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Metal matrix composites are widely preferred in engineering applications because of its enhanced properties as compared
to base materials. Carbon nanotubes have evolved to be an excellent reinforced material to aluminium alloy metal matrix
composites (MMCs). However, CNTs tend to agglomerate which further affect the properties of the composite materials.
Obtaining agglomeration free composites is a challenging task and needs to be studied in the present scenario. Surface
modification of the nanoparticles is one of the methods which would reduce the agglomeration problem. Hence, emphasis
in this work is made on a coating of CNTs using sodium dedosile sulphate (SDS). In the present appraisal, SDS coated CNTs
reinforced Al6065-Si base metal was fabricated by stir casting process. The weight percentage of the CNT is varied from 0.5 to
4 wt.% for preparation of test specimens. This paper focuses on experimental study of mechanical and tribological behavior
of composites such as compressive strength, hardness, tensile strength and abrasive strength for different wt.% of CNTs.
Microstructure of the composites is studied using FESEM apparatus. The experimental result shows good dispersion stability
with increase in hardness, tensile strength and reduced wear loss of the CNTs reinforced Al-6065-Si.
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YI/IepOIHBIMI HAHOTPYOKaMM C HOBEPXHOCTHO-aKTBHBIM
IIOKPBITHEM META/VIOMATPUIHOI0 KOMIIO3UTA
anmroMuHN 6065-KpeMHNM
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KoMno3nTel ¢ MeTa/yIM4ecKoil MaTpulieil IMPOKO JMCHOMb3YIOTCA B MAIIMHOCTPOEHWM M3-33 MX YAYYLIEHHBIX CBOVICTB
II0 CPaBHEHMUIO C OCHOBHBIMM MaTepuanaMu. Yraepopuble HaHoTpyOku (YHT) mpemcraBnsoor co6oii OTIMYHBIL apMu-
pyfommit Marepuan g KOMIIO3UTOB C MET/UIMYECKOM MaTpuiieil m3 amoMmHuesoro cmmaBa. OpHako YHT mmeer
TeHJEHINIO K aIJIOMepaniL, YTO JOIOTHUTENbHO BVAET Ha CBOICTBAa KOMIIO3UTHBIX MaTepuasoB. [loryyenne koMosura,
He COJlepyKalllero arJIoMepalilL, IB/IAeTCSA CTIOKHOI 3ajadeli 1 TpebyeT u3ydeHuA. Monydukanys IoBepXHOCTI HAHOYACTIL]
ABJIAIETCS OHUM U3 METOHOB, KOTOPBIII MO>KeT YMEHBIINTD IIpoOieMy arnoMepanyu. Ilostomy B gaHHOI paboTe ocoboe
BHUMaHUe yhenserca nokpbiTmio YHT ¢ mcnomp3oBaHueMm pemocuicynbdara Hatpua. B HacTosmeM MccrnefoBaHMU
xomno3utsl Al6065-Si, apmuposanusle YHT ¢ mokpuITvieM U3 ieBOCUICYIbdaTa HaTpys, USTOTOBICHBI METOLOM JIAThS
¢ nepemernBanyeM. Maccosas gona YHT Bapbupyercs ot 0.5 o 4 Mac.% Ipyu MOATOTOBKe 00OpasIOB [/IA MCIBITAaHUIL
ITa CTaTbA IOCBAILIEHA SKCIEPUMEHTATIBHOMY VMCCIeLOBAHNIO MEXaHMYeCKUX U TPUOOJIOTMYECKUX CBOVICTB KOMIIO3UTOB,
TaKVX KaK IPOYHOCTb Ha CXKaTye, TBEPHOCTDb, IPOYHOCTD Ha Pa3pbiB U abpas3yBHAs POYHOCTH IS Pas/IMYHBIX Macc.%

73



Savina et al. / Letters on Materials 11 (1), 2021 pp. 73-78

YHT. MuKpocTpyKTypa KOMIIO3UTOB HccaefioBaHa Ha ammapatre FESEM. OxcnepuMeHTanbHbINM pe3y/lbTaT MOKa3blBaeT
XOPOIIYIO CTabMTBHOCTD IVICTIEPCUY C YBETUYEHEM TBEPHOCTI, IIPOYHOCTH Ha PaspbIB ¥ yMEHbIICHNEM MI3HOCA KOMITO3UTa

Al-6065-Si, apmuposannoit YHT.

