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The aluminum metal matrix composites were broadly exploited in the applications of automotive, aerospace, and other defense
with functionally graded materials-related application. Above applications definitely required excellent mechanical characteristics.
Therefore, in this way, the major attempt was made on the nano-based composites with aluminum alloy utilization. In this
research, aluminum alloy AA8011 and the ceramic-based reinforcement particles of nano boron carbide (B4C) were selected
for producing the metal matrix composites by the liquefying process or stir casting route. The weight percentage of nano boron
carbide particles having 15wt% was subjected to add into the aluminum alloy during the stir casting process. Then, processed nano
boron carbide and AA8011 specimens were prepared to conduct tribological behaviors with various processing conditions like
sliding velocity, setting wear temperature, and applied load by the tribometer setup. The scanning electron microscope was
employed to examine the processed composites samples and worn-out surface samples. Finally, the multiobjective optimization
was used to measure the individual performances of the tribological parameters by the gray relational technique.

1. Introduction

Aluminum-based metal matrix composites are well-admired
materials to produce the enhanced composites material by
the addition of exclusive strength and maximum modulus of
elasticity. Owing to these processed aluminum-based metal
matrix composites, it containsmaximumwear resistance, lesser
thermal expansion, and greater withstand of vibrating capabil-
ity. The aluminum metal matrix compounds like to the top
quality appearance even in the poor-based aluminum compo-
sites. Thesematerials are come frombielementmaterials as well

as to be matrix- and ceramic-based material or raw composites
in the reinforcing elements [1–3].

In order to get the best material properties when com-
bined with metal matrix composites, the various metals are
grouped with the highest reinforced content. The irregular
strengthened MMCs or aluminum metal matrix composites
(AMMCs) possess lesser hardness and poorer wear resis-
tances are the major factors that would not be reached the
maximum attained performances in the tribological charac-
teristics. In their low MMCs or AMMCs, it definitely
enhances the mechanical properties when combine to the
proper reinforcing particle especially in the nano-based
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reinforcing particles and also selecting the process parameters
or the processing technique. For that reason, these AMMCs
are started in the widespread with aerospace, vehicle, and
shipbuilding applications to boost their residential properties
top quality in the metal matrix compounds than the unrein-
forced base material [4–6].

AMMCs disclose updated characteristics in the list below
problems like wear resistance, specific mass ratio, abrasion,
and rust resistance. Besides, additional buildup is utilized to
improve the properties that are attained in the MMCs. For
example, damping, electrical as well as thermal conductivity
buildings in the textile-based applications as well as it plays a
crucible role in the renovation of tribological performances in
the numerous usages. From the current research studies, the
metal matrix composites had optimum mechanical strength
when it is reinforced with nanosized strengthening particles.
When MMCs-based composites were being made, low duc-
tility was substituted for good ductility, and this was enhanced
simultaneously [7–9].

Additionally, nanosized reinforcements likewise enhance
the effectiveness of the metal products as well as ductility
structure. Among the various casting processes, the stir casting
was the less expensive process and also enhances the mechani-
cal properties from the processed aluminum metal matrix
composites. Aluminum-based metal matrix composites gener-
ally strengthened by the various nanoceramic particles like
silicon carbide, aluminum oxide, titanium oxide, tungsten car-
bide, and graphene- and boron-based carbides. These reinfor-
cing materials are easily diffused into the any base aluminum
alloys. Similarly, the agrowaste product was also prepared as
the nanomaterials to produce the metal matrix composites.
Some issues are happened during the casting between the
base aluminum alloy and other agro-nanoparticles [10–13].

From the various nanoreinforcement particles, nano
boron carbide particles are the most hardest particles, maxi-
mum stiffness, lesser compressibility, and also provide the
better ballistic performance when utilizing with the appro-
priate aluminum alloys. Consequently, the reduced expense
technique from various stir casting processes generated the
metal matrix composites and also vortex was executed to
develop the mixing in the uniform scattering by use of auto-
mated mechanical stirrer.

