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Abstract: Carbon nanotubes (CNTs) have shown tremendous progress during the past two decades
due to their extraordinary properties. With CNTs added as an alloying element, various engineering
materials exhibit better mechanical properties. Multi-walled carbon nanotubes (MWCNT) were
synthesized in-house by chemical vapor deposition process. Carbon nanotube-reinforced aluminum
composites were prepared by cold pressing (or compaction) and sintering using different fractions
(0.5, 1.0, 1.5, and 2.0 weight percent) of MWCNTs. The Al-CNT composites consists of tin (Sn) at
1.0 wt.% in each composition. Tin promotes the sintering of aluminum matrix composite. The effect
of CNT on the density, hardness, and wear behavior of the composites were studied. Wear tests
were performed to determine friction and wear under dry, wet, and hot conditions under varying
loads from 5 N to 20 N. X-ray diffraction, Raman spectroscopy, scanning electron microscopy, and
transmission electron microscopy techniques were used for the characterization. This investigation
shows that increased CNT content significantly improves the hardness and wear resistance of the
composites. The friction and wear were found to increase with operating temperature. A significant
reduction in coefficient of friction and wear rate was observed with the application of oil during the
wear test.

Keywords: aluminum; carbon nanotubes (CNT); composites; powder metallurgy; cold pressing;
argon sintering; wear

1. Introduction

The carbon nanotubes (CNTs) are widely used as reinforcement materials in any
matrix due to their extremely high strength and stiffness [1]. CNT’s excellent mechan-
ical and electrical properties have led to its use in metal, polymer, and ceramic matrix
composites [2–4]. Aluminum is one of the crucial materials used in the automotive and
aerospace industries [5,6]. The specific strength of the pure metal is lower than that of
composites [7]. Many studies indicated that the inclusion of CNTs in aluminum matrix
composites (AMCs) improved their mechanical properties [8–10]. Although CNTs exhibit
excellent physical and mechanical properties, the main disadvantage of Al-CNT com-
posites is the difficulty of dispersing reinforcement throughout the matrix [11]. Carbon
nanotube-reinforced AMCs exhibit properties affected by chemical stability, distribution,
and interfacial bonding between the CNTs in the matrix [5,12]. In order to achieve uniform
dispersion of CNTs in composites, ball milling, magnetic stirring, and wet shake mixing
methods have been adopted [13]. Upon ball milling at a certain speed and duration, the
good dispersion of CNTs has been observed in the aluminum matrix [14,15]. According
to Li et al., milling of Al powder with CNT-SiCp hybrid reinforcement for 60 min at a
speed of 200 rpm resulted in an unformed dispersion of CNTs on the Al matrix [16]. The
results of Peng and Chang show good dispersion of CNTs in an Al matrix with small
agglomeration after 4 h of magnetic stirring followed by 30 min of wet shaking [17]. Kim
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et al. investigated Al-CNT composites formed by hot pressing (HP) and spark plasma
sintering (SPS), and they observed that SPS is a better method to minimize wear and
friction [18]. As per Choi et al., increasing CNTs in Al composites up to 4.5 wt. % led to
decreased wear rate and coefficient of friction and an increase in both parameters with the
applied load [19]. Aluminum alloys produced by the powder metallurgy route enrich and
strengthen with alloys such as tin, magnesium, iron, and lead. [20]. A low melting point
for Sn in the composition causes liquid phase sintering of aluminum composites [21]. The
powder metallurgy process operates at a temperature of 75 to 90% of the melting point of
the matrix material [22]. In powder metallurgy, there are various fabrication techniques
such as hot pressing [23], spark plasma sintering [24], cold pressing, and sintering [25].

This study focused on the preparation of Al-CNT-Sn composites using the cold com-
paction and argon sintering method by the powder metallurgy (PM) route. The Al-CNT-Sn
composites with different CNT fractions were prepared to investigate the effects of CNT
on density, hardness, and wear characteristics.

2. Materials and Methods

Aluminum and tin powders were purchased from Alpha Chemika, Mumbai, with
a purity of >99.5% and a size of ~25 µm. MWCNTs were synthesized in-house using
a chemical vapor deposition process. Figure 1 shows the morphology of as-received
aluminum powder and their EDS scans.

