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Abstract In this work, carbon nanotube (CNT) and alu-

mina (Al2O3) nanoparticles have been incorporated into the

pure aluminum (Al) matrix using ball milling as a part of

powder metallurgy route. The benefits and limitations of

addition of different amounts of CNT and Al2O3

nanoparticles into pure aluminum matrix have been

investigated. Different amounts of CNT and Al2O3

nanoparticles were dispersed into pure Al matrix using ball

milling at different times from 0.5 h up to 12 h. Composite

powders were consolidated by uniaxial cold pressing at a

pressure of 150 MPa followed by sintering at 530 �C under

argon atmosphere. From microstructural point of view, ball

milling was found to be an effective method for dispersion

of CNT and Al2O3 nanoparticles within pure aluminum

matrix. It should be noted that there is limitation when a

large weigh fraction of CNTs is used. It was found that the

threshold of CNTs is 2 wt.%; however, up to 10 wt.% of

Al2O3 nanoparticles can be used. Most of Al-CNT and Al-

Al2O3 nanocomposites were found to reach steady state

after 8 of milling except Al-5CNT and Al-10CNTs which

never reached steady state due to the formation of big

agglomerates resulting in non-homogenous nanocomposite

powders. Young’s modulus and hardness of Al-CNT

nanocomposites were found to be higher than Al-Al2O3

nanocomposites, while a homogenous dispersion of rein-

forcements within matrix was observed.

Keywords Aluminum matrix nanocomposites � Ball
milling � Powder metallurgy � Microstructure � Mechanical

properties

Introduction

Aluminum matrix composites (AMCs) have attracted more

attention in aerospace, automotive, and military industries

due to their outstanding mechanical properties including

high strength-to-weight ratio, good wear resistance, good

environmental resistance as well as lower costs of pro-

duction [1–4].

Owing to the unique properties of Al2O3 and CNT

nanoparticles, they have incorporated into aluminum

matrix as a reinforcement to fabricate Al-Al2O3 [5–8] and

Al-CNT [9–13] nanocomposites. Addition of even small

amount of these nanoparticle reinforcements provides

effective improvement of the physical and mechanical

behavior of those nanocomposites. Incorporating of CNT

and Al2O3 nanoparticles into aluminum matrix is difficult

task particularly when a larger content of these nanoparti-

cles is used. As a matter of fact, dispersion technique of

CNTs and Al2O3 into aluminum matrix affects their dis-

persion, morphological and microstructural features of

constituents and consequently physical and mechanical

behavior of these nanocomposites. It might even negatively

influence the mechanical behavior and reduces the

mechanical properties of these nanocomposites [14, 15].

Obtaining a homogenous dispersion of CNT and Al2O3

nanoparticles within the Al matrix powder, avoiding clus-

tering and agglomeration of the powder mixture, good
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interfacial bonding between Al and CNTs and Al2O3 and

retention of CNTs structure after the consolidation process

could be considered as challenges one may face during the

production of these nanocomposites [10, 16–18]. There-

fore, a powder processing technique to overcome these

challenges which mainly dominant within powder pro-

cessing is required. As a well-known powder processing

technique, mechanical alloying through ball milling as a

part of powder metallurgy route is proposed to be an

effective dealing with these challenges particularly dis-

persion of CNT and Al2O3 nanoparticles [14, 19].

Previously published work in the literature has shown

that Al-CNT and Al-Al2O3 nanocomposites have been

successfully fabricated using a combination of ball milling

and power metallurgical consolidation [5, 16, 20, 21].

Different amounts of CNT and Al2O3 nanoparticles are

incorporated into pure Al matrix, and enhancement of

mechanical behavior of those nanocomposites has been

reported. Therefore, in the current work, the effect of

addition of CNT and Al2O3 nanoparticles into pure matrix

alloys is investigated and compared. The emphasis is on

the morphological and microstructural features of Al-CNTs

and Al-Al2O3 nanocomposite powders during ball milling

as a part of powder metallurgy route and its consequent

effect on the mechanical behavior of nanocomposites.

Materials and Methods

Flake-shaped pure aluminum powder (99% purity and *
200 lm), spherical shape Al2O3 nanoparticles (*
200 nm), and multi-walled CNT powders (* 20–30 nm of

outer diameter and 10–30 mm in length) were used as a

raw material to produce Al-CNT and Al-Al2O3 nanocom-

posites. Figure 1 shows the morphology of as-received

pure Al, Al2O3 nanoparticles, and NTs.

