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In the present research work, silicon nitride (Si3N4) and graphite (Gr) ceramic powders are ball
milled to obtain homogeneous mixing and consistent density of combined powder. The ball-
milled powder is used as reinforcement for hybrid composite development by stir casting process
in the inert atmosphere. After mixing by ball milling for 100 hours, the density of ball-milled
(Si3N4+Gr) powder is measured as 2.81 g/cm3, which is approximately equal to the density of
aluminum (2.7 g/cm3). The microstructures and hardness of the manufactured hybrid com-
posites are analyzed and compared with Si3N4- and Gr-reinforced composites. Scanning elec-
tron micrograph reveals a reasonably uniform dispersion of ball-milled (Si3N4+Gr)
reinforcement in the metal matrix composites. Hardness results reveal that hybrid composites
have more hardness than Gr-reinforced and lower hardness than Si3N4-reinforced composites.
The dry sliding wear behavior of aluminum matrix hybrid composites has also been investi-
gated. Response surface methodology is used to develop wear model of hybrid composites using
reinforcement percentage (R), load (L), sliding speed (S), and sliding distance (D) as the process
parameters. The results of wear investigation show that increase in sliding speed (S) and per-
centage reinforcement (R) reduce the wear, while increase in sliding distance (D) or load (L)
increases the wear of the hybrid composites. Further, the load-sliding distance and load-sliding
speed interactions increase the wear, while the wear reduces due to sliding speed-sliding distance
interaction in the high range. The errors between the modeled and experimental results are
found within 3 to 7 pct.
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I. INTRODUCTION

IN recent times, the aluminum matrix composites
(AMCs) due to their better mechanical and tribological
properties found increasing applications than conventional
aluminum alloys. The AMCs are formed with the addition
of various types of reinforcements such as graphite, silicon
carbide, silicon nitride, aluminum oxide, etc., with advan-
tagesanddisadvantagesof each typeof reinforcement in the
metal matrix. Graphite (Gr), a self-lubricating material,
prevents metal-to-metal contact by forming a thin layer of
Gr particle, therefore Al-Gr composites have better wear
resistance than conventional aluminum alloy. Liu et al.[1]

showed that in Al-Gr composites, Gr formed a thin
lubricating film which significantly improved the wear
resistance of composites. Various researchers[2–4] showed
that an increase in Gr content reduced the coefficient of
friction, hardness, and fracture toughness of composites
developed by various fabrication processes. All these
studies showed that Al-Gr composites had reduced wear

as compared to conventional aluminum alloy, but high
amount of Gr may result in increased wear because of
reduced fracture toughness at higher content of Gr.[4]

The mechanical properties of Si3N4 and SiC are
similar but Si3N4 is harder than SiC. The Si3N4 can be
used in place of SiC in order to develop more hard
AMCs, while the Gr as a second reinforcement provides
the lubricating effect to reduce friction and wear.
Various researchers[5–10] showed that addition of silicon
nitride (Si3N4) in aluminum matrix for composite
development resulted in high mechanical strength, high
hardness, good wear and corrosion resistance, low
thermal expansion, high specific strength, thermal con-
ductivity, and good dimensional stability. Hence, addi-
tion of Si3N4 particulates improved both the mechanical
and tribological properties of aluminum alloy.
But the addition of Gr in Al-Gr composites and Si3N4

in Al-Si3N4 composites is constrained by definite
inadequacy beyond which it is not favorable to add
either higher concentration of Gr or Si3N4 as reinforce-
ment. Thus, it would be beneficial to reinforce Si3N4 and
Gr together in aluminum (Al) alloy to develop hybrid
composites. The prominent outcome of some studies on
hybrid aluminum matrix composites (HAMCs) is
briefed in the next few lines.
Some researchers[11–16] showed that Al-SiC-Gr hybrid

composites possessed higher hardness, and their wear
resistance increased by adding SiC as second reinforce-
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ment. Studies on hybrid composites of similar type
showed that hardness and coefficient of thermal expan-
sion (CTE) of the composites decreased as the Gr
content increased.[4] Rohatgi et al.[13] reported that the
reduction in friction coefficient of Al-10SiC-6Gr was due
to the combination of increase in bulk mechanical
properties as a result of addition of SiC and formation
of lubricating Gr film. Alidokht et al.[15] showed that the
incorporation of silicon carbide particulates (SiCp) to
A356 alloy increased the wear resistance of the com-
posites, and the wear resistance of hybrid composite was
further increased with the addition of MoS2 as second
reinforcement in A356/SiCp composites. Thus, hybrid
composites with multiple reinforcements possessed bet-
ter tribological properties than conventional aluminum
alloy and single reinforced composites as reported in the
above investigations.

