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Abstract The present investigation is aimed at identifying
the influence of Si3N4 reinforcement on the mechanical and
tribological behavior of AA7075-Si3N4 composite. Five dif-
ferent composites of AA7075 aluminum alloy reinforced by
silicon nitride particles have been fabricated by the stir cast-
ing route. The percentage of silicon nitride was varied from
0-8 wt%. The cast composites were tested for hardness,
density and compression strength. Unidirectional friction
and wear testing was carried out for all compositions under
five different loading conditions (10 N, 20 N, 30 N, 40 N
and 50 N) at a constant sliding speed of 1 m/s. SEM and
EDS analysis was also carried out for worn surface analy-
sis and elemental analysis of the composites. The hardness
and compression strength of the composites exhibited an
increasing trend with an increase in wt% of reinforcement
in the base alloy, showing 20% improvement in hardness
and around 50% improvement in compression strength for 8
wt% Si3N4 addition. The addition of Si3N4 particles led to
an improvement in the wear resistance by 37% at low loads
(10 N) and 61% at higher loads (50 N). The COF for all
varied compositions at low load (10 N) and high load (50
N) ranges from 0.10 to 0.20 and 0.25 to 0.30 respectively.
Moreover, the COF is observed to increase until 4 wt% and
beyond it decreases. Microscopic studies of worn surfaces
revealed a dominance of delamination wear at lower con-
centrations (0 wt% and 2 wt%) and ploughing at higher con-
centrations (6 wt% and 8 wt%). The developed composites
exhibited better mechanical and anti-wear properties and
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could serve as potential candidates in sliding applications such
as bearings, brake drums, gears, sprockets and brake rotors.
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1 Introduction

The growing environmental concerns and quest for
improved fuel efficiency has forced researchers to work
towards development of sustainable materials [1]. The
widespread involvement of friction and wear in engineering
applications has caused tribologists and material scien-
tists to work towards exploring new materials with better
mechanical and tribological properties. Aluminum alloys
owing to their high strength to weight ratio find wide appli-
cations in engineering components, more specifically in
the automotive and aerospace industry [2–4]. Characteris-
tics like good corrosion resistance, low electrical resistivity,
ease of machining, high damping capacity and relatively
low cost further widen their scope for a large number of
engineering applications [5, 6]. The major issue associated
with the use of aluminum alloys is their low wear resistance
under dry, starved and lubricated conditions [7]. In order to
improve their mechanical and tribological properties, vari-
ous reinforcing agents like alumina (Al2O3), silicon carbide
(SiC), boron carbide (B4C), etc. have been tried during the
past decade with various aluminum alloys to develop alu-
minum matrix composites (AMCs). The reinforcement is
either done in the solid state (e.g. powder metallurgy) or in
the liquid state. The liquid state methods like stir casting,
spray casting and squeeze casting have been widely used
in the case of AMCs due to their technical and economic
benefits involved in the production of large sized parts [8, 9].
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Table 1 Chemical composition of AA7075 aluminum alloy

Elements Zn Mg Cu Mn Fe Cr Ti Si Al

Weight% 5.8 2.4 1.4 0.04 0.18 0.18 0.06 0.07 Remaining

In order to improve the structural performance of pure
aluminum, various alloying elements are added resulting in
aluminum alloys. AA7075 is a high strength aluminum alloy
with zinc as the main alloying element. AA7075 exhibits
highest strength as far as aluminum alloys are concerned and
in many cases, the properties surpass high tensile steels [10,
11]. The strength of AA7075 is comparable to many steels,
and has better fatigue strength and is widely used in marine,
automotive and, aerospace industries [12]. However, owing
to its low hardness and high susceptibility to adhesive wear,
it exhibits poor tribological properties [13].

Various researchers have previously investigated bare
AA7075 alloy for its tribological characteristics under dif-
ferent conditions of load, speed and, temperature [14–16].
Ceramic reinforcements like alumina, zirconia and silicon
carbide are the most preferred reinforcements for improving
the strength, hardness, wear resistance, corrosion resis-
tance and high temperature performance. Kumar et al. [17]
studied the effect of SiC on AA7075 and observed an
improvement in density, hardness and tensile strength with
the SiC addition. A similar investigation carried out by
Laksmipathy and Kulendran [18] documented a signifi-
cant improvement in wear resistance with the addition of
SiC particles in AA7075. Daoud et al. [19] investigated
the effect of Al2O3 on mechanical and wear behaviour of
AA7075 alloy and the study revealed an increase in the
hardness and wear resistance with an increase in the volume
fraction of Al2O3 particles in comparison to the unrein-
forced alloy. Rajan et al. [2] studied the effect of TiB2 on
the AA7075, wherein it was observed that increased TiB2

content led to higher wear resistance. Baradeswaran and
Perumal [20] investigated the effect of B4C on AA7075 and
reported an improvement in hardness with an increase in
volume fraction of particulates. Moreover, the wear rate as
reported was considerably less compared to the pure matrix
material. Baskaran et al. [21] in their study on AA7075-TiC
composites observed decreased wear rate with the addition
of TiC particles.

