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Abstract

Metal matrix composites made of aluminium and ceramics reinforced with silicon carbide (SiC) have desirable mechanical
characteristics. On the other hand, ceramic composites made of aluminium may need improvement in their lubricating
and tribological properties. This study aims to develop a new material utilizing the powder metallurgy (P/M) technique
by incorporating Graphite (Gr), which is self-lubricating. This research investigated the impact of Graphite on the wear
characteristics of a hybrid composite material composed of Al 7075/SiC and varying percentages of Graphite (X = 0, 5, and
10 weight %). An experimental study was conducted to analyze the mechanical and wear properties of the hybrid composite.
The hardness of A17075 increased by 5% with 5 wt.% SiC compared to the base alloy. Adding 5 wt.% graphite to the A17075/5
wt.% SiC composite increased hardness by 2.7% compared to the base alloy, but with 10 wt.% graphite, the hardness decreased
below the base alloy. This decrease is likely due to graphite agglomeration, softer phases, and poor interfacial bonding.
The wear characteristics of the composite were tested using the pin-on-disc method. Scanning electron microscopy (SEM)
analysis of the hybrid composite revealed that the reinforcement particles were evenly distributed throughout the matrix. The
tribological behaviour was optimized using the Taguchi design of experiments and the grey relational technique. The results
showed a reduction in wear loss of around 25.08% and a reduction of the friction coefficient of about 54.37%. The results
demonstrated that the hybrid composite composed of Al7075 with 5 wt.% SiC and 5 wt.% graphite outperformed the other
hybrid composites regarding mechanical and tribological characteristics.

Keywords Hybrid composites - Powder metallurgy - Multi-objective optimization - Design of experiments - Al 7075 - Wear
properties - Graphite

1 Introduction

Its high elongation at failure, high tensile strength, yield
strength, and strength-to-weight ratio make AA7075 attrac-
tive for various automotive, mechanical, aerospace, marine
and defence applications. As previously stated, AA 7075 is
extensively used in several sectors, either on its own or as
a metal matrix composite. For these reasons, AA7075 was
Selected as a matrix material for this study. On the other
hand, it has a lot of major drawbacks, such as a compli-
cated welding procedure and a high reactivity to caustic
acids, oxygen, and water. Typically, powder metallurgy or
stir casting creates aluminium matrix composites (Venkatesh
and Deoghare 2022; Rao and Srinivas 2023; Manoj et al.
2022; Ibrahim et al. 2016). The stir-casting method uni-
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formly distributes the particles throughout the liquid metal
before casting and solidification (Rohatgi et al. 2020; Prasad
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and Shoba 2014). The research was carried out on an alu-
minium matrix created using the stir casting technique and
was reinforced with various amounts of silicon carbide (SiC)
(Sijo and Jayadevan 2016). Maximum hardness and tensile
strength were observed at 20 wt.% SiC. Titanium carbide
(TiC) particles were reinforced, with Al7075 alloy as the
base metal (Rao et al. 2016). Wear characteristics with 8
wt.% TiC were better than those with other composites and
matrix metals when using the stir-casting process (Rao et al.
2016). It follows that the addition of reinforcing ceramic
particles enhanced the mechanical qualities. In addition to
experimenting with A17075 alloy, the researchers looked at
Al6061 alloys; a particularly noteworthy study compared
the mechanical characteristics of A16061-SiC and Al6061-
SiC/graphite hybrid composites. Mechanical characteristics,
density, and microstructural investigations define the man-
ufactured composites. Findings showed that A16061 alloy’s
distributed Graphite and SiC improved composites’ tensile
strength (Gugulothu et al. 2023). Composites made using
the stir casting method and containing the following pro-
portions of SiC(7.5, 10 wt%), Fly Ash (7.5 wt%), Al,O3
(0.5 wt%), and B4C (0%,3%, 5 wt %) were subsequently
investigated for their wear properties. The wear resistance
of these hybrid composites increases as the percentage of
B4C increases, making them superior to single-reinforced
composites (Paulraj et al. 2021). An Al alloy reinforced with
Al,O3, B4C, and SiC showed increased mechanical charac-
teristics (Topcu et al. 2009). According to the research above,
improving the mechanical characteristics of the basic alloy is
as simple as adding ceramics like TiO», B4C, or Al,O3. B4C
has exceptional interfacial bonding properties. Ceramics are
not the only acceptable material for reinforcements; cast iron
is one example of a metal. According to research, wear resis-
tance mechanical properties were all enhanced in Al7075,
reinforced with grey cast iron and fly ash, produced using stir
casting (Singh and Kumar 2022). Among the ceramics men-
tioned earlier and current works, SiC is prominent because of
its exceptional mechanical characteristics. There was a study
on the mechanical properties, microstructure, and wear char-
acteristics of SiC-reinforced aluminium matrix composites
(AMCs). An AMC reinforced best-achieved results for wear
resistance, tensile strength, and compressive strength with 7
wt.% SiC (Bharathi and Kumar 2023). Chemically strength-
ening a base metal with SiC greatly enhances its mechanical
and wear properties (Kalsi et al. 2019). As shown in another
case, adding 6% TiC to Al7075 improved its mechanical
qualities and corrosion resistance (Krishna Prasad et al. 2022;
Ravi et al. 2018).