Different amounts of CNT and Al2O3 nanoparticles

from 1 to 10 wt.% were incorporated into pure Al using a

planetary ball milling machine (PM100). Nanocomposite

powder mixtures were ball-milled for different times up to

12 h. The ball-to-powder weight ratio (BPR) was 10:1,

while the rotational speed of machine was maintained

constant at 300 revolutions per minute (rpm). Nanocom-

posite powders were then consolidated by uniaxial cold

pressing at a pressure of 150 MPa followed by sintering at

530 �C for 45 min under argon atmosphere to obtain sound

bulk nanocomposite specimens.

Morphology and dispersion uniformity of CNT and

Al2O3 nanoparticles within pure Al matrix were observed

using scanning electron microscopy (SEM), field emission

scanning electron microscopy (FESEM), and transmission

electron microscopy (TEM). Phase analysis of nanocom-

posite powders within milling process was performed by

x-ray diffractometers (XRD-6000) using 0.1542 nm CuKa

181 radiation at 4.8 kW with the voltage of 40 kV and a

current of 120 mA. Present peaks in the XRD patterns of

nanocomposite powders were indexed using Xpert High-

score plus software. A Raman spectrometer with an exci-

tation wavelength of 532.200 nm was used to characterize

variation of CNTs structure during milling.

Nanoindentation was conducted on the polished cross

section of specimens using an indenter equipped with a

standard Berkovich geometry tip indenter in order to deduce

the nanohardness (HN) and Young’s modulus (E) of

nanocomposites. A constant loading rate of 0.5 lN/s was

applied to the polished surface of specimens until reaching

themaximum load of 50 lN.Maximum loadwas hold for 5 s

and then unloaded gradually to zero. Total 20 indents were

made at different locations of specimens for each value of the

peak load. The average values of HN and E were calculated

and reported. The values of HN and E of nanocomposite

specimens can be derived according to Oliver–Pharr method

according to the following equations [22].

HN ¼ Pmax

A
ð1Þ

Pmax is the peak indentation load and A is the projected

contact area under the peak indentation load of the load–

displacement curve. The elastic modulus of the nanocom-

posite specimens can be inferred as:

1

Er

¼ 1� v2s
Es

þ 1� v2i
Ei

ð2Þ

Es and vs are the elastic modulus and Poisson’s ratio of the

specimen, respectively. Es and vi are the corresponding

elastic modulus and Poison’s ratio of the Berkovich

indenter (Ei = 1040 GPa and vi = 0.07).

Results and Discussion

It is well-known fact that each reinforcement provides

different characteristic profiles, while the same composi-

tion and amounts of the reinforcement are being used [15].

In this work, Al2O3 nanoparticles and CNTs used are dif-

ferent in shape and intrinsic properties so that the milling

process, morphological and microstructural features of

powders during and after milling process as well as the

mechanical behavior of Al-CNT and Al-Al2O3 nanocom-

posites differ from each other.

Morphology Evolution of Ball-Milled Al-Al2O3

and Al-CNT Nanocomposites

Figures 2, 3, 4, and 5 illustrate the morphology of Al-

Al2O3 and Al-CNTs nanocomposite powders. Different
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stages of milling can be observed during milling of both

Al-Al2O3 and Al-CNT nanocomposites. These stages may

include cold welding, fracturing of nanocomposite pow-

ders, and steady state [18].

Figure 2 shows the morphology of Al-1 wt.% Al2O3

(Al-1Al2O3) milled for different milling times up to 12 h.

Al-1Al2O3 nanocomposite powders milled for short time of

0.5 h are not significantly influenced by milling process.

Nanocomposite particles have preserved their initial

shapes; however, the ductile Al particles gone under flat-

tening process in some areas. As milling time increases up

to 2 h, cold welding mechanism is activated leading to

flattening of soft Al particles as a result of a high impact

collision of the balls. Lamination of particles is dominant

in early stage of milling. Therefore, large flake-shaped

particles with large particle size are formed due to the cold

welding of particles at early stages of milling up to 2 h. As

the milling time proceeds, particles are welded and frac-

tured until reaching a steady state. The presence of rein-

forcement particles accelerates the milling process by

increasing local deformation in the vicinity of the Al par-

ticles. Therefore, a considerable change in the morphology

of the powders can be observed after 2 h of milling until

reaching to a steady state after 8 h of milling (Fig. 2c).

