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Abstract

This paper is intended to study mechanical, corrosion and thermal properties of aluminium metal matrix composites
with Multiwalled carbon nanotubes as reinforcements. In the present study, aluminium base alloy (LM 9) is reinforced
with multi-walled carbon nanotubes (MWCNTSs) in 1%, 2 and 3% using stir casting. Tests are conducted to evaluate for
hardness, thermal behavior under varying temperature, and thermal conductivity to assess the influence of MWCNTs as
reinforcements. The results indicate that Aluminium—MWCNTs composites possess improved mechanical properties.
DSC thermographs indicate that there is no change in the thermal behavior of the composites under varying temperature
conditions. Thermal conductivity measured using hot disc thermal analyzer showed a marginal reduction in the thermal
conductivity due to increase in density of microstructure and resulting improved hardness.
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1 Introduction

Metal matrix composites (MMCs) are envisaged as replace-
ments to conventional metals and alloys owing to their
special properties. They find application in marine, aero-
space and automobile sectors. Metal matrix composites
are metallic alloys reinforced with other materials to give
extra strength ductility, hardness [1, 2]. Among several
materials, aluminium alloy is used in versatile applica-
tions [3] and focus of the researchers has been to develop
cost effective and improvised aluminium composite that
possess high tensile strength, good corrosion resistance,
tribological properties etc. Several reinforcements [4] like
Al,0;, TiC, SiC, SiO,, B,C, Al-N were the most common
materials used by different authors [1-26] for property
enhancement of aluminium.

Marine components function under challenging envi-
ronments due to their encounter with both salt and fresh
water which are corrosive in nature which is the main
reason for the degradation of marine components. The
corrosion resistance of materials is required along with
environmental sustainability and suitability to automotive
and aerospace environments. The corrosion resistance of
Aluminium metal matrix composites depends on several
factors like the technique of processing; size, shape and
percentage of the reinforcements [11]; and the environ-
mental conditions. During production of MMCs, possible
materialization of an inter-phase between the matrix and
the reinforcements leads to creation of reaction products
like Al,C; can also effect corrosion. Yue et al. [17], reported
that when the melting temperature is increased over
700 °C during preparation of Al-SiC composite, it would
result in formation of Al,C; leading to severe deterioration
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of corrosion resistance. The corrosion behavior of Alu-
minum alloy (AA6063) MMCs by changing the amount
of snail-shell-ash and silicon carbide reinforcements was
investigated and found that the overall material loss is
controlled by and the composite with highest hardness
showed improved corrosion resistance. Alaneme et al.
[18] investigated the corrosion and wear behaviour of Alu-
minium- Magnesium-Silicon alloy hybrid composites rein-
forced with rice husk ash and silicon carbide particulates.
They found inconsistent drift of corrosion current density
with rise in thermal cycling. The hybrid composite with a
higher rice husk ash content seemed to have showed a
lesser inclination to corrode the surface compared to other
specimen. Pradeep Kumar et al. [19] investigated corro-
sion characteristics of TiB, particle reinforced cast and
forged aluminium 6061 based composites and found that
composites exhibit better corrosion resistance compared
to base metal cast aluminium 6061. Zakaria [20] investi-
gated the effect of volume fraction of reinforcements in
aluminium on the corrosion properties. Aluminium MMCs
were reinforced with SiC in numerous volume fractions up
to 15% and with several silicon carbide particulate sizes.
The results indicated that the Aluminium -Silicon carbide
composite showed greater density compared to base alu-
minium. Corrosion tests conducted on Aluminium -Silicon
carbide composites in 3.5 wt% NaCl aqueous solution at
different temperatures showed the influence of tempera-
ture on corrosion of composites. The corrosion resist-
ance of composites at room temperature is superior base
matrix. Further, the reduction of silicon carbide particles
size and/or increase of its volume fraction decreased the
corrosion rate. On the contrary, the composites showed
greater corrosion rates at 50 and 75 °C compared to base
aluminium matrix. Kumar et al. [21] investigated the influ-
ence of purity and weight fraction of Multi-wall Carbon
Nanotube (MWCNT) added to the Aluminium alloy on cor-
rosion resistance. The results revealed that by reinforcing
MWCNT in Aluminium alloy AA5083, the corrosion resist-
ance had improved compared to base material.

