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Abstract
Particulate reinforced aluminium hybrid composites are becoming more popular in automobile, aero and industrial applica-
tions. The current work attempts to produce self-lubricating particulates into Al7075–5wt% SiC–xwt% graphite (x = 0, 5, 
and 10) hybrid-composite via the powder metallurgy method. The hybrid composites' density, hardness, microstructural, 
and tribological properties were studied. The Taguchi experimental design was used to investigate the ideal testing settings 
utilising an orthogonal array, the signal-to-noise ratio, and analysis of variance. It was observed that reinforcement particles 
are homogeneously dispersed in the matrix alloy as fine dendrites in aluminium from SEM examination. According to the 
results. The wear loss increases as the sliding distance and load increase but decreases as the graphite weight percentage 
increases. Therefore, a confirmation test was also performed with the optimized parameter combinations to validate the 
Taguchi findings, reducing wear loss by around 45.11% and the friction coefficient by 68.50%. The wear-mechanism has 
described creating both an adhesive layer and an interfacial layer. The wear mechanisms were explained by examining 
through SEM and Edax. The wear resistance and friction coefficient of aluminium hybrid composites improved significantly 
by incorporating a solid lubricant and hard ceramic reinforcing particulate in the matrix alloy.

Keywords  Al 7075 · Powder metallurgy · Graphite · Hybrid composites · Tribology properties

1  Introduction

Current engineering applications demand cutting-edge 
materials featuring customizable mechanical and tribo-
logical characteristics to satisfy their practical needs and 
strengthen the existing metals and alloys [1, 2]. Compared 
to widely viable metals and alloys, the performance of the 
aluminium composites reinforced with ceramic particulates 
is widely known for their outstanding mechanical character-
istics, good wear resistance, and superior strength to weight 
ratio [3–5]. Most manufacturing parts are derived from them 

due to their common usage in several industries, including 
aircraft, automobiles, structures, shipbuilding, naval activi-
ties, and electronics [6]. These products are developed sys-
tematically for a specific purpose by selecting the appropri-
ate ceramic reinforcing agent and aluminium matrix alloy 
and employing proven technology, laboratory facilities, and 
equipment [7, 8]. Over the last two decades, most research 
has concentrated on exploring the applicability and synchro-
nisation of several ceramic particles as reinforced materi-
als for different aluminium alloy grades and development 
methods, along with respective microstructural, mechani-
cal, and wear behaviour characteristics [9–14]. To improve 
specific characteristics, reinforcements are incorporated into 
the metal matrix. These reinforcements were thus divided 
into whiskers, particles, fibres, and filaments. The major-
ity of these studies preferred particulate reinforcement over 
all other types. Particle reinforcements include carbides 
and oxides, which include Silicon Carbide (SiC), Titanium 
diboride (TiB2), Alumina (Al2O3), Boron carbide(B4C), 
Carbon Fibre, Graphite, Titanium Carbide (TiC) [15]. 
The exploratory research found that the reinforcement and 
matrix alloy characteristics used are the initial significant 
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indicators of the composite’s characteristics. While Sec-
ondary aspects such as the dimensions of the reinforcing 
ceramic particulates, the manufacturing method, and their 
controllable parameters are considered [16, 17]. In many 
investigations, Aluminium composite materials developed 
with different ceramic particles have been studied in several 
experiments [18–20]. However, the main disadvantage of 
ceramic reinforcement materials is secondary abrasive dam-
age to the mating substrate and reduced wear resistance on 
the aluminium metal matrix composites [21]. Furthermore, 
adding ceramic particles to an aluminium alloy may increase 
aluminium composites' hardness and reduce ductility [22].

Moreover, this capacity has increased the difficulty of 
manufacturing, machining composites and made it more 
difficult to melt [23, 24]. To overcome these drawbacks, 
research on various reinforcements must be conducted 
to understand better their behaviour for a wide range of 
applications [25, 26]. Al–Gr composites machining study 
reported a significant decrease in cutting forces. Research-
ers have hypothesised that this may be due to a reduction 
in friction from the lubricated solid particles of Graphite 
[27–29]. Therefore, Gr may be utilized as a secondary rein-
forcement for softening Ceramic reinforced composites, 
which has an inherent challenge when machining them [25]. 
The combination of aluminium alloy, ceramics, and Graphite 
provides excellent wear characteristics [6, 30]. The In-situ 
P/M method (IPM) was used to study the impact of Silicon 
Carbide content on processing, compaction, and attributes 
of Al 6061/Gr/SiC composites [31, 32]. The literature used 
a liquid metallurgical method to understand sliding friction 
in hybrid metal matrix composites (HMMCs), where sliding 
speeds and subsurface deformation are linked with dry slid-
ing wear [33, 34]. Tribological behaviour, described by the 
semisolid powder-densification technique of self-lubricative 
aluminium/SiC/graphite hybrid combination [35, 36]. Alu-
minium metal matrix composites increased their density, 
hardness, and wear properties with increased silicon carbide 
(SiC) weight percentage reinforcement by decreasing duc-
tility and toughness. Graphite is well suited to fixing these 
types of problems. As a result, very few studies have been 
conducted on the effects of hard ceramic reinforcements and 
solid lubricant materials, such as Graphite, fly ash and boron 
nitride in aluminium alloy hybrid composites [31].

