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Abstract: Al−2CNTs−xAl2O3 nanocomposites were manufactured by a hybrid powder metallurgy and microwave 
sintering process. The correlation between process-induced microstructural features and the material properties 
including physical and mechanical properties as well as ultrasonic parameters was measured. It was found that physical 
properties including densification and physical dimensional changes were closely associated with the morphology and 
particle size of nanocomposite powders. The maximum density was obtained by extensive particle refinement at milling 
time longer than 8 h and Al2O3 content of 10 wt.%. Mechanical properties were controlled by Al2O3 content, dispersion 
of nano reinforcements and grain size. The optimum hardness and strength properties were achieved through 
incorporation of 10 wt.% Al2O3 and homogenous dispersion of CNTs and Al2O3 nanoparticles (NPs) at 12 h of milling 
which resulted in the formation of high density of dislocations and extensive grain size refinement. Also both 
longitudinal and shear velocities and attenuation increase linearly by increasing Al2O3 content and milling time. The 
variation of ultrasonic velocity and attenuation was attributed to the degree of dispersion of CNTs and Al2O3 and also 
less inter-particle spacing in the matrix. The larger Al2O3 content and more homogenous dispersion of CNTs and Al2O3 
NPs at longer milling time exerted higher velocity and attenuation of ultrasonic wave. 
Key words: hybrid composite; aluminum composites; powder metallurgy; microwave sintering; microstructure; 
mechanical properties; ultrasonic velocity; ultrasonic attenuation 
                                                                                                             
 
 
1 Introduction 
 

Aluminium matrix composites (AMCs) have 
been developed by the incorporation of various 
reinforcements into aluminium (Al) matrix and 
extensively investigated [1−4]. Hybrid AMCs are 
the latest generation of AMCs which provide the 
higher level of mechanical properties and excellent 
performances since they combine the individual 
properties of each constituent [5]. Hybrid AMCs 

exhibit excellent tensile and compression strength, 
elastic modulus, fatigue strength and wear and 
creep resistance as compared to single-reinforced 
composites [4−8]. In a very recent study, CHEN et 
al [8] have reported extraordinary reinforcing effect 
of Al/CNTs composites in the presence of in-situ 
Al2O3 nanoparticles (NPs). Interestingly, they 
reported the enhancement of ductility comparable to 
the high-strength AA7075-T6 alloy knowing that 
Al/CNTs have a low ductility (≤5%). 

The properties of hybrid AMCs can be tailored 
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by varying the type, size and amount of 
reinforcements. Most particle reinforcement 
materials used in AMCs are ceramics such as 
oxides, carbides, and nitrides which have been used 
in different types, shapes, and sizes. They are 
characterized by their high strength and stiffness 
both at ambient and elevated temperatures [3]. 
Among ceramic reinforcements, alumina (Al2O3) is 
one of the most widely used ones due to high 
availability, low cost and overall good properties [3]. 
Regarding fibrous materials, carbon nanotubes 
(CNTs) have been recently used in a wide variety of 
industries to produce novel AMCs owing a high 
strength and elasticity modulus [8−11]. However, in 
order to get the benefits of these small and high 
strength reinforcement phases, a uniform dispersion 
of those reinforcements throughout Al matrix is 
required. To reach this goal, depending on the type 
of reinforcement, different processing techniques 
including liquid state and solid-state manufacturing 
can be used. Different processing and finishing 
techniques and their corresponding parameters also 
provide various characteristic profiles while the 
similar chemical compositions are used. In the 
interest of authors, ball milling combined with 
powder metallurgy is an effective method for 
homogeneous dispersion of a wide variety of 
nanoparticles [12−15]. 

In earlier researches, single-reinforced pure 
Al-CNTs and Al−Al2O3 nanocomposites have been 
successfully synthesized using ball milling and 
powder metallurgy route technique [12,15−18].   
The synthesized single-reinforced Al-CNTs and 
Al−Al2O3 nanocomposites showed enhanced 
microhardness, compression strength, and elastic 
modulus as compared to pure Al owing to dispersed 
individual CNTs and Al2O3 NPs. However, 
enhancing the mechanical properties was found to 
be more profound in the presence of CNTs except 
for mass fraction more than 2 wt.%. This was due to 
the fact that the mechanical properties of Al−CNTs 
and Al−Al2O3 are decided by the microstructure of 
the material mainly dispersion uniformity of CNTs 
and Al2O3 NPs. In this work, 2 wt.% CNTs were 
added to Al matrix along with Al2O3 NPs as a 
mixing agent in order to develop hybrid 
Al−CNTs−Al2O3 nanocomposites. Al−CNTs−Al2O3 
nanocomposite powders were processed using a 
ball milling technique and consolidated in a 
microwave sintering assisted powder metallurgy 

route. Finally, a comprehensive morphological, 
microstructural and mechanical as well as 
non-destructive characterization was performed to 
reveal the process−microstructure−properties 
relationship in hybrid Al−CNTs−Al2O3 
nanocomposites. 
 
2 Experimental 
 

Al powder (Merck KGaA), α-Al2O3 (Sigma 
Aldrich) and CNTs (Cheap Tubes) powders were 
used as raw materials. The characteristics of the 
powder materials used in this study are presented in 
Table 1. 

