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behavior of carbon nanotube-reinforced aluminum composites

A. Yarahmadi,a) M.T. Noghani, and M. Rajabi
Materials Science and Engineering Department, Engineering and Technology Faculty, Imam Khomeini
International University (IKIU), Qazvin 34149-16818, Iran

(Received 31 October 2016; accepted 1 November 2016)

In this research work, planetary ball mill has been used to disperse carbon nanotubes (CNTs) in
Al powders. Al-CNT nanocomposite samples have been produced using double pressing double
sintering (DPDS) method. The effects of CNTs weight percent and secondary pressing and
sintering on the hardness, tensile, and bending strength of Al-CNTs nanocomposites were
investigated. Enhancements of about 98% in hardness, 40% in tensile strength, and 20% in
bending strength of Al-CNTs nanocomposites were observed as compared with pure Al samples.
Using DPDS technique increments of 2.4–16.14% in density has been obtained as compared with
the nanocomposites produced by conventional sintering method. The composites were studied by
scanning electron microscope and differential thermal analysis. The X-ray diffraction (XRD) was
used to identify various phases if present in Al-CNTs nanocomposites.

I. INTRODUCTION

Metal matrix composite (MMC) is engineered
combination of the metal (matrix) and hard particle
(reinforcement) to get tailored properties. MMCs are
either in use or prototyping for the space shuttle, com-
mercial airliners, electronic substrates, automobiles, golf
clubs, and a variety of other applications.1–7

Carbon nanotubes (CNTs), due to their singular one or
multilayer tubal graphene structure, have great attention
for structural and functional uses.8–10 CNTs have attracted
much attention due to their special atomic structure and
enchant mechanical properties (elastic modulus ;1
TPa and strength ;30 GPa)11–13 as well as excellent
thermal properties and good electrical properties.11,12

Excellent properties make CNTs ideal fibrous rein-
forcements for composites materials. In the past 20 years,
CNTs reinforced composites in various matrices have
been studied intensively for applications in the next
generation of strong structural materials.8,14 Up to now,
however, the reported mechanical properties of CNT
reinforced composites are still much lower than awaited.
Also the understanding of the fracturing behavior of
CNTs in composites is basically necessary to the design
of high-strength composite materials.8,15,16

Among many candidates, matrix materials for light
weight high-strength composites, aluminum has been

considered preferentially due to its relatively low density
and reasonable mechanical properties. In fact, the interest
in CNT-reinforced aluminum composites has been
growing substantially. The shared aim of the various
groups is to produce composites with enhanced mechan-
ical properties. Such composites would make attractive
novel materials with potential applications in the aero-
space, automotive, and sports industries where light
weight combined with high stiffness and strength is
desired. The optimum CNT content at which maximum
enhancement was achieved varied depending on mixing
and preparation techniques. Powder metallurgy (PM)
techniques have been the preferred route for most
researchers.17–23 The two techniques that have been
investigated are sonication,18 in which the CNTs are
dispersed with the matrix powders in ethanol, before
being compacted and sintered, and high energy
ball milling24–28 in which the matrix powders and
the CNTs are subjected together to the impact and
friction effects of the milling media. Noguchi et al.29

fabricated CNT/Al composites by using a PM method
and found that the tensile strength of CNT/Al composites
was higher than that of sintered pure Al, which was
attributed to the ultrahigh tensile strength of CNT
reinforcement. In conventional carbon fiber/Al compo-
sites, Al4C3 grows on the prism plane of the carbon fiber.
This reaction is serious due to the fact that growing Al4C3

needles result in a drastic decrease in the composites
strength.29,30 In the CNT/Al system, an important issue of
the chemical stability of the CNTs in the Al matrix is
whether or not CNTs can be applied to the Al matrix as
reinforcement. However, Zhang et al.31 found that CNTs
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reacted with Al matrix and formed Al4C3 phases in
CNT/Al composite when the composite was held at
800 °C for 1 h. George et al.23 prepared pure
Al–multiwall CNT (MWCNT) composite by mechani-
cal milling and following sintering and hot extrusion.

In the present study as far as authors know for the first
time, the aluminum-based nanocomposites containing
MWCNTs are fabricated using planetary ball mill tech-
nique followed by the double-pressing double-sintering
(DPDS) process.

II. EXPERIMENTAL

The purity of aluminum powder was 99% (supplied by
Khorasan Powder Metallurgy Co., Ltd.) and MWCNT
(provided by Research Institute of Petroleum Industry,
Tehran, Iran) had purity and density of 95% and
2.200 g/cm3 (diameter # 10 nm, and length # 30 lm).
TEM image of purified MWCNTs is shown in Fig. 1. It is
observed that the CNTs had a curvilinear morphology
and twisted shape and were having nanoscale morpho-
logical features.