AA6082 is a transitional strength alloy of the 6XXX
series with fantastic corrosion resistance. The amount of
manganese present in AA6082 controls the grain struc-
ture which results into a strong and hard alloy. The
amount of silicon is high in AA6082 which increases its
wear resistance, and it finds applications in the arena of
bridges, trusses, high strain application and in the
manufacturing of automobile components. Due to its
good wear and corrosion resistance, it can be used in
tribological applications and can replace the prevailing
materials in the production of hydraulic brake system
components, like brake piston, where high wear resis-
tance material is of primary concern. So AA 6082 is
selected as a metal matrix for hybrid composite devel-
opment. The application of the alloy can be further
extended if the tribological properties of the present alloy
have been improved since it has good corrosion resis-
tance. In view of the above facts in the present investi-
gation, an attempt has been made to study the dry sliding
wear properties of Al6082/ball-milled (Si3N4+Gr) hy-
brid composites developed by stir casting process.

Different investigators[17–19] had examined the wear
behavior of AMCs by response surface methodology
(RSM) technique and convey that the effect of interac-
tion among different process variable is low, still cannot
be neglected to obtain the better results. But in the past,
a vast amount of data had been generated by the
traditional approach of experiments in which one factor
was varied at a time (load, sliding speed, etc.). In this
approach, it was difficult to evaluate the combined
effects of applied factors.[20] Thus, RSM with full
factorial design of experiments, with five levels of each
factor, has been used in the present study (rotatable
central composite design). In this technique, the effect of
individual process parameters along with the interaction

effects of process parameters can be investigated to
understand the overall effects of different process
parameters on dry sliding wear of the developed hybrid
composites. This research provides the range of different
process parameters like reinforcement percentage, load,
sliding speed, and sliding distance to obtain the better
results from the new material developed, which will help
the automotive researchers to use this new material in
tribological applications.

II. RESEARCH METHODOLOGY

A. Ball Milling for Homogeneous Mixing of
Reinforcements

Silicon nitride (purity> 99 pct) and graphite (puri-
ty> 99 pct) of composition of 50 wt pct of each rein-
forcement were alloyed mechanically by ball milling in
an attritor-type ball mill, using ceramic balls of 6 and
9 mm diameter as the grinding media. The ball milling
was carried out with different milling times of 12.5, 25,
50, 75, and 100 hours under a protective atmosphere to
avoid oxidation and atmospheric contamination of
ceramic powders. Ball-to-powder weight ratio (BPR)
of 5:1 and constant milling speed of 200 rpm was
maintained during ball-milling process.

B. Development of Composites by Stir Casting Process

The hybrid composites were developed for the me-
chanical and tribological analysis using AA 6082 and
ball-milled (Si3N4+Gr) reinforcement by stir casting
process. The composition of matrix alloy AA 6082-T6 is
shown in Table I, while Table II provides the details of
Si3N4 and Gr reinforcements. 1 kg of aluminum alloy by
weight was measured and put in the graphite crucible
and was melted at 1173 K (900 �C) using an electric
furnace. The ball-milled (Si3N4+Gr) ceramic powder
was also preheated to a temperature of 773 K (500 �C).
The preheated ball-milled powder was added at a
constant feed rate into the melt which was mechanically
stirred for 10 minutes.[21,22] After stirring the molten
mixture, it was poured into the preheated permanent

Table I. Chemical Composition of AA6082-T6

Element Al Cu Mg Si Fe Ni Mn

Content percent 97.14 0.038 0.690 1.16 0.258 0.04 0.580

Element Zn Pb Tin Ti Cr Vn

Content percent 0.027 <0.001 0.006 0.048 0.042 <0.01

Table II. Details of Reinforcements Used in Production of
Hybrid Composites

Reinforcement
Hardness
(Gpa)

Average Particle
Size (lm)

Density
(g/cm3)

Si3N4 35.31 50 3.44
Gr 0.25 50 2.2

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 46A, JULY 2015—3261



mold of dimension 12 mm diameter and 55 mm length.
The hybrid aluminum matrix composites (HAMCs)
having different weight percentages (3, 6, 9, 12 wt pct)
of ball-milled (Si3N4+Gr) ceramic powders were
manufactured by the same procedure. The stir casting
process was performed under argon gas atmosphere
until the entire melt was solidified.