Because of the fantastic outcomes that may be achieved by
implementing two or more ceramics with different concen-
trations, the choice was made to use a hybrid composite rather
than regular reinforcement (Ande et al. 2019; Singh and
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Gautam 2019). It has been studied and compared the mechan-
ical and tribological properties of Al-molybdenum disulfide
(MoS;) composites to those of Al-SilOMgalloy, an alu-
minium alloy known for its amazing wear resistance. Because
MoS, was added, the composite’s density and hardness
increased and its ultimate tensile strength decreased (Rebba
and Ramanaiah 2014; Basavarajappa et al. 2017).A17075 is
ideal for piston applications because of its extreme stress
and strain resistance caused by its very high Si concentration
(Devaganesh et al. 2020). However, because of its low den-
sity, A17075 becomes hotter more quickly and softens when it
comes into touch with other metals, which increases its wear
rate (Kumar et al. 2018). Al7075 alloys are fortified with
solid lubricants to avoid this problem. Composites made of
aluminum with graphene exhibit enhanced toughness, elas-
ticity, and tensile strength. Some authors discovered that
Graphene and graphite enhance the wear and friction proper-
ties of composites by using methods such as solid lubrication
and the development of transfer films. The layered structure
of graphene enables effortless shearing, leading to a decrease
in friction and wear, particularly in situations involving dry
sliding (Berman et al. 2014). Graphite deposits a protective
coating on surfaces upon contact, reducing direct metal-to-
metal interaction and improving resistance to wear across
different levels of load (Doddamani et al. 2017; Kumar 2018).

Since no prior research has examined the effects of mix-
ing SiC with various weight percentages of Graphite (Gr) and
their fabrication process using the powder metallurgy (P/M)
route. An effort is made in this study to examine the effect of
Graphite on the wear behaviour of a hybrid composite mate-
rial made of Al 7075/SiC and X Wt.% graphite (where X =
0, 5, and 10%) to create a novel material using the powder
metallurgy (P/M) process. It generates optimal parameters
for wear loss and friction coefficient in regular optimization
methods. Wear loss and friction coefficient must be optimized
to get the common standard parameters for both quality met-
rics. Hence, Simultaneous optimization is carried out using
Taguchi-Grey relational analysis to get the common standard
parameters.

2 Methodology
2.1 Sample Preparation

The main objective of this study was to develop Al 7075- 5
Wt. % SiC- X Wt.% Gr (X =0, 5, and 10)hybrid composites
using (P/M) technique to improve mechanical characteris-
tics and reduce wear. The chemical composition of a matrix
material, A17075 alloy, is detailed in Table 1. A mixture of
25 pm silica particles and 1 pm graphite were used as rein-
forcements.
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Table 1 Al17075 Chemical composition

Elements Cu Si Mg Fe

% 1.62 0.06 2.54 0.19

0.075 5.63 0.05 0.23

0.048 Bal

A constant weight of 5% SiC and a weight percentage
of (X = 0-5-10%) graphite reinforment particles were used
to make the hybrid composites. The samples were prepared
using a P/M route to ensure the reinforcing particles were
evenly distributed. Prabhu Copper Ltd., located in Mumbai,
India, was the source of these metal powders. A total of 2,000
grammes of Al 7075 alloy, 1,000 of SiC, and 500 of Gr.

The moisture is removed from all powders by preheating
them in a muffle furnace at 110 °C for 1.25 h before the
operation begins (Daver et al. 1988). Next, a specific mix-
ture of powders was ground in a planetary ball mill. The
milling operation took up to 60 h and used tungsten bowls
with balls ranging from 10 to 50 mm. The powder-to-ball
weight ratio was 1:10 (Koli et al. 2014). Figure 1a—c shows
that the blending and typical grinding processes were carried
out at 300 rpm in a toluene medium to avoid oxidation and
powder adhering to the vial wall (Gupta et al. 2017).

Universal testing equipment compacted the thoroughly
mixed powders at 700 MPa pressure and 70 kN applied stress.
Zinc stearate was used before each test to ensure the smooth
operation of the die walls during the loading and ejecting
of the sample from the die (Schneider 2003). Samples that
are green-compacted are then formed. The prepared samples
were vacuum sintered at 600 °C in a tube furnace operating
under vacuum. After vacuuming, the starting temperature
rises from O to 300 °C over 100 min at an average 3 °C/min
rate. Subsequently, they were allowed to soak in a solution
at about 300 °C for 100 min. The duration of the heating
process from 300 to 600 °C is 100 min. After soaking it for
120 min at 600 degrees Celsius, let it cool until it reaches
ambient temperature, as shown in Fig. 2a, b (Upadhyaya
1997). Subsequently, samples are manufactured using var-
ious classifications of emry papers.

2.2 Density and hardness measurement

Archimedes’ principle was considered while measuring the
density of the created hybrid composites utilizing a state-
of-the-art electronic weighing machine with an accuracy
of 0.0001 mg (Arya et al. 2023). The porosity of the
Al7075-SiC-graphite hybrid composite was assessed by ini-
tially weighing the samples in air before being immersed
in distilled water to determine their submerged weight. The
porosity has been calculated using the difference between
these weights, taking into consideration the density of water.
Additionally, the composite’s hardness is measured using a

Rockwell hardness method. Table 2 shows the mechanical
characteristics of the samples. The mechanical and tribologi-
cal characteristics may be fine-tuned by adjusting the graphite
content while maintaining a constant SiC content.

