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Abstract
In the study, the effects of hybrid reinforcement (nano-alumina and MWCNT) and heat treatment on the wear behavior of
the Al–4Cu nanocomposites were investigated under dry sliding condition against W–6Co ball by means of a ball-on-disk
type tribometer. The load and the sliding speed were kept constant and selected to be 10 N and 0.1 m s−1, respectively, in the
course of the wear tests. Meanwhile, the wear tests were completed after a total sliding distance of 1500 m was reached for
each case. During these tests, the wear loss of the nanocomposites was measured at every 250 m. The worn surfaces of the
nanocomposites were examined with the help of stereo and scanning electron microscopes. The volumetric wear rates, wear
coefficients and wear mechanisms were identified for the nanocomposites to clarify the influence of reinforcement content
and heat treatment on their wear resistance. The volume loss at the wear distance of 1500 mwas obtained as 24.9 and 8.2 mm3

for the annealed and aged Al–4Cu alloy, respectively. On the other hand, it decreased to 4.6 and 3.2 mm3 in the case of the
nanocomposites with 15% hybrid reinforcement in the annealed and aged conditions, successively. Moreover, increasing the
hybrid reinforcement amount decreased the wear loss of the aged nanocomposites substantially in such a way that it resulted
in the mild wear.

Keywords Aluminum nanocomposite · Hybrid reinforcement · Multiwall carbon nanotube · Wear · Powder metallurgy ·
Mechanical alloying

1 Introduction

Metal matrix nanocomposites (MMNs) have a great poten-
tial to achieve higher performance in automotive, defense,
biomedical and aerospace applications [1]. Aluminum and
magnesium come into prominence to be used as matrix
material in MMNs due to their low density [1]. Aluminum
nanocomposites have been proposed to be used in a wide
range of applications to take the advantage of their dis-
tinguished mechanical properties compared to conventional
aluminum composites and aluminum alloys in recent times
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[1, 2]. Therefore, they are evaluated as an innovative material
group for consideration to be used in multi-purpose appli-
cations, especially under wear conditions [1–3]. Wear of
engineeringmaterials takes place under the effects of friction
caused by their interactions with other substances in relative
motion, impact and corrosion [4, 5]. Wear can cause a sig-
nificant loss of material from working materials with time
depending on the conditions. The deterioration of precise tol-
erances and dimensional accuracies of working parts bywear
loss can create a reduction in their mechanical performance,
structural integrity and lifetime seriously [4, 5]. Therefore,
wear resistance appears to be the most critical property for
engineering materials operating under the threat of frictional
motions, impact and corrosion in order to conserve and sus-
tain their structural integrity, working performance and long
life [4, 5]. Hence, the development, testing and utilization of
new wear-resistant materials should be of primary concern
under these circumstances.

In aluminum nanocomposites, the general tendency is to
use nano-sized reinforcing phases to attain higher mechani-
cal properties [1, 2]. In this type of composites, nano-ceramic
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particles [2] and carbon nanotubes [1] come into promi-
nence due to their unique properties [1, 2]. It is well known
that nanoparticles and nanostructured matrix enhance the
hardness and strength of the composites by obstructing the
dislocation motion in a more effective way [1–3]. They also
lead to improve the wear resistance of nanocomposites by
achieving higher hardness and strength levels [1]. A number
of studies indicated that the addition of multi-wall carbon
nanotubes (MWCNTs) [6–9] or alumina particles [10–16]
resulted in the higher strength levels of aluminum nanocom-
posites. Moreover, the incorporation of MWCNT into the
aluminummatrix caused a reduction in thewear loss [17–20].