C. Microstructural Study

A metallographic study of Si3N4, Gr and ball-milled
(Si3N4+Gr) reinforced composites was carried out using
scanning electron microscope (SEM). Before SEM analy-
sis, the samples were prepared from developed hybrid
composites and polished by adopting standard metallo-
graphic procedure and etched using Keller’s etchant.

D. Hardness Measurement

A micro-hardness study of Si3N4, Gr and ball-milled
(Si3N4+Gr) reinforced composites was carried out
using Vickers hardness tester at a load of 500 g applied
for a duration of 15 seconds on all specimens. Table III
shows the average Vickers hardness of composites as a
function of different weight percentages.

E. Wear Test

Wear test samples of dimension, diameter of 8 mm
and length of 35 mm, were prepared from the manufac-
tured hybrid composites. The wear tests were performed
on pin-on-disk apparatus. The counter disk was made of
EN31 steel having surface roughness of 0.1 lm. The
wear was measured by weight loss, as a difference of
weights of the wear pins, before and after wear tests to
an accuracy of 0.0001 g.

F. Response Surface Methodology

Applied load and hardness greatly influence the
wear of materials.[23] The hardness is the material

property which depends upon the type of reinforce-
ment in AMCs. In view of these facts, the load and
percentage reinforcement were taken as process pa-
rameters along with the sliding speed and sliding
distance in this research. Hence, percentage reinforce-
ment, load, sliding speed, and sliding distance were
four process parameters used in the present study.
These factors were designated as percentage reinforce-
ment (R), load (L), sliding speed (S), and sliding
distance (D), respectively. Response surface method-
ology with central composite design (CCD) was used
to plan and analyze the design of experiments. The
central composite design (CCD) contains factorial
points each at upper (+1) and lower (�1) values,
center points (0) and axial points of upper (+2) and
lower (�2) values. In this way, there are five levels of
each process parameters in CCD. Table IV shows the
factors and their levels used in the present analysis.
The experimental design matrix for various factors
with their actual and coded values (in parentheses) has
been shown in Table V.
The relation between the actual and coded value of a

factor has been shown below:

Coded value

¼ Actual test conditions�Mean test conditions

Range of test conditions=2

The wear tests were performed according to design
matrix (Table V), and the weight loss was measured to
evaluate the wear behavior Al-(Si3N4+Gr) hybrid
composites.

III. RESULTS AND DISCUSSION

A. Ball Milling of Reinforcement

The ball milling of reinforcement (Si3N4 and Gr) was
carried out in order to get homogeneous mixture of

Table III. Average Vickers Hardness of Various Composites

Reinforcement
(Weight
Percent)

Hardness of
Gr Reinforced
Composites

Hardness of
Si3N4 Reinforced

Composites
Hardness of (Si3N4+Gr) Reinforced

Hybrid Composites

0 49.5 49.5 49.5
3 48 82 72
6 46.5 86 76
9 45.2 91 81
12 44 93.5 84

Table IV. Factors and Their Levels Used in CCD Experimental Plan

Factors Designation

Levels

�2 �1 0 +1 +2

Reinforcement (wt pct) R 0 3 6 9 12
Load (N) L 15 30 45 60 75
Sliding speed (m/s) S 0.4 0.8 1.2 1.6 2.0
Sliding distance (m) D 400 800 1200 1600 2000
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reinforcements. During ball-milling process, extreme
mechanical deformation takes place which causes the
structural changes in the combined powder.[24–26] Fig-
ures 1((a) through (f)) shows the SEM images of
(Si3N4+Gr) combined at various ball-milling times.
From Figure 1(a), it is evident that the microstructure
was not homogeneous at the start of milling process,
and silicon nitride and graphite can be seen separately.
The graphite particles were slightly white, while silicon
nitride phase appeared dark in micrograph. During the
initial period of ball milling, the powder particles were
also non-homogeneous. After 25 hours of ball-milling
process, the powder particles were in cold welding
condition and appeared like inflated fragments (Fig-
ure 1(c)). These fragment-shaped combined particles
were further crushed during ball milling which resulted
in uniform mixing of powders as shown in Figures 1((e)
and (f)). The final shape of the ball-milled powder was
sub-angular and surface morphology was rough. After
100 hours of ball milling, it is revealed from the
Figure 1(f) that structure was more homogeneous as
compared to 0 hours of ball milling (Figure 1(a)). It
might be due to proper mixing of silicon nitride and
graphite particles by ball-milling process. With increas-
ing milling time, the specific surface area of combined
powder increased. This increase in surface area promot-
ed van der Waals’ interaction and high surface rough-

ness of combined ball-milled powders.[27] This increase
in surface roughness also promoted the increased
wettability, which resulted into compatibility with metal
matrices as in case of AMCs. Hence, the enhanced
rough and unstructured phases are promising and
advantageous as it may lead to more compatibility with
metal matrices. The density of ball-milled powder after
100 hours was measured as 2.81 g/cm3, which was
approximately equal to the density of aluminum
(2.7 g/cm3).