 
Table 1 Characteristics of raw materials used in this 
research 

Material Shape 
Mean 

diameter/ 
nm 

Mean 
length/ 

nm 
Density/
(g·cm−3)

Aluminum Flake − − 2.70 

CNTs Multi-walled 20−30 10−30 2.10 

α-Al2O3 Spherical 200 − 3.95 

 
Initially, CNTs and Al2O3 NPs were mixed 

using ultrasonication technique in two different 
steps to ensure good dispersion of both NPs. First, 
0.4 g of CNTs (as 2 wt.% in the nanocomposite 
matrix) was scaled and dispersed into 100 mL of 
acetone using a probe-type ultrasonicator (200 W). 
Ultrasonication was performed at a speed of 
600 r/min for 0.5 h at room temperature. Acetone 
was used as the solvent for dispersion of NPs as 
reported by ROSELINE and PARAMASIVAM [19]. 
The large vibrations induced by ultrasonication 
assist separation of CNTs and avoided 
agglomeration of CNTs. Certain amounts of Al2O3 
NPs (0.2, 0.4, 1 and 2 g) were added to CNTs 
suspension where each of them was used as 1, 2, 5 
and 10 wt.% of nanocomposite matrices. The dual- 
reinforcement slurry was ultrasonicated up to 3 h 
depending on the mass fraction used to obtain a 
uniform dispersion of Al2O3 NPs. Afterwards, each 
of the dual-reinforcement suspensions was drop- 
wise added to separate batches of pure Al powders 
which were mixed in acetone and separately 
ultrasonicated for 2 h until a uniform dispersion of 
nanocomposite particles was obtained. The 
as-synthesized powders were filtered using 
Whatman filter paper. The filtered powders were 
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then dried in vacuum oven at 60 °C for 480 min to 
ensure removal of the acetone. 

As-synthesised nanocomposite powders were 
transferred to a ball milling jar and subjected to ball 
milling. Each of the obtained nanocomposite 
powders were ball-milled for 12 h, from which the 
optimum milling time was determined. Then, 
different series of hybrid Al−2CNTs−xAl2O3 were 
ball-milled in constant milling time of 8 h to 
separately investigate the effect of Al2O3 content. 
The ball milling procedure was tried to follow the 
similar procedure that authors used for  
synthesizing Al−CNTs and Al−Al2O3 nano- 
composites [12,15−18]. The ball milling parameters 
and conditions are listed in Table 2. Finally, hybrid 
Al−2CNTs−xAl2O3 nanocomposite powders were 
obtained with 2 wt.% CNTs and 1, 2, 5 and 10 wt.% 
Al2O3 into pure Al matrix. Constant 2 wt.% of 
CNTs was added to the Al matrix   which was 
decided based on the previous observations [12,18]. 

Nanocomposite powders were consolidated in 
a powder metallurgy route. Nanocomposite 
powders were then cold-pressed uniaxially at a 
pressure of 150 MPa using hydraulic pressing 
machine (ARMSTRONG, 15 t). In post-compaction 
stage, the green nanocomposite specimens were 
sintered in an assembled microwave furnace with 
frequency of 2.45 GHz and maximum power output 
of 900 W. Initially, the green compacts were 
subjected to 400 °C for 0.5 h for elimination of 
residual additives. The temperature was raised at a 
rate of 18 °C/min. Microwave sintering process was 
conducted at temperature of 530 °C for a soaking 
time of 45 min under high purity argon atmosphere 
(99.99%). Finally, the sintered specimens were 
cooled down to ambient temperature in the air. 

Before the microstructural observation, the 
specimens underwent a standard metallographic 
procedure: grinding up to 2000 grit followed by 
polishing using 6 and 1 μm diamond pastes on    
3 µm MD-Mol Nap. The morphology and 
dispersion uniformity of CNTs and Al2O3 NPs 
during ball milling were observed via SEM (Hitachi 
S−3400, Tokyo, Japan) and HRTEM (Tecnai G2 20  

S-TWIN), respectively. The fracture surface after 
compression test was examined using FESEM 
(7600F, JEOL Tokyo, Japan). The grain structure of 
specimens was characterized through electron 
backscatter diffraction (EBSD) using FESEM 
(JEOL 7600F) equipped with ATEX software. For 
EBSD observation, specimens were subjected to an 
additional finishing polishing by nano-diamond 
suspension using the VibroMet® 2 Vibratory 
polisher for 12 h. Specimens were kept in a vacuum 
chamber for 24 h before EBSD observation. 
MasterSizer analyzer (Malvern Instruments Ltd., 
Worcestershire, UK) was used to measure the 
particle size of nanocomposite powders. A 
Shimadzu X-ray detector (XRD−6000 
diffractometer, Shimadzu Corporation, Osaka, 
Japan) was used to obtain the X-ray diffraction 
patterns of the nanocomposite powders after the 
milling process. The XRD diffractometer was 
operated with a Cu Kα radiation (λ=0.1542 nm) at 
40 kV and 120 mA in the 2θ range of 20°−80°. 
Raman spectra of nanocomposite specimens were 
recorded using WITec (Alpha 300R) spectrometer 
with an excitation wavelength of 532 nm. 