In this stir casting process, the main issues were wettability
and also themelt. It is more called for to get over these concerns
with blending of nanostrengthened fragments. Because of the
better wettability of nanoparticles, uniform diffusion was gen-
erated in the matrix composites. The migration of load was
easily moved from the matrix to the strengthened reinforce-
ment in the matrix composite materials. Because of the better
bonding structure, it was accumulated while doing so metal
matrix composites. It leads to improving the upgraded system
to achieve the exceptional mechanical-based characteristics in
the nano-processed metal matrix composites [14–19].

From the above detailed reviews, it has been initiated that
their metal matrix composites are enhancing the mechanical
characteristics and improving the tribological performances.
So, this research mainly aims to produce the aluminum-
based metal matrix composites from the base material of

AA8011 and superior characteristics of nano boron carbide
particles and this alloy mainly utilized in the building mate-
rials, electrical sectors, and packaging of drugs and food.
From the processed nanocomposites, tribological perfor-
mances were accomplished by the appropriate processing
conditions. Then, the tribological behaviors are analyzed
by Taguchi-based technique to find the optimal processing
parameters. Scanning electron microscope (SEM) analysis
was used to measure the wear tracks and confirmation for
the presence of nanoparticles during the stir casting process.
Figure 1 shows the outline of the graphical abstract.

2. Base Material, Nanoparticle Reinforcements,
and Preparation of Nano-Based Composites

The predominant aluminum alloy AA8011 was the working
material. Due to this, alloy was extremely not hard and right
material for space shuttle applications, best heat exchanger
component, maximumdeep drawing qualities, and other tank-
ing purposes. It contains better features like workability, den-
sity, formability, ductility, corrosion resistance, and enhanced
mechanical tensile strength. The chemical compositions of
AA8011 aluminum alloy are 0.52 of Si, 0.28 of Mg, 0.13 of
Cu, 0.028 of Cr, 0.74 of Fe, 0.46 ofMn, 0.084 of Zn, 0.016 of Ti,
and balance of aluminum, respectively. In the combinational
elements, this aluminumalloyAA8011was specifically enhances
in the aerospace component fabrication. Also, this material
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alloy 
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FIGURE 1: Experimental layout.
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was highly used in the maximum-related strength applications
and weldments. Based on above situations, this research
focused to select the AA8011 aluminum alloy that was the
base material. The mechanical properties of AA8011 are
2,689 kg/m3 of density, 110MPa of tensile strength, 665°C of
melting point, 65 of hardness, and 238W/mk of thermal con-
ductivity, respectively [20].

Based on the application, the respected base material cho-
sen was the primary factors for every process. But, in this
lightweight applications, lightweight metal AA8011 was the
selected base material in this investigation. So, this selected
base material was utilized as the matrix materials to compose
the metal matrix composites with selected appropriate
reinforcements. Therefore, in this investigation, proper rein-
forcements have special features that contain temperature
resistance, stiffness, and strength. The processing technique
was also important prospects to compose the better metal
matrix composites. The specially made lightweight metal
matrix composites were prepared by the quicker and easier
process. In this way, stir casting process was most reasonable
less expensive process over the other solidification techniques.
Finally, the completedmetastatic arrangements weremade on
the processed MMCs by the stir casting process. Considering
the above issues, in this study, boron carbide with nanosized
particles having the 25 μm sizes was selected as the reinforce-
ment material.

Compared to other hardness material like boron nitride
and diamond, boron carbide was superior hardened base
abrasive material. This boron carbide generally contains
superior abrasive characteristics, fabricating components in
their specialized materials with less cost than the other rein-
forcements like aluminum oxide and silicon carbide. The
boron carbide materials were highly utilized in the various
applications like rocket propellants, welding applications,
and defense-based components. The boron carbide also pos-
sesses lower thermal conductivity that results in lesser ther-
mal resistance.

