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Abstract: In this present investigation, dry sliding wear behavior of AA 6061 nanocrystalline and AA 6061-2
weight percentages (2 wt. %) of multi-walled carbon nanotubes (MWCNTS) nanocompaosites prepared by 30 h
of mechanical alloying (MA) was investigated. Dry sliding wear behavior of prepared nanocomposites at room
temperature was estimated by a pin-on-disc wear testing apparatus. Oil hardened non shrinking (OHNS) steel
disc was used as the counter face material. Wear tests were conducted for normal loads of 5, 7 and 10 N at
various sliding speed such as 0.6, 0.9, 1.2 m/s with the varying sliding distances (500 m, 1000 m and 1600 m). It
was found that, MWCNTSs reinforced AA 6061 nanocomposites have low wear rate and less coefficient of
friction compared to AA 6061 nanocrystalline. The worn surface morphologies were analyzed by using scanning
electron microscopy (SEM). At lower loads, abrasion was the dominant wear mechanism and at higher loads
oxidation was the dominant wear mechanism. The formation of oxide layer on the worn surface was examined
by energy dispersive spectroscopy (EDS). The results indicated that the addition of MWCNTs as a
reinforcement increases the wear resistance of AA 6061 matrix.
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. Introduction

Recently, carbon nanotubes (CNTSs) have attracted more attention as an ideal reinforcing material in
fabricating composites for their good electrical and thermal properties, extraordinary strength as well as their
high elastic modulus values [1-2] after discovered by lijima [3]. AI-MWCNTSs composites could be suitable for
the automotive or aerospace industries, where the decrease of fuel consumption by weight reduction and its
higher strength are main priorities [4]. Many methods have been explored to incorporate the MWCNTS in to the
aluminum matrix in previous researches including high energy ball milling [5-7], spark plasma sintering [8-9],
semi-solid powder processing [10-11], friction stir processing [12-13], plasma spraying [14-15] and nanoscale
dispersion [16]. However in all these methods, uniform dispersion of MWCNTSs is a great challenge due to their
high aspect ratio and their strong vander Waals force [17-18]. Among these methods, mechanical alloying
(MA) is a solid-state powder processing technique involving repeated welding, fracturing, and rewelding of
powder particles in a high-energy ball mill [19]. It was found that the dispersion of reinforcement in aluminum
matrix using mechanical alloying depends on various processing variables such as milling time, milling speed,
ball-to-powder ratio, type of mill and process control agent [19]. One of the main advantages of MA is the
uniform dispersion of reinforcement in metal matrix. However, the MWCNTSs would be severely damaged
during the later stage of milling [20]. In this present investigation, MWCNTSs were added at the last 2 h of MA
(at the end of 28" h) to avoid structural damage during milling. Fabrication, consolidation behavior and
mechanical properties of MWCNTS reinforced AA 6061 nanocomposites have been investigated already in the
previous study [21]. From that study, the structural evolution of MWCNTSs before and after milling was
investigated by Raman spectroscopy. The results revealed that the MWCNTS sustained less structural damage
over 2 h of mechanical milling. However, because of MWCNTSs were added during the last 2 h of milling,
higher hardness values (76 HV) and higher green compression strength (161 MPa) were obtained for AA 6061-2
wt.% MWCNT nanocomposites [21]. The effect of TiC, alumina and hybrid (TiC+Al,O3) nanolevel ceramic
reinforcements on the dry sliding wear behaviour of the AA 6061 nanocomposites was also investigated in the
previous study [22]. So far only a few reports have dealt with dry sliding wear behavior of MWCNTS reinforced
aluminum alloy nanocomposite. Choi et al. [23] investigated wear characteristics of AI/MWCNTSs composites
prepared by ball milling and hot rolling. They reported that 4.5 Vol.% MWCNTSs addition enhanced wear
resistance and decreased coefficient of friction. Al-Qutub et al. [24] investigated wear and friction behavior of
Al 6061/MWCNTSs nanocomposites for constant sliding speed (0.5 m/s) and constant sliding distance (500 m)
prepared by ball milling and spark plasma sintering. They reported that under mild wear conditions, 1 wt. %
MWCNTSs reinforced Al6061 composite displayed lower wear rate and friction coefficient compared to the
Al6061 monolithic alloy. In one of the recent studies [25], hardness and wear resistance was found to increase
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significantly with CNT content. The wear rate of 5 wt. % CNT composite decreased by 79% compared to pure
aluminium. They observed that CNTs were partially or fully crushed forming a carbon film and acted as a solid
lubricant enhancing the wear behaviour significantly. However no detailed investigations have been conducted
to the study on effect of MWCNTSs on AA 6061 nanocomposites as compared with monolithic AA 6061 alloy
for varying sliding speeds and sliding distances.