The apparent density of powders and bulk 
density were measured according to the ASTM 
B417−13 [20] and Archimedes method, respectively. 
The detail of bulk density measurement can be 
found elsewhere [16]. The theoretical density 
values of Al−CNTs−xAl2O3 nanocomposites were 
calculated by the rule of mixture. Pore volume 
fraction (φ) was determined as  

0
1 ρϕ

ρ
= −                                (1) 

 
where ρ and ρ0 represent the bulk density and the 
theoretical density of nanocomposites, respectively. 
The physical dimensional changes (PDC) or 
expansion of the nanocomposite specimens were 
determined according to the ASTM B610−13 [21] 
as follows: 
 

s g gPDC [( ) / ] 100%D D D= − ×                 (2) 
where Dg and Ds are the dimensions of the 

 
Table 2 Ball milling parameters and conditions used for preparation of Al−2CNTs−xAl2O3 nanocomposite powders 
(BPR: mass ratio of ball to powder) 

Rotational 
speed/(r·min−1) BPR Milling  

time/h 
Ball (jar)  
material 

Ball milling 
condition Atmosphere

300 10:1 0.5−12 Tungsten carbide Dry Argon  
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specimens before and after sintering, respectively. 

The micro-hardness (HV), nano-hardness  
(HN) and elastic modulus (E) measurements were 
performed using Micro Materials Nanotest™ 
indenter. During nanoindentation measurements, a 
load of 50 μN with dwell time of 5 s was applied 
using a standard Berkovich geometry tip in a 4×5 
square pattern while the spacing between indents 
was 10 μm. HN, HV and E values were calculated 
according to the Oliver–Pharr method [22] and the 
average of total 20 indents was reported. The detail 
of measurements can be found elsewhere [18]. 
Compression test specimens were prepared 
according to the ASTM E9−89α. The tests were 
conducted at the ambient temperature by using a  
15 kN INSTRON 3366 testing machine at a 
constant crosshead speed of 0.01 mm/min. The 
dimensions of cylindrical test coupon were 5 mm × 
10 mm (D×L), where L/D ratio was 2. For 
compression test, three specimens were tested and 
the average values were reported. 

Non-destructive ultrasonic testing was carried 
using a commercially available ultrasonic testing 
(UT) system consisting of an ultrasonic 
oscilloscope (Agilent, 100MHz), an ultrasonic 
pulser/receiver (RAM−5000, RITEC SNAP, USA) 
and transducers (X-cut and y-cut; Krautkramer). 
Ultrasonic measurements were conducted using the 
direct contact method between transducer and 
specimens in a pulse-echo configuration. Normal 
contact transducers of 2 and 4 MHz of both 
longitudinal and shear wave transducers were used 
to acquire the signals. Sonagel-W (T-09) was used 
as a couplant to provide effective contact between 
transducers and specimen surfaces. Experimental 
variables were kept constant during the signal 
capturing so that, applied identical conditions 
during ultrasonic measurements. Longitudinal and 
shear wave velocities (V) were calculated from the 
amplitude and position quantification of the 2nd 
and 3rd back-wall echoes obtained according to the 
following equation:  

2 /V T t=                                (3)  
where T and t are the transition time or time of 
flight (TOF) between the two consecutive back-wall 
echos and thickness of the specimens, respectively. 

The thickness of specimens was measured at 
the same signal acquisition points by a micrometer 
with the accuracy of ±0.01 mm. The average of 
three measurements at different signal acquisition 

points was obtained and the mean value was 
reported. The absolute accuracy in the velocity 
measurement was ±10 m/s, and the relative error 
was typically less than 10%. Attenuation coefficient 
(α) in pulse-echo technique was calculated by 
 

1 220 lg( / )
2
A A
d

α =                          (4) 
 
where A1 and A2 are the amplitude of the 2nd and 
3rd back-wall echoes, and d is the thickness of the 
specimen in mm. The average of three 
measurements at three different signal acquisitions 
was obtained and the mean value was reported.  
The accuracy of attenuation measurements was      
±8 dB/mm. 
 
3 Results and discussion 
 
3.1 Physical properties of hybrid Al−CNTs− 

Al2O3 nanocomposites 
The variations of theoretical density, 

experimental density and porosity of sintered 
Al−2CNTs−xAl2O3 nanocomposites as a function of 
Al2O3 content are shown in Fig. 1(a). It can be seen 
 

 
Fig. 1 Variations of density and porosity in Al−2CNTs− 
xAl2O3 nanocomposites at constant milling time of 8 h (a) 
and variations of experimental density and porosity in 
Al−2CNTs−5Al2O3 nanocomposite with milling time (b) 



Meysam TOOZANDEHJANI, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2339−2354 

 

2343

that both theoretical and experimental densities 
increase with increasing Al2O3 content. Theoretical 
density values of Al−2CNTs−xAl2O3 nano- 
composites increase from 2.70 to 2.81 g/cm3 by 
increasing Al2O3 content from 1 to 10 wt.%. 
Experimental density also shows a similar trend as 
observed in theoretical density. The increase of 
density is due to the fact that larger contents of 
Al2O3 NPs and/or the CNTs−Al2O3 clusters fill up 
the interstices between the Al particles as reported 
by RAZAVI HESABI et al [23]. The values of 
experimental density are lower than those of 
theoretical density, indicating the presence of 
porosities in the sintered specimens. However, the 
amount of porosity of Al−2CNT−xAl2O3 nano- 
composites decreases with increasing Al2O3 content 
in an opposite manner of density. 

