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Carbon Nanotubes (CNTs) are considered as an ideal reinforcement to improve the properties of the Aluminium (Al) matrix
composites. Even though a significant improvement in mechanical, thermal and electrical properties obtained in Al-CNT
composites, there are still several challenges to get uniform dispersion in the matrix and interfacial bonding between CNTs and
Al matrix. The objective of the present work is to study the influence of ball milling time on structural stability and distribution
of CNTs in Al matrix. The fabricated composite powders morphology like grain size and CNT structural quality were analyzed
using Scanning Electron Microscope (SEM), X-ray diffraction (XRD) and Raman spectroscope. It was found that the 6 hrs
of ball milling is an effective way to achieve homogeneous distribution of CNTs in Al matrix. The highest hardness value of
77.4 Hv was obtained at 6 hrs ball milling time and subsequently the hardness was reduced to 46.2 Hv at 12 hrs. The reduced
hardness of Al-CNT composites may be attributed to lower structural qualities of CNTs with longer milling time. This is
evident from the ID/IG values of 0.92 and 1.04 for the 6 hrs and 12 hrs ball milled composites respectively.
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Introduction

Carbon Nanotubes are very attractive to researchers
due to their high strength, high elastic modulus and
high aspect ratio [1, 2]. In the recent times CNT
reinforced MMC (metal matrix composites) have been
considered to obtain the superior properties than the
matrix material. However, it is difficult to obtain a
uniform dispersion of the CNTs into matrix since the
CNTs have larger surface area of up to 200 m2/g,
which leads to formation of clusters due to Van der
Waals force [3, 4]. Aluminium is an ideal material for
aerospace and automotive industries due to its light
weight but severely limited by its low strength. In the
Al-CNT metal matrix composites, the poor dispersion
of CNTs leads to clustering in the matrix and this will
lead to decrease the overall mechanical properties of
the resulting composites [4]. Several researchers attempted
to improve the dispersion of CNTs in the matrix by
various methods like amino functionalization, mechanical
alloying and molecular level mixing [5-7]. The ball
milling process improves the uniform dispersion of
CNTs in the Al powder and increases the mechanical
properties of the Al matrix composites, but extended
ball milling time causes very high structural damages

to the CNTs [7]. Jun-ll Song et. al observed that the
primary particle size was decreased due to the increased
milling energy [8]. Cheol Woo Park et.al analyzed that
high energy ball milling was very effective to improve
the sinterability with controlled grain growth [9].
Strength and modulus of the composites were enhanced
when using both mild and severely damaged CNTs
compared to that of pure Al samples. The gain in
Young’s modulus is more significant by mildly
damaged CNTs than that severely damaged CNTs,
which is due to retained structural stability and high
aspect ratio of CNTs [10]. 

Even though many researchers attempted to get
uniform distribution of CNTs, so far there is no
standardized procedure to overcome the dispersion
problem. In the present work, the influence of milling
time on CNT structure and distribution of CNTs in Al
metal matrix composites were studied. The structural
damage of CNTs due to elapsed ball milling time was
studied and its structural stability was measured (ID/IG
ratio) using Raman spectroscopic analysis. 

 

Experimental Procedure

Aluminium powder of 20 µm particle size (Fig. 1)
with 99.34% purity was used as matrix material and
Multi-Wall Carbon Nanotubes (MWCNTs) having 8
nm diameter and 10-30 µm in length with purity
96.3%, was used as reinforcements in the present work.
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Prior to ball milling, the CNTs were refluxed in HNO3

using magnetic stirring to get the functional groups on
side walls and ends of the CNTs. The functionalized
CNTs were characterized by Fourier-transform infrared
spectroscopy (FT-IR).

The Al-CNT composite powders were ball milled
under the following conditions; Milling speed: 250
rpm, Time: 1, 6, 12, 18 and 24 hrs, ball to powder ratio
of 10:1, wet milling with Toluene. The fabricated Al-
CNT composite powder was characterized using SEM,
XRD and Raman spectroscope. Then the fabricated
composite powders were compacted and sintered at
temperature 550 oC for 30 minutes. The hardness test
was done on as-sintered Al samples and Al-CNT
composites as per ASTM standard: E92 at a load of
0.300 kgf with dwell time of 10 seconds. The composites
grains sizes were analyzed using the procedure
described in ASTM E112 – 13.