MWCNTs were mixed with aluminum in planetary ball
mill (model: PLM2 C, Sanatceram Co., Tehran, Iran)
containing stainless steel milling balls of 10 mm and
15 mm diameter (giving initial ball to powder ratio, BPR
5 20:1). A little ethanol (2 wt%) was used as a process
control agent (PCA) to minimize cold welding of Al
particles as well as the strain hardening of the material at
the higher energies involved during milling. It also prevents
sticking of powders to the balls as well as walls of planetary
ball mill during milling. The planetary ball mill was filled

with argon (Ar) and agitated using rpm of 200 and milling
time up to 2 h (15 min to an hour after the rest of milling
was considered). They were all opened inside the glove box
and samples were extracted. Nanocomposite powder was
then pressed in a uniaxial die of stainless steel under the
pressure of 550 MPa and then per-sintered under Ar
atmosphere by heating at 500 °C for 45 min. Before second
pressing, they were lightly sprayed with zinc stearate to
reduce friction effects, after that the samples were pressed
again under the pressure of 550 MPa, and finally sintered
under argon atmosphere at 600 °C for 45 min.

Brinell hardness of the MWCNTs/Al composite
samples were measured using HVS-1000A model
micro-hardness tester (Metal Network Korea Co., Seoul,
South Korea), with a loading of 200 g (1.96 N) and
a dwell time of 15 s (according to ASTM E384-05A).
The Archimedes technique was used to measure the
density of all samples. Tensile strength and bending tests
were carried out using a Zwick Royll-Z100 universal
testing machine (Zwick, Baden-Württemberg, Germany)
with an initial strain rate of 2 mm/min at room temper-
ature (according to ASTM E9-89AR00).

For metallographic samples SiC sandpaper numbers of
320p to 3000p were used. To view the microstructure of the
samples by scanning electron microscope (SEM), first
samples were polished using 0.5 lm alumina suspension,
felt, and diamond paste. Finally samples were etched by
a solution of 0.5 HF. Morphology of composites powders
and fracture surfaces of failed tensile samples were exam-
ined using SEM. XRD analysis of Al-CNTs samples were
carried out using XPert (Philips PW 3710, PANalytical
Co., Almelo, The Netherlands) diffract meter (Co Ka

radiation with k 5 1.789010 Å) with voltage and current
setting of 40 kV and 30 mA, respectively.

III. RESULTS AND DISCUSSION

A. Microstructure

It is known that the mixing process and its duration
determine the effective dispersion of MWCNTs in the Al
powder. SEM micrographs of the blended Al–MWCNT
powders are depicted in Fig. 2. There seems to be
homogeneous mixing of Al powder and MWCNTs at
4 wt% loading and there is considerable agglomeration
of MWCNTs at 12 wt%. It is observed that the CNT’s
were shortened to a large extent and got homogenously
dispersed, embedded, cold welded between the soft
Al matrix and tangled together as a result of high
energy milling. Similar findings were observed by
Esawi and Morsi.25,26 Also Fig. 2(b) shows the SEM
micrograph of raw CNTs, and it is clear that the involved
and curled CNT were agglomerated together as big
clusters due to the strong Van der Walls force between
the long and thin tubes. The agglomeration of CNT
is one of the biggest challenges for CNT reinforcedFIG. 1. TEM micrographs of MWCNTs.
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composites which leads to premature crack initiation
and fracture in tension. In the authors’ labor, CNT
bundles are expected to be separated and uniformly
dispersed in the aluminum metal matrix by high energy
ball milling.23,24,30,31 Metallo-graphically polished cross-
sectional views of the composites are shown in Fig. 3.
Figures 3(a) and 3(b) show the microstructure of the
DPDS Al–MWCNT composites with 2 wt% and 4 wt% of
reinforcement phase. Uniaxial grains were observed in the
composites.

B. Differential thermal analysis (DTA) and x-ray
analysis

DTA is shown in Fig. 4. DTA analyses show a broad
peak from 150 °C to 500 °C which may be ascribed to
the strain release and the grain growth as heating

progresses24,32 and only one endothermic event, which
correspond to pure aluminum melting point (658 °C).
Because of the longer milling process, the diffusion
couple formation, due to the dissolution of elemental
powders in aluminum matrix, would lead to the release
of more heat. It is therefore evident from the analysis
that the milled powders could be sintered at different
temperatures for consolidation, without any phase
transformation. However, the effect of high tempera-
ture on the grain growth and strain release become
important as far as the strengthening of the material is
concerned. Moreover, an exothermic peak is observed
at 610–620 °C indicating the reaction between Al and
MWCNT and consequently the formation of aluminum
carbide (Al4C3) phase. To confirm the formation of
Al4C3 phase, XRD analyses were performed on the
nanocomposite sample after DTA run (Fig. 5).

