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A B S T R A C T   

This study aims to investigate the effect of carbon nanotube (CNT) and silicon carbide whisker (SiCW) re-
inforcements on mechanical properties of aluminum matrix composites. In this study, different amounts of CNT 
(0–5 wt%) and silicon carbide whiskers (0–5 wt%) were used for fabricating aluminum matrix composite sam-
ples. To distribute the reinforcements, aluminum powder and the reinforcements were mixed in a planetary ball 
mill with rotating speed of 120 rpm at different times (0.5, 1, and 2 h). The results showed that the optimum 
milling time is 1 h. Then samples were hot pressed under the pressure of 500 MPa at different times and tem-
peratures. Scanning electron microscopy images of the samples fabricated by hot pressing showed that the op-
timum hot-pressing temperature is 550 �C. The effect of the type and the amount of reinforcement and hot-press 
time on density, hardness, yield strength, and compressive strength of the samples were also investigated. The 
results showed that, with decreasing the CNTs content (up to 0.5 wt %), the compression strength reaches a 
maximum (290 MPa), but with increasing CNTs content more than (0.5 wt%), it is degraded due to the 
agglomeration. In contrast, with increasing the SiCW content up to 3 wt%, the mechanical properties increases 
proportionally. The compression strength of the composite containing 3 wt% SiCW increased by 33.9% compared 
with the pure aluminum. Economically, it is preferred to use reinforcements that improve the properties at lower 
contents. As a result, CNT is a superior reinforcement in comparison with silicon carbide whiskers.   

1. Introduction 

Today, the research in material science has become focused on the 
development of advanced composite materials because their unique 
properties have made them suitable candidates for high performance 
applications such as military, aerospace and automobiles industries 
[1–6]. Aluminum and its alloys have lower stiffness and creep strength 
than high-usage metals such as copper and iron; hence their mechanical 
properties must be enhanced by incorporating special reinforcements 
and fabrication of aluminum matrix composites [7]. Researchers have 
used different types of ceramic reinforcements such as oxides (Al2O3, 
…), carbides (SiC, …), nitrides such as titanium nitride (TiN), Al nitride 
(AlN), boron nitride (BN), and carbon nanotubes (CNTs) to produce Al 
matrix composites [7–12]. CNTs have low density and excellent me-
chanical properties; therefore they are an ideal reinforcement material 
for aluminum matrix composites [6–10,13–15]. To fabricate Al matrix 
composites (Al-CNT), there are many different methods such as melt 
methods, electrochemical techniques, and metallurgy powder methods 
[11]. Melt methods are not suitable due to the great density difference 

between Al and CNTs. Because when CNTs are added to Al melt, they 
instantly go to the surface without completely socializing with Al melt. 
However, poor wetting properties of Al-CNTs is another problem in melt 
methods [12,16]. Hot extrusion [17], hot press [18], spark plasma sin-
tering [19], and spark plasma extrusion [20] are conventional methods 
of powder metallurgy used for fabricating Al-CNTs in recent years [3,21, 
22]. 

CNTs agglomeration and weak interfacial microstructure between 
the matrix and carbon nanotubes, which disturb the charge transfer 
from the matrix to reinforcement, are the most critical problems of 
fabricating Al-CNTs composite [5,23–25]. Many researchers have used 
ball milling method to properly distribute the CNTs in the matrix and 
create a stable interface [26–28]. Liao and Tan used three methods to 
distribute CNTs in the aluminum matrix. Experimental results reported 
that high-energy ball milling is the best technique to disperse CNTs in 
the aluminum matrix [29]. Time and energy are the main parameters 
affecting the appropriate distribution of CNTs within the matrix. 
Therefore, it is necessary to find the optimum conditions of ball milling 
[26]. 
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The first study for producing Al-CNT composite was published by 
Kuzumaki et al. Al-CNT composite was prepared by hot pressing and hot 
extrusion. They estimated the tensile strength by Kelly-Tyson formula. 
The strength of their experimental sample was much less than that of the 
theoretical results. They reported that improper distribution of CNTs 
was the reason for the difference between theoretical and experimental 
results [30]. 