KiroueBble cmoBa: MHOTOCTEHHbIE yrmepoatble HaHOTPyoku (MYHT), yrnepontbie Hanotpy6xu (YHT), MexaHudecKie CBOIICTBA, HATPI

Hemocuicynboar.

1. Introduction

High strength to weight ratio, good wear resistance and high
corrosion resistance materials are present day requirements
in engineering applications. Materials reinforced with
organics, ceramics and polymers exhibit improved
properties. CNTs reinforced in aluminum metal found
encouraging use in many engineering applications. However
good dispersion of CNT in the base metal is challenging.
Surface modification strategies and complementary routes
must be incorporated in order to obtain compatibility
between CNTs and aluminium matrices and hence to
improve homogenous dispersion of composite materials.
Many researchers adopted surface modification using ball-
mill approach on CNT and found experimental results
show improvements in certain properties. Researchers
have made investigations regarding the uniform dispersion
of reinforcements which can be found by controlling the
process parameters like stirring speed and time, molten
metal and mould preheated temperature in the stir casting
method. Manjunatha L. H. et. al., developed Al6061 based
MMC’s using Multi-Walled Carbon Nano tubes (MWCNT)
as reinforcement by powder metallurgy and stir casting
process. Microstructure analysis showed fairly uniform
dispersion of MWCNTs with excellent bonding that exists
between the CNTs with the base metal in the metal matrix
composite [1]. Omkar Aranke, et al., studied the tribological
behaviour of aluminium-7075 metal matrix composite
reinforced with MWCNT with various weight percentages.
They have fabricated the sample by the stir casting technique.
Wear properties of MMCs were investigated using pin on
disc apparatus and the results show that with increase in
the percentage of reinforcements, there is a decrease in
the wear rate of composite [2]. P.B. Senthil Kumar, et. al.,
focused on fabrication of CNTs reinforced with Al-6063,
by stir casting method. The microstructure and mechanical
properties was experimentally tested for various weight
percentages of CNTs. They concluded that, the addition of
MWCNTs in Al6063, increases its impact resistance and
thereby decreasing the cracks along with voids in the crystal
lattice as observed in XRD analysis [3]. The main objective
of this research work is to develop an agglomeration free
composite of SDS coated CNT reinforced in Al-6065-Si, and
experimental study of mechanical properties. The study is
focused on microstructure, mechanical and tribological
behaviour of the MMC.

2. Materials and method
2.1. Preparation of materials

In this research, MWCNT reinforced Al6065-Si composites
were fabricated by stir casting technique. The Al6065 ingots
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used as base material for matrix. MWCNTs are procured
and surface modifications are made to avoid agglomeration
using anionic SDS surfactant in the ratio 1:1 with 300 mL
distilled water. The MWCNT and SDS surfactant were
placed in a beaker and stirred with magnetic stirrer to
obtain homogeneous mixture. The mixture was exposed
to ultra-sonication for about 1 hour at room temperature
(28°C) to get better homogenization. After exposed to ultra-
sonication, water content in the mixture was found and
removed in a hot air oven at 80°C for 12 hours. This process
decreases the Vander Waals force between CNTs and hence
to avoid agglomeration with better dispersion in the base
metal. The dry CNT-SDS flakes grinded using mortar and
pestle to obtain fine particles. The SDS coated MWCNT with
fine particles were used as reinforced material to fabricate
the MMCs. The CNT reinforced with 4% Silicon were added
to Al6065 base material to fabricate specimens.