J. Compos. Sci. 2021, 5, x FOR PEER REVIEW 2 of 14 
 

 

of magnetic stirring followed by 30 min of wet shaking [17]. Kim et al. investigated Al-
CNT composites formed by hot pressing (HP) and spark plasma sintering (SPS), and they 
observed that SPS is a better method to minimize wear and friction [18]. As per Choi et 
al., increasing CNTs in Al composites up to 4.5 wt. % led to decreased wear rate and coef-
ficient of friction and an increase in both parameters with the applied load [19]. Aluminum 
alloys produced by the powder metallurgy route enrich and strengthen with alloys such 
as tin, magnesium, iron, and lead. [20]. A low melting point for Sn in the composition 
causes liquid phase sintering of aluminum composites [21]. The powder metallurgy pro-
cess operates at a temperature of 75 to 90% of the melting point of the matrix material [22]. 
In powder metallurgy, there are various fabrication techniques such as hot pressing [23], 
spark plasma sintering [24], cold pressing, and sintering [25].  

This study focused on the preparation of Al-CNT-Sn composites using the cold com-
paction and argon sintering method by the powder metallurgy (PM) route. The Al-CNT-
Sn composites with different CNT fractions were prepared to investigate the effects of 
CNT on density, hardness, and wear characteristics.  

2. Materials and Methods 
Aluminum and tin powders were purchased from Alpha Chemika, Mumbai, with a 

purity of >99.5% and a size of ~25 µm. MWCNTs were synthesized in-house using a chem-
ical vapor deposition process. Figure 1 shows the morphology of as-received aluminum 
powder and their EDS scans.  

  

Figure 1. (a) SEM micrograph of aluminum powder (b) EDS scan of aluminum powder. 

2.1. CNT Synthesis 
The catalyst prepared with the wet impregnation method is Fe/Co/Ni/CaCO3 with 

Fe, Co, and Ni as catalysts and CaCO3 as the catalyst carrier. Fe (NO3)3·9H2O, Co 
(NO3)2·6H2O, Ni (NO3)2·6H2O were used as catalyst precursors, and CaCO3 substrate dis-
solved in water. Continuous stirring ensured the uniform mixing of nitrates and the sub-
strate. The precipitates thus formed dried in an oven at 110 °C for 5 h. The catalysts were 
calcined in an argon environment at 700 °C for 20 min. The sample was then heated at 750 
°C in a horizontal tube furnace under continuing argon flow for 40 min. Then acetylene 
gas was injected into the furnace for 30 min. Eventually, this led to the diffusion of carbon 
onto a metal catalyst, which ultimately led to the development of MWCNTs. During CNTs 
synthesis, the furnace maintains a controlled flow of 80 mL/min of acetylene and 60 
mL/min of argon. In order to remove the amorphous carbon present in raw CNTs, they 
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Figure 1. (a) SEM micrograph of aluminum powder (b) EDS scan of aluminum powder.

2.1. CNT Synthesis

The catalyst prepared with the wet impregnation method is Fe/Co/Ni/CaCO3 with
Fe, Co, and Ni as catalysts and CaCO3 as the catalyst carrier. Fe (NO3)3·9H2O, Co
(NO3)2·6H2O, Ni (NO3)2·6H2O were used as catalyst precursors, and CaCO3 substrate
dissolved in water. Continuous stirring ensured the uniform mixing of nitrates and the
substrate. The precipitates thus formed dried in an oven at 110 ◦C for 5 h. The catalysts
were calcined in an argon environment at 700 ◦C for 20 min. The sample was then heated
at 750 ◦C in a horizontal tube furnace under continuing argon flow for 40 min. Then
acetylene gas was injected into the furnace for 30 min. Eventually, this led to the diffusion
of carbon onto a metal catalyst, which ultimately led to the development of MWCNTs.
During CNTs synthesis, the furnace maintains a controlled flow of 80 mL/min of acetylene
and 60 mL/min of argon. In order to remove the amorphous carbon present in raw CNTs,
they were first rinsed in Nitric acid and later with Hydrochloric acid. It was then washed
with deionized water and dried for 2 h at 120 ◦C.
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2.2. Milling