B. Microstructure Analysis

Aluminum reinforced with Si3N4, Gr, and ball-milled
(Si3N4+Gr) ceramic particulate composites are success-
fully manufactured by conventional stir casting process.
Figures 2((a) through (d)) shows the microstructures of
cast AA6082 (0 pct reinforcement), AA6082/12 wt pct
Si3N4-reinforced composite, AA6082/12 wt pct Gr-rein-
forced composite, and AA6082/12 wt pct (Si3N4+Gr)-
reinforced hybrid composites, respectively. The mi-
crostructure of cast Al 6082 consists of solid solution of
aluminum and inter-dendritic network of aluminum
silicon eutectic (Figure 2(a)). Figure 2(b) shows the
SEM image of AMC reinforced with 12 wt pct of Si3N4.
The SEM image reveals non-homogeneous distribution
of Si3N4 ceramic particulates in the aluminum metal

Table V. Details of Test Combinations with Their Actual and Coded Value (in Parentheses) and Corresponding Experimental

Results

Run No.

Process Parameters

Wear Al-Si3N4-Gr (g)Reinforcement (R) Load (L) Sliding Speed (S) Sliding Distance (D)

1 3 (�1) 30 (�1) 0.8 (�1) 800 (�1) 0.0077
2 9 (+1) 30 (�1) 0.8 (�1) 800 (�1) 0.0061
3 3 (�1) 60 (+1) 0.8 (�1) 800 (�1) 0.0088
4 9 (+1) 60 (+1) 0.8 (�1) 800 (�1) 0.0065
5 3 (�1) 30 (�1) 1.6 (+1) 800 (�1) 0.0046
6 9 (+1) 30 (�1) 1.6 (+1) 800 (�1) 0.0024
7 3 (�1) 60 (+1) 1.6 (+1) 800 (�1) 0.0058
8 9 (+1) 60 (+1) 1.6 (+1) 800 (�1) 0.0048
9 3 (�1) 30 (�1) 0.8 (�1) 1600 (+1) 0.0162
10 9 (+1) 30 (�1) 0.8 (�1) 1600 (+1) 0.0146
11 3 (�1) 60 (+1) 0.8 (�1) 1600 (+1) 0.0186
12 9 (+1) 60 (+1) 0.8 (�1) 1600 (+1) 0.0174
13 3 (�1) 30 (�1) 1.6 (+1) 1600 (+1) 0.0095
14 9 (+1) 30 (�1) 1.6 (+1) 1600 (+1) 0.0083
15 3 (�1) 60 (+1) 1.6 (+1) 1600 (+1) 0.0154
16 9 (+1) 60 (+1) 1.6 (+1) 1600 (+1) 0.0132
17 0 (�2) 45 (0) 1.2 (0) 1200 (0) 0.012
18 12 (+2) 45 (0) 1.2 (0) 1200 (0) 0.0078
19 6 (0) 15 (�2) 1.2 (0) 1200 (0) 0.0054
20 6 (0) 75 (+2) 1.2 (0) 1200 (0) 0.01
21 6 (0) 45 (0) 0.4 (�2) 1200 (0) 0.0125
22 6 (0) 45 (0) 2 (+2) 1200 (0) 0.0076
23 6 (0) 45 (0) 1.2 (0) 400 (�2) 0.0018
24 6 (0) 45 (0) 1.2 (0) 2000 (+2) 0.02
25 6 (0) 45 (0) 1.2 (0) 1200 (0) 0.0086
26 6 (0) 45 (0) 1.2 (0) 1200 (0) 0.0082
27 6 (0) 45 (0) 1.2 (0) 1200 (0) 0.0087
28 6 (0) 45 (0) 1.2 (0) 1200 (0) 0.0085
29 6 (0) 45 (0) 1.2 (0) 1200 (0) 0.0077
30 6 (0) 45 (0) 1.2 (0) 1200 (0) 0.0089
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matrix, whichmay be due to a large difference in densities
of AA 6082 (2.7 g/cm3) and Si3N4 reinforcement (3.44
g/cm3) particles. Due to difference in densities, the heavier
reinforcement particles try to sink down in the aluminum
melt before complete solidification takes place. Similarly,
Figure 2(c) shows the SEM image of AMC reinforced
with 12 wt pct of Gr reinforcement. It is revealed from
SEM image that there are large impurities with a non-
uniform distribution of Gr particles. The low density
(2.2 g/cm3) of Gr particles as compared to that of AA
6082 (2.7 g/cm3) causes the Gr particles to float in the
aluminum melt resulting in non-uniform distribution.
Proper distribution of reinforcement particles is amanda-
tory condition to enhance the mechanical properties of
aluminum metal matrix composites. Figure 2(d) shows

