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Abstract. The mechanical and tribological properties of the Al/CNT composites could be controlled and improved by the method of its fab-
rication process. This research article deals with the optimization of mechanical and tribological properties of Al/CNT composites, which are 
fabricated using the mechanical alloying process with the different weight percentage of multi-walled CNT reinforcement. The phase change 
and the presence of CNT are identified using the X-Ray Diffraction (XRD) analysis. The influence of mechanical alloying process and the 
multi-walled CNT reinforcement on the mechanical, and tribological behaviours of the Al/CNT composites are studied. The optimal mechanical 
alloying process parameters and the weight percentage of multi-walled CNT reinforcement for the Al/CNT composite are identified using the 
Response Surface Methodology (RSM), which exhibits the better hardness, compressive strength, wear rate and Coefficient of Friction (CoF). 
The Al/CNT composite with 1.1 wt.% of CNT has achieved the optimal responses at the milling speed 301 rpm and milling time 492 minutes 
with the ball to powder weight ratio 9.7:1, which is 98% equal to the experimental result. This research also reveals that the adhesive wear 
is the dominant wear mechanism for the Al/CNT composite against EN31 stainless steel but the optimal Al/CNT composite with 1.1 wt.% of 
multi-walled CNT has experienced a mild abrasive wear.
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1. Introduction

The fabrication process and the pre/post treatment process of
metals or Metal Matrix Composites (MMCs) defines its struc-
tural and mechanical behaviours [1]. The strength and surface
properties of the MMC are improved by the addition of re-
inforcement, and bulk/surface modification techniques [2–4].
Aluminium (Al) based MMC are generally fabricated using
the liquid metallurgy for bulk/mass production [5]. While con-
sidering the micro level Al products, the powder metallurgy
route plays a major role in achieving the homogenous be-
haviour and the better mechanical properties with a less ma-
terial wastage [6]. One of the simple and effective powder met-
allurgy technique for the fabrication of Al composites is the
mechanical alloying process [7].

From previous literature, it is reported that the mechanical al-
loying process parameters could influence the mechanical prop-
erties of Al and its composites. Earlier researchers had experi-
mented the effects of milling parameters on powders and sug-
gested the most influencing factors are milling time, Ball To
Powder Ratio (BTPR) and milling speed [8, 9]. Fogagnolo et
al. [10] studied the effects of mechanical alloying process on
microstructure and mechanical properties of the Al and its com-
posites. From the study, it is inferred that the milling time in-
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fluences the particle size and homogenous distribution. Longer
milling time along with the hard reinforcement could increase
the hardness of the Al composite. Awotunde et al. [11] has done
a survey to explore the effects of sintering conditions on the me-
chanical property of Al and its composites. It concludes that the
maximum sintering temperature for the conventional sintering
process is 600◦ for Al composites and the Al composites attains
better mechanical property at an optimum sintering temperature
of 500◦.

Many researchers have reinforced the SiO2, TiO2, SiC, TiC,
B4C, TiB2, BN, CNT and/or Al2O3 to the Al alloys for im-
proving their mechanical strength [12,13]. The addition of low-
density reinforcement helps to suit the Al composites for the
lightweight systems [14]. The commonly preferred low-density
reinforcement for the Al composite is Carbon Nano Tubes
(CNT) [15]. The addition of higher wt.% of CNT to the Al ma-
trix will lead to agglomeration, which is due to the high van der
Waals force of CNTs [16]. Bunakov et al. [17] fabricated the
Al/CNT composite using the powder metallurgy technique, in
which the same phenomenon is inferred for the addition of 1
wt.% of CNT particles to the Al matrix.

Popov et al. [18] carried out an in-situ study on the fabrica-
tion of Al composites using the mechanical alloying process.
This study had revealed that the identification of optimal com-
position of reinforcement to the matrix is necessary to avoid
the intensified mixture in mechanical alloying process. The se-
lection of effective optimization methodology will support to
identify the optimal wt.% of reinforcement to the matrix and the
optimal fabrication condition for the MMCs [19, 20]. The op-
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timization methodology needs to support the study of intervals
of each factor. In this aspect, Response Surface Methodology
(RSM) aids to identify the impact of intervals on the response.