Aluminum powder, Sn (1.0 wt. %), and CNT with different weight fractions (0.5,
1.0, 1.5, and 2.0 wt. %) were pulverized in a RETSCH 100 planetary ball mill. A speed of
200 rpm for 60 min allowed to carry out the milling of powders. The machine was allowed
to cool after 20 min of operation by pausing for 10 min to avoid overheating. Stainless steel
balls of 10 mm diameter and the ball to powder ratio as 10:1 was chosen for milling [26].
The 2.0 wt. % stearic acid was used as a process control agent to keep away the excessive
cold welding of powder during milling.

2.3. Fabrication of Al-CNT-Sn Composites

The milled Al-CNT-Sn powders with different CNT fractions were cold compacted at
a pressure of 200, 300, 400, 500, and 600 MPa to investigate the compaction performance.
The Al-CNT-Sn powder samples weighing 2.5 g were cold compacted in pellet dies of
10 mm diameter with a 50 kN hydraulic press. The silicon spray was applied to the die and
punch to remove the specimen from the die after consolidation. Sintering was completed
in a horizontal tube furnace at 530 ◦C with a 5 ◦C/min rate in an argon atmosphere and
soaking for three hours. Figure 2a shows the process of fabrication. Figure 2b shows the
sintered Al-CNT-Sn composite specimens.
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Figure 2. (a) A schematic representation of steps in consolidation of composites. (b) sintered Al-CNT-Sn Composites.

2.4. Characterization of CNT and Al-CNT-Sn Composites

The morphology of CNT was examined by a scanning electron microscope (JEOL
JSM-7600F). High-resolution transmission electron microscopy (HRTEM) analysis was
carried out on 300 kV FEI, Tecnai G2, F30 HRTEM. The X-ray diffraction (XRD) pattern of
Al-CNT-Sn composites was examined by an Empyrean Malvern Panalytical diffractometer
using Cu-Kα radiation at 40 kV potential with a scattering angle of 2θ = 5◦ to 90◦. The wear
tests were carried out on a pin on the disc tribometer manufactured by DUCOM, Bangalore
(India). The counterpart disc was prepared with EN31 material for the wear test. Sai Kripa
Engineering, Mumbai, manufactured the discs. The surface morphology of worn samples
was detected using Zeiss Gemini SEM 300.

2.5. Wear Testing Process

The tribological tests were conducted on the pin-on-disc tribometer as per ASTM
G99 standards. A pin prepared with an Al-CNT-Sn specimen of 10 mm diameter and
25 mm height was used on the pin-on-disc machine. The test was conducted on Al-CNT-Sn
composite at various loads from 5 N to 20 N and a sliding speed of 0.5 m/s. The counter disc
prepared from EN31 steel hardened to 50 HRC with a Ra value ranging from 0.8–1.0 µm.
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Before every experiment, the disc was cleaned with acetone and dried. A wear study was
carried out under three conditions: dry sliding, high temperature, and oil-lubricated. Dry
sliding wear tests were conducted on an Al-CNT-Sn composite with varying CNT fractions
from 0.5 to 2.0 wt. % CNTs at ambient temperature. The high-temperature wear tests were
performed at 100, 200, 300, and 400 ◦C on Al-CNT-Sn samples with 1.0 wt. % CNT. The
wet conditions wear tests were carried out with two oils, namely SAE 60 and diesel, at a
constant flow of 0.25 L/min. During the wear test, the applied load on the pin varied from
5 to 20 N loads. Table 1 shows the specifications of the wear testing machine.

Table 1. Specifications: Pin on disc tribometer.