the SEM image ofAMCreinforcedwith 12 wt pct of ball-
milled (Si3N4+Gr) reinforcement. It is observed from
SEM image that ball-milled (Si3N4+Gr) ceramic par-
ticulates are dispersed uniformly in the aluminum matrix
which may be due to approximately equal density (2.81
g/cm3) of ball-milled (Si3N4+Gr) reinforcement to that
of Al (2.7 g/cm3) causing the reinforcement particles to
neither float nor sink down in the aluminum melt. SEM
image of hybrid composite reveals a clear interface
between metal matrix and reinforcement. In all the
manufactured AMCs (Figures 2(a) through (d)), Mg2Si
precipitates are present, the source of which are magne-
sium and silicon present in the matrix. Out of the single
reinforced and hybrid composites, a more uniform
distribution has been achieved in the hybrid composite

(a) After 0 Hours of Ball Milling (b) After 12.5 Hours of Ball Milling

(c) After 25 Hours of Ball Milling (d) After 50 Hours Ball Milling

(e) After 75 Hours of Ball Milling (f) After 100 Hours of Ball Milling

Fig. 1—SEM Micrograph of ball milled (Si3N4+Gr) at various milling times (a) 0 h (b) 12.5 h (c) 25 h (d) 50 h (e) 75 h (f) 100 h.
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which may be due to approximately equal density of
combined reinforcement to that of aluminum metal
matrix.

C. Hardness Result

Table III shows the average Vickers hardness of
composites. The hardness of Gr-reinforced composites
decreases with the increasing content of Gr, this may be
due to low hardness of reinforcement particles than that
of AA6082. At a high percentage of Gr, the reinforce-
ment particles which are soft, float in large amount, and
result in large impurities on the surface of the aluminum
melt, due to which the impurity content increases which
results in low hardness. Same trend of hardness was
observed by previous researchers with the increasing
content of Gr in AMCs regardless of the fabrication
process of AMCs.[2,3,14] In case of Si3N4-reinforced
composites, it is revealed that hardness of AMCs is
increasing linearly with the increase in weight percentage
of Si3N4 ceramic particulates. This may be attributed
because of the increase in hard ceramic particles in the

alloy matrix and high hardness of reinforcement. The
presence of these hard Si3N4 ceramic particulates offers
large resistance to the plastic deformation which results
into enhancement of the hardness of manufactured
AMCs. Same results of increase in hardness with
increasing content of Si3N4 reinforcement in the metal
matrix composites irrespective of the manufacturing
process of AMCs were obtained by former investiga-
tors.[6–8] The hardness of hybrid composites also shows
an increasing trend with the increased content of ball-
milled (Si3N4+Gr) ceramic particulates in the metal
matrix. This may be due to the presence of hard and
brittle (Si3N4+Gr) ceramic particulates in the soft and
ductile AA6082 metal matrix which reduces the overall
ductility content of manufactured hybrid aluminum
matrix composites (HAMCs), which significantly en-
hances the hardness value of manufactured HAMCs.
Further, the increased content of combined reinforce-
ment in the matrix alloy leads to increased dislocation
densities during solidification because of thermal mis-
match of the matrix alloy and reinforcement. The
mismatch of thermal expansion between matrix and

Mg Particles

Si Particles

(a)

Si3N4 Particles

(b)

Clear interface of reinforcement 

(d) 

Gr Particles

Particle free zone

Poor particle zone

(c)