Major previous studies focused on Aluminium based
MMCs with the reinforcements of normal materials such
as Al,O;, TiC, SiC, SiO,, B,C, Al-N. In recent years, carbon
nanotubes (CNT's) which are allotropes of carbon have
been selected as a novel nano reinforcements to create
low weight self-lubricating metal matrix nanocompos-
ites owing to their lubricious nature. Due to their greater
surface area, nano materials in smaller quantities can be
used as reinforcements that produce noticeable improved
results in the properties of the composites. Reinforcement
of carbonaceous nano materials were proved to have also
increased optical & di-electric properties. The mechanical
properties of hardness and wear resistance also improved
significantly. Considering the novelty in the selection of
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the nano scale MWCNTSs, current studies were devoted to
employ nano scale multiwalled carbon nanotubes (CNTs)
to attain upgraded and enhance properties for the applica-
tion of AA-MMNCs in automotive, aerospace and marine
fields. Further, the corrosion resistance when used MWC-
NTs is found to be good indicating its suitability to aero-
space and automotive environment. It was established
that they possess improved mechanical and tribological
properties during the design of automobile engine and
piston. Besides they have also characteristic high electrical,
mechanical, and thermal properties appropriate for many
applications.

1.1 Presentinvestigations on aluminium—multi
walled carbon nanotube composites

The intention of this study is to explore the behavior Alu-
minium—NMulti walled carbon nanotube composites in
terms of mechanical and thermal properties. In the pre-
sent study, the Aluminium—MWCNT composites were
prepared by stir casting technique to obtain uniform and
dense structure. The Multiwalled carbon nanotubes rein-
forcements are dispersed in the aluminium (LM9) material
in 1, 2 and 3 wt%. Micro hardness is measured at different
concentration of MWCNTs and the improvement of hard-
ness on thermal conductivity is assessed. Thermal conduc-
tivity is assessed by hot disc method. The weight fraction is
limited to 3%, since most of the studies mentioned earlier
found that as the mass fraction increases beyond a limit it
will lead to brittleness leading to degradation of mechani-
cal properties.

2 Materials and methods

Multi-walled carbon nano tubes produced by CVD method
were purchased from M/s Cheaptubes Inc., USA. The MWC-
NTs are of 30-50 nm diameter, 1 to 25 um length and 97%
purity. Light metal 9 grade Aluminium is selected as base
materials for dispersion with nano materials.

2.1 Preparation of nano composites

The composites were manufactured by reinforcing LM 9
grade aluminium with MWCNTSs using stir casting tech-
nique. Aluminum bar (LM 9 grade) was put into the cruci-
ble melted to a temperature of 700 °C and MWCNTs was
added to the molten metal and mixed carefully using a
stirrer to confirm uniform distribution. The metal was
removed after for 5 min of stirring and was cast into bars
as specimen. The specimen is shown in Fig. 1.
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Fig. 1 The composite specimen manufactured by reinforcing LM 9
grade aluminium with MWCNTSs using stir casting technique

2.2 Preparation of nano materials prior
to dispersion in aluminium

As received multi-walled carbon nanotubes are highly
agglomerated and require processing to separate individ-
ual tubes. Figure 2a, b show as received Multiwalled car-
bon nanotubes and disentangled MWCNTSs using solvent

2um* EHT = 3.00kV
WD=123mm

Signal A = SE2
Mag = 22.00KX

2pm* EHT = 3.00 kv

respectively. Figure 1a show highly agglomerated MWC-
NTs which are unsuitable for dispersion as reinforcements.
Multiwalled carbon nanotubes were sonicated in hexane
to untangle the individual tubes prior to dispersion.

This step ensures uniform dispersion of MWCNTs in the
composite. It can be observed from Fig. 1b, the MWCNTSs
could be separated into individual tubes which when
added to the produces uniformly distributed composite.

2.3 Electrochemical corrosion tests

An Electrochemical corrosion test assesses the resistance
of aluminum alloys and composites in resisting corrosion
[9]. The corrosion resistance is assessed in terms of electric
corrosion potential measured during a potentio-dynamic
polarization test conducted as per ASTM G 69. This study
can also estimate the behavior of coated specimen during
pitting corrosion. In this test, the electric corrosion poten-
tial of the material is measured by exposing the surface
of material to an aqueous solution of 3.5% sodium chlo-
ride (NaCl) solution mixed with hydrogen peroxide which
serves as cathodic reactant. Saturated calomel electrode
(SCE) and carbon electrode were respectively used as ref-
erence and auxiliary electrodes. All the experiments were
done in 3.5% NaCl solutions while adjusting the pH to 10.
The potential scan was carried out at initial potential of
-0.25V (OC) SCE at a rate of 0.166 mV/s until pitting which
is the final potential. Critical pitting potential (Epit) was
reckoned as the potential at which current increases drasti-
cally. Test samples exhibiting comparatively more positive
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Fig.2 FESEM images of multi walled carbon nanotubes a pristine MWCNTs, b purified MWCNTSs
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potential, (or less negative potentials) were reflected as
those with improved pitting corrosion resistance.