Results and Discussion

FT-IR, SEM and XRD analysis of Al-CNT composite
powders

The functionalization of CNTs leads to the formation
of carboxylic groups on the side and ends of CNT
surface. The FT-IR spectroscopic analysis is shown in
Fig. 2 which reveals the peaks related to carboxyl and
hydroxyl groups. The C-H and O-H stretching vibrations
are observed between 2900 and 3500 cm−1. These
functional groups present in the CNTs tend to reduce
the agglomeration and improves the distribution of
CNTs in the matrix [5]. The corresponding peaks for
carboxylic bonding are C=O, C-H and O-H which are
detected at wave numbers of 1640, 2920 and 3444 cm−1

respectively [11, 12]
The Fig. 3 shows SEM images of the ball milled Al

powders and Al-CNT powders morphology with varying
ball-milling time. During the milling of pure Al,
spherical morphology of the powders is flattened to
flake shape between 6 and 12 hrs. This is due to the

shearing effect of the balls [6, 18]. The larger surface
area was obtained in the 6 hrs ball-milling when
compared to other ball milling time (Fig. 3b). This
would be helpful to attach the large aspect ratio CNTs
uniformly to enhance the mechanical properties in
resulting composites. However, as the ball milling time
was increased beyond 12 hrs, the Al powders were
further fractured and formed an irregular shape, as
shown in Fig. 3d). This is due to cold working and
fracturing of powders [13]. Also dispersion of the
MWCNTs in the spherical Al powder can be observed
with varying ball-milling times.

The SEM micrograph in Fig. 3(a1-e1) shows the
surface regions of the Al-CNT composite powders at
various time intervals of ball milling. It has been
observed that the surface of the Al powder is covered
with CNTs. As compared to pure Al samples the cold
welding and fracturing of powders not been observed
at prolonged milling time due to incorporation of
CNTs.

XRD analysis of composite powder (Fig. 4) is carried
out to study the influence of ball milling time on the
grain size of the ball milled Aluminium powder and
Al-CNT composite powders, since grain size reduction
helps to get more denser composites with increased
mechanical properties. It is clearly visible that the peak
intensity of ball milled Al-CNT samples become
lowering and broadening with extended ball milling
time. This is due to the grain refinement and induced
strain by the ball milling process [13]. 

The average grain size is calculated using Scherrer
Equation. Fig. 5 shows the average grain size of the
ball milled samples for various ball mill times. It is
clearly observed from the graph, the grain sizes of ball

milled Al and Al-CNT powders shows that the
increased ball milling time reduces the grain sizes of
the particle [14, 15]. The mechanical properties of

Fig. 2. FT-IR graph showing functional groups present in
functionalized CNTs.Fig. 1. SEM image of as received Al powder.
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Fig. 3. SEM micrographs showing the morphology of ball milled pure Al powder (a-e) and Al-CNT (a1-e1) composite powder.
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composites would be increased due to the decreased
grain size of the composite powders [16].

Raman spectroscopic analysis of Al-CNT composite
powders

The Raman spectra analysis of composite powders is
shown in Fig. 6. The D and G, Raman shifts are
observed to characterize the structural quality of the
nanotubes. The G (graphitic) band is observed around
wave number 1600 cm−1 commonly taken as reference
to ensure the graphitic structure. Increased ball milling
time induces more structural defects in CNTs which
decreases graphitic intensity peak and widen. The D
(defect) band, which represents defects in the CNTs
graphitic structure, is found around wave number 1300
cm−1 [10]. 

The intensity ratio between the two peaks D/G is a
measure of the structural quality of MWCNTs. The G

band and D band are attributed due to in-plane vibrations

of SP2 carbon atoms and out of plane vibrations attributed
to the presence of structural defects respectively. The
Table 1 shows intensity ratio between the two peaks D/
G. From the ratios it is clearly observed that the
increased ball milling time gives the larger ID/IG
values.

Micro structural analysis of Al-CNT composites
The microstructure of the as-sintered Al and Al-CNT

composites with varying ball milling time is shown in
Fig. 7. It is evident that addition of CNTs in to the Al
matrix refines the grain size when compared to pure Al
samples. Also increase of the ball milling duration
resulted in decreased grain size of the composites. It is
evident from the microstructure grain size analysis the
number of grains obtained for Al-CNT composites by
varying milling time of 1, 6, 12, 18 and 24 hrs are 800,
1639, 2432, 2437 and 2454 respectively. The grain
refinement at particularly in Al-CNT composites may
be attributed to the larger strain due to the addition of
CNTs in to the matrix and improved dispersion of
CNTs can significantly inhibit the grain growth during
sintering [17].