Figure 1(b) shows the variations of density and 
porosity of sintered Al−2CNTs−5Al2O3 as a 
function of milling time. It can be seen that by 

increasing milling time, experimental density 
values increase while porosity values decrease. A 
similar trend was found in each of Al−2CNTs− 
xAl2O3 nanocomposites. The variation of density in 
MMCs during milling process depends on the 
morphology of the powders after milling, dispersion 
uniformity of reinforcements within the matrix,   
as well as the compaction and sintering  
parameters [16,24]. Since the compaction and 
sintering parameters were kept identical for all 
series of nanocomposites, the effect of compaction 
and sintering effect can be ignored here. The lower 
density values and larger amount of porosities of 
Al−2CNTs−xAl2O3 nanocomposites at the early 
stage of milling up to 2 h are due to the larger 
particle size, agglomeration of Al particle as well as 
clustering of CNTs and Al2O3 NPs as can be seen  
in the microstructure of Al−2CNTs−xAl2O3 

nanocomposites (Fig. 2). These microstructural 
features interrupt the densification process and slow  

 

 
Fig. 2 Morphology and microstructural features of Al−2CNTs−5Al2O3 nanocomposite powders after 0.5 h (a, c, e) and  
8 h (b, d, f) of ball milling 
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down the sintering process. In contrast, higher 
density values at longer milling time than 5 h are 
attributed to more homogenous dispersion of CNTs 
and Al2O3 NPs within Al matrix along with refined 
particle sizes which facilitate bonding of particles 
during sintering. Homogeneous dispersion of CNTs 
and Al2O3 NPs provides a small inter-particle space 
and tighter interfacial bonding between Al matrix 
and NPs resulting in denser sintered 
nanocomposites with less amount of debonding or 
cracks and porosities. In addition, a larger content 
of Al2O3 further refines the particle size of 
Al−2CNTs−xAl2O3, leading to the increment of 
density. 

Figure 2 demonstrates the morphological and 
microstructural variations of Al−2CNTs−5Al2O3 
nanocomposite powders with proceeding of milling 
process. First of all, initial flake-shape Al particles 
experience significant deformation in the vicinity of 
CNTs and Al2O3 NPs under high impact collision of 
the balls during milling process. The morphologies 
of Al−2CNTs−5Al2O3 nanocomposite powders after 
0.5 and 8 h of milling are shown in Figs. 2(a) and 
(b), respectively. The fracturing of nanocomposite 
particles is the predominant mechanism during 
milling through which the mean particle size 
progressively decreases from 141 µm at the 
beginning of milling to 15 µm after 8 h of milling. 
Al−2CNTs−5Al2O3 nanocomposite reaches steady 
state after 5 h of milling and the morphology of 
nanocomposite particles stabilizes. It is also worth 
mentioning that almost no agglomeration of Al 
particles was found even at short milling time. The 
average particle size of powders further decreases 
with increasing Al2O3 content due to intensified 
fracturing of particles. At constant milling of 8 h, 
for example, Al−2CNTs−10Al2O3 nanocomposite 
had the lowest particle size of 10.82 µm compared 
with that of Al−2CNTs−1Al2O3 nanocomposite 
(37.67 µm) and Al−2CNTs−2Al2O3 nanocomposite 
(29.23 µm). 

The progressive decrease in particle size exerts 
a more uniform dispersion of CNTs and Al2O3 NPs 
during milling. The FESEM micrographs in    
Figs. 2(c) and (d) show the dispersion uniformity of 
CNTs and Al2O3 NPs after 0.5 and 8 h of milling, 
respectively. At short milling time of 0.5 h, it can be 
seen that CNTs and Al2O3 NPs appear 
independently in large CNTs−Al2O3 clusters. TEM 
micrograph also reveals that some CNTs are 

entangled in the regions populated with Al2O3 NPs 
(Fig. 2(e)). After 8 h of milling, as it is expected, 
the dispersion uniformity of CNTs and Al2O3 NPs 
improves and a well-homogeneous dispersion is 
obtained. Al2O3 NPs are homogeneously dispersed 
within Al particles while most CNTs are embedded, 
which cannot be seen in Fig. 2(f). A similar trend 
can be found in each Al−2CNTs−xAl2O3 
nanocomposite. 

In line with density, the densification 
behaviour in Al−2CNTs−xAl2O3 nanocomposites is 
also improved with increasing Al2O3 content and 
milling time as shown in Table 3 and Fig. 3. It can 
be seen from Table 3 that Al−2CNTs−10Al2O3 

nanocomposite has the highest densification of 
98.4% owing to the better packing properties of 
powders due to extreme particle refining. Under the 
same compaction condition, smaller sizes of 
particles facilitate the densification of 
nanocomposite powders as compared to the larger 
particles [16]. The densification behaviour of 
Al−2CNTs−xAl2O3 nanocomposites varies in the 
same manner as in the apparent density which 
corresponds to the powder morphology and particle 
size of powders. The physical dimensional changes 
(PDC) of Al−2CNTs−xAl2O3 nanocomposites are 
more profound in the presence of larger Al2O3 
contents. In powder metallurgy, the physical 
dimensional changes (PDC) or expansion is an 
observation of the grain growth during sintering 
process. It can be seen that with increasing the 
Al2O3 content, PDC values of nanocomposites 
increase from 1.67% to 2.22%. A positive PDC 
value indicates growth of the specimens, and a 
negative PDC value reflects shrinkage of the 
specimens. Dimensional changes of composites are 
highly dependent on the physical properties of   
the initial powders and the homogeneity of the  
 