Inmore recent times, the use of hybrid reinforcement, con-
sisting of MWCNT and ceramic particles, in the nanocom-
posites was attempted by a number of researchers [21–32].
It was reported that a more uniform dispersion of the rein-
forcements in the composites can be reachedwith thisway by
reducing their agglomeration throughout the matrix [21–25].
This could help to handle better microstructural features and
mechanical properties [21–25]. Alizadeh et al. [26] exam-
ined the influence of hybrid reinforcing constituents, namely
carbon nanotube and B4C, on the wear and creep properties
of AA5083 composites. They declared that the incorpora-
tion of boron carbide (5 or 10% in volume) to the AA5083
composite having 5 vol% CNT improved the wear resis-
tance remarkably [26]. Zayed et al. [27] manufactured the
aluminum composites reinforced with alumina or alumina +
MWCNT by hot isostatic pressing [27]. It was obtained that
the small amount of MWCNT addition (0.5 to 2 vol%) to
Al2O3 reinforced aluminum composites decreased the wear
loss drastically. Ostovan et al. [28] characterized the tensile
and wear behaviors of AA5083 surface composites that were
reinforced with 5 wt% of MWCNT and Al2O3 and man-
ufactured by friction stir processing [28]. It was reported
that the utilization MWCNT together with nano-alumina
particles in the composites improved the wear resistance
in comparison with the composites reinforced only with
either MWCNT or Al2O3 in equal amount [28]. The studies
in regard to the wear behavior of CNT and ceramic par-
ticulate (hybrid) reinforced aluminum nanocomposites are
very rare [26–28]. And also, there are no studies pertinent
to the effect of thermal treatment on the wear character-
istics of such nanocomposites reported. In this study, the
hybrid (MWCNT and nano-Al2O3 particulates) reinforced
Al–4Cu nanocomposites were fabricated with the aid of
powder metallurgy technique which consisted of mechanical
alloying, cold pressing and microwave sintering steps. And
then, the wear behavior of these aluminum nanocomposites
was investigated using the ball-on-disk method. Wear losses,
wear coefficients and volumetric wear rates (VWRs) were
determined for the investigated nanocomposites. In addition,
the wear mechanisms of the tested nanocomposites were
detected with the aid of microscopic analyses.

The main goal of the current work was to seek the effects
of hybrid reinforcement amount and thermal treatment on the
wear resistance of theAl–4Cu/MWCNT+Al2O3p nanocom-
posites. In this context, the determination of the variations of
wear rates, wear losses and wear mechanisms with respect
to the reinforcement ratio and the heat treatment of these
nanocomposites was targeted.

2 Material andMethodology

In this study, the hybrid reinforced aluminum nanocom-
posites were produced by cold pressing at 800 MPa and
microwave sintering (at 575 °C for the unreinforced alloy
and 615 °C for the nanocomposites) after the mechanical
alloying of Al (144 µm), Cu (18.3 µm), MWCNT (1.5 µm
long and 9.5 nm diameter) and nano-Al2O3 (80 nm) powders
for 5 h. The shape ofAl, Cu andAl2O3 particles was irregular
and mostly rounded while that of MWCNT was in tubular
form [32]. The Al–4Cu was considered as the matrix, while
the CNT and Al2O3 particles were selected to be the hybrid
reinforcing phases. And then, the annealing (at 400 °C for
2 h) and artificially peak aging (at 200 °C for 11 h) treatments
were applied to these materials, individually. The details of
the powder morphology, manufacturing and heat treatment
of these composites can be found in our previous study [32].
In the composites, the volumetric fraction of MWCNT was
kept constant as 1.5%, whereas that of alumina was varied
between 4.5 and 13.5% for the sake of comparison with our
previous study [32], in terms of mechanical and wear charac-
teristics. Therefore, the total reinforcement ratio in volume
was considered to be 0, 6, 9, 12 and 15% for the samples; C0,
C6, C9, C12 and C15, respectively. In addition, the symbols
of O and T6 in the samples codes were used to differentiate
annealing and aging treatments, respectively [32, 33]. The
disk-shaped specimens having 20 mm diameter and 10 mm
thick were set for the ball-on-disk tests.

After the heat treatment stages, the Vickers micro-
hardness of the nanocomposites and the ball was deter-
mined using a load of 100 g in accordance with the
ASTM E384-17 [34]. Meanwhile, the unlubricated sliding
wear tests were done with a ball-on-disk type tribometer
(CSM Instruments) in accordance with the ASTM G99-
17 [35]. The tribometer used in wear testing of Al–4Cu
and Al–4Cu/Al2O3–MWCNT nanocomposites is shown in
Fig. 1. In these tests, a load of 10 N was enforced with a
6-mm-diameter WC–6Co ball. In all wear tests, the sliding
speedwas adjusted to be 0.1m s−1 while the total sliding dis-
tance was taken to be 1500 m. The wear loss measurements
during thewear testing of samples were taken at every 250m.
Besides, all the wear tests were repeated three times for each
sample type. Furthermore, the macro-pictures from the worn
surfaces of the nanocomposites were taken by means of a