(w; —wy)

Porosity = ( )
Wi — Wy

2.3 Microstructure characterization

At the end of 60 h in the ball mill, the powders had an
average size of 200 nm. Microscopic examination of the
powder shows that the A17075, SiC, and Graphite are evenly
distributed. To study the microstructural behaviour of the
samples, they were cut into sections and treated using the
principles of metallographic technique. Microstructural anal-
ysis is vital for investigating and ensuring product quality, so
a scanning electron microscope (SEM) was used. Regular
hand polishing procedures utilizing silicon carbide sheets of
varied grits (200-1200) have been used to smooth out the
metallographically generated samples. Afterwards, the sam-
ples are fine-ground and polished to a mirror finish using a
distilled water solution containing 01 pm diamond paste.
An etch-polish-etch procedure was used to get the best
microstructural features (Mohan and Ramesh Babu 2011;
Heard 2021). The grain structure and reinforced particles
of varying sizes, shapes, and distributions were established
through a microscope. The SEM micrographs show that these
particles are evenly dispersed throughout the Al 7075 matrix.

2.4 Dry sliding wear test

A series of dry sliding wear studies have been conducted
as per the ASTM standard G99-05 (Hong et al. 2017). The
pin-on-disc machine for evaluation purposes. EN31 steel is
used to make counter disc. In preparation for the experi-
ment, the cylindrical samples and the disc were cleaned with
acetone (Hong et al. 2017). Each experiment subjected Pre-
pared hybrid-composite samples to loads between 5 and 15 N.
The studies were conducted over 10002000 m, with sliding
speeds ranging from 1-3 m/s. We used organic substances to
scrub the surfaces of the counter and specimens completely
after every experiment to remove any evidence of the chem-
icals. The pin is measured before and after the inspection
to within 1 X 10 g of error to determine the amount of
wear loss. The strain-gauge load measurements were used to
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Fig. 1 a Powders in tungsten
vials before milling. b High
Energy Ball Milling. ¢ Powders
in vials after 60 h milling
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Fig.2 a A Vacuum sintering equipment. b Process for vacuum sintering
Table 2 Density and Hardness
Measurement Sample Composition of Porosity (%)  Experimental Theoretical Hardness
number materials density (g/cc) density (g/cc) (HRB)
Al7075 1.0677 2.78 2.81 73
2 95% Al7075 + 1.0601 2.80 2.83 77
5% SiC + 0%
Gr
3 90% Al7075 + 1.786 2.75 2.80 75
5% SiC + 5%
Gr
4 85% Al7075 + 2.166 271 2.77 70
5% SiC + 10%
Gr

compute the friction coefficient (Stachowiak and Stachowiak
2001). The replies from each run were averaged and recorded
in the table since all tests were repeated three times.

2.5 Design of experiments
Investigating using Taguchi’s method is smart since it is

efficient, rational, and takes little time. Providing detailed
information about the factors and their levels will enhance
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the clarity of the "Design of Experiment" section. Specifi-
cally, we have detailed the factors and their respective levels
as follows: the weight percentage of graphite with levels at 0
wt%, 5 wt%, and 10 wt%:; the load with levels at 5 N, 10 N,
and 15 N; the sliding distance with levels at 1000 m, 1500 m,
and 2000 m; and the speed with levels at 1 m/s, 1.5 m/s, and
2 m/s. The Taguchi method was selected for its efficiency in
studying the effect of multiple factors with a minimal number
of experiments, using an L.27 orthogonal array to design the
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Table 3 Taguchi (Ly7) experiments and S/N readings

S. no Sliding Speed Reinforcement (% of Gr.) Sliding distance Load (N) Wear loss (g) COF SNRAI1 SNRA2
1 (m/s) 0 (X x 103 m) 0.00850 0.144 41411 16.802
2 1 0 1 0.00982 0.164 40.175 15.687
3 2 0 1.5 5 0.01051 0.171 39.576 15.299
4 3 0 2 10 0.00964 0.181 40.354 14.836
5 2 0 1 10 0.01192 0.194 38.489 14.226
6 3 0 1.5 10 0.02031 0.152 33.850 16.317
7 1 0 2 15 0.00877 0.203 41.209 13.820
8 3 0 1 15 0.01455 0.180 36.772 14.889
9 1 0 1.5 15 0.01624 0.190 35.809 14.406
10 2 5 2 5 0.00372 0.148 48.636 16.542
11 2 5 1 0.00429 0.161 47.535 15.858
12 3 5 1.5 0.01333 0.135 37.523 17.354
13 1 5 2 10 0.00421 0.149 47.535 16.495
14 3 5 1 10 0.01120 0.142 39.015 16.948
15 1 5 1.5 10 0.01344 0.144 37.457 16.778
16 2 5 2 15 0.00673 0.186 43.478 14.595
17 1 5 1 15 0.01050 0.198 39.576 14.044
18 2 5 1.5 15 0.01217 0.203 38.344 13.841
19 3 10 2 5 0.00195 0.161 54.424 15.820
20 3 10 1.0 5 0.01033 0.156 39.743 16.131
21 1 10 1.5 5 0.01052 0.165 39.576 15.624
22 2 10 2 10 0.00751 0.170 42.498 15.380
23 1 10 1 10 0.00812 0.173 41.830 15.239
24 2 10 1.5 10 0.01294 0.175 37.788 15.099
25 3 10 2 15 0.00732 0.181 42.733 14.827
26 2 10 1 15 0.01091 0.201 39.251 13.931
27 3 10 1.5 15 0.01611 0.214 35.863 13.680