Table 3 Variations of apparent density, densification and 
physical dimensional changes in Al−2CNTs−xAl2O3 
nanocomposites as function of Al2O3 content at constant 
milling time of 8 h 

Nanocomposite 
system 

Apparent 
density/ 
(g·cm−3) 

Densification/
% 

PDC/
% 

Al−2CNTs−1Al2O3 1.49 94.2 1.67

Al−2CNTs−2Al2O3 1.54 95.2 1.87

Al−2CNTs−5Al2O3 1.66 97.7 2.10

Al−2CNTs−10Al2O3 1.77 98.4 2.22
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Fig. 3 Variations of densification and physical 
dimensional changes in Al−2CNTs−10Al2O3 nano- 
composites as function of milling time 
 
reinforcement particles along with compaction 
pressure, time and temperature of sintering [25]. 

Figure 3 shows the variations of densification 
and the physical dimensional changes in Al− 
2CNTs−10Al2O3 nanocomposite as a function of 
milling time. During milling of Al−2CNTs− 
10Al2O3 powders, particles are continuously 
fractured and refined, which improves the 
compressibility properties of the powders. Besides, 

uniform dispersion of CNTs and Al2O3 having less 
inter-particle spacing within Al matrix at longer 
milling time results in the denser sintered 
nanocomposite. Uniform dispersion of CNTs and 
Al2O3 NPs decreases the amount of porosities, so 
that a denser part could be obtained. 

The variations of dimensional changes in 
Al−2CNTs−10Al2O3 nanocomposites as a function 
of milling time are also shown in Fig. 3. Refined Al 
particles, homogenously dispersed CNTs and Al2O3 
NPs at longer milling time and in the presence of 
larger Al2O3 content result in less dimensional 
changes of nanocomposite specimens during 
sintering process, indicating less grain growth 
during sintering. The results are in agreement with 
previous work done by RAZAVI TOUSI et al [26]. 
 
3.2 Mechanical properties of hybrid Al−CNTs− 

Al2O3 nanocomposites 
The variations of micro-hardness (HV), 

nano-hardness (HN), elastic modulus (E) and 
compressive strength (CS) of Al−CNTs−xAl2O3 
nanocomposites as functions of Al2O3 content and 
milling time are summarized in Table 4. At constant 
milling time of 8 h, it can be seen that HV and HN 

 
Table 4 Variation of HV, HN, E and CS of Al−CNTs−xAl2O3 nanocomposites as function of Al2O3 content and milling 
time 

Nanocomposite Milling time/h HV HN/GPa E/GPa CS/MPa 

Al−2CNTs−1Al2O3 

0.5 63.0±7.1 0.69±0.15 37.2±1.8 547±7 
2 67.9±5.3 0.75±0.11 39.1±2.2 551±8 
5 73.4±4.7 0.80±0.10 42.9±3.3 565±8 
8 79.2±6.2 0.87±0.11 47.9±2.1 572±6 

12 93.1±3.0 0.92±0.09 50.2±1.3 580±9 

Al−2CNTs−2Al2O3 

0.5 71.4±6.5 0.71±0.12 40.5±2.0 556±7 
2 77.9±4.1 0.79±0.11 44.3±1.7 561±8 
5 83.8±2.2 0.87±0.12 49.2±2.1 568±5 
8 96.5±3.0 0.96±0.10 54.9±1.4 578±6 

12 99.1±3.9 1.02±0.08 57.9±0.9 592±3 

Al−2CNTs−5Al2O3 

0.5 81.1±4.6 0.80±0.10 44.1±1.4 570±2 
2 83.7±2.3 0.88±0.06 51.7±1.9 581±3 
5 96.2±4.2 0.98±0.04 58.6±1.1 599±2 
8 112.9±5.0 1.12±0.06 62.4±1.2 622±4 

12 121.7±3.1 1.22±0.03 68.0±1.2 651±4 

Al−2CNTs−10Al2O3 

0.5 96.1±5.0 1.03±0.06 61.2±1.3 598±2 
2 110.5±4.1 1.18±0.05 64.4±1.1 613±1 
5 125.5±3.3 1.33±0.07 71.3±0.7 643±2 
8 131.5±3.0 1.41±0.02 79.2±1.0 663±4 

12 142.2±1.6 1.49±0.02 86.4±0.8 678±3  
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values of Al−2CNTs−xAl2O3 nanocomposites 
increase with increasing Al2O3 content. HV values 
increase from HV 79.2 to a maximum of HV 131.5, 
representing 39% increase of HV with increasing 
Al2O3 content. HN increases by 38% with 
increasing Al2O3 content. Similarly, E and CS 
values of Al−2CNTs−xAl2O3 nanocomposites 
increase with increasing Al2O3 content. Al−2CNTs− 
xAl2O3 nanocomposites present higher hardness and 
strength than single-reinforced Al−CNTs and 
Al−Al2O3 nanocomposites just as reported at earlier 
works [12,15−18]. This can be attributed to the 
simultaneous presence of CNTs and Al2O3 NPs and 

larger induced deformation to the structure of 
nanocomposites. 