123



Arabian Journal for Science and Engineering

Fig. 1 Tribometer used in the wear tests: a General view, b Loading
unit

stereo microscope (NIKON SMZ745T) after finishing the
wear tests. Meantime, their microstructural investigations
were carried out with the aid of scanning electron micro-
scopes (FEI QUANTA FEG 250 and ZEISS SIGMA 300
VP) to reveal the wear mechanisms with respect to the rein-
forcement content and the heat treatment. The volumetric
wear losses, the wear coefficients, the VWRs and the friction
coefficients were determined for both the nanocomposites
and the alloy. The specific wear rate can be calculated with
Eq. 1 [5, 36]:

Specific Wear Rate � V

P · L . (1)

Fig. 2 The microhardness of the nanocomposites

In order to get the wear coefficient of the nanocompos-
ites, the Archard’s equation [5, 37] is widely used and given
below:

V � K
PL

H
(2)

V � Volume loss (mm3), K � Standard wear coefficient,
P � Load (N), L � Sliding distance (mm), H � Hardness
of wearing surface (kg mm−2).

However, Yang [38] mentioned that the Archard’s equa-
tion is valid under steady-state wear conditions. Therefore,
the modification of the Archard’s formula was suggested to
omit the transient wear part and to get more accurate and
precise wear coefficient values [38]. In order to get the net
steady-state wear coefficient (KN ), the steady-state volume
loss (VS) and sliding distance (LS) were introduced in the
modified Archard’s equation [38]:

VS � Vq − Vt (3)

LS � Lq − L t (4)

Vq � Total volume loss (mm3), Vt � Volume loss in tran-
sient wear (mm3), Lq � Total sliding distance (mm), L t �
Sliding distance in transient wear (mm).

In this study, both the K and KN values were computed
for the investigated cases using the relations given above [5,
37, 38].

3 Results and Discussion

The sintered density of the C0, C6, C9, C12 and C15 was
obtained to be 2.666, 2.676, 2.700, 2.698 and 2.681 g·cm−3,
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Fig. 3 Volume loss of the annealed samples

Fig. 4 Volume loss of the artificially aged samples

respectively, in our previous study [32]. Meanwhile, the
porosity level of these materials was nearly 4, 5.2, 5.4, 6.6
and 8.2%, in the given order [32]. The microhardness of the
specimens either annealed or artificially aged is depicted in
Fig. 2. It rises with increase in the reinforcement fraction sig-
nificantly and reaches ~ 136 and 189Vickers for the annealed
and peak-agedC15 sample, respectively. The aged nanocom-
posites have much higher hardness levels than the annealed
counterparts, as expected.On the other hand, theBrinell hard-
ness was recorded as 86.4, 119.3, 126.3, 139.8 and 163.1 for
the C0-T6, C6-T6, C9-T6, C12-T6 and C15-T6, while it was

Fig. 5 Volumetric wear rate of the annealed samples

Fig. 6 Volumetric wear rate of the artificially aged samples

Fig. 7 Wear rate map for samples at different sliding distances
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Fig. 8 Wear coefficients of the samples

Fig. 9 Friction coefficients of the annealed samples

Fig. 10 Friction coefficients of the artificially aged samples

Fig. 11 Average friction coefficients of all samples

53.1, 79.5, 83.6, 96.3 and 117.3 for the C0-O, C6-O, C9-O,
C12-O and C15-O, successively [32].

Figures 3 and 4 represent the volumetric wear loss of the
investigated nanocomposites with respect to sliding distance.
It can be seen apparently that the wear loss is very high at
the sliding distance of 250 m. With a further increase in the
sliding distance, its increment tends to be slowing down sig-
nificantly. The wear loss of all materials decreases with an
increase in the reinforcement content severely. Meantime,
the artificially aged composites possess much lower wear
losses compared to the annealed ones with the same amount
of hybrid reinforcement throughout the testing. The volume
loss is 14.9 and 2.9 mm3 for the C0-O and C0-T6 after the
first 250 m, while it increases to 24.9 and 8.2 mm3 at 1500 m
for the same samples, respectively. On the other hand, the
volume loss of the samples C15-O and C15-T6 is only 1.6
and 0.7 mm3 at 250 m and 4.6 and 3.2 mm3 at 1500 m,
successively. It is thought that this is directly related to the
higher hardness/elastic module ratio, (H/Er), reached in the
nanocomposites with both the aging and the hybrid rein-
forcement [32]. The (H/Er) is an important indicator for the
evaluation of a material’s strength under the plastic deforma-
tion caused by an indentation contact [39–43]. It was found
to be between 0.0090 and 0.0200 for the annealed materi-
als, whereas it changed in the range of 0.0120 and 0.0207
for the aged counterparts in an increasing manner with the
reinforcement ratio [32]. In this study, a direct correlation is
recorded between the H/Er and the wear resistance of the
investigated nanocomposites.