Fig. 2—SEM image of (a) cast AA6082 (0 wt pct reinforcement) (b) AA6082/12 wt pct Si3N4-reinforced composite (c) AA6082/12 wt pct Gr-re-
inforced composite (d) AA6082/12 wt pct (Si3N4+Gr)-reinforced hybrid composite.
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reinforcement due to temperature difference results in
large internal stresses, due to which the matrix deforms
plastically to accommodate the smaller volume expan-
sion of reinforcement particles. Enhancement in dislo-
cation densities at the particle metal interface results in
higher resistance to plastic deformation leading to
improved hardness. These results are in agreement with
the results of Rohatgi et al.[28] The same results of
increase in hardness with increasing content of com-
bined reinforcement in the metal matrix irrespective of
the manufacturing process of HAMCs were obtained by
previous researchers.[2,3,11,12,14] However, the hardness
of hybrid composites is more than that of Gr-reinforced
composites and lower than that of Si3N4-reinforced
composites at all weight percent of reinforcements. This
may be due to the less hard Gr particles that are added
as second reinforcement in harder Si3N4, resulting in
intermediate hard hybrid composites.

D. Development of Wear Model by RSM

The central composite design (CCD) is used in this
experimental study. Significance testing of the coeffi-
cients, acceptability of the wear model, and analysis of
variance (ANOVA) was carried out by Design Expert
Software to evaluate the significant factors, square terms,
and interactions affecting the response (dry sliding wear).

The analysis of variance (ANOVA) has been shown in
Table VI. The analysis of variance (ANOVA) shows the
significance of various factors and their interactions at
95 pct confidence interval. ANOVA shows the ‘‘Wear
Model’’ as ‘‘Significant,’’ while the ‘‘Lack of fit’’ is ‘‘Not
significant’’ which are desirable from a model point of
view. The probability values <0.05 in the ‘‘Prob.>F’’
column indicate the significant factors and their interac-
tions. Themain factors and their interactions are included
in the final dry sliding wear model, while the insignificant
interactions are excluded from the final dry sliding wear
model. Percentage reinforcement (R), load (L), sliding
speed (S), and sliding distance (D) are the significant
individual factors, while load-sliding speed (LS), load-
sliding distance (LD), and sliding speed-sliding distance
(SD) are the significant interactions among various

process variables and second-order term of load (L),
sliding speed (S), and sliding distance (D) are also
significant terms which also affect the dry sliding wear.
After eliminating the non -significant terms, the dry

sliding wear model generated in terms of coded and
actual process variables is given below (Eqs. [1] and [2],
respectively):

In coded parameters

Dry Sliding Wear ¼8:292 � 10�3 � 9:042 � 10�4

� R þ 1:263 � 10�3 � L

� 1:738 � 10�3 � S þ 4:288

� 10�3 � D þ 4:813 � 10�4

� L � S þ 6:813 � 10�4 � L

� D � 5:562 � 10�4 � S � D

þ 4:437 � 10�4 � R2 þ 4:813

� 10�4 � S2 þ 6:938 � 10�4 � D2

½1�

In actual parameters

Dry sliding wear ¼0:016469 � 8:93056 � 10�4

� reinforcement Rð Þ � 1:48333

� 10�4 � load Lð Þ� 0:011000

� sliding speed Sð Þ � 6:25000

� 10�7 � sliding distance Dð Þ
þ 8:02083 � 10�5 � load Lð Þ
� sliding speed Sð Þ þ 1:13542 � 10�7

� load Lð Þ � sliding distanec Dð Þ
� 3:47656 � 10�6 � sliding speed (SÞ
� sliding distance Dð Þ þ 4:93056

� 10�5 reinforcement Rð Þ2

þ 3:00781 � 10�3

� sliding speed Sð Þ2þ4:33594

� 10�9 � sliding distance Dð Þ2

½2�

Table VI. ANOVA Table for Wear of Hybrid Composites (After Backward Elimination)

Source Sum of Squares DOF Mean Square f value Prob> f

Model 6.083 9 10�4 10 6.083 9 10�5 142.83 <0.0001
Reinforcement, R 1.962 9 10�5 1 1.962 9 10�5 46.07 <0.0001
Load, L 3.825 9 10�5 1 3.825 9 10�5 89.81 <0.0001
Sliding Speed S 7.245 9 10�5 1 7.245 9 10�5 170.11 <0.0001
Sliding Distance D 4.412 9 10�4 1 4.412 9 10�4 1035.83 <0.0001
Interaction LS 3.706 9 10�6 1 3.706 9 10�6 8.7 0.0082
Interaction LD 7.426 9 10�6 1 7.426 9 10�6 17.43 0.0005
Interaction SD 4.951 9 10�6 1 4.951 9 10�6 11.62 0.0029
Quadratic R2 5.514 9 10�6 1 5.514 9 10�6 12.95 0.0019
Quadratic S2 6.485 9 10�6 1 6.485 9 10�6 15.23 0.001
Quadratic D2 1.348 9 10�5 1 1.348 9 10�5 31.64 <0.0001
Residual 8.093 9 10�6 19 4.259 9 10�7

Lack of Fit 7.179 9 10�6 14 5.128 9 10�7 2.81 0.1302
Pure Error 9.133 9 10�7 5 1.827 9 10�7

Cor. Total 6.164 9 10�4 29
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The R2 and adjusted R2 values at 95 pct confidence
interval are close to each other, which indicate that the
model is statistically significant.