2.4 Mechanical properties

Mechanical property improvement of the composites is
determined in terms of their micro hardness. Micro hard-
ness test (ASTM E 384) defines the hardness of a material
to wear and tear. To measure micro hardness, 300 gf load
is applied at 10 positions on the specimen and the average
value is reported as hardness of the material.

2.5 Thermal analysis

Differential scanning calorimetry (DSC) is employed as a
screening tool to follow the aging sequence of base alu-
minium and aluminium—MWCNT composites. DSC pro-
cesses the change in the rate of heat flow of samples as
a function of temperature or time. Through observations
of the changes in flow rate of heat between the sample
and its reference materials, DSC can detect the quantity of
heat absorbed during these transitions. This technique can
predict the thermal stability of metals and their estimated
life time under thermal loading.

The thermal conductivity is measured by Hot Disk
method which eliminates errors while measuring liquid
thermal conductivity. Kapton sensor 7577 was selected for
testing while keeping short measurement time to reduce
convection. Three sets of experiments with different meas-
urement times were conducted on the samples and the
mean values are stated.

3 Results and discussion

3.1 Characterization of the structure of composites
on HRSEM

To characterize the microstructure of the composite, the
specimen of size 10 mm x 10 mm were etched and charac-
terized using an FESEM. SEM micrographs portraying the
surface of the composite are noted with ancillary electron
image mode at 15 kV and 30 kV and are shown in Fig. 3.
Even dispersion of aluminium matrix with MWCNTs
intensely determines the Mechanical properties. Figure 3
portrays the micro structure of base aluminium and alu-
minum reinforced with MWCNTs. From Fig. 3b, in case of
aluminium dispersed with 1% MWCNTs, the nano tubes
were established to be dispersed well alongside the
periphery of the grain and detached from the original
cluster. Figure 3¢, d show the cases of 2% and 3% MWCNTSs
dispersed in aluminium and it may be perceived that the
MWCNTSs were uniformly scattered throughout the surface
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irrespective of the grain boundary. Further, as the percent-
age of MWCNTs increase, the density of the structure is
found to have improved and this would effect in improved
properties of composite.

3.2 Pitting corrosion resistance

The pit density is in accordance with the Epit values given
inTable 1.

Pardo et al. [22], in their studies attributed the reduc-
tion in the pitting corrosion of the composites to the
decrease in the Epit values which predicts the propensity
to nucleation pitting in the materials. They suggested that
the increase in the positive E;; value or decrease in the
negative Epit value develops a large difference between
the Epit and Ecorr values and consequently increases the
material’s resistance to pitting corrosion resulting a grad-
ual decrease in the pit density. It is evident from Table 2
that with the increase in the weight fraction of MWCNTSs
as reinforcements there is a decrease in the negative E
value thereby augmenting the corrosion resistance of
the aluminium alloy resulting in less nucleation pitting.
In other words, the nucleation pitting has progressively
decreased with increase in the percentage of MWCNTs as
reinforcements. This can be ascribed to the fact that the
MWCNTs uniformly distributed in the base alloy did not
allow the aluminium matrix to form galvanic coupling
with the eutectics formed at the grain boundary. Another
reason for this phenomena is due to the formation of pas-
sivating film unlike aluminium base ssample. The intact-
ness of the passivating film increases with the increase in
the weight fraction of MWCNTs and hence composite with
3% MWCNTs will have higher intact of the passivating film
due to presence of higher concentration of MWCNTs which
could resist corrosion. It can be concluded that composite
reinforced with 3% MWCNTs showing best performance in
terms of pitting corrosion.

3.3 Hardness

Hardness of composite is a vital requirement for use in
automotive parts. The micro hardness values of base metal
and aluminium metal matrix composites at varying weight
fractions of MWCNTs is tested and tabulated in Table 2.