In the past several decades, the properties of particle rein-
forcements between particles ranging from tens of micro-
metres to several hundred micrometres in Aluminium metal 
matrix composites (AMCs) have been extensively inves-
tigated [23, 24]. Researchers discovered that reducing the 
size of reinforcing particles from micron to nano provided 
more incredible mechanical properties in the composite. 
Unfortunately, the nanoparticles agglomerate during the 
metal stir-casting process due to low wettability [37–39]. 
The aluminium metal matrix composites must be prepared 

with an equal distribution of reinforcement particles. There-
fore, the biggest challenge involved preparing equally dis-
tributed particulates in the composite [21–28]. Processing 
of composites by powder metallurgy method can overcome 
this formation of agglomerations and clusters to achieve 
homogeneous reinforcement particles dispersion in the alu-
minium matrix [6, 29]. Based on exhaustive literature notes, 
it was found that the effect of graphite reinforcing materi-
als in the aluminium hybrid composites and processing by 
powder metallurgy method was rarely documented. Wear 
properties of AA2024/SiC/Gr hybrid combinations through 
powder metallurgy route [40]. Very few researchers studied 
wear properties by the P/M route that limited to the micro-
level size of reinforcements, but not at nano levels. A lot of 
systematic research needs to be done at nano-size by powder 
metallurgy to understand hybrid combinations on mechani-
cal and tribological behaviour.

The principal objective of this research is to manufacture 
aluminium hybrid composites composition of Al7075–5wt.% 
SiC–x wt.% graphite (x = 0, 5, and 10) by powder metallurgy 
and investigate the mechanical and tribological properties. 
The Aluminium 7075 alloy matrix was selected because it 
is one of the strongest aluminium alloys. The material is 
well-suited for applications like aeroplane and defence com-
ponents or wear-resistant parts with good strength-to-weight 
ratios and lower density. Both the mechanical strength and 
wear resistance of composites increase with the addition 
of SiC ceramic and graphite particulates to the aluminium 
matrix alloy. Silicon carbide (SiC) particulates of 25 μm size 
and Graphite (Gr) particulates of 1 μm size were used as 
reinforcements.

Moreover, the influence of applied load, sliding velocity, 
and sliding distance on the wear and friction of the same 
composites was studied using Taguchi orthogonal array 
experimentation. The proportion of the effect of different 
variables and their combinations was determined using 
ANOVA. Additionally, the SEM micrographs and EDAX 
of worn-out surfaces were explored to understand the wear 
mechanisms better.

2 � Experimentation and Methodology

2.1 � Materials

This experiment was performed to prepare Al-SiC-Graphite 
hybrid composites with powder metallurgical methods to 
minimize the wear and obtain a single material's superior 
wear and mechanical properties. Al7075 alloy is a matrix 
substance, and its chemical composition is specified in 
Table 1. Silicon carbide (SiC) particulates of 25 μm size and 
Graphite (Gr) at a 1 μm size were used as reinforcements. 
The hybrid composites were made with a weight fraction of 
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0–10% graphite particles at 5% increments and a constant 
weight of 5% SiC. The hybrid composites were processed 
using a powder metallurgy process to ensure uniform dis-
persion of the reinforcement particles. These metal powders 
were procured from Prabhu copper Ltd, Mumbai, India. The 
overall weight of 2000 g of Al 7075 alloy, 1000 g of Silicon 
carbide (SiC) and 500 g of Graphite (Gr). Figure 1a shows 
as received SEM image of SiC powder.

2.2 � Preparation of Hybrid Composites

Before processing, all powders are preheated in a muffle 
furnace at 110 °C for 1.25 h to remove moisture. Then, a 
required composition of Al 7075, SiC and Graphite pow-
ders have been processed in a high-energy ball milling using 
tungsten bowls with 10–50 mm balls and a powder to ball 
weight ratio of 1:10, with a milling period of up to 60 h. 
Finally, the blending and exemplary grinding procedures 
were done at 300 rpm to prevent oxidation or sticking pow-
ders on the vial wall using a toluene medium.

