between CNTs and the Al matrix. 
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Figure 6 STEM and HAADF images showing the microstructures of samples Al99.5 + 0.5%CNTs processed by 50 HPT turns, 
together with high resolution STEM images. 

 

Fig. 5 and 6 shows exemplary STEM images of, respectively, Al99.99 and Al99.5 samples 

containing 0.5% of CNTs processed through 50 HPT revolutions. The comparative HAADF 

and BF images of Al99.99 (Fig. 5a, b) and Al99.5 (Fig. 6a, b) matrix nanocomposites confirmed 

the significant grain refinement with an average grain size of ~200 nm in both aluminium 

matrices and large differences in the size and distribution of CNTs agglomerates which are 

shown black in the HAADF contrast.  The agglomerates in the Al99.5 matrix nanocomposite 

are larger and their number is greater than in the Al99.99 matrix nanocomposite. At the same 

time, only a fraction of individual CNTs are visible in the matrix of the Al99.5 nanocomposite 

(Fig. 6c) whereas in the Al99.99 nanocomposite there are a number of small (<100nm) 

uniformly distributed agglomerates (Fig. 5b) as well as individual CNTs (Fig. 5c) within the 

matrix.   
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3.2 Mechanical properties of Al-CNTs nanocomposites 

The microhardness of the fabricated nanocomposites were measured on the cross-sections of 

the disks and the results are shown in Fig.7 a and b as a function of distance from the disk 

centres. These plots demonstrate that HPT processing has enhanced the hardness in both types 

of nanocomposites and, in general, the hardness of the nanocomposites increases with 

increasing numbers of revolutions and concentration of CNTs. The highest values of hardness 

were obtained in samples containing 1 wt.% of CNTs subjected to 50 HPT rotations. Thus, the 

hardness values increased from 25 and 50 Hv for HPT-processed Al99.99 and Al99.5 pure 

metallic samples to 80 and 110 Hv, respectively, at the edges of the HPT-processed 

nanocomposites containing 1wt% of CNTs. Although the hardness after 50 HPT turns was 

higher for the Al99.5 matrix nanocomposites, the hardness distribution was more homogeneous 

for the Al99.99 matrices.  

 

Figure 7 Linear Hardness on the diameters of the cross-sections of samples: a) Al 99,99 composites b) Al 99,5 composites. 

 

The hardness for the Al99.99 matrix nanocomposites rises rapidly during HPT and already after 

10 turns it is almost two times higher in the edge regions than in the pure metal after HPT (Fig. 

7a). It is also apparent that there is a significant impact of the CNTs content on the hardness 

distribution for lower numbers of turns. Nanocomposites containing 1 wt.% of CNTs exhibit 
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higher hardness than those with 0.5% which is clearly visible in the samples after 20 HPT turns 

for which the difference in hardness was higher than 15 Hv. Further processing up to 50 turns 

gave an additional hardness increase up to ~75 Hv in the edge regions with some small areas of 

lower hardness near the centre of the disk 

In the Al99.5 matrix nanocomposites, the results of hardness in the samples having 0.5 and 

1wt.% of CNTs after 10 and 20 turns are close and only ~10 Hv higher than for pure aluminium 

after HPT processing and the hardness values are almost homogeneous across the disk 

diameters. By contrast, after 50 revolutions there is a further increase in hardness values in the 

edge regions such that the hardness values reach ~75 and ~100 Hv for nanocomposites 

containing 0.5 and 1wt% of CNTs, respectively.  

 

3.3 Thermal stability of Al-CNTs nanocomposites 

 

Fig. 8 shows the average hardness measured at the disk edges for the nanocomposites after 50 

HPT turns and subsequent annealing at temperatures ranging from 100oC to 400oC for 1 hour.  

These results are also complemented with the hardness values for the initial materials after 10 

Figure 8 The hardness of a) the Al99.99 and Al99.5 composites as a function of annealing temperature and b) hardness 
results for Al99.5 composites complemented with standard deviation bars. 
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HPT turns. The results show that UFG Al99.99 and UFG Al99.5 are thermally stable up to 

150oC and 200oC, respectively, and these results are in agreement with earlier reports [28,41]. 

As can be seen, the addition of CNTs contributes to increases in the hardness for both types of 

nanocomposites compared to the matrix as well as to their thermal stability.  