In this present research work aims to study and investigate the effect of normal loads, sliding velocity
and sliding distance on dry sliding wear behavior of AA 6061 nanocomposites with and without MWCNTSs
reinforcement prepared by mechanical alloying (MA).

The introduction of the paper should explain the nature of the problem, previous work, purpose, and the
contribution of the paper. The contents of each section may be provided to understand easily about the paper.

Il.  Experimental details

The starting materials used in the experiment were aluminum powder (99.5 % purity, 40 um, Alfa
Aesar, USA) and other pure elemental powders, including silicon, iron, copper, manganese, magnesium,
chromium, zinc and titanium with an average particle size of less than 45 um (Alfa Aesar, 99% purity). The
chemical composition required for producing the AA 6061 alloy powder was 96.6Al-0.68Si-0.7Fe-0.275Cu-
0.15Mn-1.0Mg-0.195Cr-0.25Zn-0.15Ti (wt.%). MWCNTSs of 97% purity having an inner diameter of 20 nm,
outer diameter of 40 nm and length of 50 um (Redex Nano Lab, India) was used as a reinforcement. Toluene
supplied by Ranbaxy, India, was used as a process control agent (PCA). Mechanical alloying was performed in
a two-station planetary ball mill (model: Insmart Systems, Hyderabad, India) at 280 rpm with ball to powder
ratio 10:1. Nine highly hardened 20-mm diameter steel balls each weighing 33.5 g (totally 301.5 g) were sealed
with 30 g of the powder mixture and toluene in a hardened stainless steel vial for fabrication of AA 6061 alloy
matrix. In order to avoid the increase of temperature of vials, the milling process was interrupted each 20
minutes for 10 minutes. The PCA reduces excessive cold welding of powder particles and their adhesion to the
vial and balls. Nanostructured AA 6061 powder was first synthesized through 30 h of MA using all elemental
powders. Then these milled powders without reinforcement were designated as AA 6061 nanocrystalline
powder. For AA 6061-2 wt. % MWCNTs nanocomposite preparation, the elemental powders required to
produce AA 6061 matrix were milled for up to 28 h. Two weight percentages (2 wt. %) of MWCNTSs were
added at the end of the 28"™ h of milling. The constituent powders were milled for up to 30 h. These milled
powders were designated as AA 6061-2 wt.% MWCNT nanocomposite powder. Cylindrical specimens
measuring $10 mm and 15 mm in height were mechanically pressed with a compaction pressure of 500 MPa
using a double-action compaction die in a hydraulic press (Insmart systems, Hyderabad, India) with a capacity
of 40 tons. The green cylindrical specimens were degassed at 350°C for 1 h and then sintered for 2 h at a
temperature of 525°C under nitrogen (N,) atmosphere.

Wear test were carried out by a pin-on-disc wear test apparatus (Model DUCOM) at room temperature
according to ASTM: G99 and normal applied loads of 5N, 7N and 10 N. Cylindrical pins having diameter of 10
mm and length of 15 mm were used as pins prepared from sintered AA 6061 nanocrystalline and AA 6061-2
wt.% MWCNTs nanocomposites. The end of pins surface was maintained without any burr and sharp corners
since this surface may damage the disc surface while it was sliding. The surface roughness value of pins was
measured and maintained as 0.8 pum (Ra) to get uniform wear result. Oil hardened non shrinkage (OHNS) steels
with a hardness of 60 HRC were selected as the counterpart and its surface roughness also measured and
recorded as 0.45 um. The pins and counterpart surfaces were smoothened by using 600 grit sizes SiC paper and
cleaned with acetone subsequently. Fine polishing was also done after grinding using diamond paste and a
mechanical polishing machine as per ASTM: E3. The surface of pins was checked for the perpendicularity and
the flatness to seat with counterpart surface. The prepared pin samples were set in slot which was provided in
the arm above the rotating disc. The weights of the pins were measured before and after wear tests by using a
sensitive electronic balance with an accuracy of 0.1 mg. The experiments were conducted under the normal load
of 5N, 7 N and 10 N at three different sliding velocities namely 0.6 m/s, 0.9 m/s and 1.2 m/s for sliding distance
up to 1600 m. The weight losses were calculated at every interval of sliding distance for different normal loads
with respect to various sliding velocities. The friction coefficient was recorded during sliding by means of a X-
Y plotter attached to the arm to which the pin was attached. The volume loss due to the wear test was calculated
from the ratio of weight loss and density. The wear rate was calculated as the ratio between the volume loss and
the sliding distance. The wear tests were conducted four times for every pin and the obtained data was
represented by the average value together with error bars. TESCAN model VEGA 3 LMU scanning electron
microscope was used to analyze the worn out surfaces of all pins morphologies after the wear tests. To examine
worn surfaces of pins, a JOEL JEM 2100F field emission scanning electron microscope (FESEM) with EDAX
facility was also used.
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I11.  Results and Discussion