Pin on Disc Tribometer

Disc size 165 mm diameter × 8 mm thick
Disc speed 1–2000 rpm (Accuracy: 1 + 1% of measured speed in rpm)
Load (N) 5–200 N

Temperature (◦C) Ambient 20 ◦C
Chamber temperature (◦C) Maximum 800 ◦C

Electricity required 230/1φ /50 Hz/6 A

3. Results
3.1. Characterization of Carbon Nanotubes

Figure 3a displays the scanning electron microscope (SEM) micrograph of as-synthesized
CNT. SEM image reveals that the diameter of synthesized CNT is in the range of 20–25 nm
with a length of few microns. Figure 3b shows the high-resolution TEM image of CNT. TEM
shows approximately 20 walls in the as-synthesized CNT, confirming that nanotubes are
multiwalled. Obtained nanotubes have bamboo-like internodes. The internodes present in the
nanotubes enhance the strength of the CNTs. The number of walls of MWCNT depends upon
the processing parameters, such as a catalyst, precursor, operating temperature, and residence
time of precursor [27]. The XRD scan of MWCNT, shown in inset Figure 3a, illustrates the
peaks (002) at 26◦ and (100) at 43◦ agree with typical graphitic structure. The CNT’s quality is
assessed using an HR800-UV confocal micro-Raman spectrometer from Horiba Jobin Yvon,
Paris, France. The anti-Stokes scattering technique is used in Raman analysis. Figure 4 shows
Raman spectra of synthesized MWCNT. The Raman spectra of synthesized CNT show D-
Band at 1340 cm−1 and G -Band at 1580 cm−1, with an ID/IG ratio of 1.04. The as-produced
MWCNTs were crystalline.
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3.2. The Effect of CNT and Compaction Pressure on Density

The effect of the CNT fraction on the relative density of the sintered sample is depicted
in Figure 5. The theoretical density (ρth) of the composite is calculated using the rule of
the mixture. The density of CNT is assumed to be 1.6 gm/cc. The actual density (ρact)
of composite specimens is calculated using mass per volume of the sample. The relative
density is determined using the relation:

ρrel =
ρact

ρth
× 100
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Figure 5 illustrates that as the CNT fraction increases in the specimen, the relative
density declines. The reason behind this is an extremely low density of CNT as compared
to aluminum and tin. It is seen that the density of composite improved with the increase
in the compaction pressure applied during the specimen preparation during uniaxial
pressing. The density of composites depends on various factors such as composition,
size, and shape of mixture particle after milling and nature of dispersion of CNTs in the
matrix. The Archimedes principle measured the bulk density of the specimen. The lowest
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relative density, 82.5%, is observed in 2.0 wt. % CNT composites, prepared by compaction
pressure of 200 MPa; however, the highest relative density, 94.3%, is noted at 0.5 wt. %
CNT composites, prepared at a compaction pressure of 600 MPa.

3.3. Hardness

The microhardness of a material is a measure of its ability to withstand an applied
load. The hardness of pure Al and Al-CNT-Sn composites is carried out on a Vickers micro-
hardness tester (LECO LM700AT) as per ASTM E384 standards. The test was conducted
at four different locations for each sample and averaged out. During an examination, the
load is applied of 50 gm and a dwell time of 15 s. Figure 6 displays the microhardness at
different compaction pressures for three-hour sintered samples. The investigation shows
that the hardness of Al-CNT-Sn composites consistently improved with the increase in
compaction pressure and CNT weight fraction. The hardness of pure Al increases by
25.81% when pressure is increased from 200 MPa to 600 MPa. With an increase in pressure
from 200 to 600 MPa, the hardness of Al-CNT-Sn with 2.0 wt. % CNT is increased by 32%.
As compaction pressure increases, the specimen becomes dense, and this improves the
hardness in turn. The hardness of the sample, enhanced with the rise in CNT revealed from
the results. By increasing CNT in Al from 0.5 to 2.0 wt. % at 600 MPa compaction pres-
sure, the hardness of the Al-CNT-Sn composite increased by 22.85%. The solid interfacial
bonds between the matrix and reinforcement and load sharing by CNT within the matrix
contribute to improving the hardness of the composite. The sintering time also plays a
significant role in improving the hardness [28]. The small volume of Al4C3 in Al-CNT-Sn
composites observed in the XRD study also contributes to hardness enhancement. Table 2
reported the hardness and densities of Al-CNT composites fabricated through different
processing routes by various researchers.

J. Compos. Sci. 2021, 5, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 6. Effect of CNT content and compaction pressure on microhardness of sintered compacts. 

Table 2. Reported hardness and densities of Al-CNT-Sn composites fabricated by different processes. 