The thoroughly blended powders were compressed under 
a universal testing machine with an applied load of 80 kN 
at a pressure of 800 MPa. Before every test, zinc stearate 
(CAS:557-05-1) was used to lubricate the die walls. Then it 
forms green-compacted samples. Compacted samples were 
sintered at a temperature of 600 °C in a tube furnace (Kejia 
model, range 1600 °C) under vacuum conditions. After cre-
ating a vacuum in the furnace chamber, the initial tempera-
ture heats from 0 to 300 °C for a ramping time of 60 min at 
an average heating rate of 5 °C/min. Next, they were soaked 
at a temperature of about 300 °C for 10 min. The next stage 

of heating time from 300 to 600 °C is 60 min. Soak it for 
180 min at a temperature of 600 °C, then cool it in the same 
furnace medium till it reaches room temperature. The com-
plete vacuum sintering process is shown in Fig. 1b. Samples 
are then systematically prepared using different categories 
of coarse and fine abrasive grit sheets.

2.3 � Density and Hardness

The density of the developed hybrid composites was meas-
ured using an incredible-precision modern digital weighing 
machine with an accuracy of 1 × 10–3 mg considering Archi-
medes' principle. In addition, a Rockwell hardness technique 
is utilized to measure the hardness of the composite. The 
mechanical characteristics of the identical specimens are 
shown in Table 2. By varying Graphite and keeping the SiC 
constant, the mechanical properties and tribological proper-
ties are optimized.

The samples were sectioned and processed according to 
the principles of metallographic methodology to investigate 
their microstructural behaviour. Figure 2a–f illustrates the 

Table 1   Chemical components 
of Al7075 alloy

Components Si Fe Cu Mn Mg Cr Ni Zn Ti Al

% of composition 0.141 0.193 1.55 0.035 2.24 0.223 0.0075 5.52 0.5 89.95

Fig.1   a As received SiC SEM image. b Vacuum sintering process graph

Table 2   Mechanical properties of hybrid-composites

S.No Reinforcement details (wt.%) Density (g/cc) Hard-
ness 
(HRB)

S-1 Al7075–5%SiC–0% graphite 2.83 77
S-2 Al7075–5%SiC–5% graphite 2.80 73
S-3 Al7075–5%SiC–10% graphite 2.77 68
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detailed microstructural characteristics of ball milled and 
sintered composites. All mixed powders are transformed 
from micro to nano size by performing ball milling opera-
tion. These powders are uniformly distributed throughout 
the Al 7075 matrix and can be seen from the SEM (ZEISS 
Supra 55VP) micrographs.

2.4 � Wear Test

Dry sliding wear experiments have been carried out in con-
junction with ASTM: G99-05 [32]. Evaluation standard on 
the pin-on-disk machine (Ducom, model No: ED-201, RCI 
DRDO, Hyderabad, India). EN31 steel is used as a coun-
ter disc material. Before experimentation, the pin shaped 
specimen and disk were cleansed with acetone (purity 
99.50–99.99%) [33]. Every experiment was conducted on 
prepared hybrid- composite samples with loads ranging 
from 5 to 15 N. The selected range of sliding distances was 
about 1000–2000 m, including sliding speeds of 1 to 3 m 
per second for all the experiments. After each experiment, 
the counter and specimen surfaces were thoroughly cleansed 
using organic compounds to eliminate traces. To calculate 

the amount of wear loss, the pin is measured before and after 
checking to a precision of 0.0001 g. The friction coefficient 
was calculated from obtained load values by strain-gauge 
[34]. All experiments were performed six times, and hence 
the responses from each run the average was registered in 
the table.

2.5 � Design of Experiments

Taguchi's technique is a good tool for performing an inves-
tigation; it is quick, effective, and logical. When compared 
to standard techniques, this technique significantly reduces 
experimentation. However, the most significant disadvantage 
of this method is that it does not address the factors inter-
relationships. A typical experiment requires one parameter 
at a time; all parameters must be kept fixed when one param-
eter is altered. Therefore, an investigation will be unable to 
analyse all variables to evaluate their significant effects (i.e. 
individual effects). Taguchi solves these issues. By using the 
Taguchi method, the problems that arise are all eliminated. 
In practical terms, the major outcome is reading responsive 
factors concerning certain levels. The total average reaction 

Fig. 2   a–f Balling and sintering 
of the hybrid-composites. a  
Al7075-5 wt% SiC -0 wt% Gr 
after Ball milling. b  Al7075-5 
wt% SiC-5 wt% Gr after Ball 
milling. c  Al7075-5 wt% SiC-
10 wt% Gr after Ball milling. 
d  Al7075-5 wt% SiC-0 wt% 
Gr after Sintering. e  Al7075-5 
wt% SiC-5 wt% Gr after Sinter-
ing. f  Al7075-5 wt% SiC-10 
wt% Gr after sintering
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is affected by the magnitude of its factor’s levels. The tech-
nique is designed for performance improvement and the 
determination of optimum factor-to-response formulations 
[35, 36]. These detailed testing results were carefully ana-
lysed and converted to produce a Signal/Noise ratio (S/N) 
as shown in Eq. (1). It has got different Signal/Noise ratios 
(S/N) exits for various properties. The minimum, maximum 
and nominal best are the three types of characteristics of 
S/N ratios included. Again, the minimal wear and frictional 
coefficients are beneficial.