After 8 h of milling, the powder particles morphology

stabilizes and particles are in an almost equiaxed shape and

certain size which randomly oriented which is a charac-

teristic of steady state (Fig. 4d). At prolonged milling time

of 12 h, the steady state still predominates and milling has

no considerable effect on morphology of the powders;

however, grain refinement is expected (Fig. 4e). There is

also a similar trend in the variation in morphology of dif-

ferent Al-Al2O3 nanocomposites containing different

Al2O3 contents. In all Al-Al2O3 systems, the cold welding

and fracture of powder particles are still predominant

mechanisms during milling process of powders; however,

the plastic deformation is more pronounced. The steady

state was found to be appeared at 8 h when large content of

Al2O3 used (Fig. 3a). However, the efficiency of milling

process decreases in Al-10Al2O3 nanocomposites where

Fig. 1 Morphology of as-received powders (a) Pure Al, (b) Al2O3, and (c) CNTs
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some agglomerates were observed in the microstructure

(Fig. 3b).

Morphology variation of Al-2 wt.% CNT nanocompos-

ites (Al-2CNTs) milled for various times is shown in

Fig. 4. As it is expected, milling time of 0.5 h is quiet short

to have significant effect on the morphology of the Al-

2CNTs nanocomposite powders. However, partial

deformation of nanocomposite particles could be observed,

but nanocomposite particles have almost preserved their

initial shapes (Fig. 4a). By increasing milling time up to

2 h, more flattening of Al particles is observed due to

activation of cold welding mechanism. Flattened particles

are welded one over the other one, building a large quasi-

laminar morphology. As milling time proceeds up to 8 h,

Fig. 2 Morphology of milled Al-1Al2O3 nanocomposites for (a) 0.5 h, (b) 2 h, (c) 5 h, (d) 8 h, and (e) 12 h [5]
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excessive work hardening and increment of brittleness of

soft Al powders activate the fracture mechanism. At this

stage, brittle and work-hardened Al particles are signifi-

cantly fractured until reach to a steady state after 8 h of

milling where equilibrium between the fracture and cold

welding of Al particles is obtained. Fracturing of work-

hardened and brittle aluminum powders results in the for-

mation of irregular shape of powders particles with smaller

particle size. After 8 h of milling, the powder particles

morphology stabilizes and particles are more or less

equiaxial with certain size (Fig. 4d). According to Fogag-

nolo et al. [18], stabilizing the morphology is a character-

istic of steady state. Further milling of Al-2CNTs

nanocomposite powders up to 12 h results in no consid-

erable change in the morphology of nanocomposite powder

particles (Fig. 4e).

Dissimilar to Al-Al2O3 nanocomposites, there is differ-

ent trend in the variation of morphology of Al-CNT pow-

ders in the presence of various contents of CNTs. In All Al-

CNT systems, the cold welding and fracture of powder

particles and steady state are still predominant mechanisms

during milling process. However, Al-5CNT and Al-10CNT

nanocomposites never reached to steady state since some

agglomerates of particles were found in Al-5CNT and Al-

10CNT nanocomposite microstructures even at long time

of 12 h (Fig. 5). The remaining big agglomerates result in

non-homogenous nanocomposite powder microstructure. It

seems that Al-5CNT and Al-10CNT need longer time of

milling to reach steady state.

Dispersion Uniformity of CNT and Al2O3

Nanoparticles within Pure Al Matrix

In order to fully benefit from the gain in mechanical

properties in Al-10Al2O3 and Al-CNTs, a uniform disper-

sion of CNTs and Al2O3 nanoparticles within pure Al is

needed. However, dispersion of CNT and Al2O3 nanopar-

ticles within pure Al matrix is a difficult task due to their

smaller size than the matrix and their high specific surface

area which favor the interaction between nanoparticles.

According to Xiong et al. [23], agglomeration and clus-

tering are critical issues associated with nanoscale rein-

forcements due to the difference in size, physical and

chemical properties with respect to the matrix powder.

The dispersion uniformity of Al2O3 nanoparticles within

the pure Al matrix of Al-2Al2O3 and Al-10Al2O3

nanocomposites milled for different times is shown in

Fig. 6. Generally, as ball milling time increases, the dis-

persion of Al2O3 nanoparticles within the aluminum matrix

increases until a well-homogenous dispersion obtains at the

steady state after 8 h of milling.