Authors Material Mixing Fabrication Process 
Hardness 

(HV) Density 

Nie et al. (2011) 
Al powder 325 

mesh, MWCNT 2 
wt. % 

Ball milling BPR 
10:1, 100 rpm 8 h. 

Spark plasma sintering 580 °C 
for 5 min at 40 MPa. 

38 Relative 
density 95% 

Bunakov et al. 
(2016) 

Atomized Al size 5 
µm, 1 wt. % 

MWCNT 

Ultrasonic 
treatment and 

intensive stirring 

Spark plasma sintering (SPS) 
at 600 °C at 60 MPa for 20 

min. 
46 - 

Liu et al. (2016) 
Al powder 250 
mesh, 0.3 wt. % 
Graphene oxide  

Mechanical 
stirring, 

Cold compaction 560 MPa, 
sintered in inert gas at 600 °C 34 2.4 (g/cc) 

Rahimian (2010) 
Al powder 30 µm, 

Al2O3 powder 3 µm 
10 wt. %  

Ball milling BPR 
10:1 

Axial Pressing at 440 MPa, 
sintering at 550 °C for 45 min. 70 Relative 

density 97.5% 

Kim et al. (2009) 
Al powder, 3 wt. % 

CNT 

Acid treatment and 
ultrasonication for 

20 min. 

SPS at 600 °C with the rate of 
50 °C/min for 10 min at 50 

MPa. 
53.8 - 

Bradbury et al. 
(2014) 

Al powder, 2 wt. % 
MWCNT 

Planetary milling 
BPR = 10:1, 350 

rpm, 20 h 

HP at 350 °C and 570 MPa for 
10 s followed by extrusion at 
550 °C with an extrusion ratio 

of 14:1 

80  Relative 
density 95% 

Present Work 
Al powder, 1 wt. % 

Sn, 1.5 wt. % 
MWCNT 

Planetary milling 
BPR = 10:1, 200 

rpm, 1 h. 

Cold pressing at 200 MPa to 
600 MPa, sintering at 530 °C 

for 3 h 
36 93.5% 

3.4. Phase Analysis of Sintered Al-CNT-Sn Composites 
Figure 7 shows XRD patterns of pure Al and Al-CNT-Sn composites. The primary 

aluminum peaks ate observed at 38.8°, 45°, 65.4°, and 78.5°. A small aluminum carbide 
(Al4C3) peak is noticed at 55.01°. However, the aluminum oxide (Al2O3) peak is not ob-
served in the XRD scan. The Al-CNT-Sn composites reveal that increasing CNT content 
results in forming a small amount of an Al4C3 phase. The sources of formation of Al4C3 are 
CNT and stearic acid. Generally, during milling, due to structural damage on the CNT, 

Figure 6. Effect of CNT content and compaction pressure on microhardness of sintered compacts.



J. Compos. Sci. 2021, 5, 215 7 of 14

Table 2. Reported hardness and densities of Al-CNT-Sn composites fabricated by different processes.

Authors Material Mixing Fabrication Process Hardness
(HV) Density

Nie et al. (2011) Al powder 325 mesh,
MWCNT 2 wt. %

Ball milling BPR
10:1, 100 rpm 8 h.

Spark plasma
sintering 580 ◦C for

5 min at 40 MPa.
38 Relative density

95%

Bunakov et al.
(2016)

Atomized Al size 5
µm, 1 wt. %

MWCNT

Ultrasonic
treatment and

intensive stirring

Spark plasma
sintering (SPS) at

600 ◦C at 60 MPa for
20 min.

46 -

Liu et al. (2016)
Al powder 250 mesh,
0.3 wt. % Graphene

oxide

Mechanical
stirring,

Cold compaction
560 MPa, sintered in
inert gas at 600 ◦C

34 2.4 (g/cc)

Rahimian (2010)
Al powder 30 µm,

Al2O3 powder 3 µm
10 wt. %

Ball milling BPR
10:1

Axial Pressing at 440
MPa, sintering at
550 ◦C for 45 min.

70 Relative density
97.5%

Kim et al. (2009) Al powder, 3 wt. %
CNT

Acid treatment and
ultrasonication for

20 min.

