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Abstract
In the present study AA6061 aluminium alloy composites containing 0, 4, 8 and 12 wt.%
of fly ash particles have been fabricated by the compocasting process. The dry sliding wear
behaviour of unreinforced alloy and composites are studied using pin-on-disc machine. The
dry sliding wear test was conducted under a load of 4.9, 9.8, 14.7, 19.6, and 24.5 N, sliding
velocity of 1.57 m s−1 , sliding distance of 4000 m and a track radius of 100 mm at an ambient
temperature respectively for all the tests. Results indicate that the dry sliding wear resistance
of Al-fly ash composite increases with an increase of fly ash content. The load bearing capacity
of the AA6061 alloy during dry sliding wear has increased in the presence of fly ash particles.
Composites exhibit better wear resistance compared to unreinforced alloy up to a load of
24.5 N. Study of the wear surfaces and debris of both alloy and composites using the scanning
electron microscope suggests that at high loads (> 4.9 N), where fly ash particles act as load
bearing constituents, the wear resistance of AA6061 Al alloy reinforced with a size range
(2–3 µm) fly ash particles.
K e y w o r d s : aluminium matrix composite (AMC), wear, fly ash

1. Introduction
In general, the incorporation of hard ceramic particles into the aluminium matrix improves the wear
resistance of aluminium alloys. Due to this aluminium
matrix composites (AMCs) are progressively replacing
aluminium alloys in many applications where components slide against each other. The sliding action results in wear of components which is inﬂuenced by
several factors such as the speed, the running hour
and the load acting on the component [1–3]. It is essential to calculate the eﬀect of those factors on the
wear rate of composites. The wear rate of traditional
aluminium alloys reinforced with SiC and Al2 O3 particles was studied extensively by several researchers
[4–7]. However, the sliding wear behaviour of ﬂy ash
reinforced composites has not been explored in suﬃcient depth.

Fly ash, an industrial waste either solid (precipitate) or hollow (cenosphere) can be added to aluminium to improve the mechanical properties of the
composites. Fly ash can be successfully incorporated
in aluminium to make complex shapes of selected
industrial components like diﬀerential covers, intake
manifolds, brake drums and outdoor equipment castings [8]. Inﬁltration of ﬂy ash cenospheres in pure Al
matrix decreases its coeﬃcient of thermal expansion
that is dependent on inﬁltration pressure, longer inﬁltration time, and temperature [9]. Aluminium ﬂy
ash composites can be synthesised through the liquid metal stir casting, compocasting (semi-solid processing), modiﬁed compocasting and squeeze casting
technique. Squeeze casting route produces better well
dispersed and relatively agglomerate and porosity free
ﬂy ash particle composites [10–14].
Damping capacity of the as-received Al showed a
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signiﬁcant increase by the accession of the ﬂy ash particle when evaluated in the bending vibration mode
[15–17]. The stiﬀness, tensile force, compression force,
impact force and the damping eﬀect increase by the
addition ﬂy ash particles to the aluminium alloy
AA6061, whereas density decreases by the addition of
ﬂy ash particles. Resistance to dry wear and slurry erosive wear also increased with increase in ﬂy ash content
[18–21]. Brake lining friction composites, using ﬂy ash
with ingredients such as phenolic resin, aramid pulp,
glass ﬁbre, potassium titanate, graphite, aluminium
ﬁbre and copper powder exhibit consistently better
coeﬃcients of friction and low wear rates [22–24].
Abrasive wear resistance of alloy containing ﬂy ash
is superior to that of the aluminium base alloy [18–
21]. The primary wear mechanism of aluminium alloy AA6061 was micro cutting, but the wear mechanism of the composite was micro cutting, abrasion,
and delamination caused by crack propagation below
the rubbing surface due to the addition of hard ﬂy
ash and silicon particles with the matrix [22–27]. The
present work describes the inﬂuence of ﬂy ash particles on the dry sliding wear behaviour of AA6061
alloy and AA6061/ﬂy ash composite fabricated by the
composting process at an ambient room temperature.