AS SEEN BELOW, the S/N transformation is mathemati-
cally converted into a logarithmic model.

For any ‘n' data points, y represents the observed data.
Table 3 shows how the major four influencing parameters 

were examined in three stages. The tests were conducted 
subject to levels provided the tribological results in Table 4. 
The main effects plot was drafted with the Minitab-19 tool, 
while the contributing results were derived using ANOVA 
[37].

3 � Results and Discussion

3.1 � Microstructure

The optical micrographs of the manufactured hybrid 
MMCs are shown in Fig. 2d–f. The optical microscopy 

(1)S∕N = −10log1∕n
(

∑

y2
)

,

Table 3   Stages of factors information

Factors Stage-I Stage-II Stage-III

A: Reinforcement (% of Gr.) 0 5 10
B: Load (N) 5 10 15
C: Sliding distance (m) 1000 1500 2000
D: Sliding speed (m/s) 1 2 3

Table 4   Taguchi orthogonal 
array (L27) design of 
experiments

S.No Reinforce-
ment (% of 
Gr.)

Load(N) Sliding dis-
tance (m)

Sliding 
speed (m/s)

Wear loss (g) SNRA1 COF SNRA2

1 0 5 1000 1 0.0085 41.4116 0.1445 16.8026
2 0 5 1500 2 0.0098 40.1755 0.1643 15.6872
3 0 5 2000 3 0.0105 39.5762 0.1718 15.2995
4 0 10 1000 2 0.0096 40.3546 0.1812 14.8368
5 0 10 1500 3 0.0119 38.4891 0.1944 14.2261
6 0 10 2000 1 0.0203 33.8501 0.1528 16.3175
7 0 15 1000 3 0.0087 41.2096 0.2037 13.8202
8 0 15 1500 1 0.0145 36.7726 0.1801 14.8897
9 0 15 2000 2 0.0162 35.8097 0.1904 14.4067
10 5 5 1000 2 0.0037 48.6360 0.1489 16.5421
11 5 5 1500 3 0.0042 47.5350 0.1611 15.8581
12 5 5 2000 1 0.0133 37.5230 0.1356 17.3548
13 5 10 1000 3 0.0042 47.5350 0.1497 16.4956
14 5 10 1500 1 0.0112 39.0156 0.1421 16.9481
15 5 10 2000 2 0.0134 37.4579 0.1449 16.7786
16 5 15 1000 1 0.0067 43.4785 0.1863 14.5957
17 5 15 1500 2 0.0105 39.5762 0.1985 14.0448
18 5 15 2000 3 0.0121 38.3443 0.2032 13.8415
19 10 5 1000 3 0.0019 54.4249 0.1618 15.8204
20 10 5 1500 1 0.0103 39.7433 0.1561 16.1319
21 10 5 2000 2 0.0105 39.5762 0.1655 15.6240
22 10 10 1000 1 0.0075 42.4988 0.1702 15.3808
23 10 10 1500 2 0.0081 41.8303 0.1730 15.2391
24 10 10 2000 3 0.0129 37.7882 0.1758 15.0996
25 10 15 1000 2 0.0073 42.7335 0.1814 14.8273
26 10 15 1500 3 0.0109 39.2515 0.2011 13.9318
27 10 15 2000 1 0.0161 35.8635 0.2142 13.6806
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findings demonstrated successful sample fabrication. The 
white region represents the Al7075 matrix in the optical 
microscope images, while the dark spots represent SiC 
and Graphite reinforcement particles. It is evident that the 
reinforcement particles in all samples are spread uniformly 
throughout the matrix material. Furthermore, the strong 
bonding between the matrix and the reinforcing structure 
appears to be excellent because the microstructures seen 
optically are essentially no porosity or non-existent in 
cracks. Prior research reports have shown that the homoge-
neous dispersion of the reinforcement in the matrix alloy is 
a critical element in obtaining better mechanical and tribo-
logical characteristics in the Al MMCs. Hence, achieving a 
homogeneous disbursement of reinforcement particles may 
promote better features in the investigated hybrid MMC 
samples.