Based on the literature above, it can be inferred that the
wear resistance and hardness of the AA7075 alloy improve
considerably by the addition of ceramic particles (i.e. by
making AA7075 composites).

Silicon nitride is an excellent tribological material used
extensively in roller and ball bearings [22]. The charac-
teristics like high mechanical strength, low density, lower
friction, good thermal stability, low contact fatigue rates and
better wear resistance [23] associated with silicon nitride
(Si3N4) have not been explored much in the production of
AMCs. Xiu et al. [24] have however, in their study related to
Al/Si3N4 composites, reported an improved strength. Vari-
ous researchers have reported an improvement in the hard-
ness and wear resistance in the Si3N4 reinforced composites
in comparison to the unreinforced alloys [25–28]. The lit-
erature reveals that Si3N4 being a good bearing material,
unlike other reinforcing agents, has not been explored much.
Moreover, much less data is available explaining the tri-
bological properties of the composites with Si3N4 as the
reinforcing agent.

In the present work, a novel composite comprising of
AA7075 as the base matrix and Si3N4 as the reinforcement
has been fabricated by using the stir casting route. Si3N4 is
added in varying percentages by weight and the developed
composites subjected to various mechanical and tribological
tests. The aim of this work is to augment the good mechan-
ical properties of AA7075 with the favourable tribological
properties of silicon nitride, and thereby develop a com-
posite that could serve various anti-wear and anti-friction
engineering applications.

2 Materials and Methods

2.1 Fabrication of Composites

In the present investigation, AA7075 aluminum alloy pro-
cured from Bharat Aerospace Metals (Mumbai, India) was
used as a base matrix. The chemical composition of the
base matrix is provided in Table 1. Si3N4 supplied by
Nanopartech Ltd. (Chandigarh, India) was used as the rein-
forcement material. The properties of the Si3N4 powder are
presented in Table 2.

The silicon nitride (Si3N4) reinforcement was varied
from (0–8)% by weight. The range of the reinforcement
was finalized on the basis of previous literature [26, 29].
The details of the samples are given in Table 3. The stir
casting route was used for fabrication of the composites.
Aluminum alloy AA7075 of 500 g was heated to 950 ◦C
in a graphite crucible in an electric furnace. Prior to rein-
forcement addition, dross was removed manually from the

Table 2 Properties of Si3N4 powder

Appearance Purity Oxygen content Crystallographic form Average particle size Density Morphology

Grey white powder > 99% > 0.61% Cubic > 40 μm 3.52 g/cm3 Nearly spherical
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Table 3 Details of samples

S.No. AA 7075 (wt%) Si3N4(wt%)

1 100 0

2 98 2

3 96 4

4 94 6

5 92 8

crucible. Preheated ceramic particles were added to the
molten metal at a constant feed rate and mechanical stir-
ring was carried out to ensure homogenous mixing of the
ceramic particles [30]. The various process parameters are
presented in Table 4. The composite was poured into a
preheated permanent mold and thereafter allowed to cool
at room temperature. The fabricated composites are pre-
sented in Fig. 1. The cast samples were then machined
to form cylindrical pins of required dimensions as per the
testing procedures. The presence of Si3N4 and its uniform
distribution was confirmed by EDS and SEM respectively.

2.2 Mechanical Testing of Composites

The hardness, density and, compression strength of the cast
samples were investigated. Archimedes’ principle was used to
measure the density of the composites. The micro-hardness
measurement was carried out using a Vickers hardness tester
according to ASTM E92 standard. The indentation load
for every test was 5 N with a constant dwell time of 5 sec-
onds. Micro-hardness of each composition was measured at
five different locations and three samples per composition
were tested to ensure repeatability of the results. The com-
pression testing was carried out on samples with 10 mm
diameter and 15 mm height (L/D ratio = 1.5) on a universal
testing machine with constant velocity according to ASTM
E9 standard. The compression testing for every composition
was performed three times to ensure repeatability.