Xu et al. fabricated Al-CNT composite by the hot-press method. Their 
purpose was to examine the effect of CNTs concentration on electrical 
properties of Al-CNT composites. Their results showed that, with 
increasing the CNT content, CNTs are agglomerated and a grain 
boundary is formed reducing the electrical conductivity [18,19]. The 
effect of strengthening CNTs on Al-CNT composite was studied by 
Perez-Bustamante et al. their observation indicated that, during the 
fabrication of the Al-CNT composite, CNTs were not destructed and 
mechanical properties were improved by adding 1.6% CNTs [31]. 

Young Kim et al. studied the mechanical properties of Al-CNT com-
posites fabricated by hot-press and hot-extrusion methods. Strength and 
hardness of Al-CNT composites fabricated by the hot-press method were 
less than those of the samples produced by the hot-extrusion method due 
to grain growth in high-temperature sintering. In a study conducted by 
Esawi et al., Al-2%CNTs composite was fabricated by the hot-extrusion 
method. The samples demonstrated high notch-sensitivity. To improve 
the tensile properties, all the samples were annealed at 500 �C for 10 h. 
The annelid samples did not show notch-sensitivity, and tensile strength 
increased by 21% compared to pure aluminum [32,33]. 

Wu et al. produced an Al-0.5%CNTs composite by spark plasma 
sintering (SPS) method. They reported that the maximum tensile 
strength was 130 MPa. They stated that aluminum carbide (Al4C3) was 
formed at the interface. The carbide formation in the interface enhances 
the tensile strength because of strengthening the bond between the 
matrix and the reinforcement [34,35]. Some researchers came to this 
conclusion that aluminum carbide (Al4C3) formation at the Al-CNTs 
interface improves load transfer from matrix to reinforcement [36,37]. 

Liu et al. fabricated Al-CNT composites by friction stir processing 
(FSP) method. They investigated the effect of different contents of 
MWCNT on the mechanical properties of Al-0.5%CNTs composites. 
Their study showed that, with increasing the amount of CNTs, elonga-
tion decreases and when 6 wt % of CNTs is added, the tensile strength of 
190 MPa is achieved [15]. Zare et al. 0.0 used equal-channel angular 
extrusion (ECAP) method to produce Al-2%CNTs composites. Their 
result showed that, with adding 2% of the CNTs, mechanical properties 
of Al-CNTs increase up to 30% [38]. 

Guo at al. fabricated Al-1%CNTs composites successfully by the hot- 
extrusion method [39]. They investigated the effect of Al powder size on 
the mechanical properties of Al-1%CNTs composites. The results 
showed that, with decreasing the powder size, the reinforcement dis-
tribution improves and the reaction at the Al and CNTs boundary in-
creases, due to the increased contact area between the matrix and the 
reinforcement. 

On the other hand, silicon carbide whiskers (SiCW) has high me-
chanical strength, thermal conductivity, and wear resistance properties 
[40]. The production of pure aluminum matrix composites reinforced by 
SiCW has been very limited and most often SiCW is used as the rein-
forcement in aluminum alloys and ceramic matrix composites [40–44]. 

As stated above, Al-CNTs composites have been fabricated by 
different methods, and agglomeration has occurred in most of them. A 
few researchers have been able to make a proper distribution of CNTs in 
the aluminum matrix and achieve high-performance Al-CNTs compos-
ites [34,45]. Moreover, a large number of studies have been conducted 
on the tensile strength of Al-CNTs composites, but the compressive 
strength has been investigated finitely. 

In this study, Al-CNT and Al-SiCW composites were fabricated by hot 
press. Initially, to achieve a uniform distribution of CNTs within the 
matrix, the optimum time of ball milling was obtained. The micro-
structure of Al-0.5CNTs composites fabricated at three different times 

(0.5 h, 1 h, and 2 h) was studied by Field emission scanning electron 
microscopy (FESEM). Next, Al-0.5CNTs composites were made at three 
temperatures (500, 550 and 600 �C), then the optimum hot-press tem-
perature was achieved, and finally, Al-CNT and Al-SiCW composites 
were prepared by the optimum ball-milling time and hot-press tem-
perature and the effect of CNTs and SiCW contents (0–5%wt) and hot- 
press time were investigated. 