Figures 5 and 6 delineate the VWRs of the nanocompos-
ites in the annealed or peak-aged conditions, successively.
Although the slope is very steep at the initial step of the
testing which corresponds to 250 m, its steepness decreases
sharply with the sliding distance and reinforcement ratio.
These figures bring out that the sliding wear up to 250 m is
considered to be in the transient state atwhich the severewear
occurs [44–46]. The transient-state wear exists for both the
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Fig. 12 The surface images of annealed samples after the wear test: a C0-O, b C6-O, c C9-O, d C12-O and e C15-O

Al–4Cu alloy and the hybrid reinforced aluminum nanocom-
posites due to the fact that the hard asperities of W–6Co ball
remove their soft asperitiesmore easily during the initialmet-
al–metal contact causing more metallic loss as a loose wear
debris [44–46]. Hence, the excessive wear loss is available in
the transient zone. The steady-state wear behavior develops
throughout the sliding distance greater than 250 m. There are
basically two kinds of wear regimes in sliding wear of alu-
minum alloys, namely mild and severe [47, 48]. The material
loss during the slidingwear of aluminumalloys is at quite low
levels in mild wear due to the formation of tribolayers and
lower plastic deformation on contact surface [48]. Mild wear
exists at low loads and low sliding speeds while severe wear
dominates at higher loads in aluminum alloys [48]. Severe
wear, at which extensive surface damage and large amount
of material transfer generate between counterface and alloy
on contact surface, leads to very high wear rates [48]. The
transition level from mild to severe wear in terms of VWR
was described for aluminum alloys in an extensive study con-
ducted by Zhang and Alpas [48]. In the present study, it was
taken into consideration to specify the wear types for the
investigated cases (Fig. 7) [48].

The VWRs decline with an increase in the sliding distance
and the hybrid reinforcement ratio for all cases (Figs. 5, 6, 7).
In addition, much lower wear rates are reported for the artifi-
cially aged nanocomposites. The incorporation of the hybrid
reinforcement is appeared to be effective in reduction of the
wear rates of the nanocomposites. A similar tendency was

pointed out by some other researchers for the Al 5083/B4Cp

and CNT [26] and pure Al/MWCNT + Al2O3p composites
[28]. The span of transient-state region is found to be inde-
pendent from the reinforcement ratio and the heat treatment.
However, its influence on the wear loss decreases substan-
tially with an increase in the amount of reinforcement and the
aging. TheVWRof the alloysC0-O andC0-T6 reaches about
5.96× 10−2 and 1.16× 10−2 mm3 m−1 in the transient stage
(0–250 m), respectively. However, it becomes nearly 4.80 ×
10−3 and 4.50× 10−3 mm3 m−1 at the 1500m for them, suc-
cessively. On the other hand, the lowest VWR, obtained for
the C15-T6 at 1500 m, is ~ 1.79 × 10−3 mm3 m−1. Among
the annealed samples, only the C12-O andC15-O fall into the
mild wear regime under the steady-state circumstance (after
500 m) but all the aged samples lie in the mild wear zone
(Fig. 7). It should be remembered that the counter material
as in the form of ball was the cemented carbide, WC–6Co
with a hardness of ~ 1881HV0.1. For this reason, the alloy and
the annealed nanocomposites were exposed to much higher
wear rates because of their relatively lower hardness [32].

Figure 8 presents the wear coefficients of the investigated
materials that were computed by Eqs. 2–4 [5, 37, 38]. The
artificially aged composites have smaller wear coefficients in
comparisonwith the annealed counterparts. Furthermore, the
wear coefficient of the artificial agednanocomposites reduces
with an increase in the reinforcement proportion gradually.
The higher hardness of the aged composites combined with
the uniform reinforcement dispersion by the mechanical
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Fig. 13 The surface pictures of the artificially aged samples after the wear test: a C0-T6, b C6-T6, c C9-T6, d C12-T6 and e C15-T6

Fig. 14 The typical worn surface of the C0-O after a track of 1500 m

alloying [32] is mainly supposed to be responsible for the
lower wear coefficients. The coefficients of friction for the
annealed and aged composites versus sliding distance are
displayed in Figs. 9 and 10, respectively. Their mean val-
ues are also depicted in Fig. 11. It can be apparently seen
that the lower friction coefficients are available for the aged
nanocomposites. Moreover, increasing the hybrid reinforce-
ment ratio leads to a little bit higher coefficients of friction.