experiments. Reading responsive components about certain
levels is the primary practical effect. The size of the levels
of its factors determines the overall average response. Find-
ing the best factor-to-response formulations and improving
performance are the goals of the technique’s design (Girish
et al. 2016; Arunkumar et al. 2020). The Signal/Noise ratio
(S/N) is produced from meticulously studied and converted
testing data. For each property, it offers a unique signal-to-
noise ratio (S/N). Three kinds of S/N ratio characteristics are
included: lowest, maximum, and nominal best. Once again,
the low frictional and wear coefficients are a plus. The S/N
transformation is transformed into a logarithmic model using
mathematical means, as may be shown below. The observed
data is denoted by y for every 'n’ data point. The three-stage
examination of the four primary affecting factors is shown
in Table 3. Table 4 shows the tribological findings that were
used to perform the tests. It was used to construct the main

effects plot, and ANOVA produced the contributing findings
(Saurabh et al. 2022).

3 Results and discussion
3.1 Microstructure characterization

Figure 3a—d shows scanning electron microscopy (SEM) pic-
tures of sintered Al7075 samples. Compacted and sintered
Al7075 morphologies with different percentages of Graphite
and silicon carbide exhibit robust chemical bonds. A closer
look at these microscopic formations revealed cubic sili-
con carbide particles and graphite flakes. The Al7075 metal
matrix had graphite-reinforced and silicon carbide-coated
particles evenly distributed within. Figure 3c, d demon-
strate that the SiC and Gr particles were evenly distributed
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Table 4 ANOVA for wear loss

Source DF  AdjMS Adj SS P-Value  F-Value  Contribution (%)
Sliding Distance (m) 2 0.000124  0.000248  0.000 94.57 55.98

Load (N) 2 0.000030  0.000059  0.000 22.65 13.31

Sliding Velocity (m/s) 2 0.000027  0.000053  0.000 20.33 11.96
Reinforcement (wt. % of 2 0.000030  0.000059  0.000 22.55 13.31

Gr)
Error 18 0.000001  0.000024 5.41
Total 26 0.000443

S = 0.001145, R-Sq = 94.67% and R-Sq (adj) = 92.30%

Fig. 3 Microstructure: a Al 7075, b Al 7075-5 wt.% SiC-0 wt.% Gr, ¢ Al 7075-5 wt.% SiC-5 wt.% Gr, d Al 7075-5 wt.% SiC-10 wt.% Gr

throughout the A17075 matrix. This feature claims that vari-
ables including milling speed, period, charge ratio, milling
medium, and sintering method are responsible for the superb
SiC and Gr particle distribution in the A17075 matrix (Bhoi
et al. 2020). They were also mixed to ensure the Al7075
powder and reinforcing particles formed a strong chemical
connection before sintering.

3.2 Density measurement
The rule of mixtures is used to derive theoretical densities

from volume fractions and component densities, whereas
Archimedes’ principle determines experimental densities.
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Table 2 lists the density and porosity of several compos-
ite materials with variable weight% of reinforcement. The
discrepancy between the theoretical and actual findings in
Fig. 4 illustrates the impact of ceramic and solid lubricant
reinforcements on the density of various composite mate-
rials, as shown in Table 2. Compared to the basic alloy
(Al7075) and the Al7075/5wt% SiC composite, the den-
sity of the Al7075/10-Wt.% Gr hybrid composite is lower.
When compared to Al7075/5wt% SiC and Al7075/5-Wt.%
SiC/10-Wt.% Gr, the hybrid composite with these propor-
tions, has alower density than base alloy material but a greater
density than Al17075/5wt% SiC. This is because the compos-
ites, as mentioned above, have a lower proportion of A17075
(2.81 g/cc) and a larger amount of Graphite (2.26 g/cc).The
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density of the A17075/5-Wt.% SiC/10-Wt.% Gr hybrid sam-
ple is 2.71 g/cc, whereas the density of the A17075/5-Wt.%
SiC composite is 2.8 g/cc, according to Table 2. This is
because the composites include SiC, a reinforcing mate-
rial with a greater density. As graphite concentration grows,
SiC particles lose their solid solution strengthening and load
transmission effects, making them less effective (Jamwal
et al. 2020).