2. Experimental 

Al-CNTs and Al-SiCW composites were fabricated by the hot press 
method. Commercial powder of pure aluminum with 99.29 wt % purity 
and the particle size less than 20 μm was used as the matrix. The 
chemical composition of aluminum powder is presented in Table 1. 
MWCNT with the diameter of 30 nm and more than 95% purity provided 
by Iran Petroleum Research Institute and SiC whiskers supplied by Good 
Fellow Co. Ltd., England, with the length of 5–80 μm and the diameter of 
450–650 nm were used as the reinforcement. Morphology of aluminum 
powder and the reinforcements are shown in Fig. 1. Fig. 1a shows that 
the particle size of Al powder is below 20 μm and its shape is not 
spherical. Fig. 1b and c shows the morphology of carbon nanotubes and 
SiC whiskers, respectively. In Fig. 1d, internal morphology and di-
mensions of the carbon nanotube are shown. 

Powders were mixed in a planetary ball mill. For ball milling, a 
mixture of 15 gr pure Al powder and 0.5 wt % MWCNT together with 
stainless steel balls (with the ball-to-powder ratio of 10:1) was added to 
a metallic container. The container had two valves for vacuum and inert 
gas injection. 2 wt % of ethanol was added to the mixture to prevent cold 
welding and powder agglomeration. The mixture was stirred by the 
planetary ball mill at 120 rpm under purified Argon gas to avoid 
oxidation in 0.5, 1 and 2 h. 

To optimize hot-press temperature, the Al-CNTs powder was ball 
milled at the optimal time of milling and compacted in a compacting die 
with the diameter of 10 mm and the length of 75 mm. Compacting 
pressure was 500 MPa, in an argon atmosphere and the process was 
carried out at three different temperature, 500 �C, 550 �C, and 600 �C 
with a heating speed of 30 �C/min. For each sample, the test was 
repeated three times. The microstructure of the hot-pressed samples was 
studied. 

To study the effect of carbon nanotubes content and hot-press time 
on the fabricated composites, Al-CNTs composites were fabricated by 
different amounts of nanotubes (0.5–5 wt %) at three different times (15, 
30 and 45 min) at 550 �C. To investigate the effect of the type of rein-
forcement on the strength of the aluminum matrix composites, the 
composites reinforced by SiCW were fabricated by different amounts 
(0.5–5 wt %) under optimal conditions of ball milling time, HP tem-
perature, and hot-press time. 

The theoretical density of nanocomposites is calculated from the 
rules of mixtures according to the equation below: 

ρC¼ ρfVf þ ρmVm (1)  

where ρc is the density of the nanocomposite, ρf is the reinforcement 
density (here, the density of the carbon nanotubes), ρm is the matrix 
density (herein is aluminum), Vf is the volume fraction of the rein-
forcement, and Vm is the volume fraction of the substrate. The Archi-
medean method was used to measure the density of fabricated bodies. At 
first, the dry weight (M) of the samples was measured by a digital scale 
with a 0.01gr precision, then the drowning weight (M � ) was calcu-
lated, and the bulk density was obtained according to formula (1). 

Table 1 
XRF analysis of pure Aluminum powder.  

Element Al Si Fe S Ca 

Amount (%) 99.29 0.42 0.13 0.11 0.42  
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ρ ¼ M
M � M�

(2) 

The bulk density of all Al-CNTs and Al-SiCW composites were 
measured by the Archimedean method. According to ASTM E384 [46], 
for all Al-CNTs composite samples, Vickers microhardness was evalu-
ated by an HVS-1000A microhardness tester (load ¼ 500 g and dwelling 
time ¼ 10 s). Before starting the test, the surface of all the samples was 
polished. Hardness test was repeated five times for each sample, and the 
average hardness was reported. Compressive tests were carried out by a 
Zwick Roell-z100 testing machine under the ASTM E9-89 standard [47]. 
According to this standard, the height-to- diameter ratio of the samples 
was 2 mm/mm and the strain rate of 5 mm/min at room temperature 
was considered. To study the microstructure, the samples were initially 
etched in Keller’s solution. Then, the microstructure was investigated by 
a FESEM. In this study, some pure aluminum samples were made at each 
processing parameters to compare the effect of reinforcement on the 
microstructure and properties of the samples. 