2.3 Tribological Testing of Composites

The tribological studies were carried out on a computer inte-
grated pin-on-disc tribometer (DUCOM Wear and Friction

Table 4 Process parameters used in stir casting

S. No. Parameter Value

1 Stirring temperature 950 ◦C

2 Stirring RPM 250 RPM

3 Stirring time 10 min

4 Preheat temperature of Si3N4 particles 450 ◦C

5 Preheat temperature of the permanent mold 300 ◦C

A B C D
E

Fig. 1 Photograph of the cast composites with A) 0 wt% Si3N4 B)
2 wt% Si3N4 C) 6 wt% Si3N4 D) 4 wt% Si3N4 E) 8 wt% Si3N4

Monitor TR-20LE-PHM400) with an inbuilt load cell to
measure the frictional force (Fig. 2).

Cylindrical pins of the cast composites with 8 mm diam-
eter and 8 mm height were used for tribological testing. A
steel disc of EN 31 steel with a hardness value of around
60±3 HRC was used as the counterface material. The tribo-
testing was carried out at five different normal loads (10 N,
20 N, 30 N, 40 N and 50 N). The sliding was carried
up to a distance of 1500 m at a constant sliding speed
of 1 m/s. The tribological testing was carried out at room
temperature. Prior to every test, polishing of the samples
was performed by different grades of silicon carbide emery
papers to ensure similar surface roughness conditions (Ra

value of around 0.03 μm). Acetone cleaned samples were

Fig. 2 Photograph of the pin-on-disc tribometer
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Table 5 Experimental density of the cast composites

Si3N4 Content (wt %) 0 2 4 6 8

Experimental Density(g/cm3) 2.78 2.80 2.83 2.87 2.90

Void Fraction 0.02 0.02 0.01 0.01 0.001

weighed by using an electronic weighing balance of accu-
racy 10−3 g. The wear loss was reported as a difference in
weight of the samples measured before and after each test.
Each experiment was repeated thrice and an average value
is reported. Scanning electron microscopy (SEM) and EDS
analysis were performed to analyse the worn surfaces and
elemental analysis respectively.

3 Results and Discussions

3.1 Physical and Microstructural Properties

The experimental density of the cast samples is presented
in Table 5. From the observations it is found that the den-
sity of the samples shows a slightly increasing trend with an
increase in the reinforcement of the Si3N4 particles. More-
over, the void fraction for all the fabricated composites has
been calculated and is indicated in Table 5. The density

Si3N4 Particles 
Si3N4 Particles 

Fig. 4 Representative SEM image confirming uniform distribution of
Si3N4 particles

results are similar to the observations reported in an earlier
study carried out by Sharma et al. [31]. This slight increase
may be due to the higher density of the Si3N4 particles
(3.52 g/cm3) in comparison to the base alloy.

The presence of Si3N4 particles is confirmed by EDS
images as shown in Fig. 3 and homogenous mixing of Si3N4

particles was confirmed by SEM (Fig. 4) wherein, it can be

Fig. 3 EDS images of
a AA7075 as cast alloy
b AA7075 – 6 wt% cast
composite
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clearly seen that ceramic particles are evenly distributed in
the matrix.

3.2 Mechanical Testing

3.2.1 Hardness

The variation in micro-hardness with an increase in the rein-
forcement material is shown in Fig. 5. The micro-hardness
shows an increasing trend with the increase in the reinforce-
ment. This improvement in the hardness may be ascribed
to the increased ratio of the comparatively harder rein-
forcement in the matrix. Moreover, in hardness testing a
concentrated load is applied on a localized region and in
the case of the particle reinforced composite the density
of the particles just below the indentation zone increases.
This increase in the density of the hard ceramic particles
in the localized zone of indentation, improves the hardness
[32]. Also, the hard ceramic particles in the matrix act as
load bearing elements and thus constrain the dislocation. A
similar behavior in the hardness with the addition of rein-
forcement has been reported in earlier investigations [17,
33–35]. The microstructure of the cast composites as shown
in Fig. 6 also revealed grain refinement with the increased
content of the Si3N4 reinforcement. The grain refinement
could help in improving the hardness. Mabuchi et al. have
also documented that hard Si3N4 particle reinforcement acts
as the driving force for the grain refinement [36].