The results for the Al99.99 matrix nanocomposites indicate that the hardness remains stable 

until annealing at a temperature of 400oC where there is a small drop in the hardness values 

(Fig. 8a).  The thermal stability of the Al99.5 based nanocomposite is not as good as the Al99.99 

material.  Furthermore, the hardness changes more significantly and the drop strongly depends 

on the concentration of the CNTs. Thus, the average hardness of the Al99.5 composites is 

reduced after annealing at 250oC for 0.5 wt.% of CNTs by ~ 16% and for 1 wt.% of CNTs 

composite after annealing at 350oC by ~ 30%, respectively, and a further drop of hardness is 

observed with annealing temperature. Nevertheless, it is interesting to note the standard 

deviations of the values for these results which are marked in Fig. 8b since, although the results 

for the nanocomposites having 0.5% of CNTs seem to be stable up to 300°C, at the same time 

they show a very large standard deviation by up to 18 Hv.  

Such behaviour is explained by conducting microstructural observations. An SEM analyses of 

the Al99.99 matrix nanocomposites revealed their excellent thermal stability as illustrated in 

Fig. 9. Thus, the grain structure was stable up to a temperature of 400oC where only slight grain 

growth was observed in both nanocomposites by only 10 to 15% compared to the composites 

after HPT processing. The Al99.5 matrix nanocomposites maintained a homogeneous ultrafine-

grained structure with an average grain size comparable to the material before annealing up to 

temperatures of 350oC and 250oC for the nanocomposites containing 0.5% and 1% of CNTs, 

respectively (see Fig. 10 and 11). Above these temperatures, there was an onset in the formation 

of a heterogeneous structure in both nanocomposites such that single large recrystallized grains, 

up to tens to hundreds of µm in size, surrounded by nanosized regions were observed in these 
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structures. As the temperature increased, more regions of heterogeneous grain growth appeared 

in the microstructure. Moreover, it should be emphasized that in the sample containing 1% of 

CNTs heterogeneous grain growth was more intense than in the sample containing 0.5% of 

CNTs. After annealing at 400oC, most of microstructure consisted of fully recrystallized large 

grains but there remained some places with highly refined grains although their fraction was 

small. Fig. 12 shows an STEM image of such a heterostructure cut from the Al99.5 sample 

containing 0.5% of CNTs annealed at 350oC. In this image there are regions with large 

recrystallized grains coexisting with those having UFG dimensions. In addition, there are large 

agglomerates (marked with arrows) of CNTs and single tubes located at grain boundaries within 

the microstructure. At the same time it should be noted that these single CNTs are located 

mainly in areas with small grains. 

 

Figure 9 Representative microstructural images of Al 99,99 0,5% CNT composite after annealing at a) 250⁰C and b) 400⁰C; 
and Al 99,99 1% CNT composite after annealing at c) 250⁰C and d) 400⁰C. 
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Figure 10 Representative microstructural images of Al 99,5 0,5% CNT after annealing at: a) 250⁰C; b) 300⁰C; c) 350⁰C; 
 d) 400⁰C. 
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Figure 11 Representative microstructural images of Al 99,5 1% CNT composite after annealing at: a) 200⁰C; b) 250⁰C; 
 c) 300⁰C; d) 350⁰C. 

 

Figure 12 HAAADF image of Al99.5 with 0.5% of CNTs 
composite after HPT processing and annealing at 350⁰C 

showing the distribution of individual CNTs (black in HAADF 
contrast) and their agglomerates (marked with arrows). 
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4. Discussion 

4.1. Fabrication of Al-CNTs nanocomposites via direct HPT synthesis 

The results of this research demonstrate that Al-CNTs nanocomposites with fairly homogenous 

microstructures may be achieved by direct mixing in HPT processing. Comparing the 

microstructures of the processed nanocomposites with the matrix materials (Al99.99 and 

Al99.5) after HPT, it is shown that the addition of CNTs leads to a significantly smaller grain 

size in the HPT process. The effect of the addition of second phase particles on enhanced grain 

refinement in HPT processing was previously reported for other systems [6,30] but the present 

results are the first demonstration using a direct synthesis method. This phenomenon is 

explained by the pinning effect imposed by nanoparticles on lattice defects, such as dislocations 

and grain boundaries, which effectively reduce the ability of a material to exhibit recovery and 

recrystallization during processing [43–45]. 