3.1 Effect of sliding distances and sliding velocity on wear rate

The wear rates for the AA 6061 nanocrystalline and AA 6061-2 wt.% MWCNT nanocomposites as
function of sliding distance for three sliding velocities (0.6, 0.9 and 1.2 m/s) were shown in Figs.1 (a)-(c). From
the Fig. 1 (a), the wear rate increased linearly with increasing sliding distance under applied load because of
abrasion wear exhibited for low sliding velocity 0.6 m/s. The presence of abrasive wear in low velocity has been
reported by previous studies also [26-27]. However, Wear rates were lower in AA 6061-2 wt.% MWCNT
nanocomposites compared with AA 6061 nanocrystalline (Figs. 1 (a)-(c)) due to reinforcing fibers which act as
load-bearing components and protecting the aluminum matrix surface against destructive action of ploughing
process during sliding [3,28]. Also carbon based materials can form self-lubricating film, thereby preventing
direct contact of sliding surfaces and reducing ploughing effect of hard asperities [3,29-30]. From the Fig. 1 (b),
the rate of increase of wear rate from 1000 to 1500 m sliding distance was high at high load (10 N) compared to
low loads (5 N and 7 N) for sliding velocity of 0.9 m/s for both nanocrystalline and nanocomposites due to
oxidation. At high sliding velocity (1.2 m/s), the rate of increase of wear rate from 1000 to 1500 m sliding
distance was comparatively low (Fig. 1 (c)) for all normal applied loads for both nanocrystalline and
nanocomposites because of severe oxidation. From the Figs. 1 (a)-(c), it can be seen that the higher wear rate
was observed at the higher normal load (10 N) and at high sliding velocity (1.2 m/sec) in the cases of AA 6061
nanocrystalline and AA 6061-2 wt.% MWCNT nanocomposites. At high loads, adhesion was found to be
dominant for both nanocrystalline due to excessive sub-surface fracturing and nanocomposites due to
delamination [2, 24].

3.2 Effect of applied load on wear rate

It was noticed that the wear rate increased with increase of applied load due to increased surface
damage and increased the amount of material ploughed. However, The rate of increase of wear rate was
increased with increasing applied load from 5 N to 7 N and then decreased up to 10 N was shown in Fig. 2. At
low loads, abrasion was the dominant wear for both nanocrystalline and nanocomposites. As the load increased,
the width of abrasion groves and the sizes of craters enlarged significantly. AA 6061 nanocrystalline fabricated
by powder metallurgy have more pores present in it. As porosity increases, the wear rate increases because pores
serve as a source of crack nucleation and propagation resulting in excessive sub-surface fracturing [2, 31].

3.3 Effect of normal applied load and sliding distances on the volume loss

Figs. 3 (a)-(c) shows the variation in volume loss under all loads and all sliding distances for all sliding
velocities (0.6, 0.9, 1.2 m/s). It was noticed that volume loss linearly increased with increasing loads and sliding
distances for both nanocrystalline and nanocomposites. However, the rate of increase of volume loss from 1000
to 1500 m sliding distance was high under higher load (10 N) compared to lower loads (5 N and 7 N) for sliding
velocities of 0.6 and 0.9 m/s for both nanocrystalline and nanocomposites due to oxidation. At high sliding
velocity (1.2 m/s), the volume loss linearly increased with sliding distance under all normal applied loads for
both nanocrystalline and nanocomposites because of severe oxidation. From Figs. 3 (a)-(c), it can be seen that
the higher volume loss was observed under the higher normal load (10 N) compared to lower loads at high
sliding velocity (1.2 m/sec) in the cases of both AA 6061 nanocrystalline and AA 6061-2 wt.% MWCNT
nanocomposites. Volume loss was low for the case of AA 6061-2 wt.% MWCNT nanocomposites compared
with AA 6061 nanocrystalline due to self lubricating behavior.