2. Experimental procedure
AA6061/ﬂy ash with diﬀerent weight percentage

composites were prepared by the compocasting technique. The cast composites were fabricated with various weight of percentage of ﬂy ash of 0, 4, 8 and
12. The detailed process parameter for the fabrication
of the AMCs is available in existing literature. Specimens were prepared from the castings to carry out
microstructural characterisation. The specimens were
polished using standard metallographic technique and
etched with Keller’s reagent. The etched specimens
were observed using a scanning electron microscope
(JEOL-JSM-6390). X-ray diﬀraction patterns (XRD)
were recorded using Panalytical X-ray diﬀractometer.
The dry sliding wear tests were conducted on a
pin-on-disc wear testing machine (TR-20, DUCOM,
Bangalore, India) as shown in Fig. 1 according to the
ASTM G99-04 Standard. The square pins of dimension 6 mm × 6 mm × 30 mm were obtained from
the alloy and composite was used as wear test sample.
The one end of the sample was slide on the hardened
chromium steel (Rc64). The tests were carried out at
diﬀerent loads (4.9, 9.8, 14.7, 19.6, and 24.5 N) respectively at a sliding speed of 1.57 m s−1 , sliding
distance of 4000 m and tests were carried out at ambient temperature without any lubrication [21, 22].
These experimental conditions were selected from several trials conducted. At least three trials were carried
out for each set of parameter to get a representative
data. A computer-aided data acquisition system was
used to monitor the loss of height. The volumetric loss
was computed by multiplying the cross section of the

T a b l e 1. Wear test plan
Sliding wear parameters
Trial run

T01
T02
T03
T04
T05
T06
T07
T08
T09
T10
T11
T12
T13
T14
T15
T16
T17
T18
T19
T20

Sliding velocity
(m s−1 )

Sliding distance
(mm)

Normal force
(N)

Composition
(wt.% of FA)

1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57

4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000

5
5
5
5
10
10
10
10
15
15
15
15
20
20
20
20
25
25
25
25

0
4
8
12
0
4
8
12
0
4
8
12
0
4
8
12
0
4
8
12

J. D. R. Selvam et al. / Kovove Mater. 54 2016 175–183

177

3. Results and discussion
3.1. Wear rate of composite as a function of
reinforcement and load

Fig. 1. Pin-on-disc experimental setup.

Fig. 2. Wear rate of AA 6061 alloy-based MMCs as a function of (a) normal load applied; (b) wt.% fly ash.

test pin with its loss of height. The wear rate was calculated by splitting up with the volumetric loss with
sliding distance. The experiments were carried out as
shown in Table 1. Before starting each wear test, the
disc surface was regularly and thoroughly cleaned with
acetone before and after wear test.

Figures 2a,b show the results of dry sliding wear
behaviour of AMCs with 0, 4, 8, and 12 wt.% of ﬂy
ash content, wear rates of the base alloy and the composites are shown in Figs. 2a,b as a function of load
and wt.% of ﬂy ash, respectively. It was observed that
the wear rate decreases with increasing ﬂy ash content. The ﬁgures show that for a constant load and
sliding speed, the wear rate decreases as a function of
the amount of ﬂy ash content and the wear rate increases as the load increases. It is evident from Fig. 2a
that the addition of 4 wt.% ﬂy ash to the base alloy
decreases the wear rate by about 1.27 times for all the
loads studied. The lower wear rates in composites with
a higher amount of ﬂy ash particles can be attributed
to the high peak hardness and good interfacial bond
of the aluminium matrix composites.
In composites with coarse particles, the interfacial
strength is high due to the large surface bonding of
particles with the aluminium matrix, which avoids
particle pull out and the matrix holds the particle
strongly until the particles break down into small particles. This may be due to the breakage of the particles at a relatively faster rate due to the large size of
the particles. Microthermal softening of matrix material may also happen at high speeds, which further reduces the bonding strength of ﬂy ash particles with the
matrix material. Nevertheless, the decrease in wear
rate with an increase of ﬂy ash particulate is not onedimensional, which may be attributed to the complex
processes happening during the wear of the composites. The addition of ﬂy ash particles improves the
hardness of the matrix alloy that reduces the rate of
material removal. The thermal expansion coeﬃcient of
AA6061 is 23.5 × 10−6 ◦C while that of ﬂy ash is 6.6 ×
10−6 ◦C. This diﬀerence in thermal expansion between
matrix and reinforcement tends to append high density of dislocations around ﬂy ash particles during solidiﬁcation. The interaction between ﬂy ash particles
and dislocations enhances the wear resistance.
Figures 3a,b show the wear resistance, deﬁned as
the reciprocal of wear rate, of the composites as a
function of normal loads and ﬂy ash content, respectively. Figure 3b shows that for a ﬁxed normal load, the
wear resistance increases as a function of the amount
of ﬂy ash in the composites. The AMCs with 4 wt.%
of the fraction of ﬂy ash underwent large wear and the
wear increased almost linearly with time. Base metal
showed higher wear and MMC with 4 wt.% ﬂy ash
showed lower wear. In the initial wear regime, the reinforced ﬂy ash particles act as load carrying elements
and as inhibitors against plastic deformation and adhesion of matrix material.
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Fig. 3. Wear resistance of AA 6061 alloy-based MMCs as
a function of (a) normal load applied; (b) wt.% fly ash.
Fig. 4. Specific wear rate of AA 6061 alloy-based MMCs
as a function of (a) normal load applied; (b) wt.% fly ash.