In these nanocomposites, the purity of the matrix material (Al99.99 and Al99.5) had a 

noticeable effect on the distribution of CNT particles within the matrix. For the Al99.99 matrix, 

which is characterized by lower hardness and thus higher ductility than Al99.5, fewer CNTs 

agglomerates were observed and their sizes were smaller. Numerical and experimental studies 

indicate that the turbulent flow of the material during the HPT deformation plays a crucial role 

in the fragmentation of agglomerates and the distribution of individual reinforcing phases in the 

matrix [46,47]. Blocking of the shear deformation in the sample undergoing HPT leads to the 

mixing of the material and thus an improved distribution of reinforcement phases. It is probable 

that the higher ductility of the Al99.99 matrix was associated with easier and faster mixing of 

CNTs into the matrix during HPT processing which thereby led to their more uniform 
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distribution in the matrix. It should be noted that, besides breaking of the CNTs agglomerates 

during HPT processing, a fragmentation of individual CNTs also occurred. Despite this, many 

of them have retained their tubular structure, as shown in Fig. 5. 

It is worth noting that the improved distribution of CNTs in the Al99.99 matrix enhanced the 

process of grain refinement such that the grain size was ~830 nm and ~220 nm for the pure 

matrix and the nanocomposite, respectively, but smaller grain sizes of ~190 nm were achieved 

for the nanocomposites based on Al99.5 1%CNT. This relationship is also reflected in the 

hardness measurements as the nanocomposites based on Al99.5 exhibited higher values of 

hardness in the edge areas of disk samples. This is in agreement with earlier studies on the effect 

of the degree of purity of the aluminium alloy on the fragmentation of the structure during the 

HPT process [18,48]. It should be emphasised that the addition of CNTs benefits in increasing 

the hardness of the nanocomposite after HPT but only if a high degree of dispersion of the 

reinforcing particles is achieved within the matrix. For Al99.99 matrix nanocomposites where 

a good distribution of the CNTs was observed, the hardness values increase even after 10 

revolutions, whereas in the Al99.5 matrix nanocomposites a significant increase in hardness, 

associated with a better distribution of CNTs), was observed only at the disk sample edge area 

after 50 revolutions.  

4.2. Tailoring of the mechanical properties in Al-CNTs nanocomposites 

In general, the hardness of the fabricated nanocomposites depends on four factors: (1) the purity 

of the aluminium matrix [18], (2) the grain size as described by the Hall-Petch relationship [5], 

(3) density of dislocations and (4) the dispersion of CNTs. The Al99.99 matrix nanocomposites 

exhibit lower hardness when compared with the Al99.5 matrix nanocomposites mainly due to 

the higher purity and larger grain size of the matrix so that the better dispersion of CNTs is 

unable to compensate this loss. Nevertheless, the present results clearly indicate that this new 

approach for the production of nanocomposites using direct mixing by HPT is probably at least 
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competitive, if not superior, to the traditional methods consisting of several stages of milling 

and sintering followed by HPT.  

To place the results of this work in a broader perspective, Table 3 summarizes the mechanical 

properties of the fabricated Al-CNTs nanocomposites with various Al-C alloys produced by 

traditional methods [10,26,27,49]. A careful review of these data provides clear confirmation 

that the direct processing via HPT of Al-CNTs nanocomposites presented in this work produces 

a material with a comparable microstructure and mechanical properties to other nanocomposites 

[10,26,27,49].  
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Table 3 Grain size and mechanical properties of Al-C nanocomposites composites [10,26,27,48]. 

Sample Processing 
Grain size 

[nm] 
Hardness [Hv] 

 
Ref. 

Al 99.99 + 

0.5%CNTs 

and 1%CNTs 

• Direct mixing 50 turns 210 

230 

75 

75 

Present 

work 

Al 99.5 + 0.5%CNTs 

and 1%CNTs 

• Direct mixing 50 turns 235 

190 

95 

105 

Present 

work 

Al 99.99% powder 

+ 5wt.% CNTs 

• Plastic consolidation of 

powders 

• Followed by HPT at RT, 2.5 

GPa, 30 turns 

170 76 [26] 

Al 1050 powder + 

5wt.% CNTs 

modified with Cu 

• Plastic consolidation of 

powders 

• Followed by HPT at 473K, 

6.0 GPa, 10 turns 

100 150 [27] 