3.2.2 Compression Strength

The variation of compression strength with an increase in
the reinforcement is shown in Fig. 7. This variation shows a
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Fig. 5 Variation in hardness with increase in Si3N4 content

Fig. 6 Representative image of microstructure a 0 wt% Si3N4 b
8 wt% Si3N4

linear trend and can be attributed to the load bearing capac-
ity of the composites which increased with the addition of
Si3N4 particles. The hard ceramic particles restrict the dis-
location and thus stop the crack propagation by deflecting
the growth plane of the cracks. Also, the hard ceramic par-
ticles offer resistance to plastic flow, thereby improving the
compression strength [20]. Similar variation in the compres-
sion strength with the addition of ceramic reinforcement has
been reported by Suresh et al. [37]. The homogenous distri-
bution (Fig. 4) of the ceramic particles in the matrix phase
also improves the compression strength [38]. The observed
grain refinement (Fig. 6) with the addition of the ceramic
phase is also a contributing factor for the improved com-
pression strength [39]. In addition to the aforementioned
factors, the decreased distance between the particles upon
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Fig. 7 Variation in compression strength with increase in Si3N4
content

the increase in the ceramic content leads to an improved
strength [40].

3.3 Tribological Characteristics

3.3.1 Effect of Reinforcement on Wear

The variation of wear loss of the composites at different
loads is shown in Fig. 8. As is evident from the figure, the
wear resistance of composites improved with the addition
of ceramic reinforcement at all loading conditions. A sim-
ilar trend is observed in the wear behavior at every load.
The wear resistance for 8 wt% Si3N4 reinforced compos-
ite improved by 37% at low loads (10 N) and around 61%
at higher loads (50 N). The improvement in wear resistance
may be attributed to the hardness of the composites which
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Fig. 8 Variation of wear loss for fabricated composites at different
loads

increased with an increase in the reinforcement [41]. More-
over, with an increase in the concentration, the matrix area
in contact with the counterface also reduces. The relatively
softer unreinforced alloy undergoes higher plastic deforma-
tion thereby leading to increased wear loss [20]. Moreover,
the hard ceramic particles resist the crack propagation and
reduce the chances of material removal during the slid-
ing process [2]. The grain refinement as revealed in the
microstructure also results in improvement of wear resis-
tance [42]. Furthermore, the SEM morphologies of the worn
samples (Fig. 11) also revealed a shift from delamination
wear towards abrasive wear mechanism as the reinforce-
ment content increased. This shift in the wear mechanism
also contributes to the decreased wear loss [43].

3.3.2 Effect of Load on Wear

It is evident from Fig. 8 that wear loss for all composi-
tions increases with an increase in load which is in line with
Archard’s wear law [44], which states that the wear loss
has a linear relationship with the normal load. However, the
increase in wear loss is comparatively less for the reinforced
composites in comparison to the base alloy. The higher
loads leading to delamination, in turn resulting in higher
wear loss may be the contributing factor for this behavior
[41]. The increased material removal with increase in load
can also be attributed to the penetration of hard asperities of
the counterface into the softer pin surface [45]. Moreover,
increase in temperature at higher loads also contributes to
the increase in the wear loss [20].

3.3.3 Coefficient of Friction (COF)

The friction curves of all composites at loads of 10 N and
50 N are presented in Fig. 9. The coefficient of friction for
all compositions at 10 N shows an increasing trend with
an increase in sliding distance which may be attributed to
an increase in the real area of contact. The sharp peaks
observed in the friction curves at 10 N may be due to third
body abrasion caused by wear debris. The COF in the case
of lower load stabilized almost after 200 m as against 100 m
in the case of higher loads. Nuruzzaman et al. [46] also
reported a similar trend. The composition with 4 wt% Si3N4

exhibits highest COF both at 10 N and 50 N. An increase in
COF for unreinforced alloy can be seen at 50 N load after
1000 m. This increase can be attributed to the breaking of
asperities, as the ceramic particles which act as load bear-
ing elements are absent, thereby leading to an increase in
the real area of contact. The COF for all composites at 10
N and 50 N load ranges from 0.10 to 0.20 and 0.25 to 0.30
respectively.
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Fig. 9 Friction curves at a 10 N
applied load b 50 N applied load
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3.3.4 Effect of Reinforcement on COF

The variation of coefficient of friction (COF) with addi-
tion of Si3N4 is shown in Fig. 10. The COF increases with
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Fig. 10 Coefficient of friction variation for fabricated composites at
different loads

an increase in the concentration of Si3N4 up to 4 wt%,
however, it decreases further with an increase in the rein-
forcement. A similar pattern is observed at all test loads.
The increase in COF up to 4 wt% can be attributed to
the delamination taking place at the interface (Fig. 11b).
It may be noted that a transition in the wear mechanism
from delamination to ploughing is clearly visible at 4 wt%.
Moreover, the delamination mechanism observed at lower
concentrations led to an increase in the COF [47] (Fig. 11).
Hassan et al. [48] have also reported a similar behavior. The
decreasing trend observed after 4 wt% may be ascribed to
the increased content of the spherical shaped Si3N4 parti-
cles in the wear debris, resulting in the rolling contact at the
interface [49].