A progressive upsurge in the micro hardness values
with reinforcement of MWCNTs in aluminium. Due to
improved reinforcements of MWCNTSs in Aluminium due to
preprocessing of MWCNTS and the micro hardness values
are far better than normal values. The relative density also
improved with reinforcement of MWCNTs thus improving
the hardness of the composites.



SN Applied Sciences (2020) 2:1259 | https://doi.org/10.1007/542452-020-3081-9 Research Article

.»1__

1pm*

X £ ' N 0 2 £
j———EH[=300kV  pMag= 4500KX WD=G67mm  SignalA=InLens m — EHT= 300KV Mag= 1000KX WD=79mm  SignalA=inLens  faand

T um* E— 7 i ==
j————EH= 300KV pag= 4500KX WD=79mm  SignalA=inlens | j——{EHT= 300KV mag= 3500KX WD=79mm  SignalA=inLens K

Fig. 3 FESEM micrographs of a LM 9 Aluminium, b Aluminium+ 1% MWCNTSs, ¢ Aluminium + 2% MWCNTs, d Aluminium + 3% MWCNTs

Table 1 pitting corrosion potentials of test samples 3.4 Analysis on differential scanning calorimetry

Material Epit (mV) Differential Scanning Calorimetry is an extensively used
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Table 2 Micro hardness of composites >
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(HV) 10004
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Fig.4 DSC curve depicting variation of heat flow with temperature
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Fig. 5 DSC curve depicting variation of heat flow with time

DSC curve in Figs. 4 and 5. Shows heat flow as a func-
tion of temperature and time respectively. The figures
depicts that Aluminium—MWCNTs composite is slightly
more intense than that of base aluminium. Nevertheless,
the outline of the both curves is superimposed suggest-
ing mild influence of MWCNTs. Except for a difference in
the crystallization temperature, the difference between

the thermal performance of base aluminium and alumin-
ium—MWCNTs composite is similar. Further, though the
tests are being conducted at higher temperature ranges
the curves are observed to be coinciding and intersect-
ing at a temperature near to 90-100 °C and hence the
graph shown in Fig. 4 is limited to the corresponding
temperature for better visibility of the graph.

3.5 Thermal conductivity variation with MWCNTs
as reinforcements

Figure 6 depicts the variation of thermal conductivity of
Aluminium and Aluminium—MWCNTs composites for
varying percentage of weight fraction of multi walled car-
bon nanotubes. It can be found that there is a lessening
of thermal conductivity as the weight fraction increases.
Furthermore, it can be established that the influence of
weight fraction on the thermal conductivity improvement
is also noteworthy. The results of improved relative density
of composites would result in poor mobility of electrons
and hence decrease in thermal conductivity. As MWCNTs
are foreign particles in the aluminium metal matrix com-
posite, they act as thermal barriers to the motion of heat
and thus decreasing the thermal conductivity.

Aluminium (LM 9)+1 %
MWCNTs

Aluminium (LM 9)+2 %
MWCNTs

Aluminium (LM 9)+3 %
MWCNTs

200
195
E 190
g
Z
g 185
=
2
5]
= 180
E
E
175
170
165
160
155
150
Aluminium (LM 9)
[ ™ Thermal conductivity, w/m k 195.33

192.85

191.24

190.77

Fig.6 Thermal conductivity if base metal and aluminium composites

SN Applied Sciences

A SPRINGERNATURE journal




SN Applied Sciences (2020) 2:1259 | https://doi.org/10.1007/542452-020-3081-9 Research Article

4 Conclusions
From the studies, the following conclusions arrive

1. The aluminium—MWCNT metal matrix composites
prepared with stir casting technique resulted in fine
microstructure

2. Pre-processing of MWCNTSs could result in better dis-
tribution of MWCNTSs in the aluminium.

3. Theincrease in the weight fraction of MWCNTs as rein-
forcements resulted in a decrease in the negative E;
indicating less nucleation pitting.

4. The composite reinforced with 3% MWCNTs performed
best in terms of pitting corrosion.

5. The strength of composites in terms of hardness has
improved with reinforcement of MWCNTs and the
influence of mass fraction of MWCNTs is found to be
profound in the improvement.

6. The thermal performance of aluminum—MWCNTs
nanocomposites is similar to base aluminium with DSC
curves getting super imposed.

7. Thereisslight reduction in the thermal conductivity of
the composites compared to base aluminium due to
improvement in the density of the structure.
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