The inherent characteristic of compocasting technique, the fabrication method is the ability to oﬀer
a better interface between reinforcement and the matrix alloy. The details of the fabricated matrix with a
better interface between the AA6061 alloy and ﬂy ash
particle are published in the earlier work mentioned
by the authors [27]. The ﬁner interface of the ﬂy ash
increases the load bearing capacity of the AMC which
means higher stress is required initially to cracking.
This brings down the wear resistance of the composite with increased content of ﬂy ash particles. Further,
the spherical shape of the particles delays cracks initiation. The interaction between ﬂy ash particles and
dislocations enhances the wear resistance.
Figures 4a,b show the wear rate per unit wt.% of
ﬂy ash at diﬀerent normal loads. It is very clear from
the ﬁgure that wear rate per unit wt.% of ﬂy ash also
decreases with an increase of ﬂy ash for any load under consideration. This parameter clearly brings out
the improvement in inherent speciﬁc wear resistance
of the composite with an increase in the quantity of
reinforcement. It is also interesting to note from the
ﬁgure that the speciﬁc wear resistance wt.% of ﬂy ash
is almost insensitive to the load, particularly at ﬂy ash
levels 4 to 12 wt.%, within the range of load studied
(4.98–24.9 N). Also, it should be noted that wear rate
per unit wt.% of ﬂy ash drastically decreases above

4 wt.% ﬂy ash. This may be attributed to the decrease in the α-Al cell size at higher weight fractions
of ﬂy ash particles [16]. Therefore, both the grain reﬁning action of the ﬂy ash particles, as well as the
high stiﬀness of the composites, play a critical part
in decreasing the wear rates. It is worth mentioning
that the speciﬁc wear rate wt.% of the reinforcement
is too an important parameter that should be taken
into consideration.
Figures 5a–d show SEM images of the wear surfaces of the compocast AMC. It is observed that a
combination of both adhesive and abrasive wear is
observed for the MMC. Adhesive delamination is observed in Fig. 5a. Figure 5b shows the presence of
gouging by hard ﬂy ash particles in AA6061 alloy that
might lead to the slightly larger volume loss as observed. The softer aluminium phase has piled up ahead
of the cenosphere particle. The presence of grooves
and scratches due to micro-cutting is also observed in
all the wear samples that are indicating the abrasive
wear. Delamination craters are observed in compocast
AMC, which is referable to the adhesive pull out of
debonded particles. Adhesive wear and delamination
kind of phenomena are also seen in Figs. 5a,b.
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Fig. 5. SEM photomicrographs of wear surfaces of (a and b) AA 6061 alloy and (c and d ) AA 6061-12 wt.% fly ash tested
under a normal load of 24.9 N.

Fig. 6. SEM images of the wear surface for a–d. AMC after wear.
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Fig. 7. SEM photomicrographs of wear debris of AA 6061 alloy reinforced with fly ash particles (a) 0 wt.%; (b) 4 wt.%;
(c) 8 wt.%; (d) 12 wt.% tested under a normal load of 4.98 N.

3.2. Analysis of wear debris and wear surfaces
Dry sliding wear involves the transfer of material
from one surface to another during relative motion
due to a process of solid-state joining or wear due to
localised bonding between contacting solid surfaces.
The dry sliding wear tends to material transfer between the disc and pin or loss from either surface.
The SEM analysis of wear debris formed during the
dry sliding wear in the room temperature provides a
signiﬁcant tool to understand the wear behaviour of
the composites more accurately.
Scanning electron microscopy (SEM) of wear particles collected from continuous tests showed large particle agglomerates. These agglomerates consist of submicron and micron sized molecules in a diversity of
conﬁgurations. Figures 6a,b are SEM micrographs of
wear particle agglomerates generated during wear test.
It can be understood that the grooves are deeper in
the base alloy as compared to the composites tested
under similar conditions (29.4 N) due to the absence
of hard ﬂy ash particles in the former as observed from
Figs. 6a,c. Also, the wear surfaces in the steady state
wear regime in the base alloy seem to be quite smooth