Additionally, an SEM examination was conducted to 
analyze the more minute level of abnormalities, and the 
microstructures are represented in Fig. 3a–c. According to 
the SEM images, the manufactured hybrid MMC samples 
had little porosity and cracks on their surface, as seen in the 
image. Further, the pore sizes are incredibly tiny, measur-
ing at about 1 µm, while the microcracks' length is around 
10 µm. This level of difference is remarkably negligible. 
The microscopic examination thus finds that a homogene-
ous reinforcement dispersion and robust interfacial bonds 
between particles and matrix are formulated, contributing 
to excellent friction and wear characteristics.

3.2 � Density and Hardness

Figures 4 and 5. the plotted results revealed that the hybrid 
composites' density and hardness decrease as the graphite 
reinforcement's weight percentage increases. This is due to 
its low density and soft content increases as the graphite 
percentage increases. By varying Graphite and keeping the 
SiC constant, the mechanical properties and tribological 
properties are optimized.

Fig. 3   a Al7075-5 wt.% SiC-0 
wt.% Gr after Sintering. b 
Al7075-5 wt.% SiC-5 wt.% Gr 
after sintering. c Al7075-5 wt.% 
SiC-10 wt.% Gr after sintering

Fig. 4   The density of Hybrid-composites
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3.3 � ANOVA and Significant Influence of Parameters 
for Wear

As for the other factors, A (Reinforcement (% of Gr.)), B 
(Load, N), C (Sliding Distance, m) and D (Sliding Speed, 
m/s), it was beneficial to create an ANOVA table to show 
their combined effects. This analysis was done for a confi-
dence level of significance of 5%. Tables 5 and 6 present 
the overall findings of the investigation in terms of exam-
ining the wear and friction coefficients. Table 5 Sliding 
distance (p = 55.98% of the distance travelled) signifi-
cantly influenced wear loss. Load (p = 13.31%), sliding 
velocity (p = 11.36%), and reinforcing weight percentage 
(p = 13.31%) all reduced the wear loss, but the interrela-
tionships have not significantly contributed to the wear loss.

Similarly, Table 6 shows that the load contributed sig-
nificantly to the coefficient of friction (p = 61.25%). On the 
other hand, friction coefficient (p = 8.7%) contribution to 
Graphite reinforcing weight percentage and sliding velocity 

Fig. 5   The hardness of Hybrid-composites

Table 5   ANOVA for wear loss

S = 0.0011448, R-Sq = 94.68% and R-Sq (adj) = 92.31%

Source DF Adj SS Adj MS F Value P Value Contribution (%)

Reinforcement (wt. % of Gr) 2 0.000059 0.000030 22.55 0.000 13.31
Load (N) 2 0.000059 0.000030 22.65 0.000 13.31
Sliding distance (m) 2 0.000248 0.000124 94.57 0.000 55.98
Sliding velocity (m/s) 2 0.000053 0.000027 20.33 0.000 11.96
Error 18 0.000024 0.000001 5.41
Total 26 0.000443

Table 6   ANOVA for friction coefficient

S = 0.0011448, R-Sq = 94.68% and R-Sq (adj) = 92.31%

Source DF Adj SS Adj MS F value P value Contribution (%)

Reinforce-
ment (wt. 
% of Gr)

2 0.001023 0.000511 4.17 0.033 8.7

Load (N) 2 0.007192 0.003596 29.32 0.000 61.25
Sliding dis-

tance (m)
2 0.000103 0.000052 0.42 0.663 0.87

Sliding 
velocity 
(m/s)

2 0.001215 0.000608 4.95 0.019 10.35

Error 18 0.002208 0.000123 18
Total 26 0.011741
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was less significant (p = 10.35%). Here, the error value per-
centage shows that the interrelationships less significantly 
contribute to the coefficient of friction. Hence, this study 
showed that wear loss is influenced substantially by the slid-
ing distance. Furthermore, the load was the most significant 
factor in influencing the friction coefficient. The Graphite 
percentage (13.31 and 8.7%) seemed to benefit from both 
instances.

3.4 � Effects of Experimental Parameters on Wear

Figures 6 and 7 illustrate the major effects of the different 
experimental parameters on the tribological properties of 
composites. There is no major influence within that main 
effect graph when the reading for a certain parameter is close 
to horizontal. In comparison, the most obvious impact is 
a parameter for the line with the greatest slope. The main 
effect graph shows that only parameter C (sliding distance) 
was the strongest effect, whereas the others (load, speed, 

Fig. 6   Main effects plot of 
factors for Wear loss of Al7075 
composites

Fig. 7   Main effects plot of fac-
tors for the friction coefficient 
of Al7075 composites
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and reinforcement percentage) were less influential. The 
improvement in the sliding distance resulted in more contact 
time between asperity to asperity and an improved actual 
contact field, which in turn contributed to wear formation 
and increasing wear on composites. Wear loss was improved 
by increasing the load and sliding distance, indicating that 
the material is detached more from the specimen base [38].