Saravanan et al. [21] optimized the wear parameters, in
which it is stated that the RSM optimization technique explores
the responses between the levels of factors through the regres-
sion models. This methodology identifies the optimal responses
and their influencing factors effectively. Bastwros et al. [22]
discussed the wear behaviour of Al/CNT composites for the
different wt.% of CNT reinforcements. Similarly, Abdullahi et
al. [23] also discussed the same and mapped the wear mecha-
nism against the wear parameters.

The fabrication process could control the mechanical and tri-
bological properties of the Al/CNT composite, which have been
proven by the earlier studies. From available literature, to the
best of our knowledge, very few research studies are focused
on the effect of controlling factors on the mechanical and tribo-
logical properties of the Al/CNT composites. It is also inferred
that no detailed systematic analysis to optimize the mechan-
ical alloyed Al/CNT composite in the aspect of mechanical,
and wear behaviours. This makes the aim for the current re-
search work to study the influence of the mechanical alloying
parameters and CNT reinforcement on mechanical and tribo-
logical properties of the Al/CNT composites. RSM is adopted
to optimize influencing factors and their levels with consider-
ing the mechanical and wear properties of the Al/CNT com-
posites.

2. Materials and methods

For the current research work, Al powder (purity 99.7%) with
an average particle size of 78 µm is purchased from Loba
Chemie, India and the multi walled CNT (nominal dia of 20–
80 nm and length of 3–8 µm) is purchased from Intelligent Ma-
terials Private Ltd., India. The purchased CNT is functional-
ized using acidic treatment for the activation of hydroxyl group
in the walls of CNT [24] and it is ball milled using the tung-
sten carbide balls to blend with Al for different compositions
and milling conditions. The mechanical alloying parameters for
Al/CNT composites are selected based on the literature and it

Fig. 1. Photographs of (a) Hydraulic Pressing Machine (b) Mould (c)
and (d) Al/CNT sample

is tabulated in Table 1. The milled powders are cold pressed at
500 N/mm2using the hydraulic pressing machine (Fig. 1a) with
the steel mould (Fig. 1b) to form the samples of 20 mm dia and
10 mm height (Figs. 1c and 1d). After cold pressing, the sam-
ples are sintered at 500◦C at the heating rate of 10◦C/min for
30 minutes and allowed for natural cooling inside the furnace
to avoid environmental impact [25].

Table 1
Parameters of mechanical alloying process for Al/CNT composites

Variable Factor Notation Unit
Range

−1 0 +1

A Material CNT wt.% 0 1 2

B Milling speed N rpm 250 300 350

C Milling time T minutes 240 480 720

D
Ball to powder
ratio

BTPR (x:1) 6 9 12

The fabricated Al/CNT composites are examined using the
Field Emission Scanning Electron Microscope (FESEM) and
the presence of CNT (carbon) is evidenced through Energy
Dispersive x-ray Spectroscopy (EDS) (Model: SIGMA–ZEISS–
Bruker Quantax 200-Z10 EDS). The same samples are also ex-
amined using the X-Ray Diffractometer (XRD) in Cu-Kα ra-
diation with wavelength of 1.54 Å from the diffraction angle
20◦ to 90◦ at a step angle of 0.0◦ (Model: X’per PRO). The
XRD patterns are compared with the Joint Committee on Pow-
der Diffraction Standards (JCPDS) and the crystalline structure
is studied.

The micro hardness (ASTM B933 – 20) of the fabricated
Al/CNT composites is determined using the Vickers micro
hardness tester (Model: Economet VH – 1D), with the load of
300 g for the dwell of 15 s and an average of 5 trails is taken.
The compression strength of Al/CNT composites (dia φ20 mm,
height 10 mm) is evaluated using the automated uniaxial com-
pression testing machine (ASTM B331-16).

The wear study is carried out for the Al/CNT composites us-
ing the pin-on-disc tribometer (Model: DUCOM, TR20LE) as
per the ASTM G99 under dry sliding condition. The dimension
of the mechanically alloyed Al/CNT composite pin is machined
to dia φ6 mm and length of 10 mm and the counterpart steel
EN31 disc is machined to dia φ55 mm and 10 mm thickness.
The wear test is conducted for the applied load 10 N and slid-
ing velocity 1 m/s at the constant sliding distance of 1000 m
with the track dia of 40 mm. The mass of the samples is mea-
sured before and after wear test using an electronic balancing
machine with an accuracy of ±0.0001 g for the determination
of wear rate. The friction force is measured by using the load
cell; there-by the Coefficient of Friction (CoF) is determined.
The worn surface of the Al/CNT composites are examined us-
ing the Scanning Electron Microscope (SEM) (Model: Hitachi
S-3400N).