Al 1050 powder 

+1.5 and 2wt% 

CNTs 

• Consolidation of powders 

using HIP 

• Followed by HPT at RT, 5.0 

GPa, 5 turns 

150 100 [49] 

Al1050 powder + 

5wt.% GNPs 

• Compaction of powders 

• Followed by HPT at 298K, 

373K, and 473 K, 6.0GPa, 

1, 5, 10 and 20 turns 
 

160 110 [10] 

Al 99,99% + 

5mass% CNT 

• Al powder + CNT mixted 

in ethanol under 

ultrasonic condition 5 

min, then ethanol 

evaporated 

• Mixted powders 0,35g put 

into HPT anvil, HPT 

processed 2,5GPa 1rpm, 

30T 

100 76 [26] 

 

It was shown in many earlier studies that the microstructural fragmentation and increase in 

hardness during HPT processing for many materials occur up to a certain strain and thereafter 

a saturation effect occurs so that at higher strains there is no additional increase in hardness or 



22 
 

further grain size reduction [8,14,15]. The experimental points in Fig. 7 tend to be scattered but 

it was noted in a very early investigation of HPT that it should be possible to correlate these 

various points by plotting the data in the form of the values of Hv against the equivalent strain 

(Fig. 13) and this type of plot should also provide a direct measure of the saturation hardness 

[11,50]. It is apparent from Fig.13 that the saturation effect was strongly related to the type of 

matrix used to produce the nanocomposites. In the nanocomposites with the Al99.99 matrix in 

Fig. 13a, the increase in hardness is visible from the beginning of processing and the 

microhardness was not saturated until the equivalent strain exceeded ∼1000. This indicates that 

the Al99.99 nanocomposites possess a stronger strain hardening ability than pure metal during 

HPT processing [5]. For the Al99.5 nanocomposites, the hardening behaviour is different as 

shown in Fig. 13b since the microhardness values tend to saturate in the first stage but then, 

after exceeding an equivalent strain of ∼800, there is a strong increase in hardness which is 

probably associated with the dispersion of CNTs in the matrix. In materials with a good 

dispersion of CNTs, such as Al99.99, a significant grain refinement was observed even at 10 

revolutions as in Fig. 2 whereas in the Al99.5 nanocomposites, in which a small number of 

revolutions such as 10 and 20 turns failed to produce a good distribution of CNTs as in Fig. 2, 

the hardness values saturated at a level of ~55 Hv. Thereafter, a good distribution of CNTs was 

achieved after exceeding a certain critical level of equivalent strain and this led to a reduction 

in grain size and a further increase in the microhardness values. 
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Figure 13 Vickers microhardness plotted against equivalent strain for produced composites and reference literature data for 
Al 99.99 and Al 99.5 alloys 

The present results in Fig. 3 and Table 1 show that the use of HPT processing to fabricate Al-

CNTs nanocomposites leads to a pronounced microstructural refinement and an enhancement 

in the mechanical properties. However, such a significant increase in hardness of the 

nanocomposites cannot be explained only by Hall-Petch strengthening [51,52] as given by the 

following relationship which is reformulated in terms of hardness to give 

𝐻 =  𝐻𝑜 + 𝑘𝐻𝑑−1/2            (1) 

where H is the hardness, Ho and kH are material constants and d is the average grain size.  
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Figure 14 Hall–Petch relationship for initial alloys in coarse-grained state and after processing through 10 HPT turns 
together with the data for Al-CNT composites fabricated in this work. 

To further check on the applicability of the Hall-Petch relationship for the aluminium 

nanocomposites fabricated by HPT processing, the microhardness values obtained at the edges 

of the disks were plotted in Fig. 14 as a function of d−1/2 together with datum points obtained 

from the initial coarser-grained alloys and the initial alloys after 10 HPT revolutions. In 

addition, trend lines for the Hall-Petch relationship for pure materials are also included. It is 

apparent that there is a clear difference in the distributions of the experimental points between 

the Al99.99 and Al99.5 nanocomposites and the trend lines for pure metals. For Al99.99 

nanocomposites, the results are significantly shifted, even after 10 revolutions, from the linear 

relationship and this shift is the greater the higher the numbers of HPT revolutions. The 

hardness results for the samples after 20 and 50 revolutions are close to the trend line obtained 
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for pure Al99.5. In addition, for Al99.5 matrix nanocomposites the results for 10 and 20 

revolutions are close to the linear relationship for the pure alloy and there is a shift from the 

linear relationship only in the sample after 50 revolutions. It is important to note also that the 

data in Fig. 14 do not display the abrupt changes in slope that have been reported for several 

materials including Al alloys processed by HPT [53].  