Furthermore, wear is reduced because of the formation of 
a thick tribo crust of Graphite on the worn base. Therefore, 
wear is reduced by incorporating additional contact areas. 
The 5% hybrid composite showed significantly greater wear 
performance at all parameters than others (i.e.,0 percent and 
10 percent).

3.5 � Effect of Various Designed Test Parameters 
on the Friction Coefficient

Figure 8a, b illustrates the effect of the test conditions on 
the friction coefficient. Applied load (as criterion B) had the 
most significant influence on friction coefficient, whereas 
the other test parameters, sliding speed and percentage of 
Graphite, had only comparatively small implications. The 
friction remains practically invariant with sliding distance 
amongst all composite materials. The rise in the load con-
siderably raised the friction coefficient of the composites, 
so the graphite layer was more durable at smaller loads than 
at greater loads because the graphite layer was eroded more 

Fig. 8   a, b Interaction plots. 
a  Interaction plot for wear loss 
(g).b  nteraction plot for coef-
ficient of friction (μ) 
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rapidly when the load increased. As the weight percentage 
continuously adds up to a certain percentage of Graphite 
(5%), the coefficient of friction decreases; after that, it 
increases as the weight percentage of graphite increases. 
This effect is attributable to the addition of Graphite to the 
Al7075 matrix, which serves as a strong lubricant and causes 
a layer of the lubricant-rich substrate to build on the tribo-
surface, hence minimizing friction. When Graphite’s weight 
percentage exceeded 5%, friction exhibits a steady increase 
in wear because of an increase in the number of cracks in 
the oxide layer found on the surface, which degrades worn 
surfaces. Abrasion occurs when sliding surfaces abrade one 
other. It could result in composite adhesion to the counter 
face. Therefore, adhesion continued to rise, leading to a cor-
responding rise in the coefficient of friction.

3.6 � Experimental Analysis and Validation Utilising 
the Taguchi Technique

Signal-to-noise ratio (S/N) is the primary criteria for analy-
sis in the Taguchi technique. The Taguchi technique rec-
ommends a maximum S/N ratio to achieve optimal testing 
parameters in this research. Tables 7 and 8 show the S/N 
responses data for the wear properties of the developed com-
posites. The response table represents almost every level 
of the parameters. The response table lists rankings as per 
delta statistic values, which checks out the magnitude of 
impacts. The delta statistic is measured by the difference 
between the largest and smallest averages for each parameter 
in statistical terms. Thus, when assigning ranks, the highest 
delta value will be awarded the rank of 1, the second largest 
will be 2, and so on [35]. The optimal parameter settings 
that offered the best results were a Graphite reinforcement 
of 5 percent, a load of 5 N, a sliding distance of 1000 m, 
and a sliding velocity of 3 m/s for best wear loss. Moreover, 
a Graphite reinforcement of 5 percent and loads of 5 N and 
sliding distances of 1000 m, and speeds of 1 m/s for friction 
coefficient.

3.7 � Experiment for Confirmation

It is strongly recommended to conduct a reliability and valid-
ity experiment to verify the experimental findings. After 
identifying the ideal parameters, the confirmation experi-
ment was conducted to validate the predicted performance, 
as shown in Table 9. Comparative analysis of wear loss esti-
mated with actual wear loss using optimal parameters shown 
in Table 9 [35]. When comparing predicted and actual out-
comes, it should be noted that there is a high degree of close 
agreement. The S/N ratio of the original test settings to the 
optimum testing conditions has increased by 20.45 dB and 
4.17 dB, which reduces wear loss by around 45.11 percent 
and the friction coefficient by 68.50 percent. The results con-
firmed that the model developed in this research work could 
effectively estimate the tribological properties.

Table 7   Wear loss S/N ratio response table: smaller the better

Level Reinforcement 
(wt. % of Gr)

Load (N) Sliding dis-
tance (m)

Sliding 
velocity 
(m/s)

1 38.63 43.18 44.70 38.91
2 42.12 39.87 40.27 40.68
3 41.52 39.23 37.31 42.68
Delta 3.49 3.95 7.39 3.78
Rank 4 2 1 3

Table 8   Coefficient of friction S/N ratio response table: smaller the 
better

Level Reinforcement 
(wt. % of Gr)

Load (N) Sliding dis-
tance (m)

Sliding 
velocity 
(m/s)

1 15.14 16.12 15.46 15.79
2 15.83 15.70 15.22 15.33
3 15.08 14.23 15.38 14.93
Delta 0.75 1.90 0.24 0.86
Rank 3 1 4 2