Short milling time of 0.5 h is found to be a simple

mixing stage with no considerable effect on the dispersion

of Al2O3 nanoparticles within the Al matrix. It can be seen

that most of Al2O3 nanoparticles have mostly been

remained clustered on the surfaces of Al particles, while a

plenty of surface area of the Al particles is uncovered

(Fig. 6a). Dispersion of Al2O3 nanoparticles increases with

increasing the milling time to 8 h where homogenous

dispersion of Al2O3 nanoparticles is obtained (Fig. 6b).

Al2O3 nanoparticles are spread on the surface of the Al

particles. It also seems that 8 h of milling is long enough to

disperse Al2O3 nanoparticles within Al matrix even at

larger Al2O3 contents. Figure 6c shows the homogenous

dispersion of 10 wt.% of Al2O3 nanoparticles within Al

matrix after 8 h of milling. Milling times longer than 8 h

result in no noticeable change in the homogeneous dis-

persion of Al2O3 nanoparticles at steady state.

The dispersion of CNTs within Al matrix was found to

be more difficult than Al2O3 nanoparticles particularly

when a larger content of CNTs is used. Dispersion uni-

formity of CNTs in Al-2CNTs and Al-5CNTs nanocom-

posite powders at different milling times is shown in

Fig. 7.

Fig. 3 Morphology of (a) Al-5Al2O3 and (b) Al-10Al2O3 nanocom-

posite powders milled for 8 h

Metallogr. Microstruct. Anal. (2017) 6:541–552 545

123



At an early stage of milling up to 2 h, most of the CNTs

have preserved their initial shapes and remained clustered.

Figure 7a shows the entangled CNT clusters which are

located in the grain boundaries. The adhesion of CNTs on

the surface of Al particles is not achieved either. By further

increasing the milling time, independent clusters of CNTs

are effectively broken up and CNTs start to disperse with

better homogeneity throughout Al matrix. Due to plastic

deformation of particles during milling process, CNTs are

also shortened and changed from entangled clusters to open

entangled CNTs. CNTs are gradually dispersed within

aluminum powder as milling time increases. After 8 h of

milling, CNTs are almost dispersed uniformly where Al

particles are surrounded by the CNTs, indicating the

Fig. 4 Morphology of Al-2CNT nanocomposites milled for (a) 0.5 h, (b) 2 h, (c) 5 h, (d) 8 h, and (e) 12 h
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efficiency of milling time on the dispersion of CNTs. It can

be seen that 2 wt.% CNTs are homogenously dispersed

after 8 h of milling in steady state (Fig. 7b). The well

dispersion of CNTs can be found in Al-1CNTs after 8 h of

milling [5]. Interestingly, increasing CNTs content from 2

to 5 and 10 wt.% in the constant milling time of 8 h shows

different results. Figure 7c shows that, however, CNTs are

shortened, but there are scattered clusters on the surface of

aluminum even at long milling time of 8 h. Some scattered

clusters of CNTs can be seen on the surface of Al particles

in Al-10CNTs even after 8 h of milling as highlighted by

circle in Fig. 7c. This demonstrates that 8 h of milling is

not long enough to disperse 10 wt.% of CNTs within Al

matrix.

Structural Analysis of Ball-Milled Al-Al2O3 and Al-

CNT Nanocomposites

Ball milling of Al-CNT nanocomposites was found to

damage CNTs structure, especially at longer milling times

and in the presence of larger CNT contents. The damaged

structure of CNTs was revealed according to the Raman

spectra of the initial CNT and ball-milled Al-CNT

nanocomposites (not shown here). In Al-10CNT

nanocomposites, the IG/ID ratio progressively decreases

from 0.86 at 0.46 by increasing the milling time from 0.5 h

to 12 h which implies the damaged CNTs structure during

ball milling. The damage of CNTs structure in Al-2CNTs is

also previously reported [20]. Each Raman spectra consist

of two distinct peaks, which represent a G band due to

vibrational modes and a D band arising from disorder-in-

duced modes [20]. The ratio of the intensities of the G and

D bands (IG/ID) provides an estimation of defect density in

the graphitic structures [24]. Therefore, the quantities of

defects increase in the CNTs structure particularly at longer

milling times.

The damaged CNTs structure results in the formation of

unwanted brittle Al4C3 phase during subsequent sintering

process which has deleterious effect on ductility of Al-

CNT nanocomposites [11, 16, 20, 25]. Ball-milled Al-CNT

powders are unstable in terms of energy, and sintering

process makes them more reactive. However, Al-CNT

powders milled for shorter milling times of 0.5 and 2 h

seem not to be so unstable at least in terms of activation

energy. The x-ray diffraction patterns of Al-2CNT

nanocomposites milled for different times confirm the

formation of Al4C3 phase (Fig. 8). The formation of Al4C3

is also reported in authors’ previous study [16].