2.2. Fabrication of MWCNT-Si-Al matrix of
different weight percentages:

The Al-6065 ingot-castings were placed in the electric
furnace and the temperature of the crucible in the furnace
was raised to 800°C and the molten metal was obtained. The
temperature was later reduced to about 650°C for the casting
process. The molten metal was stirred continuously while
pouring the MWCNTs and Silicon particulate as mixture for
about 15 mins. A three wing radial stirrer used for mixing
the reinforced material in the crucible of height 300 mm.
The stirrer moved down inside the crucible to about 20 mm
gap maintained from the bottom of the crucible and rotates
with a speed of 500 rpm with the help of electric motor. The
SDS coated CNT powder slowly added and mixed in the
molten metal. Impurities were separated using scum powder
that accumulates at the top of the surface and removed. The
degassing is help to produce sound castings [4,5]. In this
process, the solid dry hexachloroethane (C,Cl,) degasser
tablets are added, to remove the gases from the molten
alloy. This eliminates the air interrupted in the molten motel
and to obtain the blow hole free castings [6]. This process
is followed for 0.5, 1.0, 2.0, 3.0 and 4.0 wt.% SDS coated
MWCNTs reinforced in Al6065 with 4% Silicon constant for
all the samples (Table 1). The molten metal is poured into the
metal die. Three samples of each specimen were fabricated
for experimental investigations of properties. Microstructure
of the CNTs and the Si powder is shown in Fig. 1a,b.

3. Results and discussions
3.1. Microstructure analysis

The fabricated specimens were polished and examined for
metallographic study. The morphology of MWCNT-AI-Si
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Table 1. The composition of Specimens.

Samples MWCNTs Silicon (Si) Al-6065
1 0 0 100%
2 0.5 wt.% 4 wt.% 95.5%
3 1 wt.% 4 wt.% 95%
4 2 wt.% 4 wt.% 94%
5 3 wt.% 4 wt.% 93%
6 4 wt.% 4 wt.% 92%

Fig. 1. Microstructure of CNTs (a) and Silicon powder (b).

metal matrix composite of different weight percentage of
CNT specimens was observed under the Field Emission
Scanning Electron Microscope (FE-SEM) to check the
dispersion of Carbon Nano Tubes in the metal matrix
(Fig. 2a-f). The SEM microstructure examination carried
out with 1 um magnification.

Fig. 2a depicts the pure Al6065 image indicating absence
of porosity. Figs. 2b-e show fairly uniform dispersion of
nanoparticles in the matrix. These samples exhibit better
wetting and infiltration in the molten matrix alloy. The addition
of MWCNT beyond 4.0 wt.%, led to partial agglomeration
and nano sized MWCNTs clusters were seen in Fig. 2f. With
increase beyond 4.0 wt.% of reinforcements, wetting between
MWCNTs and the base material becomes poor. This is because
of MWCNT exhibits lower surface tension [7].

3.2. Tensile strength testing

The tensile test conducted by using Universal Testing
Machine (Model: TUE-C-400). Samples were machined as
per the ASTM E8-16a standard.

Experimental results (Fig. 3a) show that tensile strength
increased with increase of MWCNT composition from 0.0 to
2.0 wt.% of CNT. Tensile strength increases from 122.3 MPa
(base alloy) to an average value of 174.33 MPa (2.0 wt.%
MWCNTs). Thus, the average tensile strength of 2.0 wt.%, of
CNT in Al6065-Si MMC is increased by 42.54% as compared
to the base alloy matrix shown in Fig. 3b. This is due to
Orowan’s mechanism of dislocation bypass over impenetrable
obstacles where a dislocation bows out to result in the
dislocation loop over the particles. A similar observation
has been made by Murali et al. [8] and Onoro ] [9] showing
stress transfer from Al-Matrix to reinforced particles. The
interaction of dislocation loops of the reinforced particles
results in improvement in strength of the composites [10].
The improvement in the mechanical properties can also be
as a result of the significant transfer of the tensile load to the
uniform distribution of MWCNTs, the coupled effects due to
grain refinement and the increase in the grain boundary area
having strong thermal stress between the interface, induced
by large difference in the coefficient of thermal expansion
between the metal matrix and MWCNTs reinforcements.
Further addition of MWCNTs above the 2 wt.% value shall
reduce the tensile strength and making the composite brittle.
This may be due to higher agglomeration of nanoparticles and
significant increase in the degree of porosity that is present in
the nano-composite having higher MWCNTs content which
was observed during fabrication of casting.