Fig. 4. XRD analysis of ball milled Al-CNT composite powders.

Fig. 5. Average crystallite size of ball milled samples calculated
using Scherrer Equation.

Fig. 6. Raman spectra analysis for Ball milled Al-CNT powders.

Table 1. ID/IG ratio of Ball milled Al/CNT powders

Samples
Ball milling time(hrs)

1 6 12 18 24

Al-CNT ID/IG ratio 0.63 0.92 1.04 1.10 1.06
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Fig. 7. Optical Micrographs of as-sintered Al (a-e) and Al-CNT (a1-e1) composites by varying ball milling time.
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Influence of ball milling time on hardness of Al-
CNT composites 

The Vickers hardness of the fabricated composites
was measured at room temperature which is shown in
Table 2 and plotted in Fig. 8. From the results, it is
observed that the average Vickers hardness of Al/CNT
composites is increased from 34 Hv to 77.4 Hv. This
increase in hardness value was attributed due to the
addition of CNTs when compared to pure Al samples
whose values ranging from 28.4 to 43.8 Hv. The highest
hardness value (77.4 Hv) was observed for 6 hrs ball
milled Al-CNT composite. The results were compared
with various methods followed other researchers. Kim et
al. obtained the hardness values between 52-55 Hv for
1, 3 and 5 wt% of CNTs using acid treatment and
ultrasonication method [18], and Hansang Kwon et.al
used nano scale dispersion method and achieved the
hardness value of 52 Hv for 5 vol% of CNTs [19].
A.M.K. Esawi et.al used ball milling method to produce
Al-CNT composites obtained hardness value of 75 Hv
for 2 wt% of CNTs [20], Mina M.H. Bastwros et.al
obtained hardness value of 84.5 Hv for 2.5 wt% of
CNTs using ball milling method [21].

During 6 hrs of ball milling, the Al and CNT
composite powders were flatten by shearing force (Fig.
3b1), attributed to increased specific surface area, due
to which more anchoring sites for CNTs were obtained.

Increase in ball-milling time resulted in gradual decrease
in structural stability of CNTs and leads to reduced
mechanical properties. It is evident from the study, for
6 hrs sample the hardness value of 77.4 Hv was obtained
with ID/IG value of 0.92. Whereas the hardness of 12
hrs sample is 46.2 Hv having ID/IG ratio of 1.04.
Hence the structural defects of CNTs greatly influence
the mechanical properties of the resulting composites
[22, 23]. It is also observed from the results that the
grain size of the Al-CNT powder (17.1 nm) is less than
that of pure Al powder (22.7 nm) at 24 hrs of extended
ball milling. The grain refinement due to presence of
CNTs in composite powder may be the reason for
higher hardness [15]. A threefold increase in hardness
values were observed in Al-CNT composites than that
of pure Al samples. The ID/IG ratio of CNTs increases
with increased ball milling time, it was found that for 6
hrs ball milling the ID/IG values are less compared to
the subsequent samples. The 24 hrs ball milled sample
ID/IG value was observed as 1.06. Even though these
values are higher than that of 0.6 (1 hr), the increased
hardness is due to uniform distribution of CNTs in the
matrix and grain refinement. 

Conclusion

In the present study, ball-milling process was used to
fabricate the Al-CNT composite powders. During ball
milling process between 6 and 12 hrs, the shearing
effect of the balls flatten spherical morphology of Al
powder to flaky shape. The hardness of 77.4 Hv was
observed in 6 hrs ball milled Al-CNT composite. This
increase in hardness values is mainly attributed to
increased specific surface area, due to which more

anchoring sites for CNTs were obtained. The Raman
spectra analysis of composite powders indicates the
quality of the nanotubes. Due to the prolonged ball
milling the ID/IG of CNTs varied from 0.6 to 1.06. The
increase in ball milling time resulted in higher values
of ID/IG ratios.

The hardness of 12 hrs Al-CNT sample is 46.2 Hv,
and having ID/IG ratio of 1.04. Hence, longer milling
duration caused decrease in structural stability of CNTs
and greatly influences hardness of composites. Even
though the ID/IG ratio of 24 hrs ball milled Al-CNT
composite is higher than that of 1 hr milled sample, the
increased hardness is due to uniform distribution of
CNTs in the matrix and grain refinement.
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