3.3 Hardness measurement

Table 2 shows the hardness values of the hybrid composite
samples with varying weight percentages of reinforcements.
Tabulated values are the average hardness values from
three separate tests. Rockwell hardness tests performed on
Al7075/5-Wt.% SiC/X-Wt.% Gr-(X = 0, 5, and 10) com-
posites. Compared to the base alloy, the hardness values
of the hybrid composite samples made of Al7075/5-Wt.%
SiC/10-Wt.% Gr are lower. The hardness rises between 0%
SiC and 5% SiC composites, but the hardness falls between
0% Gr and 10% Gr hybrid composites. Adding SiC parti-
cles causes the hardness ratings to rise. Adding SiC to the
composite material increases its hardness by preventing the
migration of dislocations, which causes the matrix alloy to
deform under stress. Figure 5 shows that when the SiC con-
centration in composite samples rises, their hardness also
increases. The composite sample made of Al 7075 and 5
wt.% SiC has a maximum hardness enhancement of 5.4%.
Composites made from aluminium with ceramic particles,
such as SiC, added to the matrix make the final product
harder. The layers of graphite structure in hybrid compos-
ites experience modest Vander Wall forces. The external
load may be supported by sliding the graphite layers over
each other (Sharma et al. 2019; Akhtar 2021; Holmberg
and Matthews 2009). As the graphite percentage increases
from O to 10%, the hardness values in Fig. 5. Since SiC
restricts dislocation movement, it may harden the Al7075
matrix. However, graphite does not help this process. Hard-
ening composites requires load transmission from matrix to
reinforcement (SiC). Because graphite is soft and lubricating,
increasing its amount diminishes composite hardness, load-
bearing capacity, and transmission. Adding 5 wt.% graphite
to the A17075/5 wt.% SiC composite increased hardness by
2.7% compared to the base alloy. However, the hardness
decreased below the base alloy level with 10 wt.% graphite.
This decrease is likely due to graphite agglomeration, the
introduction of softer phases, and weakening of interfacial
bonding.

3.4 Dry sliding wear

At three different levels, the four process parameters were
examined. The combinations provided in Table 3 were used
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to conduct the experiments. Minitab 2020 was used to create
main effect plots, and an ANOVA was performed to deter-
mine the significance of the testing parameter.

3.5 Analysis of factors for wear loss

To examine the combined impact of A (reinforcement, in
percentage of Gr.), B (load, in N), C (slide distance, in m), and
D (sliding speed, in m/s), on wear loss, an ANOVA analysis
was conducted. A 5% threshold of significance was used
for this research. Table 4 displays the relative importance of
the parameters, including reinforcing weight (p = 13.31%),
load (p = 13.31%), the Distance of sliding (p = 55.98%),
and velocity of sliding (p = 11.96%). Sliding Distance is
one of the parameters that substantially affects wear loss (p
= 55.98%).
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Standard error (S) represents the dispersion of measured
wear loss values around regression model predictions. A stan-
dard error of 0.0011447 demonstrates modest wear loss
variability around the regression line. The accuracy with
which our model predicts wear loss improves the depend-
ability of our experimental findings and forecasts. (R-Sq)
Determination Coefficient: The independent factors in the
model explain 94.67% of wear loss variability, according to
an R-Sq value of 94.67%. This high number validated the
experimental method, which shows that material composi-
tion and manufacturing conditions strongly affect wear loss.
R-Squared (adj): This model’s modified R-Sq of 92.30%
compensates for predictors and sample size, proving its
wear loss prediction despite its complexity. It improves our
model’s capacity to capture the crucial interactions between
independent factors and wear loss.

3.5.1 Effect of parameters on wear loss

Figure 6 displays the primary effect plot of composite wear
loss as a function of various factors. The major effect graphic
remains unaffected if the parameter value stays near the
horizontal line. When plotting the primary effect, a steeper
parametric line indicates that the parameter has a greater
impact. Although all three parameters—load, speed, and
reinforcement weight percentage—are important, the main
effect plot reveals that parameter C—sliding distance—has
the most impact. More asperity-to-asperity contact time and
a larger actual contact area resulted from a longer sliding
distance, which accelerated wear on the composites and con-
tributed to the development of wear debris. More contact
duration between asperity-asperity and an enhanced contact
area results from increased sliding Distance, which adds to
increased wear on composites. With increased load and slid-
ing Distance, wear loss has been enhanced, suggesting that
the material is becoming increasingly separated from the
sample base (Zhai et al. 2021; Sawyer et al. 2014). In addi-
tion, the worn base forms a thick tribo layer of Graphite,
which reduces wear. Incorporating extra contact regions
reduces wear. Across the board, the 5% hybrid composite
outperformed the other two options (0% and 10%) regarding
wear performance.

3.6 Analysis of factors for COF

An ANOVA analysis was conducted to examine how dif-
ferent factors collectively affected the coefficient of friction.
The coefficient of friction was considerably affected by the
load (61.25%), as shown in Table 5. Conversely, the coef-
ficient of friction was less affected by the proportion of
graphite reinforcing weight (8.7%). Therefore, the results
of this investigation demonstrated that the sliding Distance
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significantly impacts wear loss. Another important consider-
ation when calculating the coefficient of friction is the load.
Wear loss and coefficient of friction (COF) seemed to help the
13.31% and 8.7% graphite weight percentages, respectively.

S=0.0011447,R-Sq=94.67% and R-Sq (adj) = 92.30%.