As the CNT contents increase up to 5 wt.%, the for-

mation of Al4C3 phase is accelerated so that Al4C3 phase is

formed at shorter milling times. Figure 9 shows that Al4C3

phase is formed after 8 h of milling. By increasing milling

time and CNT contents, more damages are induced to

CNTs structure. In fact, formation of Al4C3 phase facili-

tates by the crystallographic defects and possible CNTs

amorphization during sintering process. Therefore,

extending the time of milling could adversely affect the

mechanical properties of final nanocomposites due to

damaged CNTs structure and presence of impurities, such

as Al2O3 oxides and Al4C3 in the microstructure. However,

formation of carbide may increase the bonding between

CNTs and Al, thereby improving mechanical strength, but

it decreases the ductility of the composite [24, 26].

The formation of Al4C3 phase is originated in CNT

itself. During milling process, the stability of CNTs is

reduced due to the damage of their structure. Therefore,

amorphization of CNTs and formation of some supersatu-

rated solid solution of carbon is expected [16]. It should

also be noted that the absence of Al4C3 peaks in some

patterns does not rule out that Al4C3 phase is not formed in

those nanocomposites. The absence of Al4C3 peaks is

probably due to the size, structure, and the amount of

Al4C3 phase which might be out of detector resolution

range. As the reinforcement is being refined during milling,

Fig. 5 Morphology of (a) Al-5CNTs and (b) Al-10CNTs nanocom-

posite powders milled for 8 h
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the detection limit of XRD significantly increases so that

one cannot decide firmly about the formation of carbides

[27]. Figure 10 reveals the presence of Al4C3 phase under

TEM observation of Al-10CNTs nanocomposite powders

milled for 8 h. Needle-shaped Al4C3 phase is highlighted

in Al-10CNTs microstructure as observed in Al-5CNTs

[16]. The formation of needle-shaped Al4C3 phase is also

reported by Esawi et al. [11] and Kwon et al. [28]. Some

CNTs were also found close to the Al4C3 phase suggesting

that not all of CNTs have reacted with aluminum.

The x-ray diffraction patterns of Al-10Al2O3

nanocomposite powders ball-milled for various times are

presented in Fig. 11. Neither the presence of unwanted

phases nor impurity phases such as Al4C3 was revealed

from the diffraction pattern even in the presence of large

Al2O3 nanoparticle contents. The results are in good

agreement with previous findings by Zebarjad et al. [29]

and Prabhu et al. [30]. The absence of impurity or

unwanted phases results in a clean interface between par-

ticle and matrix. According to the literature, the Al2O3

phase is such stable that no unwanted solid-state reaction

occurs during the milling of Al-Al2O3 nanocomposite

powders [27, 29, 30]. It can be inferred that mechanical

milling is appropriate method to disperse hard, small, and

equiaxed reinforcements. The less number of Al2O3 peaks

and low intensity in the diffraction pattern compared to the

diffraction peaks from aluminum might be due to low

weight fraction of the Al2O3 phase and/or the fine size of

the powder in the Al-Al2O3 powder mixture [30].

Mechanical Properties of Al-Al2O3 and Al-CNT

Nanocomposites

It is well known that each reinforcement provides various

characteristic profiles, while the same composition and

amounts of the reinforcements are involved [15]. CNT and

Fig. 6 Dispersion uniformity of Al2O3 nanoparticles within pure Al matrix in Al-2Al2O3 nanocomposites milled for (a) 0.5 h and (b) 8 h and

(c) Al-10Al2O3 nanocomposite milled for 8 h
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Al2O3 nanoparticles are different in the shape and prop-

erties. For example, Young’s modulus of CNT is

around * 1 TPa, while it is * 353 MPa for Al2O3.

Therefore, different mechanical behaviors of Al-Al2O3 and

Al-CNT nanocomposites are expected.