Fig. 4b shows the tensile test results of percentage of
elongation of the composite. The base alloy — Aluminium
is ductile in nature and it is observed that, percentage

Fig. 2. Pure Al-6065 (a), 0.5 wt.% MWCNT (b), 1.0 wt.% MWCNT (c), 2.0 wt.% MWCNT (d), 3.0 wt.% MWCNT (e), 4.0 wt.% MWCNT (f).
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of elongation decreases with increase in the percentage
of MWCNT particles added. This may happen due the
presence of hard reinforcement particles, which increases
the brittleness of the composites [11]. The tensile tests show
the addition of reinforcement leads to significant decrease in
the percentage of the elongation from an average percentage
value of 8.86 to 5.03. The Fig. 5 shows the fracture surface
found in the test sample (4 wt.% MWCNT) during the tensile
test. The ductile fracture is replaced by brittle fracture with
increase in the percentage of MWCNTs.
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3.3. Compressive strength testing

The compressive strength of the specimen having 20 mm
height and 13 mm in diameter, tested using Universal Testing
Machine (UTM) according to the ASTM E9 standards.
From the Fig. 6b, it can be seen that the compressive
strength increases with increase in 3.0 wt.% of MWCNTs.
The compressive strength of a MMCs is due to the grain
refinement and the uniform dispersion of MWCNTs. The
elastic modulus mismatch and the coefficient of thermal
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Fig. 3. (Color online) Tensile strength - wt.% of MWCNT in Al-Si MMC (a), average tensile strength - wt.% of MWCNTSs in Al-Si MMC (b).
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Fig. 5. Samples of tensile fracture surface of 4 wt.% MWCNT.
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expansion mismatch between the matrix and reinforcement
phase, along with load transfer in matrix to reinforcement
phase results in dislocation generation [12]. The results show
the nanocomposites having greater compressive strength
than that of base alloy at value of 3.0 wt.% as MWCNTs are
more effective in strengthening the composites.

Due to the effect of grain size, the compressive strength
of reinforcing particles at 3.0 wt.% value is more than that of
base alloy. The excessive CNT content results in decreasing
the value of compressive strength at 4.0 wt.%. The reinforced
composite may be due to floating of CNTs due to poor
wettability, and also the difficulties of MWCNTs billets
infiltration during stirring, that results in agglomeration and
un-recovered clusters in MWCNTs [13].

3.4. Hardness testing

The hardness test was carried out as per ASTM E92
standards with Vickers hardness testing machine (Model-
BV 250) with 10 mm diamond indenter and 50 N load. The
hardness test was carried out at a room temperature of 28°C.
Vickers hardness measurements conducted at three different
locations of every sample and obtained an average hardness
value.
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a

Fig. 7b shows the effect on addition of MWCNTs having
different weight percentages by Vickers hardness of Al6065
alloy. The hardness values of 0.5, 1.0, 2.0, 3.0 and 4.0 wt.%
MWCNTs are higher as compared to base metal Al6065. The
significant improvement in the hardness is due to solitary
strengthening effects of nanotubes. The hardness increased
from an average of 39.53 VHN for the base alloy to about
54.9 VHN for 3.0 wt.% of MWCNT (Fig. 7b). This shows
38.8% of increase in hardness value at 3.0 wt.%. However, the
hardness falls beyond 3.0 wt.% MWCNT. This drop variation
can be due to the agglomeration effects and also due to the
non-uniform dispersion of the particles in the MMCs. This
may have arisen due to the excess addition of weight fraction
of MWCNT.