3.6.1 Effects of parameters on COF

The coefficient of friction was most affected by the applied
weight. In contrast, sliding speed and % of Graphite were
only marginally relevant, as shown in Fig. 7. the friction
doesn’t change across all composite materials as the sliding
distance increases. As the weight % of the composite rises, its
coefficient of friction also increases significantly. Due to the
quick degradation of the graphite layer caused by a fast rise
in applied stress, the layer is more robust at lower loads than
higher ones. The coefficient of friction drops as the weight
percentage of Graphite rises to a certain point, which is 5%.
As the proportion of Graphite in the overall weight grows,
it eventually rises. This is because the A17075/5%SiC com-
posite contains graphite, a powerful lubricant that reduces
friction by causing a layer of the lubricant-rich substrate to
accumulate on the tribo-surface. Friction wears surfaces at an
increasing rate when the proportion of Graphite in the total
weight is more than 5%. The oxide layer has more surface
fractures, which deteriorates worn surfaces. Surfaces that are
sliding against each other may cause abrasion.

Composites may adhere to the counter surface as a con-
sequence. So, the coefficient of friction is always going up
because adhesion is constantly going up. For the lowest wear
loss, the ideal parameter settings were 5 wt. % graphite rein-
forcement, 5 N load, 1000 m sliding distance, and 3 m/s
sliding velocity. In addition, When the graphite reinforce-
ment is 5 weight %, the load is 5 Newtons, the sliding
Distance is 1000 m, and the speed is 1 m per second, the
minimal coefficient of friction is obtained. The wear loss
and friction coefficient optimum values it produced were var-
ied. To determine the shared optimal values for both quality
parameters, it is necessary to optimize both reactions, namely
wear loss and coefficient of friction. Taguchi-Grey relational
analysis performs simultaneous optimization (Ikubanni et al.
2021; Gajalakshmi et al. 2019).

3.7 Grey relational analysis

The Taguchi technique is among the most popular choices
when optimizing cost and quality. A performance variance
is evaluated concerning the target result using the Taguchi
technique. This variation is used to construct a loss func-
tion. Given that total noise elimination is impossible, the
Taguchi method employs a robustness concept to assess the
ideal level of important controllable variables while simul-
taneously attempting to mitigate noise impacts. The Taguchi
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Fig. 6 Main effects plot for Wear
loss

Main Effects Plot for SN ratios
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method incorporates a novel orthogonal array architecture to
examine these characteristics using several tests. In order to
determine the best level of management for several variables
at once, the Grey relational analysis method is used. Follow-
ing are the steps that were followed when the grey relational
analysis technique was put into action:

First Step: In a grey relational investigation, the experi-
mental outcomes corresponding to the output result (ranging
from O to 1) are normalized. If the goal value of the real
sequence is infinite, then it has the "higher is better" quality.

o (Yi.)_min(yij)
Xij = max(Y;;) — min(Yij)

. 23 .\\ \\ -
£ o \ \ /
z /e \
-— 1 X \ -
2 - / \ \ >
=540 / . . \\ )
39 ‘/ \ 4
38 \\‘
"
37
o 5 10 5 10 15 1000 1500 2000 1 - 3
Signal-to-noise: Smaller is better
Table 5 ANOVA for COF
Source DF  AdjMS Adj SS P-value  F-value  Contribution (%)
Load (N) 2 0.003596  0.007192  0.000 29.32 61.25
Reinforcement (wt. % of 2 0.000511 0.001023 0.033 4.17 8.7
Gr)
Sliding Distance (m) 2 0.000052  0.000103 0.663 0.42 0.87
Sliding Velocity (m/s) 2 0.000608 0.001215 0.019 4.95 10.35
Error 18 0.000123 0.002208 18
Total 26 0.011741
Fig.7 Main effects plot for . i
.. .. Main Effects Plot for SN ratios
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When its original sequence’s goal function is zero, it has
the "smaller-the-better" properties.

o max(Y;;) — (Yij)
Xij = max(Yi-) — min(Yi~)

In this case, the jy; answer is used to get the findings for
the iy, experiment and X;; and Y;; are the standardized data.
In the replies, min (Y;;) represents the lowest value and max
(Y;;) represents the highest value. Here, the "smaller is better"
principle should be used to minimize wear loss and coeffi-
cient of friction. Table 6 displays the normalized data.

Secondly, after the pre-processing of the findings, the fol-
lowing may be said about the j;j; response characteristics of
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Table 6 Taguchi Grey relation

normalisation Experiment. No COF Wear loss (g) Normalisation
COF Wear loss (g)
1 0.1445 0.0085 0.887 0.678
2 0.1643 0.0098 0.635 0.603
3 0.1718 0.0105 0.539 0.563
4 0.1812 0.0096 0.420 0.615
5 0.1944 0.0119 0.252 0.483
6 0.1528 0.0203 0.781 0.000
7 0.2037 0.0087 0.134 0.667
8 0.1801 0.0145 0.434 0.333
9 0.1904 0.0162 0.303 0.236
10 0.1489 0.0037 0.831 0.954
11 0.1611 0.0042 0.676 0.925
12 0.1356 0.0133 1.000 0.402
13 0.1497 0.0042 0.821 0.925
14 0.1421 0.0112 0.917 0.523
15 0.1449 0.0134 0.882 0.397
16 0.1863 0.0067 0.355 0.782
17 0.1985 0.0105 0.200 0.563
18 0.2032 0.0121 0.140 0.471
19 0.1618 0.0029 0.667 1.000
20 0.1561 0.0103 0.739 0.575
21 0.1655 0.0105 0.620 0.563
22 0.1702 0.0075 0.560 0.736
23 0.1730 0.0081 0.524 0.701
24 0.1758 0.0129 0.489 0.425
25 0.1814 0.0073 0.417 0.747
26 0.2011 0.0109 0.167 0.540
27 0.2142 0.0161 0.000 0.241

the iy, experiment:

(Amin) + (¥ Amax)

GRC =
(Ai(k)) + (VAmax)

In cases when The reference sequence is represented by
Y;; in this context. The set of all possible comparisons is
X;j. The absolute value difference between Y;; and X;; is
represented by Ajx). The minimal value of A; is equal to
Amin- The highest possible value of A; is represented by
Amax- The distinguishing factor is y. The consensus is 0.5.

Finding the grey relational grade (GRG) is the third step.

1 n
vi==) &®
k=1

@ Springer

for each trial, y; Represents the necessary grey relational
grade, and n represents the number of response characteris-
tics.

A representative indicator of all quality attributes, the grey
relational grade shows how well the reference and compara-
bility sequences correlate, as shown in Table 7. Combining
grey relational analysis with the Taguchi technique reduces
the multi-response optimization issue to a single-response
optimization problem.

3.8 Confirmation test

A confirmation test is highly recommended to validate the
experiment’s results. As shown in Tables 8 and 9, the con-
firmation test validated the projected performance once the
optimum parameters were identified. To ensure a high level
of agreement between the anticipated and experimental wear
loss findings, a comparison was made between the estimated
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Table 7 Grey relational analysis
coefficients and grade values:

Table 8 S/N-ratio responses for
Wear loss

Table 9 S/N-ratio responses for
COF

Exp. No’s:  COF Wear-loss (g)  Grey-relation Co-efficient ~ Grey relation Grades ~ Ranks
COF Wear-loss (g)

1 0.1445  0.0085 0.815 0.608 0.712 6

2 0.1702  0.0075 0.532 0.654 0.593 10

3 0.1643  0.0098 0.578 0.558 0.568 12

4 0.1655  0.0105 0.568 0.534 0.551 15

5 0.1718  0.0105 0.521 0.534 0.527 16

6 0.1561  0.0103 0.657 0.540 0.599 9

7 0.1812  0.0096 0.463 0.565 0.514 18

8 0.1618  0.0029 0.600 1.000 0.800 3

9 0.1944  0.0119 0.401 0.492 0.446 24

10 0.2032  0.0121 0.368 0.486 0.427 25

11 0.1528  0.0203 0.696 0.333 0.514 17

12 0.1985  0.0105 0.385 0.534 0.459 21

13 0.2037  0.0087 0.366 0.600 0.483 19

14 0.1863  0.0067 0.437 0.696 0.566 13

15 0.1801  0.0145 0.469 0.429 0.449 22

16 0.1449  0.0134 0.809 0.453 0.631 8

17 0.1904  0.0162 0.418 0.395 0.407 26

18 0.1489  0.0037 0.747 0.916 0.831 1

19 0.1421  0.0112 0.858 0.512 0.685 7

20 0.1611  0.0042 0.606 0.870 0.738 4

21 0.1497  0.0042 0.736 0.870 0.803 2

22 0.1356  0.0133 1.000 0.455 0.728 5

23 0.1730  0.0081 0.512 0.626 0.569 11

24 0.1758  0.0129 0.494 0.465 0.480 20

25 0.1814  0.0073 0.462 0.664 0.563 14

26 0.2011  0.0109 0.375 0.521 0.448 23

27 0.2142  0.0161 0.333 0.397 0.365 27

Levels Sliding Speed (m/s) Load (N) Sliding Distance (m) Reinforcement
(wt. % of Gr)

1 38.91 43.18 44.70 38.63

2 40.68 39.87 40.27 42.12

3 42.68 39.23 37.31 41.52

Delta 3.78 3.95 7.39 3.49

Rank 3 2 1 4

Levels Sliding Speed (m/s) Load (N) Sliding Distance (m) Reinforcement
(wt. % of Gr)

1 15.79 16.12 15.46 15.14

2 15.33 15.70 15.22 15.83

3 14.93 14.23 15.38 15.08

Delta 0.86 1.90 0.24 0.75

Rank 2 1 4 3
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Table 10 Confirmation test

Recommended Initial

optimal parameters

parameters

Predicted or Actual

expected results Testing

results

A2-B1-C2-D3 A3-B3-C3-D3
COF 0.15153 0.218 0.1489
S/N-ratio (Db)  16.83428 13.2309 16.5421
% of change Recommended 3.31

in S/N-Ratio optimal
parameters

A2-B1-C2-D3 A3-B3-C3-D3
Wear-loss(g) 0.003841 0.0137 0.0037
S/N-ratio (dB)  50.48942 37.2656 48.636
% of change 11.37

in S/N-Ratio

wear loss and the experimentally obtained wear loss using the
ideal parameters, as shown in Table 10. Wear loss is reduced
by about 25.08 % and the coefficient of friction by 54.37% as a
result of an 11.37 dB and 3.31 dB improvement in the signal-
to-noise ratio, respectively, between the initial test condition
and the ideal testing circumstances. This study’s model suc-
cessfully estimated the tribological characteristics according
to the findings.