3. Results and discussion 

3.1. Optimum hot pressing time 

Fig. 2 shows the morphology of Al-0.5%CNT nanocomposites hot- 
pressed and maintained at different temperatures for the same dura-
tion. To determine the best holding temperature, the Al-0.5%CNT 
powders milled for 1 h were hot pressed and held at 500 �C, 550 �C, and 
600 �C for 45 min. The average sintering temperature of the aluminum 
matrix composite in the powder metallurgy technique is between 0.7 

and 0.9 of the powder melting point [18]. Since the melting temperature 
of pure aluminum is 660 �C, the sintering temperature of pure aluminum 
powder must be between 462 and, 594 �C. Therefore, due to the pres-
ence of pressure and reinforcement, three different temperatures within 
this range (500, 550 and 600 �C) were selected. Fig. 2a and b shows the 
microstructure of the sample hot-pressed and held at 500 �C. The 
morphology of grains shows that 500 �C is lower than the temperature 
needed for complete densification. Therefore, the particles did not join 
well and the voids can be observed between the consolidated body. 
Fig. 2c and d shows the microstructure of the sample hot-pressed and 
held at 550 �C. As shown, the powder particles were joined well, and no 
voids can be seen between the compacted bodies. Fig. 2e and f shows the 
microstructure of the sample hot-pressed and held at 600 �C. The par-
ticle growth has occurred at 600 �C, which is close to the melting point 
of aluminum [48]. At this holding temperature, the particles are not 
wholly interconnected, and the cracks are grown between the particles. 
According to Choi et el. results, this may be related to the presence of 
MWCNTs in the powder surfaces which prevents the diffusion bonding 
of aluminum particles during the hot-press process, causing weak 
condensation and increasing the free space between powder particles 
[8]. 

Fig. 3 shows the compressive strength of Al-0.5%CNT nano- 
composites hot-pressed and held at different temperatures. As can be 
seen, the highest compressive strength is related to the hot-pressed 
samples held at 550 �C. Maintaining the samples at 500 �C leads to 
incomplete sintering, and keeping them at 600 �C leads to particles 
growth decreasing the compressive strength [48]. 

Fig. 1. Morphology of (a) Al powder, (b) SiCW, (c) MWCNTs by FESEM and (d) TEM images from a cross-section of MWCNTs.  

L. Shahrdami et al.                                                                                                                                                                                                                             
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3.2. Density 

Fig. 4a shows theoretical and measured bulk density of Al-CNT nano- 
composites with different amounts of carbon nanotubes (0.5–5 wt %) 
hot-pressed and held at 550 �C for 15, 30, and 45 min. As shown in 
Fig. 4a, with increasing the holding time of hot press, the density of 
nano-composites increases due to consolidation and elimination of voids 
and immaturities in the hot-pressing process. Therefore, based on the 
experimental data, it seems that 45 min is the best holding time for the 

hot-press process of these composites. In high concentrations of carbon 
nanotubes, due to the agglomeration and, consequently, the improper 
dispersion of carbon nanotubes, the density decreases. Agglomeration of 
carbon nanotubes is related to the strong van der Waals force between 
them which prevents the CNT particles from moving freely between 
aluminum powders and filling porosity [22]. These agglomerated clus-
ters hinder the proper joining of aluminum grains and disrupt the 
consolidation process leading to the reduction of density and strength. 
Deng, Wang et al. showed that this behavior is related to the effect of 

Fig. 2. The microstructure of Al-0.5%CNT nano-composites at different temperatures using FESEM hot-pressed at (a, b), 500 �C, (c, d), 550 �C and (e, f) 600 �C.  
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carbon nanotubes on the surface of metal particles which separates 
metal powders, prevents the bonding, and increases the porosity of 
consolidated body [49]. 

Fig. 4b shows the bulk density ratio to the theoretical density of Al- 
CNT nano-composites. As can be seen, the bulk density ratio to the 
theoretical density is higher for the nano-composites fabricated by 
45 min of hot-pressing. With increasing the amount of carbon nano-
tubes, this ratio decreases because of agglomeration and the density 
reduces, too. This ratio increases with increasing the amount of carbon 
nanotubes at 15 and 30 min, because sintering has not been fully 
accomplished and porosity is high. With increasing the amount of car-
bon nanotubes, more porosities are filled by carbon nanotubes and the 
density increases. 