SPS at 600 ◦C with
the rate of

50 ◦C/min for
10 min at 50 MPa.

53.8 -

Bradbury et al.
(2014)

Al powder, 2 wt. %
MWCNT

Planetary milling
BPR = 10:1,

350 rpm, 20 h

HP at 350 ◦C and
570 MPa for 10 s

followed by
extrusion at 550 ◦C
with an extrusion

ratio of 14:1

80 Relative density
95%

Present Work
Al powder, 1 wt. %

Sn, 1.5 wt. %
MWCNT

Planetary milling
BPR = 10:1,

200 rpm, 1 h.

Cold pressing at
200 MPa to 600 MPa,
sintering at 530 ◦C

for 3 h

36 93.5%

3.4. Phase Analysis of Sintered Al-CNT-Sn Composites

Figure 7 shows XRD patterns of pure Al and Al-CNT-Sn composites. The primary
aluminum peaks ate observed at 38.8◦, 45◦, 65.4◦, and 78.5◦. A small aluminum carbide
(Al4C3) peak is noticed at 55.01◦. However, the aluminum oxide (Al2O3) peak is not
observed in the XRD scan. The Al-CNT-Sn composites reveal that increasing CNT content
results in forming a small amount of an Al4C3 phase. The sources of formation of Al4C3
are CNT and stearic acid. Generally, during milling, due to structural damage on the CNT,
this leads to amorphization. The interaction of damaged CNTs with the Al matrix leads
to the formation of Al4C3 [29]. Moreover, stearic acid, which is added during milling as
a process control agent, is a compound formed by carbon, hydrogen, and oxygen, which
accounts for the formation of the Al4C3 phase [30].

3.5. Effect of Load on the Coefficient of Friction

Figure 8 shows the coefficient of friction as a function of the applied load and the CNT
concentration in the composite. The wear test is carried out at a constant sliding speed
of 0.5 m/s. The results show that the friction coefficient and wear loss increase with the
increase in the applied load. The maximum coefficient of friction and wear loss is observed
at an applied load of 20 N. Jagannathan et al. [31] investigated the coefficient of friction
and wear rate of Al-CNT composites, prepared by cold compaction and hot extrusion
for dry sliding wear. The authors reported that friction and wear rate decreased with an
increase in CNT content when the load increased from 5 N to 20 N except for 2.0 wt. %
CNT. The reported increase in the coefficient of friction and wear rate at 2.0 wt. % CNT



J. Compos. Sci. 2021, 5, 215 8 of 14

might be due to agglomeration occurred at higher CNT content. The quality of CNT, used
for reinforcement and the uniform dispersion of CNT in the matrix, plays a crucial role
in enhancing the properties of the composites. According to Bastwros et al., aluminum
composite specimens with 5.0 wt. % CNT demonstrated a 48% reduction in coefficient of
friction and 78% reduction in wear rate compared to the pure aluminum specimen. [32].
The present study reveals the decrease in the coefficient of friction and the wear loss with
the increase in the CNT fraction in the Al composites. It is mainly due to the graphitic
nature of CNT and the improved hardness of the Al-Sn-C composite with CNT added.
Figure 9 shows the wear loss of Al-Sn-C composite samples with a load varying from 5 N
to 20 N.
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Figure 9. Effect of applied load on wear loss for composite samples prepared with different CNT
content in dry sliding condition.

Figure 10 depicts how the coefficient of friction increases with an increase in the
operating temperature of the sample. We studied Al-CNT-Sn samples with 1.0 wt. %
CNT under a range of load conditions and operating temperatures. Theoretically, the
coefficient of friction should decrease with an increase in operating temperature as the
material softens at a higher temperature. In this case, the increment in friction coefficient
might be due to the hardening effect of the specimen caused by the surge in temperature.
An equal increment in coefficient of friction is noticed with an increase in test temperature
by Jagannathan et al. and Kumar et al. [32,33]. Figure 11 displays the increase in wear loss
with the increase in operating temperature and the applied load.
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Figure 11. Effect of applied load on wear loss at different temperature for Al–1.0 CNT-1.0Sn specimens
with 1.0 wt. % CNT.