as compared to the composites. This can also be attributed to the absence of ﬂy ash particles that otherwise cause the micro plowing of the surface in contact
during wear making the surface rough.
These were distributed evenly throughout the worn
surface and eventually broke oﬀ to become debris. Interestingly, as the ﬂy ash content increases, Figs. 6b,d,
the surface charging occurrence is enhanced with the
increase in weight percentage of ﬂy ash particles suggesting that the worn out surface is easily oxidised
during surface charging. Also, the frictional heating
during the wear enhances the oxidation of the ﬁner
wear debris more easily than the coarser ones.
It is worth noting that the size of the wear debris
(for each weight percentage) generated depends on the
normal load applied and the weight percentage of ﬂy
ash. At lower loads (5 N), the particle size of the debris appears to be independent of the amount of ﬂy
ash as shown in Figs. 6a–d. However, at higher load
(24.9 N) the composite with 12 wt.% ﬂy ash clearly deﬁned to form smaller particles in the debris as shown
in Figs. 7a–d. The bearing of both crystals of equal
length as well as eccentric debris can be picked up
from the micrographs. This could perhaps be due to
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Fig. 8. SEM photomicrographs of wear debris of AA 6061 alloy reinforced with fly ash particles (a) 0 wt.%; (b) 4 wt.%;
(c) 8 wt.%; (d) 12 wt.% tested under normal load of 24.9 N.

the high contact stresses and increasing number of ﬁne
ﬂy ash particles (due to the higher weight percentage
of the ﬂy ash particles). If we assume the average diameter of a ﬂy ash particle to be 1.25 µm, then a normal load of 24.9 N develops a contact stress of approximately 1996 MPa, which is high enough to generate
the ﬁne wear debris.
The SEM microanalysis of the wear surface shows
that for a ﬁxed load (24.9 N) the amount of iron content on the wear surface increases with the increase of
ﬂy ash particulates in the composites. The SEM analysis of the wear debris also shows growth in the content
of iron for a given normal load. The ﬂy ash particles
which trapped between the wear specimen and the
counterface cause a microploughing eﬀect on the contact surface of the square pin [26] suggested that a
wear particle is detached due to tangential forces acting on surfaces causing nucleation of cracks at surface,
which propagate in due course of time causing exposure of fresh surface followed by delamination. Surface
delamination is also contributed to the process of debris formation.
The iron-rich layer tends to help in reducing the
wear rate of the AMC by acting as a solid lubricant.

The beneﬁcial eﬀect of iron rich layers was reported
by Alpas and Zhang [29]. The iron oxides present in
ﬂy ash are known to have a low coeﬃcient of friction
and thus are expected to provide an in situ solid lubrication eﬀect. It can be told that ﬂy ash particles
not only protect the matrix by their high hardness
but also by generating the ﬁne iron-rich debris that
act as an eﬀective lubricating medium. It is widely
believed that the coeﬃcient of friction increases with
the amount of hard reinforcement in the matrix. The
mechanism, which generates the debris in ﬁne scale
during the sliding wear, appears to be analogous to
the high-energy ball milling where repeated fracturing
and welding leads to the generation of ﬁne particles.
The formation of the layered structure is characteristic of such a system. Figure 8a shows an example of
the cracking of coarse debris and Fig. 8b shows layered
structure of a particle mostly rich in iron.

4. Conclusion
The dry sliding wear behaviour of AA6061/ﬂy ash
MMC is evaluated using a pin-on-disc apparatus.
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Fig. 9. (a) Cracking of a coarse debris and (b) formation of layered structure rich in iron in AA 6061-4 wt.% fly ash MMC
at 4.98 N load.

i. There is a deﬁnite increase in the wear resistance
of AA6061 alloy by the addition of ﬂy ash particles.
ii. The wear rate increases linearly with increasing normal load following Archard’s law. AMCs have
shown a lower rate of wear as compared to that observed in pure aluminium. This may be attributed to
higher hardness of the composite due to the incorporation of hard ﬂy ash particles. Wear rate also decreases
linearly with increasing weight percentage of ﬂy ash
particles.
iii. The wear rate is proportional to wear parameters such as sliding velocity, sliding distance and normal load.
iv. The microstructural study of the specimen after
wear test concludes that both adhesive and abrasive
wear mechanisms contribute to wear of composites at
lower load and denomination is more predominant at
higher load.
v. The size of the debris also plays a vital role in
deciding the wear behaviour of the alloy and the composites.
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