Fig. 5 shows the FESEM images of Al-0.5%CNT nano-composites hot- 
pressed at 550 �C at three different times. As seen, when the hot-press 
time increases, the powder particles are more closely connected, and 
the porosity between the particles is reduced. 45-minute sintering time 
is selected as the best time for the hot-press process, because sintering is 
performed compeletly. The density of silicon carbide whisker is 3.21 g/ 

cm3 and heavier than aluminum (2.7 g/cm3). Therefore, according to 
equation (1), with increasing the silicon carbide whisker, the composite 
density increases. 

According to Fig. 6a showing the bulk and theoretical density of the 
composite with different amounts of silicon carbide whisker, it can be 
concluded that increasing the amount of reinforcement increases the 
density suggesting that the distribution of silicon carbide whisker within 
the aluminum substrate is suitable. Fig. 6b shows the ratio of bulk 
density to the theoretical density of Al-SiCW composites. As seen, this 
ratio increases with increasing the viscosity of SiCW and bulk density 
approaches the theoretical density because SiC whiskers fill porosities 
and improve the density. 

Comparing Fig. 6a and b shows that, for the composites reinforced by 
CNTs, the density decreases with increasing the amount of carbon 
nanotubes due to clustering, but for the ones reinforced by SiCW, the 
density increases with increasing the reinforcement content. It can be 
concluded that SiCW in high amounts does not cluster like CNTs. 

Fig. 3. The compressive strength of Al-0.5%CNT hot-pressed and held at different temperatures for 30 min.  

Fig. 4. (a) Theoretical density and average bulk density and (b) bulk density ratio to the theoretical density of Al-CNTs nano-composites fabricated by hot-pressing at 
550 �C at different temperatures. 
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Fig. 5. FESEM images of Al-0.5%CNT nano-composites hot-pressed and held at 550 �C at (a) 15, (b) 30, and (c) 45 min.  

Fig. 6. Theoretical density and the average bulk density (a) and the ratio of bulk density to the theoretical density (b) of Al-SiCw composite samples hot-pressed at 
550 �C for 45 min. 

L. Shahrdami et al.                                                                                                                                                                                                                             



Composites Part B 175 (2019) 107081

7

3.3. Microhardness 

Fig. 7a shows the average microhardness of Al-CNTs nano-compos-
ites hot-pressed at 550 �C at different times. As can be seen, with 
increasing the amount of carbon nanotubes, the hardness of nano- 
composites at all hot-pressing times is higher than pure aluminum. If 
carbon nanotubes are dispersed appropriately, the cavities between the 
particles are filled and the density is improved, which in turn, increase 
the hardness. 

On the other hand, carbon nanotubes, with their presence on the 
grain boundary, prevent the grain growth, and the nano-composite with 
smaller particle size shows a higher hardness. The highest hardness 
belongs to the composite containing 1.5% of CNT which is equivalent to 
84 μHV and has increased by 37% compared to pure aluminum 
(35 μHV). With increasing the amount of carbon nanotubes more than 
1.5%, carbon nanotube particles are agglomerated and the cavities are 
not filled correctly; hence the hardness is reduced. 

Microhardness of Al-SiCW composites containing different amounts 
of silicon carbide whiskers hot-pressed at 550 �C for 45 min was 
measured. The average value of microhardness is shown in Fig. 7b. As 
seen, with increasing silicon carbide whisker, the composite hardness 
increases because silicon carbide whisker has a high hardness and as 
secondary particles prevent the movement of dislocations and thus im-
proves hardness. The increase in hardness with various amounts of 
whisker has a low slope. The hardness of pure aluminum (35 μHV) 
increased by 31.42%–46 μHV (for Al-5% SiCW). 

In all the samples, the composite hardness is higher than the pure 
aluminum. At low amounts of reinforcement, the composites reinforced 
by carbon, and at the high amount of reinforcement, the composites 
reinforced by silicon carbide whisker are harder. The hardness of com-
posites reinforced by SiCW increases smoothly with increasing rein-
forcement content. 