FIG. 2. SEM images of CNTs on the surface of aluminum powder milled for 2 h with the addition of PCA (a and b) Al–12 wt% CNTs, and
(c and d) Al–4 wt% CNTs.

FIG. 3. SEM micrographs of etched DPDS (a) Al–2 wt% CNTs and (b) Al–4 wt% CNTs composite.
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Therefore, it is concluded that consolidation of
Al–MWCNT powder should carry out below the
610–620 °C range to prevent the formation of
undesirable Al4C3 phase. Few peaks related to
Al2SiO5 phase in the XRD patterns are probably due
to the presence of Si impurity initial powders (Fig. 5).

C. Mechanical properties

The theoretical density of nanocomposites were calcu-
lated by using the mixture low [Eq. (1)] and bulk density
of nanocomposites were measured by Archimedes method.

pc ¼ pfVf þ pmVm ð1Þ
As it can be seen in Fig. 6 the measured density of

samples after primary pressing and sintering decreases
with increasing CNTs content. The main cause of

reduction of density of nanocomposites relative to the
density of pure aluminum is because of increasing
amounts of CNTs that have low density than pure
aluminum. A drastic reduction of the measured density
in the primary pressing and sintering also could be due to
the high porosity in the samples.

The effects of CNTs content and second pressing and
sintering on measured density are shown in Fig. 6. It is
obvious that with addition of CNTs in second pressing
and sintering, the measured density of the composites
increases with increasing CNTs content, while large
amount of CNTs try to reduce the relative density of
the composites. This can be due to the fact that addition
of CNTs could fill up the micro-voids resulting in
increase of the density of CNT–Al composites, however,
large amount of CNTs are prone to tangle together in
blended powders of Al powders and CNTs. Reducing the
density at CNTs content greater than 8 wt%, could be due
to the nonhomogeneous distribution, agglomeration and
cluster formation of CNTs, which inhibit the diffusion of
Al into the small spaces between the CNTs, resulting in
a non-uniform distribution and the formation of pores
during the sintering process. Thus leads to reduction in
the measured density. CNTs conglomeration not only
impedes the densification of the specimens, but also
becomes the defect source. Hence, the measured density
of the composites decreases.

The hardness in the aluminum-based composites with
different CNTs concentrations was also evaluated and
presented in Fig. 7. Previously, higher hardness values
were reported for similar composites after sintering pro-
cess.9,10 Brinell hardness tests have been carried out for
the pure Al and Al–MWCNT composites, as shown in
Fig. 7. In general, the hardness increases with the content
of MWCNTs. Hardness reached maximum for the
8.0 wt% MWCNT/Al, but then dropped with the further
loading of MWCNTs. Similar observation was also
reported by Deng et al.22 in their Al–MWCNT compo-
sites study.

FIG. 4. DTA patterns of (1) Al1 4 wt% CNTs mixed powder; (2) the
Al 1 8 wt% CNTs mixed powder; and (3) the Al 1 12 wt% CNTs
mixed powder.

FIG. 5. XRD patterns of the Al 1 CNTs mixed powder; after tested
by DTA.

FIG. 6. Density of Al–CNTs nanocomposites as a function of wt% of
CNTs.
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The tensile strength curve of the MWCNTs/Al com-
posites reinforced with different percentages of MWCNT
content are shown in Fig. 8. It is noted that, the tensile
strength increases with the increasing of MWCNT
content in the composite, which indicates that the
MWCNT content has a significant effect on the enhance-
ment of the mechanical properties of the MWCNTs/Al
composites.

The increase in tensile strength indicates that the
Al–CNTs nanocomposites are successfully synthesized
from CNTs and aluminum powder by DPDS. In this
study, the strength still increases as the MWCNT content
increases. This also mainly attributes to the homogeneous
dispersion of the MWCNTs in the aluminum matrix.