Based on the selected parameters for mechanical alloying
process, the Design of Experiments (DoE) is framed to adopt
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the RSM (Box-Behnken Design) to identify the optimal me-
chanical alloying parameter and CNT reinforcement, which
provides the better mechanical and tribological properties for
Al/CNT composites. Since the selected factors are four, the de-
sign table L27 is framed and the responses considered are hard-
ness, compression strength, wear rate and CoF.

3. Results and discussion

3.1. Characterization of mechanical alloyed Al/CNT com-
posites. Figures 2a and 2b evidence the presence of CNT with-
out agglomeration in the Al/CNT composite fabricated using
the mechanical alloying condition i.e., 300 rpm milling speed,
480 minutes milling time and 9:1 BTPR. The element compo-
sition is analysed by the EDS (Figs. 2a1 and 2b1), which con-
firms the percentage of CNT in the composites. The average
grain size of the composites is measured, which is 138.2 nm
for Al/CNT1wt.% and 173.4 nm for Al/CNT2wt.% composites.

Fig. 2. FESEM of (a) Al/CNT1wt.% composite; (b) Al/CNT2wt.% com-
posite, and EDS of (a1) Al/CNT1wt.% composite (b1) Al/CNT2wt.%

composite

The mechanical alloying process parameters influence the
structural properties of the Al/CNT1wt.% composites, which is
evidenced from the SEM images (Fig. 3). This effect will reflect
in the mechanical and tribological behaviour of the Al/CNT
composites. A laminar structure is visible on the surface of
Al/CNT1wt.% composites, the width of the laminar structures
is reduced from 5–7 µm (Fig. 3a1) to 2–3 µm (Fig. 3a2) by
the increase the milling speed from 250 to 350 rpm for the
milling time of 480 minutes with 9:1 BTPR. This is due to the
increase in centrifugal force, which tends to generate a tensile
stress along the boundaries of the particles [26].

The average length of the laminar structure observed for the
Al/CNT1wt.% composite at the milling time 240 minutes is
about 83.2 µm from Fig. 3b1 for milling speed 300 rpm with
9:1 BTPR. Similarly, the average length of the laminar struc-
ture observed for the Al/CNT1wt.% composite at milling time

(a) SEM image of Al/CNT1wt.% composites fabricated at milling
speed (a1) 250 and (a2) 350 rpm for milling time 480 minutes with

9:1 BTPR

(b) SEM images of Al/CNT1wt.% composites fabricated at milling
time (b1) 240 minutes and (b2) 720 minutes for milling speed 300 rpm

with 9:1 BTPR

(c) SEM images of Al/CNT1wt.% composites fabricated at BTPR (c1)
6:1 and (c2) 12:1 for milling time 480 minutes and milling dpeed

300 rpm

Fig. 3. SEM images of Al/CNT1wt.% composites

720 minutes is about 115.7 µm from Fig. 3b2. The prolong
milling time had extruded the particles, which is due to the ef-
fect of stress mitigation at the boundaries along the centrifugal
direction [27].

Figure 3c1 shows the irregular and improper formation of
particles due to the uneven hammering force created for the less
BTPR (6:1) [28]. The same behaviour is not evidenced for the
BTPR (12:1) and it provides the equiaxed particles by the effect
of milling time 480 minutes and milling speed 300 rpm for the
Al/CNT1wt.% composites.

The XRD analysis is carried out for the Al/CNT composites
and its patterns are represented in Fig. 4. The peak at 38.47◦,
44.72◦ and 65.09◦ have the (h,k,l) orientation of (111), (200)
and (220), respectively [29], which confirms the Al peaks with
a better crystalline nature of the composites (JCPDS card: # 89-
2769).

The strong (111) orientation peak is identified at 38.56◦,
which exhibits the correlation between the grains in the com-
posites i.e., Full Width at Half Maximum (FWHM) phe-
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is reduced from 5–7 µm (Fig. 3a1) to 2–3 µm (Fig. 3a2) by
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720 minutes is about 115.7 µm from Fig. 3b2. The prolong
milling time had extruded the particles, which is due to the ef-
fect of stress mitigation at the boundaries along the centrifugal
direction [27].