3.9 Wear mechanisms

Microscopic graphs of the damaged surfaces (Fig. 8a—d)
using scanning electron microscopy. Wear behaviour of the
Al7075-5wt.% SiC composite is indicated by the wear cre-
ated by deeper stable strips and the fracture of its oxide
coating, leading to an increase in wear loss, as seen in the
standard scanning electron micrographs of sintered samples
(Fig. 8b). Evidence of cracked SiC reinforcements indi-
cates that Al7075-5wt.% SiC was plastically deformed to
a substantial degree. Figures 8c, d show that these com-
posites exhibit moderate plastic deformation at the groove
borders and more excellent patterns overall. The substrate
surface is made even smoother with these graphite rein-
forcements. Figure 8d shows the morphology of the hybrid
material Al7075-5wt.% SiC-10wt.% Gr exhibits the con-
siderable wear features associated with the material. Wear
particles were smaller on average because Graphite was
spread throughout the aluminium matrix. On the flip side, the
hybrid composite’s wear debris had fine and coarse particles
arranged in irregular patterns. The longer debris strips seen in
10 wt.% graphite composites were mostly caused by break-
ing reinforcement particles rather than the solid lubricant
effect, as shown in 5 wt.% graphite composites. Asperities
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etch themselves deeply onto composite counter discs, worn
debris hardens, and ploughing action creates a succession
of deep grooves (Mavhungu et al. 2017; Arora et al. 2016;
Madhusudan et al. 2016). When testing for wear, one criti-
cal component is the temperature rise of the sliding surfaces
(Ozben et al. 2008; Yanming and Zehua 2000; Singh et al.
2022).

Figure 8 demonstrates that compared to Al7075-5 wt.%
SiC-5wt.% Gr composites, the temperature increases more
rapidly on worn-out surfaces of Al7075-5wt.% SiC and
Al7075-5wt.% SiC-10wt.% Gr composites. This is because
the former two types of composites have a higher friction
coefficient at their surfaces than their counterparts. Table
5 shows that compared to the Al7075-5wt.% SiC-10wt.%
Gr composite, this Al7075-5wt.% SiC-5wt.% Gr compos-
ite had a lower friction coefficient. The wear process causes
a temperature rise, although these properties mitigate this
effect, decreasing the adhesiveness of the composite’s surface
(Ozben et al. 2008; Liu et al. 2021). Furthermore, improved
graphite self-lubrication reduced the wear characteristics of
the damaged surface.

4 Conclusion

A hybrid composite material composed of Al7075, SiC,
and Graphite was successfully manufactured using the pow-
der metallurgical process in this investigation. Increasing
the graphite weight percentage (between 0 and 10%) gives
hybrid composites a lower hardness and density. The hybrid
composites with 5% graphite by weight had the best tribo-
logical and wear behaviours. Adding graphite particles as
secondary reinforcements to an aluminium 7075 matrix may
improve its wear properties.

e Al7075 composites became harder as SiC wt.% grew from
0to 5. The Al7075/5% SiC composite has higher hardness
than 0% SiC composites because to its high SiC content
and uniform dispersion. SiC wt.% increases hardness by
5% from O to 5.

e Al7075/5%SiC/Gr hybrid composites had higher hardness
from O to 5 and lower hardness from 5 to 10. The hard-
ness of A17075/5% SiC/5% Gr hybrid composite increases
2.7% when graphite wt.% is increased from O to 5.

e In the given studies, the analysis of variance (ANOVA)
showed that variables like the proportion of Graphite in
the composite weight (13.31%), sliding speed (11.96%),
sliding distance (55.98%), and applied force (13.31%) all
affected wear loss. The composites’ coefficient of friction
was most affected by sliding speed (10.35%), sliding Dis-
tance (0.87%), and the applied load (61.25%), graphite
reinforcement (8.7%).
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Fig. 8 Wear morphologies: a Al 7075, b Al 7075-5 wt.% SiC-0 wt.% Gr, ¢ Al 7075-5 wt.% SiC-5 wt.% Gr, d Al 7075-5 wt.% SiC-10 wt.% Gr

e The ideal process parameters for wear loss (A2-B1-Cl1-
D3) and coefficient of friction (A2-B1-C1-D1) were found
in a Taguchi observational study of, respectively. Conse-
quently, there has been a 20.45 dB and 4.17 dB rise in
the S/N ratio from the initial test settings to the ideal test-
ing circumstances, with a corresponding decrease of about
45.11% in wear loss and 68.50% in friction coefficient.

e Taguchi Grey relationship analysis revealed that the con-
firmation test (A2-B1-C2-D3) for wear loss and COF had
simultaneous optimal testing conditions that reduced wear
loss by 25.08% and the friction coefficient by 54.37% com-
pared to the initial standard results.

e The solid lubricant graphite could be included because
of the protective surface coating that formed between the
counter surface and the pin. Reducing the friction coef-
ficient and enhancing wear resistance are two benefits of
it.
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