There are several hypotheses about the possible
reinforcing mechanisms that could explain the en-
hanced mechanical properties. To fully understand the

strengthening mechanisms that take place in the Al-based
nanocomposites reinforced with nanofibers (MWCNTs),
additional work is required. Nevertheless, we should
consider the following hypotheses: (i) inhibition of dis-
location motion by MWCNTs, (ii) wetting of MWCNTs
by Al, (iii) thermal mismatch between MWCNTs and
(iv) Al formation of a transition layer between the
MWCNTs and the Al matrix, (v) grain refining produced
by MM process, and (vi) formation (crystallization) of
aluminum carbide at high MWCNTs content.22,33–41

Orowon strengthening, grain and substructure strength-
ening, quench hardening resulting from the dislocations
generated to accommodate the differential thermal con-
traction between the reinforcing particles and matrix,
and work hardening due to the strain misfit between the
elastic reinforcing particles and the particle matrix are
the possible strengthening mechanisms, which may

FIG. 7. Average of Brinell hardness measurement of Al–CNTs nanocomposites as a function of wt% CNTs before, and after DPDS.

FIG. 8. Tensile strength as a function of wt% of CNTs before, and after DPDS.
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operate simultaneously leading to increased hardness
and elastic modulus of the particle-reinforced MMCs.39

It is also interesting to note that the elongation of
composites keeps almost invariable when CNTs content is
below 8.0 wt% after second pressing and sintering (Fig. 9).
This can be owing to the fact that CNTs can increase the
toughness of the composites by absorbing energy because of
their highly flexible elastic behavior during loading,33 which
is markedly different from the traditional fibers or whiskers,
but need to be verified. The elongation of the MWCNTs/Al
composites after primary pressing and sintering decreases
when compared with the sample without adding MWCNTs,
and it decreases from 2.3% to 1.0% when the MWCNT
content increases from 0 wt% to 12 wt%, which indicates

that the adding of MWCNTs will make the composite
become more brittle. In addition, it is due to the fact that
during the primary pressing work hardening and density
increment is happening after DPDS (Fig. 9).

The bending strength from the bend tests were calcu-
lated by Eq. (2):

rb ¼ 3PL
2wh2

; ð2Þ

where rb is the bending stress (MPa); P is the load (N); L
is the support span (mm); w and h are the width and depth
of the specimen (mm); respectively. The bending strength
is shown in Fig. 10. The addition of 12 wt% CNTs

FIG. 9. Influence of CNTs content on the elongation of CNTs/Al nanocomposites before and after DPDS.

FIG. 10. Three point bending test results for pure Al and Al–CNTs nanocomposites samples after second pressing and sintering.
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resulted in decrease of the bending strength. The
agglomerated CNTs network sites became fracture
initiation points, which resulted in decrease of the
bending strength.

D. Fracture surfaces

The SEM of the fracture surfaces of the nanocompo-
sites are shown in Fig. 11. CNTs were observed to be
well dispersed in the matrix and fracture surfaces of
Al and Al–CNTs nanocomposite. Some CNTs could be
observed in the cracks as seen in Fig. 11. Some of them
are even binding the crack surfaces together. The nano-
tubes seem also to be hided with aluminum that would
signify a good interfacial cohesion between the matrix
and the CNT. The MW–CNTs are also aligned with the
applied force. Figs. 11 and 12. Show the SEM images of
the fracture surfaces indicating the strengthening mech-
anisms that could exist in CNT reinforced aluminum
composites. Figure 12 shows CNT pull-out phenomena
in Al–8 wt% CNT. CNTs are pulled out from the matrix
until they fail under tension which would be as a result
of poor interfacial bond between the CNTs and the
aluminum matrix. The aligned nature of the CNTs in
Figs. 11(c), 11(d), and 12 indicates that this mechanism
could result in good strengthening effect. It is observed
that the CNTs in the matrix form bridges between the
cracks which could lead to toughening. These mechanisms
would result in increase of strength and stiffness as mea-
sured by tensile test. The tests require fabrication of thick
tensile samples, which it would be our future work.

IV. CONCLUSIONS

Al-based composites reinforced with 0–12.0 wt%
MWCNTs were successfully fabricated by DPDS tech-
nique. The density, hardness, tensile, and bending strengths
increase with increase of CNT content. The composite with
8.0 wt% of CNT content exhibits increment of hardness,
tensile, and bending strengths of about 98%, 40%, and
20%, respectively, as compared with the hardness, and
tensile strength of pure Al samples fabricated under the
similar conditions. Finally, it can be concluded that the
DPDS method is an appropriate and the newly used
method for the Synthesis of Al-CNT composites.

FIG. 11. Fracture surfaces of specimens of tensile tests (a) pure Al, (b) Al–2 wt% CNTs, (c) Al–8 wt% CNTs, and (d) Al–12 wt% CNTs.

FIG. 12. Fracture surface of Al–8 wt% CNTs nanocomposite
showing smooth surface of CNTs pulled out from the matrix and
CNTs embedded in matrix.
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