The wet wear test was conducted with SAE 60 and diesel at room temperature on
Al–CNT-Sn samples with 1.0 wt. % CNT. It is found that wet conditions create a lower
coefficient of friction and wear than dry conditions. A lower coefficient of friction and wear
occurs due to lubrication between the pin and disc, caused by oil. The lowest coefficient
friction, 0.011, and wear loss of 0.027 mg are noticed for SAE 60 oil for 5 N load. With
diesel, the coefficient of friction and wear loss is witnessed higher compared to SAE 60 oil.
As with dry sliding conditions, with increasing load, friction and wear loss increase for
wet conditions. The SAE 60 oil has better lubricating properties as compared with diesel
which is primarily fuel. The coefficient of friction and wear loss comparison of SAE 60 oil
and diesel oil is shown in Figures 12 and 13, respectively.
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Figure 14a–d shows the SEM images of wear specimens of Al-CNT-Sn composite
with 1.0 wt. % CNT at 5, 10, 15, and 20 N loads, respectively. SEM micrographs in
Figure 14a,b reveal slight delamination and tiny grooves tested at a lower load of 5 N
and 10 N, respectively, at room temperature. Figure 14c,d noticed that delamination and
micro ploughing on the worn surfaces increased with the increase in applied load. Surface
damage is more consistent with the increase in applied load. Figure 14e–h shows SEM
morphologies of specimens with the tribological test carried out under high operating
temperatures varying from 100 to 400 ◦C and at an applied load of 20 N. The worn surfaces
show the ploughing marks and grooves in the direction of sliding. The specimen of 300 ◦C
shown in Figure 14g reveals adhesive wear with severe surface damage at several locations.
The SEM of the composite at 400 ◦C revealed the oxidation wear due to higher temperature.
Due to oxidation, severe surface damage is noted on the sample surface, which shows more
wear rate. As discussed in the previous paper, Al-CNT-Sn composite surfaces with lower
CNT fractions show more wear rate. A more significant amount of wear loss is observed
due to delamination and deep ploughing [28]. On the contrary, reduced wear and wear
friction coefficient is noticed with the CNT fraction in the composite sample.
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Figure 14. SEM images of worn samples of Al-CNT-Sn composite with 1.0 wt. % CNT: (a) dry sliding wear with 5 N load at
room temperature (RT); (b) dry sliding wear with 10 N load at RT; (c) dry sliding wear with 15 N load at RT; (d) dry sliding
wear with 20 N load at RT; (e) wear at 100 ◦C with 20 N load; (f) wear at 200 ◦C with 20 N load; (g) wear at 300 ◦C with
20 N load; (h) wear at 400 ◦C with 20 N load.
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4. Conclusions

In this study, the density, hardness, and tribological properties of Al-CNT-Sn compos-
ites were studied under dry, high temperature, and oil-lubricated conditions. Based on the
investigations, the following conclusions were drawn:

Carbon nanotube-reinforced aluminum composites were prepared using a cold press-
ing and sintering technique. The hardness and density of the prepared Al-CNT-Sn com-
posites are lower than the composites prepared with other processing routes such as hot
pressing, hot extrusion, and spark plasma sintering. The hardness of the pure Al sample
increases by 25.81% when the compaction pressure is raised from 200 MPa to 600 MPa.
Following this, an increase in the CNT content from 0.5 to 2.0 wt. % at 600 MPa compaction
pressure resulted in the hardness of the Al-CNT-Sn composite improving by 22.85%. The
reported Al4C3 phase in the composite contributes to this aforementioned improvement.
In composites, the density is directly proportional to the compaction pressure, while being
inversely proportional to the CNT content in the composite. The experimental results
showed that the addition of CNT has a significant impact on the friction and wear proper-
ties of the composite. The self-lubricating property of CNT accounted for a reduction of
said friction and wear properties of Al composites. The results, exhibited by the tribological
test suggest that temperature has a direct effect on the coefficient of friction and on the
wear rate. While increasing the load during the wear test, both the friction coefficient as
well as the wear rate also increased. Temperature-dependent surface damage can be seen
in the SEM images. In the case of oil lubrication conditions, the observed friction and wear
rate are significantly lower than dry sliding condition.
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