3.4. Yield strength 

As shown in Fig. 8a, increasing the amount of carbon nanotube to 1% 

increases the yield strength of the nanocomposite. The yield strength 
decreases with a further increase of carbon nanotubes which is due to 
their agglomeration in the aluminum matrix. Increasing the hot-pressing 
time decreases the yield strength because the effect of temperature on 
the particles growth increases with increasing the holding time. 

During sintering, the increasing and then decreasing yield strength at 
15 and 45 min can be justified. At 15 min, the composite is not held for a 
long time under high temperature, and the ductility is more affected by 
the amount of carbon nanotubes. In high amounts of carbon nanotubes, 
as shown in Fig. 8a, the yield strength decreases due to agglomeration. 
The yield strength of the composite sintered for 45 min is less than that 
of the composite sintered for 15 min because it is affected by the rein-
forcement content and the hot-pressing temperature. The yield strength 
of the sample hot-pressed for 30 min first decreases, then increases at a 
higher amount. In 30 min, sintering has not been fully completed. 
Therefore, the yield strength of the composite with low carbon nano-
tubes is small, and a high amount of carbon nanotubes can act as a 
precipitate and increase the yield strength [9]. 

The yield strength of Al-SiCW composites with different amounts of 
silicon carbide whisker hot-pressed at 550 �C for 45 min was measured. 
The results are presented in Fig. 8b. As shown, compared to pure 
aluminum, the composite yield strength has increased with increasing 
the content of silicon carbide whisker. The effect of the amount of silicon 
carbide whisker on the yield strength, such as hardness, has a small 
slope. The highest yield strength for Al-0.5% SiCW composite is equiv-
alent to 110 MPa, which has increased by 22% compared to pure 
aluminum (90 MPa). According to Fig. 8b, the yield strength has not 
significantly changed with increasing the amount of reinforcement, 
indicating that the amount of silicon carbide whisker does not signifi-
cantly affect the yield strength. 

Due to the difference in the coefficient of thermal expansion between 
aluminum and silicon carbide whisker, and thermal stress, the density of 
dislocations increases. According to the Taylor equation, increasing the 
density of dislocations has a direct relationship with increasing the yield 
strength, and as a result, increasing the content of silicon carbide 
whisker increases the yield strength. Ryu et al. have explained this 

Fig. 7. Microhardness of (a) Al-CNTs, and (b) Al-SiCW composites hot-pressed at 550 �C at different times.  
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mechanism [50]. With increasing the amount of silicon carbide whisker, 
the compression strength has increased according to Fig. 9b. 

As seen, the highest yield strength (120 MPa) belongs to Al-% 1CNTs. 
With increasing the amount of carbon nanotube to more than 1 wt %, the 
yield strength decreases due to the clustering and improper distribution 
of carbon nanotube. But, in the composites reinforced by SiCW, there is 
not a significant change in the yield strength with increasing the amount 

of silicon carbide whisker. It can be concluded that the effect of carbon 
nanotubes on the yield strength of the Al-matrix composite is higher 
than that of SiCW. 

3.5. Compressive strength 

Fig. 9a shows the compressive strength of Al-CNTs nano-composites 

Fig. 8. The yield strength of (a) Al-CNTs, and (b) Al- SiCW composite samples hot-pressed at 550 �C with different amounts of CNTs at different times.  

Fig. 9. The compressive strength of (a) Al-CNT, and (b) Al-SiCW composites samples with different amounts of CNTs hot-pressed at 550 �C at different times.  
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hot-pressed at 550 �C at different times. As shown, the highest 
compressive strength belongs to Al-0.5%CNT nano-composites at 
various hot-pressing times. With increasing the hot-pressing time, due to 
complete sintering, the compressive strength also increases. The best 
result of the sintering was obtained for the sample hot-pressed for 
45 min. At this time, due to the complete sintering, the compressive 
strength of the composite with 2% of carbon nanotubes is higher than 
that of pure aluminum. This behavior occurs when compressive strength 
of the composite with a lower amount of carbon nanotubes and hot- 
pressed at 15 and 30 min have decreased. The highest compressive 
strength belongs to Al-3%SiCW composite (300 MPa), increased 33.83% 
in comparison to pure aluminum (224 MPa). 