Figures 12 and 13 depict the general view of wear track on
the samples created by the ball’s motion under the load of 10
N. The width of traces becomes narrower with increase in the

hybrid reinforcement content since the plastic deformation
is restricted seriously when the hardness of the nanocompos-
ite is increased, as expected. Figure 14 illustrates the worn
surface of the C0-O after a track length of 1500 m. One
can clearly observe that the abrasive wear is dominant in
the annealed alloy where the deep grooves were formed by
microcutting andmicroplowing [4, 5] actions of theWC–6Co
ball under the applied load. Meantime, an extensive plas-
tic deformation with some sliding cards [49, 50] and some
cracks parallel to the sliding direction are also detected. In the
C6-O, C9-O and C12-O nanocomposites, the abrasive wear
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Fig. 15 The worn surfaces of C6-O (a, b), C9-O (c, d) and C12-O (e, f)

and delamination, that are mainly responsible for the wear
loss, take place together (Fig. 15). The grooves on the worn
surfaces of these composites are found to be shallower than
those of the C0-O owing to their relatively higher hardness.

Furthermore, the fragmented oxidized layer and powdery
debris on their worn surfaces of the C0-O, C6-O, C9-O and
C12-O are observed but the oxidized layer does not seem to
be operative and efficient for reducing wear loss (Figs. 16,

17). With a further increase in the hybrid reinforcement con-
tent, the oxidative wear becomes the primary mechanism.
Figure 18 shows the SEM pictures of the worn surface of
the sample, C15-O. The delamination and the fracture of
oxidized tribolayer on its worn surface are observed exten-
sively.And also, the cracks, being perpendicular to the sliding
direction, are detected frequently as well. Moreover, there
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Fig. 16 EDX analysis of some
selected points on the C0-O
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Fig. 17 EDX analysis on the
worn surface of C6-O

are some very fine abrasive lines located on the tribolay-
ers. Figure 19 represents the EDX analyses of some selected
points on the worn surface of C15-O at which the very high
oxygen levels are detected.

The contact of two solid surfaces under dry sliding induces
the normal and tangential forces on the softer surface which
cause the formation of plastic deformation zone just below
the contact surface [51]. In the plastic deformation zone,
the initiation, propagation and coalescence of cracks are
observed at a certain depth below the contact surface with
continuous sliding [51]. The formation of cracks and voids

is triggered in this zone under the cyclic loading through-
out the wear process due to the accumulation of large plastic
strains [51, 52]. While the cracks intersect the contact sur-
face, delamination mechanism, which can result in severe
wear, takes place by producing wear debris in the form of
thin wear plates [51]. The depth of the plastically deformed
zone is highly affected by the properties of the worn material
as well as the processing variables [51–53]. The dominancy
of abrasion and delamination mechanisms in the annealed
samples (except for C15-O) is attributed to their relatively
lower resistance to plastic deformations. The entrapped wear
debris between the sliding couple can be oxidized easily due
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Fig. 18 SEM images of the worn surface of C15-O

Fig. 19 EDX analysis on the tribolayer formed at the worn surface of
C15-O

to the heating by frictional forces [46, 48, 54] and the very
high affinity of aluminum to oxygen [33]. In addition to the
aluminum oxide, metallic and reinforcement particles (nano-
Al2O3 and MWCNT) as well as possible particles (W and
Co) detached from the ball take part in the wear debris by the
mechanicallymixing effect of theWC–6Co ball in the course
of sliding. After the mechanically mixed layer, also known
as tribolayer or transfer layer, is formed, it is compacted and
broken into pieces by the counterface [48, 52, 55–63]. With
the continuous sliding, the oxide tribolayer is reformed and
again subjected to compaction-fracture-reformation cycles
[48, 52, 55–63]. The wear debris is also generated by the
detachment or spalling of some fragmented particles of the
layer under the loading. The tribolayer serves as a lubricat-
ing agent between the nanocomposite and the counterface by
reducing the direct contact of the surfaces [48, 52, 55–63].
And also, it prevents the adhesive wear on the nanocompos-
ites at a great extent by forming an insulating layer due to its
high hardness [48, 52, 55–63].