Figure 3c1 shows the irregular and improper formation of
particles due to the uneven hammering force created for the less
BTPR (6:1) [28]. The same behaviour is not evidenced for the
BTPR (12:1) and it provides the equiaxed particles by the effect
of milling time 480 minutes and milling speed 300 rpm for the
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The XRD analysis is carried out for the Al/CNT composites
and its patterns are represented in Fig. 4. The peak at 38.47◦,
44.72◦ and 65.09◦ have the (h,k,l) orientation of (111), (200)
and (220), respectively [29], which confirms the Al peaks with
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Fig. 4. XRD pattern of Al/CNT composites

nomenon [30]. The XRD pattern reveals the formation of CNT
reinforced to the Al matrix from the peak at 26.55◦ for all the
Al/ CNT composites. There is a shift of CNT peak is identified
about 0.35◦ with the lattice (002), when compared to JCPDS
(JCPDS card: # 89-8487) of CNT [31]. The CNT peak at 26.55◦

gets wider from 1 to 2 wt.% of CNT, which may be due to
the increase in grain size and it cause grain refinement in the
Al/CNT composites.

3.2. Statistical analysis of mechanical alloyed Al/CNT com-
posites. The experiments are conducted based on the design
table L27 and the results are tabulated in Table 2. All the results
tabulated for each run order are the average of three trails.

The normality plot is generated for the residuals of responses.
It shows that the residuals of the responses lay on a straight line
with a less deviations for regular intervals, which reveals that
the samples (trails) are pointed out with a regular non-linear
pattern and covering the bounds (levels) of the variables (fac-
tors).

Analysis of Variances (ANOVA) is carried out to identify the
contribution of influencing factors on responses and to confirm
the level of significance. ANOVA for the responses is tabulated
in Table 3. The P-Values for all the responses are less than F-
Values and 0.05, which shows the level of significance is above
95% [32].

The contribution percentage of models for each response is
above 99%, which confirms that all the terms of factors (linear,
squares and intermediates terms) are considered in the regres-
sion models and also it confirms the best fit of the regression
models. The generated second order regression models (un-
coded) for the responses is represented in Eqs. (1)–(4). The ad-
equacy of the regression models is tabulated in Table 4 with
respected R2 and R2

(ad j), which are above 99% and 98% respec-
tively.

Table 2
Experimental results

R
un

O
rd

er

C
N

T
(w

t.%
)

M
ill

in
g

sp
ee

d
(r

pm
)

M
ill

in
g

tim
e

(m
in

ut
es

)

B
T

PR
(x

:1
)

H
ar

dn
es

s
(H

V
)

C
om

pr
es

si
on

st
re

ng
th

(M
Pa

)

W
ea

rr
at

e
(×

10
−

6
g/

m
)

C
oF

1 0 300 240 9 28 49 146 0.38

2 2 350 480 9 31 95 95 0.18

3 2 300 240 9 29 92 101 0.21

4 2 300 480 12 30 94 97 0.19

5 0 250 480 9 23 50 147 0.39

6 1 250 480 12 45 109 79 0.09

7 1 300 720 6 41 103 84 0.12

8 0 300 480 6 22 52 142 0.36

9 2 300 480 6 29 95 99 0.2

10 0 300 720 9 23 51 148 0.4

11 0 350 480 9 24 54 137 0.33

12 0 300 480 12 23 52 144 0.37

13 1 350 480 12 44 108 80 0.1

14 1 300 480 9 46 110 78 0.09

15 1 250 720 9 42 104 84 0.11

16 1 350 240 9 43 107 82 0.1

17 1 300 480 9 46 110 78 0.09

18 1 250 240 9 39 101 87 0.12

19 1 300 240 12 40 99 89 0.13

20 1 350 480 6 41 103 83 0.1

21 1 350 720 9 41 102 85 0.11

22 1 300 480 9 46 110 78 0.09

23 1 300 720 12 42 105 83 0.1

24 1 300 240 6 37 97 90 0.13

25 2 300 720 9 31 95 95 0.18

26 2 250 480 9 32 96 93 0.16

27 1 250 480 6 39 100 88 0.12

Hardness =−141.7+60.33CNT+0.597Milling Speed

+0.1285Milling Time+0.50BTPR−26.000CNT∗CNT

−0.000700Milling Speed∗Milling Speed

−0.000069Milling Time∗Milling Time

−0.3889BTPR∗BTPR−0.0100CNT∗Milling Speed

+0.00208CNT∗Milling Time+0.083CNT∗BTPR

−0.000167Milling Speed∗Milling Time

−0.00833Milling Speed∗BTPR

−0.00104Milling Time∗BTPR, (1)
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Compression Strength =−125.7+96.67CNT
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Table 4
Adequacy of regression models