Processing technique is also an important factor to pro-
duce the aluminum metal matrix composites by the proper
features. Therefore, in this investigation, liquid metallurgy-
based stir casting process was utilized to compose AMMCs
by the influence of aluminum alloy AA8011 and boron car-
bide nanoparticles. The B4C with 15wt% was mixed with the
base alloy of AA8011, which was mixed together by the stir

casting process with maintained process parameters like
800°C which was under the guidance of graphite crucible.
Before adding of boron carbide into the aluminum alloy
under the stir casting, reinforcement particles must be pre-
heated at 300°C to eradicate the foreign particles than that the
reinforcements were utilized to mixing together in the semi-
liquid of AA8011 with proper maintaining parameters at
300 rpm of mechanical stirrer for 5–10min and stirring speed
at 100m/s. Finally, the molten composites were poured into
themold to ready for themechanical tests. Then, the solidified
composites were attained in the mold which made up of cast
iron to compose the cylindrical-based specimens. Next to
mold, the required dimension of wear samples having the
sizes of 10 and 30mm of diameter and pin length was
achieved to produce the wear performances. As per the con-
dition of G-99, all the specimens were prepared. During the
tribological experiments, sliding velocity, setting wear tem-
perature, and applied load were the process parameters to
conduct the investigations. The Taguchi L9 method was suit-
able to design the process parameters for tribological perfor-
mances and is shown in Table 1. Figure 2 shows the SEM
image of processed nanocomposites between B4C/AA8011.

As shown in Figure 2, the SEM reveals the presence of
boron carbide nanoparticles on the AA8011 by the stir cast-
ing process with higher magnification. This image was
clearly indicated the presence of boron carbide with homo-
geneous dispersion within the aluminum alloy AA8011. By
adding the 15wt%, B4C was successfully accompanied into

TABLE 1: Tribological process parameters with Taguchi L9.

Wear samples order Sliding velocity (m/s) Setting wear temperature (°C) Applied load (N)

1 2.25 30 25
2 2.25 40 35
3 2.25 50 45
4 3 30 35
5 3 40 45
6 3 50 25
7 3.75 30 45
8 3.75 40 25
9 3.75 50 35

FIGURE 2: SEM micrographsfor stir-casted composites B4C/AA8011.
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the aluminum alloy with appropriated stir casting processing
parameters. At the same time, the B4C was well synthesized
and better dispersion was attained by the liquefying process.
Due to the maximum amount of boron carbide, it created
the well-bonded structures against the aluminum alloy. The
grain boundaries are also well presented and compose the
better nanocomposites. Owing to improve the grain bound-
aries, it reduces the grain structure and the intermetallic
particles are well bind together with well-suited optimal pro-
cessing conditions.

3. Results and Discussion

3.1. Wear Rate and Friction Coefficient on Processed Nano-
B4C Composites. The pin on disk tribometer equipment was
used to conduct the tribological behavior as per the ASTM of
G-99. The working processing conditions of tribological per-
formances were implemented by the following parameters
like sliding velocity (2.25–3.75m/s), setting wear tempera-
ture (30–50°C), and applied load (25–45N), respectively.

The tribometer contains EN-32 that is made of spinning
disk having themaximumhardness of 65HRCwhich act as the
counterweight against the testing sample pin by the influence of
the abovementioned processing conditions. Other than the
varying process, parameters sliding velocity, setting wear tem-
perature, and applied load, sliding distance was constant for all
the level of various process parameters. Before conducting
the wear behavior, all the samples were polished as per the
standards to improve the surface enhancement on the
processed composites. The composites wear specimens were
employed to produce the wear rate and coefficient of friction,
respectively. As shown in Table 1, all the processing parame-
ters were subjected to conduct the wear test for analyzing the
tribological characteristics like wear rate and coefficient of fric-
tion. Table 2 shows the outcomes of wear rate and coefficient of
friction.

3.2. Contour Interactions on the Various Tribological Process
Parameters on Responses. Figure 3(a)–3(c) shows the con-
tour experimentation between the various tribological pro-
cess parameters within the effect of wear rate. Figure 3(a)
shows the sliding velocity and wear temperature on the out-
comes of wear rate, and it is revealed that the minimum

wear rate was attained between the increasing of sliding
velocity from 2.5 to 3.0m/s and the combinations of wear
temperature at less range of 30°C. The lesser wear rate was
composed by the presence of boron carbide particles and it
was against the sliding and temperature so that the wear
rate also enhanced. Figure 3(b) shows the wear temperature
and applied load on the processed composites to compose
the wear rate, and it is understood that the enhanced wear
resistance was highly attained between the combinations of
lesser wear temperature and increasing applied load at
25–35N. Figure 3(c) exhibits the wear performing process
parameters like applied load and sliding velocity on the
wear rate of the processed nanocomposites of AA8011
and B4C, respectively, and it is implicit that the lesser
wear was occurred between the lesser sliding velocity and
medium of the applied load.