It is evident from these results that the key factor determining the strength of these 

nanocomposites is the good dispersion of nanofillers within the matrix. In the Al99.99 matrix 

nanocomposites, where the CNTs were uniformly distributed in the matrix even after only 10 

turns, the mechanical properties were influenced not only by the increased grain refinement 

level according to the Hall-Petch relationship [51,52] but also by the individual CNTs which 

made a large contribution to the final strength of the nanocomposites. By contrast, the structure 

of the Al99.5 nanocomposites was determined primarily by the large CNTs agglomerates which 

favoured the fragmentation of the structure but contributed little to the overall strength. As a 

result, the linear trend was maintained for the samples after 10 and 20 revolutions and it was 

only after 50 rotations that there was a clear shift from linearity due to the improved distribution 

of CNTs in the matrix. 

 

4.3. Thermal stability 

The uniform distribution of CNTs in the aluminium matrix had a major impact not only on the 

grain refinement and mechanical properties of these nanocomposites but also on their thermal 

stability. In practice, the Al99.99 matrix nanocomposites had smaller CNT agglomerates than 

the Al99.5 matrix. Thus, Table 2 shows the proportion of visible agglomerates in the sample 

surfaces and for the Al99.99 matrix nanocomposites these values are significantly smaller 

(1.2% and 1.8% for 0.5% and 1% CNTs) than for the Al99.5 matrix nanocomposites (3.4% and 

4.5% for 0.5% and 1% CNTs). The larger size of the visible agglomerates, for the same amount 
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of added nanotubes, is associated with the poorer distribution of nanotubes in the metal matrix, 

where this had a significant effect on the role of these particles in blocking the movement of 

dislocations and grain boundaries. Fine particles located at grain boundaries may apply a 

pinning pressure thereby impeding the mobility of grain boundaries and blocking grain growth 

in addition to the overall effect of these CNTs, where this is described as the Zener pinning 

effect [54]. At the same time, the presence of large CNT agglomerates in the Al99.5 matrix 

samples leaves some areas without any particles to impede grain growth so that, as a result, 

some grains are blocked from growing whereas others are not blocked. This contributes to the 

abnormal growth of grains not blocked by CNTs, as described by the theory of abnormal grain 

growth due to the contribution from second phase particles [55], and this leads to heterogeneous 

microstructures in the Al99.5 matrix nanocomposites after annealing at 300⁰C and 250⁰C for 

0,5% and 1% CNT additions.  

In conclusion, the addition of CNTs has a positive effect on limiting the growth of aluminium 

grains during annealing but only when the CNT particles do not form large and numerous 

agglomerates but are instead sufficiently well distributed within the aluminium matrix. In the 

present direct synthesis procedure, the distribution of these CNTs is related both to the ductility 

of the matrix material and to the extent of the applied deformation. 

 

5. Summary and conclusions 

• Al-CNTs nanocomposites were successfully produced by a direct synthesis procedure 

using HPT processing.  

• A relatively good dispersion of CNTs was obtained within  the Al matrix, especially for 

Al99.99.   



27 
 

• The addition of CNTs contributed to an increased grain size refinement by comparison 

with the matrix and this, together with the reinforcing effect of the CNTs, gave a 

significantly higher hardness of the nanocomposites compared to the matrix materials.  

• For Al99.99 matrix nanocomposites, the hardness and microstructure remained stable 

even after annealing for 1 h at 400oC. By contrast, the HPT-processed Al99.5 lost its 

UFG structure and enhanced mechanical properties after annealing at 150oC. These 

results were associated with the good dispersion of CNTs in the Al99.99 matrix. 

• For the Al99.5 matrix nanocomposites, the hardness was higher than for the pure metal 

for the total range of annealing temperatures. Nevertheless, there was noticeable grain 

growth accompanied by a decrease in hardness after annealing at 250oC for the 

nanocomposite with 1% CNTs and at 300oC for the nanocomposite with 0.5% CNTs 

and this was due to the poorer dispersion of CNTs and the increased number of large 

agglomerates. 
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