Response R2 R2
(ad j)

Hardness 99.35% 98.60%

Compression strength 99.52% 98.96%

Wear rate 99.69% 99.32%

CoF 99.71% 99.37%
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3.3. Influence of mechanical alloying parameters on re-
sponses for Al/CNT composites. From Fig. 5, it is observed
that the hardness of the Al/CNT composites increases with the
increase in CNT reinforcement. The maximum hardness is ob-
tained for the Al/CNT1wt.% composite around 65 HV with the
milling time above 480 minutes and the milling speed 300 rpm,
which is 1.5 times of the hardness of the Mechanically Alloyed
Al. The hardness of the Al/CNT composites is most influenced
by CNT about 63.2% and it makes the influence of other factors
as insignificant. The influencing order of the factors on hardness
of the Al/CNT composites are CNT > milling time > milling
speed > BTPR.

Fig. 5. Hardness of Mechanically Alloyed Al/CNT Composites

The addition of ceramic particles to the Al increases the hard-
ness of the composite [33]. This phenomenon is due to the pres-
ence of CNT till 1 wt.% in the Al. Beyond the addition of CNT
1 wt.%, the van der waals force influences the CNT particles to
agglomerate [34], which leads to the non-homogenous distribu-
tion of reinforcement.

Bull. Pol. Ac.: Tech. 69(2) 2021 5



5

Influence of mechanical alloying process on structural, mechanical and tribological behaviours of CNT reinforced aluminium composites...

Bull. Pol. Acad. Sci. Tech. Sci. 69(2) 2021, e136745

Influence of mechanical alloying process . . .

Compression Strength =−125.7+96.67CNT

+0.640Milling Speed+0.1361Milling Time+9.39BTPR

−33.667CNT∗CNT−0.000767Milling Speed

∗ Milling Speed−0.000085Milling Time∗Milling Time

−0.380BTPR∗BTPR−0.0250CNT∗Milling Speed

+0.00104CNT∗Milling Time−0.083CNT∗BTPR

−0.000167Milling Speed∗Milling Time

−0.00667Milling Speed∗BTPR

−0.00000Milling Time∗BTPR, (2)

Wear Rate = 301.2−112.83CNT−0.497Milling Speed

−0.1236Milling Time−9.72BTPR+39.083CNT∗CNT

+0.000433Milling Speed∗Milling Speed

+0.000093Milling Time∗Milling Time

+0.3704BTPR∗BTPR+0.0600CNT∗Milling Speed

−0.00833CNT∗Milling Time−0.333CNT∗BTPR

+0.000125Speed∗Time+0.01000Milling Speed∗BTPR

+0.00000Milling Time∗BTPR, (3)

Table 3
ANOVA for responses

R
es

po
ns

e

So
ur

ce

D
F

Se
q

SS

C
on

tr
ib

ut
io

n
(%

)

A
dj

SS

A
dj

M
S

F-
V

al
ue

P-
V

al
ue

H
ar

dn
es

s Model 14 4685 99.3 4685 334.6 131 0.0

Error 12 30 0.7 30 2.54

Total 26 4716 100

C
om

pr
es

si
on

st
re

ng
th

Model 14 12478 99.5 12478 891.3 177 0.0

Error 12 60 0.5 60 5.0

Total 26 12538 100

W
ea

r
ra

te

Model 14 16220 99.7 16220 1158.6 272 0.0

Error 12 51 0.3 51 4.2

Total 26 16271 100

C
oF

Model 14 0.3077 99.7 0.3077 0.02197 293 0.0

Error 12 0.0009 0.3 0.0009 0.00007

Total 26 0.3086 100

Table 4
Adequacy of regression models

Response R2 R2
(ad j)

Hardness 99.35% 98.60%

Compression strength 99.52% 98.96%

Wear rate 99.69% 99.32%

CoF 99.71% 99.37%

CoF = 0.803−0.5300CNT−0.000867Milling Speed

−0.000382Milling Time−0.0339BTPR

+0.17875CNT∗CNT−0.000001Milling Speed

∗Milling Speed+0.000000Milling Time∗Milling Time

+0.001250BTPR∗BTPR+0.000400CNT∗Milling Speed

−0.000052CNT∗Milling Time−0.00167CNT∗BTPR

+0.000000Milling Speed∗Milling Time

+0.000050Milling Speed∗BTPR

−0.000007Milling Time∗BTPR. (4)