Nanohardness (HN) and Young’s modulus (E) of Al-

CNT and Al-Al2O3 nanocomposites with different Al2O3

Fig. 7 Dispersion uniformity of CNTs within Al matrix in Al-2CNT nanocomposites milled for (a) 0.5 h and (b) 8 h and (c) Al-5CNTs

composite milled for 8 h
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and CNT contents milled in the steady state are compared

in Figs. 12 and 13. It can be observed that when smaller

content of Al2O3 and CNT reinforcements is used (up to 5

wt.%), HN and E values of Al-CNT nanocomposites are

higher than the that of Al-Al2O3 nanocomposites. In con-

trast, HN and E values of Al-10Al2O3 nanocomposites are

found to be higher than that of Al-10CNT nanocomposites.

Large amount of CNTs (10 wt.%) results in a significant

drop in the HN and E values of Al-CNT nanocomposites

even to a lower values than Al-1CNTs. The drop in

mechanical behavior of Al-10CNT nanocomposites can be

attributed to poor consolidation which occurs in the pres-

ence of CNT clustered areas. Agglomeration of

nanocomposite particles and clustering of CNTs in Al-

10CNT nanocomposites may interrupt diffusion bonding

during sintering processes resulting in the weak bonding of

particles and formation of large amount of porosity and

cracks in the final nanocomposite [20, 28]. It has been

reported that porosity and cracks significantly reduce the

measured Young’s modulus of metals [31, 32].

In the case of Al-10Al2O3 nanocomposites, some

agglomerations of particles were formed at longer milling

times; however, homogenous dispersion of Al2O3 was

observed. It seems that the effect of dispersion homo-

geneity of reinforcements is dominant over their intrinsic

properties of Al2O3 nanoparticles. The presence of large

contents of Al2O3 nanoparticles modifies the milling pro-

cess by accelerating the deformation of particles. However,

the interfacial bonding between Al and Al2O3 is of con-

cern. There is no interaction between aluminum and Al2O3

nanoparticles, and the relatively low wettability of the Al-

Al2O3 system does not provide strong bonds between

particles [33]. On the other hand, Al2O3 nanoparticles are

more brittle than CNTs and they often display cracks and

Fig. 10 TEM micrograph of Al-10CNTs nanocomposite powders

milled for 8 h showing the formation of Al4C3 phase

Fig. 11 XRD patterns of Al-10Al2O3 nanocomposite powders milled

for different times
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porosity around themselves resulting in the weakening of

the Al-10Al2O3 nanocomposite [34].

The variations of increment of HV and E values of

milled Al-CNT and Al-Al2O3 nanocomposites are related

to the presence of CNT and Al2O3 nanoparticles and

deformed structure resulting from milling process

[11, 16, 20, 21, 35]. The main contribution to improved

mechanical behavior of Al-CNT and Al-Al2O3 nanocom-

posites is the homogenous dispersion of CNT and Al2O3

nanoparticles along with grain refining within milling, less

interparticle spacing, good and tight interfacial bonding

between nanoparticles and matrix and less amount of

porosities [16, 20, 21]. The enhancement in mechanical

behavior of Al-CNT and Al-Al2O3 nanocomposites are

empowered by in formation of high dislocation density.

The interaction of CNT and Al2O3 nanoparticles with Al

particles results in formation of high dislocation density

which leads further grain refining [35].

Conclusions

In this study, morphological, microstructural features and

mechanical behavior of Al-Al2O3 and Al-CNT nanocom-

posites powders were compared. The outcomes of this

study are as follow:

1. Most of Al-CNT and Al-Al2O3 nanocomposites were

found to reach steady state after 8 of milling except Al-

5CNT and Al-10CNTs which never reached steady

state due to the formation of big agglomerates resulting

in non-homogenous nanocomposite powders.

2. Ball milling was found to be an effective technique to

disperse CNT (at lower amounts) and Al2O3 nanopar-

ticles (even at high amount) homogenously within Al

matrix. It was also found that ball milling even at

longer milling times up to 12 h is not sufficient to

disperse CNT contents larger than 2 wt.%.

3. Formation of carbide phase (Al4C3) was observed for

Al-CNT nanocomposites containing CNT contents

larger than 5 wt.% CNTs and longer milling times as

a result of reaction of carbon with aluminum matrix.

However, no chemical reaction between Al matrix and

Al2O3 nanoparticles was observed.

4. It was found that mechanical behavior of Al-CNT and

Al-Al2O3 nanocomposites improves significantly with

the addition of CNT and Al2O3 nanoparticles. Gener-

ally, hardness and Young’s modulus of Al-CNT

nanocomposites were higher than Al-Al2O3 nanocom-

posites. An exception was observed in the comparison

of Al-10CNT with Al-10Al2O3 nanocomposites.
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