Figure 4(a)–4(c) exhibits the contour investigations involv-
ing the assorted tribological process parameters within the
consequence of friction coefficient. Figure 4(a) shows the slid-
ing velocity and wear temperature on the upshot of friction
coefficient, and it is discovered that the minimum friction was
generated between increasing of sliding velocity from 2.5 to
3.0m/s and the combinations of wear temperature at less range
of 30°C. The lesser friction was formed by the existence of
maximum weight percentage of boron carbide particles and
it was against the sliding and temperature that result in decreas-
ing the friction. Figure 4(b) displays the wear temperature and
applied load on the synthesized composites to produce the
friction coefficient.

As shown in Figure 4(b), it is implicit that the superior
friction coefficient was exceedingly accomplished between
the arrangements of slighter wear temperature and rising
applied load from 25 to 35N. Figure 4(c) demonstrates the
tribological performing process parameters like applied load
and sliding velocity on the friction coefficient of the stir-
casted nanocomposites of AA8011 and B4C, respectively,
and it is implied that the minor friction coefficient was
take place between the lower and medium range of sliding
velocity (2.25 and 3.0m/s) and applied load (25 and 35N).
Figure 5 shows the individual responses of wear rate
and friction coefficient by the nine various processing
conditions.

TABLE 2: Wear rate and coefficient of friction on AA8011 and B4C nanocomposites.

Wear samples order
Sliding

velocity (m/s)
Setting wear

temperature (°C)
Applied
load (N)

Wear rate
(mm3/min)

Friction
coefficient

1 2.25 30 25 2.451 0.159
2 2.25 40 35 3.684 0.651
3 2.25 50 45 2.985 0.416
4 3 30 35 2.485 0.162
5 3 40 45 3.124 0.528
6 3 50 25 3.951 0.591
7 3.75 30 45 3.012 0.492
8 3.75 40 25 4.005 0.752
9 3.75 50 35 4.415 0.786
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3.3. Multiobjective Optimization on the Tribological Responses
by Gray Analysis. In this research, the wear rate and friction
coefficient were successfully accomplished by the tribometer
technique by the various influencing process parameters like
sliding velocity, wear temperature, and applied load. Now
those processing parameters required one appropriate tech-
nique to validate optimal parameters. Therefore, based on
above mentioned issues are resolved by the gray relational
analysis [21]. Among the various multiobjective techniques,
gray relational analysis was most suited method to solve the
difficult issues among the different implemented parameters
for any processing. Now, this technique was utilized to con-
firm that the multiphase parameters were converted into the
single objective. In this method, various steps like standardi-
zation, calculating the sequence, gray coefficient, and com-
posite gray relational grade (GRG) and ranking method were
utilized to produce the optimal process parameters. Table 3
shows the initialization of GRG with outcomes of wear rate
and friction coefficient. As shown in Table 3, smaller the
better option was implemented to discover the individual
sequence of both the responses along with GRG. As shown
in Table 3, 0 values were attained at the specimen of 1 and it
was further established into the coefficient with gray to find

the composite GRG and best ranking position. Table 4 shows
the rank order and its coefficient of wear rate and friction
coefficient responses. As shown in Table 4, better composites
GRG and best rank were accumulated at the process param-
eters 2.25m/s of sliding velocity, 30°C of setting temperature,
and 25N of applied load that compose the better wear rates
and lesser friction. Also, the presence of boron carbide
reduced the friction between the composite workpiece and
counter disk of steel. Figure 6 exhibits the rank arrangements
for mixed responses of wear rates and friction coefficient, and
sample 1 accommodates rank 1.