3.3. Influence of mechanical alloying parameters on re-
sponses for Al/CNT composites. From Fig. 5, it is observed
that the hardness of the Al/CNT composites increases with the
increase in CNT reinforcement. The maximum hardness is ob-
tained for the Al/CNT1wt.% composite around 65 HV with the
milling time above 480 minutes and the milling speed 300 rpm,
which is 1.5 times of the hardness of the Mechanically Alloyed
Al. The hardness of the Al/CNT composites is most influenced
by CNT about 63.2% and it makes the influence of other factors
as insignificant. The influencing order of the factors on hardness
of the Al/CNT composites are CNT > milling time > milling
speed > BTPR.

Fig. 5. Hardness of Mechanically Alloyed Al/CNT Composites

The addition of ceramic particles to the Al increases the hard-
ness of the composite [33]. This phenomenon is due to the pres-
ence of CNT till 1 wt.% in the Al. Beyond the addition of CNT
1 wt.%, the van der waals force influences the CNT particles to
agglomerate [34], which leads to the non-homogenous distribu-
tion of reinforcement.

Bull. Pol. Ac.: Tech. 69(2) 2021 5



6

P. Manikandan, A. Elayaperumal, and R. Franklin Issac

Bull. Pol. Acad. Sci. Tech. Sci. 69(2) 2021, e136745

P. Manikandan, A. Elayaperumal and R. Franklin Issac

The effect of mechanical alloying process parameters and the
CNT in Al/CNT composites on hardness is graphically repre-
sented as contour plot in Fig. 6. It is observed that the com-
pression strength of the Al/CNT composites increases with in-
crease in the CNT reinforcement and the maximum compres-
sion strength is obtained for Al/CNT1wt.% composite around
110 MPa. The compression strength of the Al/CNT composites
is most influenced by CNT about 77.5% and it makes the influ-
ence of other factors as insignificant. The influencing order of
the factors on compression strength are CNT > milling time >
milling speed > BTPR. The addition of CNT increases the in-
terfacial bonding of Al particles, which increases the compres-
sion strength of the Al/CNT composite. The addition of CNT
more than 1 wt.% decreases the compression strength of the
Al/CNT composites due to the ductile to brittle phase transfor-
mation [35].

Fig. 6. Compression Strength of Mechanically Alloyed Al/CNT Com-
posites

The minimum wear rate of 78 × 10−6 g/m is obtained for
Al/CNT1wt.% composite at the middle level of mechanical al-
loying parameters. The rate of wear decreases with increase
with the CNT reinforcement for Al/CNT composites till 1 wt.%
of CNT and thereafter the wear rate is increased minimal till
2 wt.% of CNT (Fig. 7). This phenomenon is due to the cush-
ioning effect [36] of CNT till 1 wt.% and thereafter the CNT
starts to flow towards the counterpart.

The wear rate of the Al/CNT composites is highly influenced
by CNT and BTPR around 54.1% and 14.7% respectively. The
influencing order of the factors on wear rate are CNT > BTPR
> milling time > milling speed for the Al/CNT composites.
The effect of CNT and mechanical alloying process parame-
ters in Al/CNT composites on CoF is graphically represented

Fig. 7. Wear Rate of Mechanically Alloyed Al/CNT Composites

in Fig. 8. The CoF decrease with increasing the influencing fac-
tors till the middle level of it and thereafter the CoF starts to
increase by the presence of excess CNT in the Al/CNT com-
posites. The influencing order of the factors on CoF are CNT
> milling time > BTPR > milling speed for the Al/CNT com-
posites.

Fig. 8. CoF of Mechanically Alloyed Al/CNT Composites
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The CoF of the Al/CNT composites is influenced by all the
factors significantly and highly by CNT, milling time and BTPR
around 41.2%, 18.8% and 12.6% respectively. The minimum
CoF is achieved about 0.09 for the Al/CNT1wt.% composite
with milling time of 480 minutes, which is about four times
lesser than the mechanically alloyed Al. This effect is because
of the self-lubricating behaviour of CNT [37].

3.4. Optimization of mechanical alloying parameters for
Al/CNT composites. The optimization is carried out using the
RSM technique for the mechanically alloyed Al/CNT compos-
ites based on the mechanical and tribological properties and re-
sult is represented in Fig. 9.