The presence of homogeneous dispersed CNTs 
and Al2O3 NPs within the soft Al matrix enhances 
the mechanical properties as also reported in 
previous works [27,28]. Figure 4(a) shows the 
typical TEM image of the sintered Al−2CNTs− 
10Al2O3 nanocomposites which confirms the 
homogeneously dispersed CNTs and Al2O3 NPs. 
Less amount of CNTs can be seen in the TEM 
micrographs, which is associated with the 
embedding of the CNTs into Al matrix. The insert 
of Fig. 4(a) shows single-embedded CNTs in Al  

 

 

Fig. 4 HRTEM micrographs of Al−2CNTs−10Al2O3 nanocomposite showing dispersion uniformity of CNTs and Al2O3 

nanoparticles (a), formation of dislocations (b, c), rearrangement of dislocations around grain boundaries (d) and 
planner defects (e) 



Meysam TOOZANDEHJANI, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2339−2354 

 

2347
 
matrix. The deformed and refined structure of 
nanocomposites generates high density dislocations 
and fine sub-grains during ball milling and 
consolidation process. High density of generated 
dislocation introduces severe strain hardening to the 
matrix powders and further hardens Al−2CNTs− 
xAl2O3 nanocomposites [16,17,29]. According to 
AKBARPOUR et al [27], dislocations are formed 
due to the thermal mismatch between the matrix 
and reinforcements for fulfilling geometrical 
conditions. Well dispersed and embedded CNTs and 
Al2O3 NPs at longer milling time having less 
inter-particle spacing obstruct deformation of 
ductile matrix, so a large amount of high-density 
dislocations are formed around the NPs as shown in 
Figs. 4(b) and (c). Moreover, it can also be seen that 
the presence of CNTs and Al2O3 NPs in Al matrix 
introduces planner defects to the microstructure 
(Fig. 4(e)). 

According to FATHY et al [30], plastic 
deformation of Al grains during ball milling and 
consolidation leads to a coordinated deformation 
between adjacent grains and results in generation of 
more density of dislocations. Figure 4(d) shows the 
rearrangement of dislocations around grain 
boundaries and formation of sub-grains. When the 
density of dislocations reaches a critical limit, 
dislocations rearrange themselves to a lower energy 
state leading to the formation of sub-grains with 
low angle grain boundaries. Eventually, sub-grains 
turn into high-angle boundaries and become grains 
with near nano-scale sizes [31−33]. However, the 
grain refinement can happen as the result of the 
pinning effect of NPs during consolidation [27]. 
Figure 5 shows a typical surface morphology and 
grain structure in sintered Al−2CNTs−2Al2O3 
nanocomposite. The grain size of nanocomposite is 
distributed in the nano range of about 28 nm   
(Fig. 5(b)). 

Along with increase of the dislocation density, 
the crystalline size refinement and solid solution 
hardening resulting from severe plastic deformation 
within milling process are other reasons for 
hardening in Al−2CNTs−xAl2O3 nanocomposites. 
The crystalline size of Al−2CNTs−xAl2O3 
nanocomposites were calculated according to the 
XRD patterns in Fig. 6(a). The crystalline size of 
Al−2CNTs−xAl2O3 nanocomposites decreases from 
30.65 to 16.82 nm with increasing of Al2O3 content. 
In contrast, lattice strain increases from 0.30% to 

0.71%. The main contribution to the decrement of 
crystalline size is the generation of dislocations as a 
result of accelerated work hardening and local 
plastic deformation owning to the interaction 
between hard CNTs and Al2O3 NPs and  
dislocations [34,35]. Generation of dislocations is 
accelerated with increasing Al2O3 content. Also, the 
interaction of larger content of CNTs and Al2O3 NPs 
with dislocations during milling further hinders the 
dislocation movement which leads to an increase in 
dislocation density and subsequently strain 
accumulation in particles. As a matter of fact, the 
final crystalline size of Al matrix is decided 
primarily by reinforcement content [16]. 
 

 
Fig. 5 Optical microscopy image (a) and EBSD 
micrograph (b) of Al−2CNTs−2Al2O3 nanocomposite 
 

Another important feature in XRD diffraction 
patterns of Al−2CNTs−xAl2O3 is the occurrence of 
Al4C3 phase. Al4C3 phase is formed as a result of 
the interfacial reaction between the Al matrix and 
damaged CNTs or carbon atoms from amorphous 
carbon [36−38]. The probability of occurrence of 
Al4C3 phase increases by increasing Al2O3 content 
(Fig. 6(a)) as revealed by Raman spectra of CNTs.  
Figure 6(b) shows the Raman spectra of the as- 
received CNTs along with Al−2CNTs−1Al2O3 and 
Al−2CNTs−10Al2O3 nanocomposites which reveals 
the structural defects in CNTs during synthesizing 
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Fig. 6 XRD patterns (a) and Raman spectra (b) of 
Al−2CNTs−xAl2O3 nanocomposites as function of Al2O3 

content at milling time of 8 h 
 

procedure. It can be seen that ID/IG values increase 
from 0.88±0.05 in as-received CNTs to 1.19±0.03 
and 1.22±0.01 in Al−2CNTs−1Al2O3 and 
Al−2CNTs−10Al2O3, respectively, corresponding to 
an increased proportion of disordered carbon. The 
HRTEM micrographs of Fig. 7 reveal the formation 
of Al4C3 and interfacial reaction between Al and  
CNTs in Al−2CNTs−10Al2O3 and Al−2CNTs− 
5Al2O3 nanocomposites. 