E. Effect of Individual Variables on Wear of Hybrid
Composite

The effect of individual factors on dry sliding wear is
shown in Figures 3((a) through (d)). The effect of
percentage reinforcement (R), load (L), sliding speed
(S), sliding distance (D), and that of their interactions on
dry sliding wear is given in Eq. [1] which exhibits the dry
sliding wear in terms of coded values and Eq. [2] in
terms of actual values of factors and their interactions.
However, the effects of individual factors are discussed
by considering Eq. [1] because all the factors are at same
level. The constant 8.292 9 10�3 in the Eq. [1] indicates

the overall average of the dry sliding wear of hybrid
composites under all the test conditions. This equation
further indicates that the coefficient, 9.042 9 10�4

associated with percentage reinforcement is negative,
which signifies a decrease of the wear with an increase of
percentage reinforcement (Figure 3(a)). This is attribut-
ed to the increase in hardness of the composite with the
increasing percentage reinforcement. Increase in hard-
ness of composite lowers the volume of material
removed. The effect of load, sliding speed, and sliding
distance on the wear is shown in Figures 3((b) through
(d)). The coefficients associated with load, sliding speed,
and sliding distance are 1.263 9 10�3, 1.738 9 10�3,
and 4.288 9 10�3, respectively. This signifies that sliding
distance has a more detrimental effect than the applied
load on the wear of the hybrid composite. The load
determines the contact area and deformation of the
material, whereas sliding distance determines the period
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Fig. 3—Effect of individual factors on dry sliding wear (a) reinforcement (R), wt pct (b) load (L), N (c) sliding speed (S), m/s and (d) sliding dis-
tance (D), m.
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of interaction of wear pins with the counter body. The
effect of load on the wear is less as compared to sliding
speed and sliding distance. The wear increases with
increasing load as shown in Figure 3(b) because load
determines the deformation and pressure applied on the
contacting surface. The effect of sliding speed on the
wear is low as compared to sliding distance as shown in
Figure 3(c). The wear decreases with the increase in
sliding speed which may be due to the fact that at higher
sliding speeds, the time of contact between the sliding
surfaces decreases which, in turn, decreases the wear.
The effect of sliding distance on the wear is shown in
Figure 3(d), the wear increases with the increase in
sliding distance because at higher sliding distance, the
period of interaction between the sliding surfaces
increases, which enhances the wear.

F. Interaction Effect of Different Variables on Wear
of Hybrid Composite

Figures 4((a) through (c)) shows the 3-D interaction
plots between different wear parameters. Figure 4(a)
shows the 3-D interaction plot between load-sliding
speed (LS) on wear. The wear has been found to be
increased with the increase in load (30 to 60 N) at lower
value of sliding speed (0.80 m/s). Also at a larger value
of sliding speed (1.6 m/s), the wear increases with the
increase in load (30 to 60 N). At a lower value of load
(30 N), the wear has been found to be decreased with the
increase in sliding speed (0.8 to 1.6 m/s). Similarly, the
wear also decreases with the increase in sliding speed
(0.8 to 1.6 m/s) at a higher value of load (60 N). The
main reason behind this is that with the increase in
sliding speed, the interaction spell of material decreases,
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Fig. 4—Effect of interaction on dry sliding wear (a) load-sliding speed (LS), (b) load-sliding distance (LD), and (c) sliding speed-sliding distance
(SD).
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which decreases the wear keeping load at a constant
value, which keeps a uniform pressure between the pin
and disk. In another case when the load increases and
sliding speed is kept constant, then at every point of
contact, the pressure between the contact surface in-
creases and results in more wear. In this way, the lower
value of load (30 N) and higher value of sliding speed
(1.6 m/s) will be auspicious for minimum wear. The
collective effect of increase in load-sliding speed (LS)
increases the wear of hybrid composites.