Table 9   Details of confirmation 
experiment

Level Initial factor settings Optimal factor settings

Predicted results Actual test-
ing results

A3B3C3D3 A2B1C1D3
Wear loss (g) 0.0137 0.0014 0.0013
S/N ratio in dB 37.2656 57.0774 57.7211
Percentage of improvement in S/N Ratio 20.45

A3B3C3D3 A2B1C1D1
Coeffcient of friction 0.218 0.1374 0.1349
S/N ratio in dB 13.2309 17.1469 17.3998
Percentage of improvement in S/N ratio 4.17
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Regression equation
for Wear loss (g)

for coefficient of friction

3.8 � Wear Mechanism

SEM examinations of the worn-out surfaces shown in 
Fig. 9a–c. The standard SEM images of sintered samples 
for the Al7075–5wt.% SiC composite morphologies shown 
in Fig. 9a indicate the Al7075–5wt.% SiC composite's wear 
behaviour shows the wear produced by deeper stable strips 
and the breakage of its oxide film, thereby resulting rise 
in wear loss. It demonstrates that Al7075–5wt.% SiC was 
subjected to considerable significant plastic deformation, 
resulting in fractured SiC reinforcements. These compos-
ites (Fig. 9b and c) have more good patterns and mild plas-
tic deformation at their groove boundaries. These graphite 
reinforcements provide more smoothness to the substrate 
surface. Figure  9c illustrates the microstructure of the 

(2)

wearloss(g) = 0.00043 − 0.000272Reinforcement(wt.%ogGr)

+ 0.000337Load(N) + 0.000007Sliding distance(m)

− 0.001728SlidingVelocity
(

m

s

)

,

(3)

COF =0.1126 + 0.000177Reinforcement(wt.%ogGr)

+ 0.003881Load(N) + 0.000003SlidingDistance(m)

+ 0.00782SlidingVelocity
(m
s

)

Al7075–5wt.% SiC–10wt.% Gr hybrid, which shows sig-
nificant wear characteristics.

Graphite particles dispersed throughout the aluminum 
matrix, which helped to reduce the wear particles mean 
size. Conversely, the hybrid composite wear debris mixed 
coarse and fine particles with non-uniform patterns. As dem-
onstrated, 10 wt.% graphite composites had longer strips of 
debris than 5 wt.% graphite composites, as the fracture of 
reinforcing particles were predominant over the solid lubri-
cant effect. The mechanism was characterized as forming a 
series of deep grooves due to ploughing action, worn debris 
hardens, and asperities scratch deeply into composites coun-
ter discs [17, 40–43].

The increasing temperature of the sliding surfaces during 
wear-testing is a significant determinant of the wear mecha-
nism [44–47]. From Fig. 8, it can be observed that the tem-
perature on worn-out surfaces of Al7075–5wt.% SiC and 
the Al7075–5wt.% SiC–10wt.% Gr composites more rap-
idly increasing than the temperature on the Al7075–5 wt.% 
SiC–5wt.% Gr composites, this is due to the higher coef-
ficient of friction at the surface of both the Al7075–5wt.% 
SiC and the Al7075–5wt.% SiC–10wt.% Gr composites with 
respect to counterpart. This Al7075–5wt.% SiC–5wt.% Gr 
composites exhibited reduced friction co-efficient than the 
Al7075–5wt.% SiC–10wt.% Gr composite (refer Table 5). 
These characteristics slow down the increase of tempera-
ture increase during the wear process, which reduces the 
composite's interface adhesiveness [44]. Moreover, the wear 
characteristics of the worn-out surface were reduced due to 
improved graphite self-lubrication.

Fig. 9   a–c SEM micrographs of 
hybrid composites. a Al 7075-5 
wt% SiC -0 wt% Gr at load 
5N, SD 1000 m, SV 1 m/s.b 
Al 7075-5 wt% SiC -5 wt% Gr 
at load 5N, SD 1000 m, SV 1 
m/s.c  Al 7075- 5 wt % SiC -10 
wt% Gr  at load 5N, SD 1000 m, 
SV 1 m/s
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Figure 9c illustrates the substrate surface film upon its 
worn-out surfaces of the Al7075–5wt.% SiC–10wt.%Gr 
and Al–5wt.%SiC– 5wt.%Gr hybrid composites was shown 
in Fig. 9b. Figure 9c shows the loose particles at the work 
surface, mainly aluminum matrix oxide particles, demon-
strating the worn-out surface's severe deformation. Whereas 
in Fig. 9b, it was observed that graphite microparticles, 
with tiny, oxidized particles present at the worn-out area. 
Furthermore, this ensures that small particulates are were 
well-packed together and generated an adhesive layer across 

the surfaces. As a result, pin surface deformation due to 
plasticity was significantly reduced in the Al7075–5wt.% 
SiC–5wt.% Gr hybrid composite. Because of this, its tem-
perature rise was decreased. This way, soft graphite particles 
combine with retained loose debris and form a graphite rich 
tribo-layer on the work surface. Thus, the excessive wear 
will be reduced in Al7075–5wt.% SiC–5wt.% Gr combi-
nations and abrasion, delamination are the predominant 
sources of wear [45, 46].