The variations of mechanical properties of 
Al−2CNTs−xAl2O3 nanocomposite as a function of 
milling time are also presented in Table 4. HV and 
HN values of each Al−2CNTs−xAl2O3 
nanocomposite increase with increasing milling 
time. A similar trend is found in the variation of E 
and CS with increasing milling time. Lower 
mechanical properties at shorter milling time are 
attributed to the large particle size of powders and 
heterogeneously dispersed CNTs and Al2O3 NPs, 
which results in poor sintering of these 
nanocomposites. The enhancement of mechanical 

properties at long milling time is due to more 
homogenous dispersion of CNTs and Al2O3 NPs 
within Al matrix along with effective grain refining 
of particles at longer milling time. Homogeneous 
dispersion of CNTs and Al2O3 decreases the inter- 
particle distances so that better bonding of particles 
and consequently enhanced strength properties 
could be achieved. Besides, it significantly reduces 
the amount of porosity and cracks presented in the 
sintered compacts and further improves the 
mechanical properties. It has been reported that 
porosities and cracks significantly reduce the 
measured elastic modulus of MMCs [39,40]. 
Clustering of CNTs−Al2O3 and porosities causes 
stress concentration and unexpected fracture thus, 
lower strength. 
 

 

Fig. 7 HRTEM micrographs of Al−2CNTs−10Al2O3 (a) 
and Al−2CNTs−5Al2O3 (b) nanocomposites milled for  
8 h showing formation of Al4C3 
 

Typical fracture features of hybrid Al−CNTs− 
xAl2O3 nanocomposites under compression loading 
are shown in Fig. 8. The fracture is initiated from 
the location of voids and clustered CNTs−Al2O3 

NPs (Fig. 8(a)). Figures 8(b) and (c) represent the 
fracture surface of those nanocomposites milled for 
shorter milling time. The agglomeration of CNTs− 
Al2O3 NPs provided sites for crack initiation and 



Meysam TOOZANDEHJANI, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2339−2354 

 

2349 
 

 
Fig. 8 Representative fracture surfaces of Al−CNTs−10Al2O3 nanocomposites at shorter milling time (a−c) and longer 
milling time (d−g) 
 
acted as a stress concentration sites. According to 
CASATI and VEDANI [3], agglomerated regions 
and also the aggregation of oxide particles on the 
fracture surface may provide the sites for crack 
initiation, resulting in decrease in the ductility of 
composite. The fracture surfaces of those 
nanocomposites milled for longer milling time are 
represented in Figs. 8(d−g). Several pulled-out 

CNTs can be observed on the fracture surface, as 
marked by arrows in Fig. 8(e). 
 
3.3 Ultrasonic properties of hybrid Al−CNTs− 
xAl2O3 nanocomposites 
The variations of the longitudinal wave (Vl) 

and shear wave (Vs) velocities in Al−CNTs−xAl2O3 
nanocomposites as functions of Al2O3 content and 
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milling time measured by 2 MHz and 4 MHz 
transducers are shown in Fig. 9. It can be seen that 
Vl values at both 2 and 4 MHz increase 
approximately linearly with increasing Al2O3 
content (Fig. 9(a)). Velocity measurements taken by 
2 and 4 MHz transducers are yielded identical 
results. A similar trend was found in the variation of 
Vs as a function of Al2O3 content (Fig. 9(b)). The 
increase in Vl and Vs velocities with increasing 

Al2O3 content can be explained by the interaction of 
the ultrasonic wave front with Al particles and 
dispersed NPs within the Al particles. Ultrasonic 
wave travels faster in CNTs and Al2O3 phase (stiffer 
phase) compared to Al matrix. Then, a larger Al2O3 
content yields a higher ultrasonic velocity. In 
addition, the structural and microstructural 
variations associated with the addition of CNTs and 
Al2O3 NPs reflect as the increase of both Vl and  

 

 
Fig. 9 Variations of longitudinal velocity, shear velocity and attenuation coefficient in Al−2CNTs−xAl2O3 

nanocomposites as function of Al2O3 content (a−c) and those of Al−2CNTs−10Al2O3 nanocomposites as function of 
milling time (d−f) 
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Vs. Due to the difference between the elastic 
modulus of the soft Al matrix and hard CNTs and 
Al2O3, the increase in Al2O3 content results in the 
increase of the elastic modulus and in turn the 
ultrasonic velocity. The ultrasonic wave velocities 
are mainly determined by the difference between 
elastic moduli of material constituents [41]. 