3.5. Wear test

A computational approach called pin on disc test is used to
study the tribological condition of the MWCNT-AI6065-Si
MMC. The samples were prepared as per ASME G99 standards
[14]. The tests carried out with a load of 5 kg and the specimen
sliding on the disc at a rotation speed of 600 rpm. The amount
of wear in microns measured for duration of 900 seconds and
plotted as a function of time, indicated in Fig. 8.
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Fig. 6. (Color online) Compressive strength - wt. % of MWCNT in Al6065-Si MMC (a), average compressive strength - wt.% of MWCNT

in Al6065-Si MMC (b).
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Fig. 7. (Color online) Hardness - wt.% of MWCNT in Al6065-Si MMC (a), average hardness - wt.% of MWCNT in Al6065-Si MMC (b).
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The presence of wear resistance of hard MWCNT particles
decreases the wear of aluminium composite. It is observed in
the Fig. 8, that the addition of reinforced material decreases
the amount of wear. This is due to interactions between
the dislocations and the MWCNT particles that resist the
propagation of cracks during sliding wear.

The strain fields created over the MWCNT particles due
to the thermal mismatch between the aluminum alloy and
MWCNT particle during solidification. Subsequent removal
of materials and crack resistance is offered by the strain fields.
This also results in the Orowan strengthening which is due to
the homogeneous distribution of MWCNT particles [15]. The
clear interface and bonding, delay the detachment of particles
from the aluminum matrix. Thus, the wear resistance of
Aluminium Metal Matrix Composites (AMMC:s) is enhanced
by MWCNT particles.

However, as compared to 3.0 wt.% of MWCNT, there
is small amount of increase in the wear at 4.0 wt.% of
MWCNT. This results in porosity, cracks and deterioration
of mechanical properties [16]. Thus, with increase in wt.%
of reinforcement till the 3.0 wt.% fraction of MWCNT in the
Al6065-Si MMC exhibit higher wear resistance.
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Fig. 8. (Color online) Wear - wt.% of MWCNT in Al6065-Si matrix.

4. Conclusions

The reinforced MWCNT in Al6065-Si composites fabricated
by stir casting technique. The surface of the MWCNT
modified for better dispersion and to avoid agglomeration
using anionic SDS surfactant. Composite material was
prepared for different weight percentage of CNT having 0.5,
1.0, 2.0, 3.0 and 4.0 wt.% MWCNTs reinforced in Al6065-Si
MMC, and keeping 4% Silicon constant for all the samples.
The morphology of MWCNT-AI6065-Si composite was
found that there is uniform dispersion of nanoparticles
in the matrix till 4.0 wt.% of reinforcement. Beyond
4.0 wt.%, led to partial agglomeration and nano sized
MWCNTs clusters within the composite. Tensile strength
increases from 122.3 MPa for the base alloy to an average
value of 174.33 MPa. for 2.0 wt.% MWCNTs reinforced
composite. The interaction between the dislocation loop of
reinforcement particles results in an improved in strength of
composites till 3 wt.% of CNT and any further increase in the
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addition of CNT reduces the tensile strength. It is observed
that the percentage of elongation reduced with increase in
percentage of MWCNT particles. Tensile tests also reveal that
the addition of reinforcement leads to significant decrease in
the percentage of the elongation from an average percentage
value of 8.86 to 5.03. The compressive strength increases till
3.0 wt.% of MWCNTs. The excessive CNT content results
in decreasing the value of compressive strength at 4.0 wt.%.
The hardness test conducted using Vickers hardness testing
machine at 50 N load shows a 38.8% of increase in hardness
value till 3.0 wt.% of reinforcement. However, the hardness
falls after 3.0 wt.% MWCNT addition. Wear resistance of
AMMC s is enhanced with the addition of MWCNT particles.
This shows that, with increase in wt.% of reinforcement till
the 3.0 wt.% fraction of MWCNT in the Al6065-Si exhibit
higher wear resistance. This concludes that, the SDS coated
MWCNT avoids the agglomeration in the composite and
improves the mechanical properties. Beyond the 3 wt.%
addition of the filler material results in lowers the properties
of matrix material.
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