3.4 Effect of normal applied load and sliding distances on friction coefficient

The friction coefficient of both monolithic alloy and nanocomposites for varying sliding speeds under
varying applied loads were shown in the Figs. 4 (a)-(c). The decreasing trend of friction coefficient was
observed till the 1600 m sliding distance under all the applied loads and for varying sliding velocities.

However, the nanocomposites have lower coefficient of friction than nanocrystalline. The average
friction coefficient for AA 6061 nanocrystalline and AA 6061-2 wt.% MWCNT nanocomposites were 0.35 and
0.25 respectively. The addition of 2 wt.% MWCNTs on AA 6061 matrix reduces the coefficient of friction up to
0.1 (Fig. 4 (a)). Also the coefficient of friction fluctuates around the mean level and decreases as the sliding
progresses. This trend was observed irrespective of load and velocities. The variation of coefficient of friction
may be due to improper contact between pin and disc. Compared to three different sliding velocities namely 0.6
m/sec, 0.9 m/sec and 1.2 m/sec, lower coefficient of friction was recorded at the higher sliding velocity in all
loads. The variation in coefficient of friction was observed in association with the wear mechanism. The
coefficient of friction was related to the interaction of asperities between the counter surfaces which in micro
scale varies with in specific range throughout the test period. This may result in fluctuation on friction
coefficient within a narrow range in each of material with sliding distance [32]. Kim et. al [33] reported a
friction coefficient as high as 0.6 for 1 wt.% CNTSs containing composites and 0.65 for Al and Al-Qutub et. al
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[24] reported a friction coefficient 0.35 for same applied load of 5N. However, in this investigation, friction
coefficient for AA 6061-2 wt.% MWCNT nanocomposites was 0.28 only for the same applied load of 5N (Figs.
4 (a)-(c)). This result seems that MWCNTSs were crushed partially and had less structural damage because of 2 h
of mechanical milling.

3.5 Wear of worn surfaces

Fig. 5 shows the scanning electron microscope (SEM) of worn surfaces of AA 6061 nanocrystalline
and AA 6061-2 wt. % nanocomposites under different applied loads for sliding velocity of 1.2 m/s. The wear
mechanisms under various sliding conditions could be derived through the analysis for phase, morphology and
composition of worn surfaces. Wear mechanisms such as abrasion, delamination and oxidation were observed
from SEM micrographs of prepared nanocomposites. Abrasion was the dominant mechanism at the load of 5
and 7 N (Fig. 5 (a) - (d)). Various grooves and scratches parallel to sliding direction were identified as evident
for abrasion mechanism. These were formed due to higher degree of penetration by hard counter face asperities.
The wear debris was formed for all loads due to adhesive or fatigue and fretting wear based on the delamination
theory [34]. At the load of 7 and 10 N, oxidation was the dominant mechanism. An oxide film was formed
between pin surfaces and counter face materials and reduced wear rate (Fig. 5 (b), (d)-(f)) significantly. Fig. 6
shows the energy dispersive spectroscopy of worn surface of AA 6061-MWCNTSs nanocomposites at 1.2 m/s
sliding velocity for sliding distance of 1600 m under 5 N loads. This micrograph was confirmed the oxidation.

IV.  Figures and Tables
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Fig. 6 Energy dispersive specrsco (EDS) of worn surface of AA 6061-2 wt.% MWCNTSs nanocomposite at
1.2 m/s sliding velocity for sliding distance of 1600 m under 5 N load.

V.  Conclusion

In the present study, dry sliding wear behavior of AA 6061 monolithic alloy and AA 6061-MWCNTSs
nanocomposites were studied. Effects of applied load, sliding distance and sliding velocity on volume loss and
wear rate of prepared nanocomposites were investigated. It was observed that the volume loss and wear rate
were lower for AA 6061-MWCNTSs nanocomposite compared with monolithic alloy. The addition of MWCNTSs
in AA 6061 matrix, increased load bearing capacity of AA 6061 nanocomposites samples and consequently
increased wear resistance up to 32%. AA 6061-2 wt.% MWCNTs nanocomposites had lower friction coefficient
compared with AA 6061 monolithic alloy due to self lubricating ability of carbon nanotubes. The various wear
mechanisms namely abrasion, delamination and oxidation were established by using scanning electron
microscopy. Dominant wear mechanism was identified and the formation of oxide layer were observed and
confirmed by using scanning electron microscopy with energy dispersive spectroscopy.
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