Element Weight% Atomic%

C K 0.00 0.00

O K 7.85 12.79

Al K 84.49 81.60
Si K 4.40 4.08
Mn K 1.14 0.54

Fe K 2.12 0.99

Totals 100.00

a. Al 7075-5 wt. % SiC -0 wt.% Gr

Element Weight% Atomic%

C K 14.05 25.85

O K 7.70 10.64

Al K 73.97 60.58

Si K 3.16 2.49

Fe K 1.12 0.44

Totals 100.00

b. Al 7075-5 wt. % SiC -5 wt.% Gr

c. Al 7075- 5 wt. % SiC -10 wt.% Gr

Element Weight% Atomic%

Element Weight% Atomic%

C K 30.81 45.96

O K 17.90 20.04

Al K 48.80 32.40

Totals 100.00

Fig. 10   a–c EDX spectrum of worn surfaces a Al7075–5% SiC composite. b Al7075–5% SiC–10% Gr composite and c Al7075–5% SiC–5% Gr 
composite
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3.9 � EDX Analysis

According to the dry wear settings, energy dispersed X-rays 
(EDX) testing of worn-out composite surfaces was carried 
out. The EDX findings for hybrid composites showed that 
minor level oxygen peaks were observed in all cases, indi-
cating that a small amount of oxidation has formed on the 
worn-out surfaces. This can be due to the presence of oxi-
dation on the worn-out surfaces. The slip at the interface of 
composite pin and steel countertop (EN31) increases tem-
perature and the ambient air reactions, this may form an oxi-
dation layer at the interface [47, 48]. The EDX profile results 
of Al7075-5wt%SiC composite were shown in Fig. 10a. 
The higher peaks of Al in Fig. 10a can be interpreted as 
the plastic deformation on Al7075–5 wt. % SiC composite. 
Al7075-5wt.% SiC–10% Gr hybrid composite, clear car-
bon peaks can be seen compared to the EDX profile of the 
Al7075-5wt.% SiC composites. Figure 10c shows the EDX 
profile of a worn-out surface of an Al7075-5wt.% SiC–10% 
Gr hybrid composite. In Fig. 10a, clear carbon peaks can be 
seen compared to the EDX profile of the Al7075-5 wt% SiC 
composites worn-out surface.

The minimum intensity of the Carbon(C) peak shows 
graphite inefficiency on sliding surfaces without develop-
ing any graphite layer. The significant level of the Si pat-
tern shows that SiC particulates have been drawn from the 
Al7075 matrix. Figure 10b shows the EDX profile of the 
worn-out surfaces of the Al7075-5wt% SiC-5wt% Gr hybrid 
composite. The high C peak verified the improved disper-
sion of graphite particulates at the contact surface and the 
low intensity of the Al peak compared to the other two EDX 
measurements. Furthermore, the addition of the SiC particu-
lates caused the steel countertop to scratch, which allowed 
the appearance of a significant Ferrous (Fe) peak. The exist-
ence of a low oxygen peak has been detected in all compos-
ites EDX findings. This peak showed oxide development on 
the worn-out surface of the sliding components.

4 � Conclusion

In this research study, the powder metallurgical technique 
produced Al7075/SiC/Graphite hybrid composites accu-
rately and efficiently. The hardness and density of hybrid 
composites are reduced because Graphite's weight percent-
age (i.e., 0 percent and 10 percent) has increased. The hybrid 
composites containing a weight percentage of 5% of Graph-
ite demonstrated superior wear and tribological properties. 
Incorporating graphite particles as secondary reinforcements 
into the aluminum 7075 matrix significantly improves tribo-
logical characteristics.

The ANOVA findings revealed that wear loss is affected 
by factors such as the sliding distance (55.98%), sliding 

speed (11.96%), applied force (13.31%), and the weight per-
centage of Graphite in the composite (13.31%), for the speci-
fied experiments. The critical factors influencing the coef-
ficient of friction of the composites were the applied load 
(61.25%), sliding distance (0.87%), sliding speed (10.35%), 
and the graphite reinforcement (8.7%). In a Taguchi obser-
vational investigation, the optimized process parameters for 
wear loss and coefficient of friction were determined to be 
A2B1C1D3 and A2B1C1D1, respectively. As a result, the 
S/N ratio of the original test settings to the optimum testing 
conditions has increased by 20.45 dB and 4.17 dB, which 
reduces wear loss by around 45.11 percent and the friction 
coefficient by 68.50 percent.
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