The value of attenuation coefficient (α) also 
increases with increasing Al2O3 content in 
Al−2CNTs−xAl2O3 nanocomposites (Fig. 9(c)). The 
observed behaviour in α values is related to the 
presence of different amounts of dispersed CNTs 
and Al2O3 NPs in the microstructure. When an 
ultrasonic incident wave travels into the composite 
material, it will be largely attenuated at the interface 
between the matrix and reinforcement, where the 
two materials differ largely in their acoustic 
impedance. The magnitude of attenuation of 
ultrasonic wave is proportional to the number of 
scattering centres, i.e. particle−matrix interfaces 
[42]. Scattering of an ultrasonic wave depends on 
size, shape, type and volume fraction of the 
material components as reported by EL-DALY and 
HAMMAD [43] and EL-DALY et al [44]. 
Therefore, a large fraction of CNTs and Al2O3 NPs 
induce greater attenuation of ultrasonic incident 
wave, thereby resulting in higher values of 
attenuation coefficient. In addition, the presence of 
Al4C3 phases and crushed Al2O3 oxide layers which 
are presented as a dispersoid within microstructure 
as discussed earlier provides more scattering point 
and further increases the attenuation of ultrasonic 
wave. 

The variations of Vl and Vs velocities in 
Al−2CNTs−10Al2O3 nanocomposites as a function 
of milling time are shown in Figs. 9(c) and (d). 
Both Vl and Vs velocities increase as milling time 
increases in a linear manner. Microstructural 
variations during ball milling of Al−2CNTs− 
10Al2O3 nanocomposites modify the ultrasonic 
properties. Homogenous dispersion of CNTs and 
Al2O3 within Al particles, reduction of inter-particle 
spacing, and particle size refinement contribute to 
the increase of elastic modulus and consequently Vl 
and Vs. In addition, homogeneous dispersion of 
CNTs and Al2O3 decreases the air gaps and porosity 
ratio between the constituents and provides a good 
bonding between the Al2O3 NPs and Al matrix.  
This increases ultrasonic velocities considerably as 
also reported by EL-DALY et al [45,46]. The 

heterogeneous dispersion of CNTs and Al2O3 and 
clusters of CNTs−Al2O3 which are deboned from 
the Al matrix is responsible for lower Vl and Vs at a 
shorter milling time. 

Figure 9(f) shows the variation of α values of 
Al−2CNTs−10Al2O3 as a function of milling time. It 
can be seen that α values at both frequencies 
increase as the milling time increases. The 
homogeneous dispersion of CNTs and Al2O3 and 
reduced inter-particle spacing increase the 
probability of interaction of traveling ultrasonic 
waves with NPs and Al matrix lying around, 
resulting in increasing the attenuation of ultrasonic 
waves. In contrast, the heterogeneous dispersion of 
CNT and Al2O3 nanoparticle and the presence of 
Al2O3 clusters cause the uniformity of acoustic 
attenuations at different locations of the same 
specimen as reported by WU et al [47]. 
 
4 Conclusions 
 

(1) Ball milling procedure along with 
ultrasonication exerts extensive particle refining, 
homogeneous dispersion of CNTs and Al2O3 NPs 
into Al matrix. Particle size of Al−CNTs−Al2O3 
nanocomposites decreases by prolonging the 
milling process and results in homogeneous 
dispersion of CNTs and Al2O3 NPs. These 
microstructural variations are accelerated in the 
presence of large Al2O3 contents. 

(2) The physical properties are closely 
associated with the powder characteristics including 
morphology and size of the powders after 
ultrasonication and ball milling. Density and 
densification of hybrid Al−CNTs−Al2O3 
nanocomposites are improved due to particle 
refining at longer milling time and larger Al2O3 

contents as well as less amount of porosities. 
(3) The mechanical properties of Al−CNTs− 

Al2O3 nanocomposites are enhanced in the presence 
of larger Al2O3 contents and increase in the milling 
time. Enhancement of mechanical properties can be 
achieved by the incorporation of larger Al2O3 
content, good dispersion of CNTs and Al2O3 NPs, 
formation of a high density of dislocations along 
with extensive grain size refinement. 

(4) Both longitudinal and shear velocities and 
attenuation increase linearly by increasing Al2O3 
contents and milling time. The variations in 
ultrasonic wave velocities are directly associated 
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with homogeneous dispersion of both CNTs and 
Al2O3 NPs, less inter-particle spacing which 
contributes to improved elastic modulus of 
nanocomposites and in turn ultrasonic velocities, 
large weight fraction of Al2O3 NPs induces greater 
attenuation of ultrasonic incident wave, thereby 
resulting in higher values of attenuation coefficient. 
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摘  要：采用粉末冶金和微波烧结工艺制备 Al−2CNTs−xAl2O3纳米复合材料。研究工艺引起的显微组织特征与材

料的物理、力学性能以及超声参数之间的相互关系。研究发现，复合材料的致密化和尺寸变化等物理性能与纳米

复合粉体的形貌和粒径密切相关。当 Al2O3 含量为 10%(质量分数)、球磨时间大于 8 h、颗粒被大量细化时，材料

的密度最大。Al2O3含量、纳米强化相的分布和晶粒尺寸对材料的力学性能有显著影响，当 Al2O3含量为 10%(质

量分数)、Al2O3纳米颗粒球磨时间为 12 h、碳纳米管均匀分布时，可形成高密度位错和大量晶粒细化，从而获得

最佳的硬度和强度。同时，纵波和横波速度及衰减随着 Al2O3含量和球磨时间的增加而线性增加。超声速度和衰

减的变化取决于碳纳米管和 Al2O3 在基体中分布的均匀程度及其较小的颗粒间距。经过较长的球磨时间，Al2O3

含量越高，碳纳米管和 Al2O3 分布越均匀，超声波的速度和衰减越大。 
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