3.4. Worn Surface Analysis of Processed Nano Boron Carbide
and AA8011 Composites. Figures 7 and 8 show the micro-
graph of worn surface on the processed nanocomposites
between the AA8011 and boron carbide, and belong to the
worn surfaces of optimal parameters at 2.25m/s of sliding
velocity, 30°C of wear temperature and 25N of applied load
and poor parameters at 3.75m/s of sliding velocity, 50°C of
wear temperature, and 35N of applied load, respectively. As
shown in Figure 7, SEM analysis reveals that the wear track
was slightly formed due to the maximum content of B4C that
was occupied to resist the wear which results in less wear
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TABLE 3: Standardization and sequence of GRG on processed composites.

Wear samples order
Wear rate
(mm3/min)

Friction
coefficient

Standard
GRG (WR)

Standard
GRG (FC)

Sequence
GRG (WR)

Sequence
GRG (FC)

1 2.451 0.159 0.000 0.000 0.000 0.000
2 3.684 0.651 −0.628 −0.785 0.628 0.785
3 2.985 0.416 −0.272 −0.410 0.272 0.410
4 2.485 0.162 −0.017 −0.005 0.017 0.005
5 3.124 0.528 −0.343 −0.589 0.343 0.589
6 3.951 0.591 −0.764 −0.689 0.764 0.689
7 3.012 0.492 −0.286 −0.531 0.286 0.531
8 4.005 0.752 −0.791 −0.946 0.791 0.946
9 4.415 0.786 −1.000 −1.000 1.000 1.000

GRG, gray relational grade.

TABLE 4: Gray coefficient and rank position of wear rates and friction coefficient.

Wear samples order Wear rate (mm3/min) Friction coefficient Coefficient (WR) Coefficient (FC) Mixed GRG GRG rank

1 2.451 0.159 1.000 1.000 1.000 1
2 3.684 0.651 0.443 0.389 0.416 6
3 2.985 0.416 0.648 0.550 0.599 3
4 2.485 0.162 0.967 0.991 0.979 2
5 3.124 0.528 0.593 0.459 0.526 5
6 3.951 0.591 0.396 0.421 0.408 7
7 3.012 0.492 0.636 0.485 0.561 4
8 4.005 0.752 0.387 0.346 0.367 8
9 4.415 0.786 0.333 0.333 0.333 9

GRG, gray relational grade.
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track that was formed. Process parameters were major rea-
son to reduce the wear track due to less wear temperature
along with less sliding velocity and low applied load. As
shown in Figure 8, it was understood that the SEM analysis
presents the maximum wear track that was generated by the
maximum of sliding velocity and applied load. By utilizing
maximum temperature, setting was initiated to improve the
wear rate and coefficient of friction. At the same time, both
processed composite specimens produced the better results
due to the presence of boron carbide and this particles resist
the sliding distance and maximum working load. The maxi-
mum weight percentage (15 wt%) was the major reason to
enhance the better wear resistance and lesser coefficient of
friction. It is revealed that the maximum frictional heat was
generated between the specimen and counter disk, so that the
heat was not increased on the specified composites by the
presence of nano boron carbide particles [20–25]. The pres-
ence of nanosized boron carbide was a major aspect to
improve their wear rates and similarly, the lesser setting
temperature was another reason to reduce the wear tracks.

4. Conclusion

In this research, aluiminum alloy AA8011 and nano boron
carbide particles were successfully synthesized by the liquefy
stir casting process. During the casting process, appropriate
setting conditions like mechanical stirrer speed, melting tem-
perature, and preheating temperatures were accurately uti-
lized to compose the better nanocomposites. The tribological
behaviors like sliding velocity, setting wear temperature, and
applied load were majorly influence to compose the fine wear
rates and lesser friction coefficient during the process of

nanocomposites. The multiobjective optimization technique
of gray method effectively produced the optimal process
parameters from the L9 Taguchi design. The maximum
wear resistance and minimum coefficient of friction were
composed at the parameters at 2.25m/s of sliding velocity,
30°C of wear temperature, and 35N of working load. Simi-
larly, the SEM micrograph reveals that the presence of boron
carbide on the AA8011 aluminum alloy showed the fine
particles by the uniform arrangements during the stir casting
process.
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