3.3.5 Effect of Load on COF

The increase in load at the tribo-contact led to a linear
increase in the COF for all concentrations (Fig. 10). This
increase in the coefficient of friction may be attributed to the
increased asperity contact at the interface. At lower loads
(10 N and 20 N) the increase in the COF with load is
considerable in comparison to the variation at higher loads
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Fig. 11 SEM images of worn
samples at 30 N load of a 0 wt%
Si3N4 b 2 wt% Si3N4 c 4 wt%
Si3N4 d 6 wt% Si3N4 e 8 wt%
Si3N4
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(40 N and 50 N). A similar behavior has been observed by
Venkataraman and Sundararajan [50]. It can be concluded
that the COF increases with an increase in the normal load.
However, beyond a certain load, the COF becomes almost
independent of load. Earlier literature also reports similar
trends [46, 51].

3.4 Worn Surface Analysis

The SEM topographies of the worn samples revealed
distinct wear mechanisms for different concentrations of
Si3N4. In the case of the base composition (Fig. 11a),
the prominent wear mechanisms are adhesion and delam-
ination. However, slight ploughing can also be observed.
A heavy plastic deformation can also be observed along
the direction of the sliding, indicating higher wear loss.
A similar morphology can be observed for 2 wt% Si3N4

composition (Fig. 11b). However, the adhesion and delami-
nation mechanisms appear to be lesser in comparison to the
base composition. For the composition with 4 wt% Si3N4,

delamination wear is the dominant wear mechanism, in
addition to the surface damage in the form of decohesion
that can be observed (Fig. 11c). The SEM image (Fig. 12)

Fig. 12 SEM image of wear debris (4 wt% Si3N4)
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Fig. 13 EDS image of worn
sample

of the wear debris for 4 wt% Si3N4 also revealed flake
shaped debris which further suggests that delamination is
the dominant wear mechanism [52]. With the increased con-
tent of Si3N4, the dominant abrasive wear mechanism in the
form of ploughing can be clearly seen, wherein the delam-
ination mechanism is almost absent (Fig. 11d and e). The
shift in wear mechanism from delamination wear to abrasive
wear with increase in reinforcement content is also reported
in earlier literature [53]. A significant decrease in the plas-
tic deformation is also observed which may be attributed
to the hard ceramic particles. The EDS image of the worn
surface presented in Fig. 13 also confirms the formation
of a mechanically mixed layer (MML). The presence of
iron (Fe) in the EDS image indicates the transfer of iron
(Fe) from the counterbody. The penetration of wear debris
into the grooves of the softer pin and, thereafter becoming
engraved into the pin leads to the formation of the MML.
The presence of reinforcement particles also aids in the
formation of the MML [54]. The MML formation also con-
tributes in improving the wear resistance of the composites
[50].

4 Conclusions

1. An AA7075-Si3N4 composite have been successfully
fabricated by using the stir casting route. The presence
of ceramic particles and the homogenous mixing of
ceramic particles in the matrix was confirmed by EDS
and SEM respectively.

2. A 25% increase in the microhardness of the composites
was observed on increasing the concentration of Si3N4

particles, which may be ascribed to the increase in the
hard ceramic phase.

3. The compression strength also improved substantially
(110%) on increasing the concentration of Si3N4 parti-
cles which may be attributed to the high load bearing
capacity of the hard ceramic reinforcement.

4. A substantial improvement of 37% at low loads (10 N)
and around 61% at higher loads (50 N) in the wear
resistance was observed with the increase in the Si3N4

particles. Moreover, an increase in wear was observed
with an increase in the normal load.

5. The coefficient of friction increased until 4 wt% com-
posite and thereafter it decreased. At lower loads, the
COF increased with an increase in load. However,
beyond 30 N, COF is almost independent of load.

6. The wear mechanisms observed in the SEM images of
the worn samples indicate a shift from a delamination at
lower concentrations to abrasion in the form of plough-
ing at higher concentrations. The EDS of the worn
surfaces confirmed the formation of a mechanically
mixed layer (MML).

7. The developed composites could serve as potential
candidate materials for antiwear and antifriction appli-
cations such as bearings, brake drums, gears, sprockets
and brake rotors.
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