The 3-D interaction plot of load-sliding distance (LD) on
the wear is shown in Figure 4(b). The wear has been found
to be increased with the increase in load (30 to 60 N) at a
lower value of sliding distance (800 m). The wear has also
been found to be increased with escalation in load (30 to
60 N) at a higher value of sliding distance (1600 m). At a
low value of load (30 N), the wear has been found to be
increased with the increase in sliding distance (800 to
1600 m). In the same way, wear also increases at a higher
value of load (60 N) with the increase in sliding distance
(800 to 1600 m). The foremost reason behind this is that
with the increase in sliding distance, the contact time
between the pin and disk increases, which increases the
contact surface and finally wear (load was kept constant at
30 and 60 N, respectively). In another case, when load
increases while keeping the sliding distance constant wear
increases, which is due to the higher load contact pressure
that increases between sliding surfaces, which results in
morematerial removal.The conditions favorable for lowest
wear are low value of load (30 N) and sliding distance
(800 m). The overall effect of increase in both load and
sliding distance increases the wear of hybrid composites.

Figure 4(c) shows the 3-D interaction plot of sliding
speed-sliding distance (SD) on wear. The wear decreases
with escalation in sliding speed (0.8 to 1.6 m/s) at a
smaller value of sliding distance (800 m). Similarly, at an
upper value of sliding distance (1600 m) thewear has been
found to be decreased with the increase in sliding speed
(0.8 to 1.6 m/s). At a lower value of sliding speed (0.8 m/
s), the wear has been found to be increased with the
increase in sliding distance. Likewise at higher sliding
speed (1.6 m/s), the wear increases with the increase in
sliding distance (0.8 to 1.6 m/s). This may be due to the
fact that with increasing the sliding speed and keeping the
sliding distance constant, the time of interaction between
the sliding surfaces decreases and at every time a new
surface comes in contact which decreases the wear. In
contrast to this, the sliding distance increases thewear due
to additional contact time between the surfaces. The
conditions which favor the minimum or optimum wear
are higher value of sliding speed (1.6 m/s) and lower value

of sliding distance (800 m). The cumulative effect of the
increase in both sliding speed and sliding distance reduces
the wear of hybrid composites.

G. Validity of Wear Model and Confirmation
Experiments

The validity of the dry slidingwearmodel is evaluated by
conducting dry sliding wear test on hybrid composites at
different levels of the experimental factors such as percent-
age reinforcement (R), load (L), sliding speed (S), and
sliding distance (D). The independent variable selected for
the confirmation experimentsmust lie within the ranges for
which the equations are derived. The three confirmation
experiments are performed for dry sliding wear at the
condition of independent process parameter delivered by
quadratic model. The data predicted from developed
model and experimental results are compared for confir-
mation and have been listed in Table VII. The errors
between experimental and predicted values are small (3 to
7 pct), which confirm the experimental conclusion.

IV. CONCLUSIONS

The following concluding remarks have been drawn
from the present investigation.

1. The AA6082/Si3N4, AA6082/Gr, and AA6082
(Si3N4+Gr) hybrid composites are successfully
fabricated by stir casting process. Scanning electron
micrograph shows a reasonably more uniform dis-
tribution of reinforcement particles in case of hy-
brid composites than that of single reinforced Gr
and Si3N4 composites.

2. The hardness of hybrid composite increases from
49.5 to 84 VHN, while that of Si3N4-reinforced
composites from 49.5 to 93.5 VHN, and hardness
of Gr-reinforced composites decreases from 49.5 to
44 VHN with respect to weight percent of reinforce-
ment (i.e., from 0 to 12 pct).

3. The Wear resistance of hybrid composites has been
found to be improved as compared to conventional
AA 6082.

4. The wear of hybrid composites decreases with the
increasing sliding speed and percentage reinforce-
ment and increases with the increasing load and
sliding distance.

5. The load-sliding distance (LD) shows a more detri-
mental effect on wear of hybrid composites, as com-
pared to the other two interactions (LS and SD).

Table VII. Confirmation Tests and Their Comparison with Experimental Results

Exp. No

Process Parameters Wear (g)

Reinforcement
(R), wt pct Load (L), N

Sliding
Speed (S), m/s

Sliding Distance
(D), m

Experimental
Results

Modeled
Results

Error
(pct)

1 4.00 55 0.85 1500 0.01645 0.0159 3.34
2 8.00 35 1.5 800 0.0032 0.0030 6.25
3 8.5 50 0.9 900 0.0067 0.0064 4.47
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6. The model developed with RSM results in good pre-
diction of the wear of hybrid composite within the
range of applied factors. The errors between the mod-
eled and experimental results are within 3 to 7 pct.
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