According to Taylor’s equation, for the composites reinforced by 
carbon nanotubes, dislocation accumulation behind carbon nanotubes 
increases the strength [51]. 

σ¼ σ� þ αMT Gbρ 1
2 (3)  

where σ is the stress, σ� is the frictional stress, α is the constant, MT is the 
Taylor factor (for polycrystalline materials is 3), G is the shear modulus, 
b is the Burgers vector, and ρ is the displacement density of aluminum. 
This mechanism is confirmed by Lahiri et al. [52]. According to this 
mechanism, it is expected that, as the amount of CNTs increases, 
strength increases as well. But in high amounts of carbon nanotubes, the 
effect of this mechanism decreases due to clustering. 

Another strengthening mechanism for carbon nanotubes is bridging 
between the particles of the matrix. Fig. 10 shows the FESEM images of 
Al-0.5%CNT nano-composites hot-pressed at 550 �C for 45 min. As seen, 
carbon nanotubes have been bridged between aluminum particles. 
Bridging fills the cavities, increases density and, consequently, the 
strength [49]. 

As presented in our previous work, EDS mapping showed that 
different elements, Al and C, were dispersed homogeneously and the 
phenomenon of agglomeration has not happened [53,54]. The 
hot-pressed Al-0.5%CNT nano-composite exhibited an enhanced 
compressive strength (30%), while the compressive strength of 
Al-0.5 vol%BN increased by 13.7% [4]. 

When the amount of carbon nanotube increases, agglomeration oc-
curs. Agglomeration not only prevents the full condensation of the 
powder, but acts as a defect within the matrix, thus reducing the me-
chanical properties. In the case of 3% carbon nanotubes, as seen in 
Fig. 11, the strength has significantly decreased due to agglomeration 
and improper distribution. 

Fig. 12 shows the FESEM image of Al-3%SiCW composite. As seen, 
silicon carbide whisker has penetrated to the matrix. On the other hand, 
no agglomeration is observed. Silicon carbide whiskers broke down 
during the 1-h milling, causing it to be better distributed within the 
matrix. Silicon carbide whisker is added to the matrix to increase 
toughness. In contrast to the Al-CNTS fragmented during compression 
test, samples of Al-SiCW composite were turned into tablets, indicating 
that with the addition of the whisker, toughness has enhanced and the 
composites reinforced by silicon carbide whisker treat as pure 
aluminum. The penetration of silicon carbide whisker into the matrix 
improves the mechanical properties. 

4. Conclusion  

1. The fabrication of Al-CNTs composites by hot-pressing at three 
temperatures (500, 550, and 600 �C) showed that 550 �C is the best 
temperature to achieve proper microstructure as well as better me-
chanical properties  

2. The highest compressive strength of Al-CNTs composites was 
290 MPa, which belonged to composites reinforced by 0.5% of the 
carbon nanotube. The compressive strength of the Al-CNTs com-
posites produced by the hot-press method increased more than the 
compressive strength of those produced by spark plasma sintering 

method in the same condition. CNTs bridging is one of the mecha-
nisms for increasing the strength of Al-CNTs composites, which is 
clearly seen in the FESEM images.  

3. In the Al-SiCW composites, with increasing the SiCW content up to 
3 wt %, the compressive strength increases. The highest compressive 
strength was for Al-3% SiCW composite (300 MPa). The results 
showed that, under the same conditions for the fabrication of 
aluminum matrix composites, SiCW addition up to 3 wt % increases 
compressive strength, while for the composites reinforced by CNTs, 
this behavior only occurs up to 0.5 wt %.  

4. The different mechanical behaviors of carbon nanotubes and SiCW 
reinforcements are related to the agglomeration of carbon nano-
tubes. Strong Van der Waals force between carbon nanotubes pre-
vents them from separation and moving freely between aluminum 
powders. This behavior becomes more severe by increasing the 
amount of carbon nanotube in the aluminum matrix. On the other 
hand, lower Van der Waals forces between SiCW whiskers helps them 
to separate and move freely between aluminum powders, distribute 

Fig. 10. FESEM images of CNTs bridging in Al-0.5%CNT composites hot- 
pressed at 550 �C for 45 min. 
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well, and as a result, the mechanical properties improves more at a 
higher amount of reinforcement. 
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