Fig. 9. Optimization plot for mechanically alloyed Al/CNT composite

The optimal response obtained for the Al/CNT1.1wt.% com-
posite at the milling speed of 301.515 rpm, milling time
of 492.246 minutes and BTPR of 9.7:1 is tabulated in Ta-
ble 5. The parent Al, Al/CNT1wt.%, Al/CNT2wt.% and optimal
Al/CNT1.1wt.% composites are fabricated for the same optimal

Table 5
Comparison of results for Al/CNT1.1wt.% composite

Response
Optimal Value

Deviation
Theoretical Experimental

Hardness (HV) 65.749 66.58 1.25%

Compression
strength (MPa)

112.45 113.21 0.68%

Wear Rate (g/m) 75.36×10−6 77.069×10−6 2.22%

CoF 0.0801 0.0828 3.26%

mechanical alloying condition and the experimental results are
tabulated in Table 5. The comparison of theoretical and exper-
imental results shows deviation less than 5%, which confirms
the 95% of significance. For the same, the worn surface anal-
ysis is carried and represented in Fig. 10. The worn surface of
the same parent Al and Al/CNT composites are examined using
SEM to study the wear mechanism occurred during the sliding
and represented in Fig. 10. A severe adhesive wear is experi-
enced by the parent Al, which is evidenced through Fig. 10a.
This is due to the flow of Al pin material to the disc and it
sticks on the Al surface, which increases the CoF and tends to
increase the wear tremendously.

Fig. 10. Worn Surface of (a) Al; (b) Al/CNT1wt.% composite;
(c) Al/CNT2wt.% composite and (d) Al/CNT1.1wt.% composite at op-

timal mechanical alloying condition

A similar behaviour is evidenced in Fig. 10c (Al/CNT2wt.%
composite), in which by the presence of CNT particles, the de-
bris is non-sticky so it scratches the Al surface. This is evi-
denced by the presence of deep grooves on the worn surface
of Al/CNT2wt.% composite. In further, the sticky Al debris is
fragmented by the CNT debris, which is evidenced by the frag-
mented surfaces. For Al/CNT1wt.% composite, the presence of
debris is lesser, so the formation of grooves is reduced, which
is called abrasive wear phenomenon (Fig. 10b) [38]. Figure 10d
shows mild abrasive wear for optimal Al/CNT1.1wt.% compos-
ite, which results in less wear and friction.

The proper mixture of CNT in Al avoids the loosening of
particles during the sliding, which results in the minimal wear
and prevents the third body wear mechanism [39,40]. The result
of the current study is evidenced from the worn surface analysis
and proves that the Al/CNT1.1wt.% composite experiences the
optimal wear and friction behaviour compared to the parent Al
and Al/CNT composites.

4. Conclusions

• Al/CNT composites are successfully fabricated through the
mechanical alloying process with the different wt.% of CNT
particles. The homogenous distribution of CNT without ag-
glomeration in the Al/CNT composites is ensured using the
FESEM and EDS.
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• From the XRD analysis, a shift of CNT peak at 26.55◦ is
identified about 0.35◦ with the lattice (002) and it gets wider
for 2 wt. % of CNT, which may be due to increase in grain
size in the Al/CNT2wt.% composite.

• The morphology study reveals that the structure of the par-
ticle in the Al/CNT composites is affected by the milling
parameters, which confirms the impact of milling parame-
ters in micro level. The impact on grain refinement had in-
creased the hardness and strength of the Al/CNT1wt.% com-
posite about 2 times of the parent Al. Further addition of
CNT to the Al had increases the van der waals force and
results in agglomeration.

• The minimum wear rate of 78× 10−6 g/m is obtained for
Al/CNT1wt.% composite with the CoF of 0.09, which is
almost 4 times lesser than the CoF of mechanically al-
loyed Al. This phenomenon is due to the self-lubrication
behaviour of the CNT particles in the Al/CNT composites.

• The optimal responses are obtained for the Al/CNT1.1wt.%
composite at the milling speed of 301 rpm, milling time of
492 minutes and BTPR of 9.7:1 using RSM technique. The
comparison of theoretical and experimental results shows
deviation less than 5%, which confirms the 95% of signifi-
cance of models.

• The dominant wear mechanism for the optimal
Al/CNT1.1wt.% composite is abrasive wear, which is
explored through the SEM images of worn surface study.
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