The surface photographs of the aged samples after the
wear tests are illustrated in Fig. 20. In the C0-T6 sample, the
deep grooves are widely detected, that is why the abrasive
wear, causing high wear rates, is found to be the dominant
wear type as in the case of C0-O. And also, the powdery wear
debris is also recorded at some locations of the worn surface
of C0-T6. However, the oxidative wear is appeared to be the
common wear type for the aged nanocomposites. The oxide
tribolayer, as well as the long axial and lateral cracks related
to the delamination mechanism on the worn surfaces of aged
nanocomposites are seen clearly in Fig. 20. Furthermore, the
destruction of tribolayer on the worn surface of the C15-T6
is illustrated in Fig. 21. In the worn surfaces of the nanocom-
posites,C15-OandC15-T6, the detachment of someparticles
from the ball is recorded on the tribolayer which means that
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Fig. 20 SEM pictures of the worn surfaces for: a C0-T6, b C6-T6, c C9-T6, d C12-T6 and e C15-T6

the increment in the reinforcing phases makes the nanocom-
posite more resistant to abrasion (Figs. 19, 22). The decline
in the VWR with increase in the reinforcement amount is
closely related to the oxidative wear mechanism as well
as the higher H/Er levels in the aged nanocomposites. The

aged nanocomposites withstood the abrasive and delamina-
tion wear more successfully compared to the annealed ones.

In order to restrict the plastic deformation region and
inhibit the abrasion and delamination at a major scale, not
only the high strength and hardness levels of the composites
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Fig. 21 Destruction of tribolayer on the C15-T6

but also the strong bonding and cohesion between the matrix
and the reinforcement are strongly required [26, 61, 64, 65].
On the other hand, the formation of tribolayer helps very
much in reducing the severe plastic deformation on the worn
surface of the aged nanocomposites. The higher hardness
levels of the aged nanocomposites, gained owing to the pres-
ence of nanoparticles (alumina and MWCNT) and Al2Cu
precipitates throughout the matrix [32], play a major role
for resisting the plastic deformation induced by the cyclic
loading in the course of sliding wear. The homogeneous
dispersion of these nanoparticles [32] with smaller interpar-
ticle spacing and good bonding with the Al–4Cu matrix are
considered to be very effective in preventing the disloca-
tionmotion and thereby constricting plastic deformation [61,
64–67]. Moreover, they improve the load carrying capacity

Fig. 22 EDX analysis on the
wear track of C15-T6
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of such nanocomposites [67]. Previous studies showed that
the reduction in the reinforcement size improved the wear
resistance of the aluminum composites, remarkably [59, 68].
The reinforcementwith larger particle can be pulled outmore
easily from the matrix and it acts as a third body between the
contact surface and the abrasivemediawhich fastens thewear
rate [68].

4 Conclusions

Increasing the hybrid reinforcement of the nanocomposites
and the artificial aging treatment were recorded to be very
beneficial and effective for reducing the wear of the Al–4Cu
nanocomposites. The volume loss was recorded as 14.9 and
2.9 mm3 for the C0-O and C0-T6 after the first 250 m, while
it increased to 24.9 and 8.2 mm3 at 1500 m for the same
samples, respectively. On the other hand, the volume loss of
the samples C15-O and C15-T6 was found to be only 1.6
and 0.7 mm3 at 250 m and 4.6 and 3.2 mm3 at 1500 m, suc-
cessively. In addition, the VWRs declined with an increase
in the sliding distance and the hybrid reinforcement ratio for
all cases, significantly. The VWR at 1500 m became nearly
4.80 × 10−3 and 4.50 × 10−3 mm3 m−1 for the alloys C0-O
and C0-T6, successively while it decreased to ~ 1.79× 10−3

mm3 m−1 for the C15-T6.
The average wear coefficient changed between 0.409

and 0.515 depending on the reinforcement content and heat
treatment of the nanocomposites. The artificially aged com-
posites had smaller wear coefficients in comparison with the
annealed counterparts. In the annealed samples (except for
C15-O), the main wear types were determined to be abrasive
wear and delamination while the oxidative wear was domi-
nant in the aged nanocomposites. The increase in the hybrid
reinforcement ratio in these composites enhanced the resis-
tance of the alloy against the plastic deformation, abrasion
and delamination wear seriously.Moreover, the T6 treatment
application was appeared to be very crucial for both the con-
version of the severe wear to the mild wear and the reduction
in the wear loss during the transient state in the investigated
nanocomposites.
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