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Lightweight and high-wear performance materials are currently in demand for various

advanced applications in areas such as aerospace and automobiles. These demands

can be achieved by hybrid aluminum matrix composites (HAMCs), as they possess

excellent mechanical and tribological properties which can be customized using more

than one reinforcement. Boron carbide (8 wt.%) and fly-ash (2 wt.%) reinforced hybrid

aluminum 7075 composite was successfully fabricated using a stir-casting route. Wear

is a crucible phenomenon that occurs over the interaction of surfaces and affects the

performance of the material. To investigate wear behavior of developed HAMC, dry

sliding wear tests were conducted based on the central composite design, taking the

specific wear rate as a response parameter. Modeling of wear parameters is crucial, as it

helps to predict the value of the wear response at the given set of input parameters

without performing experimentation. Response surface method (RSM) was used for

the modeling of wear parameters to develop an empirical model of specific wear rate

in terms of load, sliding speed, and sliding distance. The high value of the coefficient

of determination (R2 = 0.9894) illustrates the goodness of fit of the developed model.

Moreover, the optimal condition of wear parameters was determined as 20N load, 1.5

m/s sliding speed, and 500m sliding distance; the predicted value of specific wear rate in

this set of parameters is 0.2 × 10−5 mm3/N-m. The validation test at optimal conditions

was performed and the specific wear rate was found to be 0.205 × 10−5 mm3/N-m,

which shows good agreement with the predicted value. The worn-out surface and debris

were analyzed using scanning electronmicroscope (SEM) images and electron dispersive

spectrums (EDS) to completely explore the mechanism of wear.

Keywords: hybrid aluminummatrix composites, stir casting, dry sliding wear, specific wear rate, response surface

method

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2020.00219
http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2020.00219&domain=pdf&date_stamp=2020-07-14
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:raj.mit.mech@gmail.com
https://doi.org/10.3389/fphy.2020.00219
https://www.frontiersin.org/articles/10.3389/fphy.2020.00219/full
http://loop.frontiersin.org/people/913097/overview
http://loop.frontiersin.org/people/922085/overview


Sahu and Sahu Modeling of Wear Parameters

INTRODUCTION

Wear is a phenomenon of material removal that occurs in the
interface between two surfaces, which affects the reliability
and durability of any machine [1, 2]. Whereas, the strength
to weight ratio of the material directly affects the power
consumption and efficiency of any mechanism [3]. Therefore,
wear and strength to weight ratio are crucial properties
of materials needed to enhance the performance of any
machine or mechanism. The requirement of these properties
compel the developments of high strength to weight ratios
and high wear-resistant composites. Aluminum composites
are suitable materials to meet these properties. Particulate
aluminum matrix composites (AMCs) exhibit high tensile and
compressive strength and better tribological properties than
conventional materials. Besides, the properties of AMCs cannot
be customized due to single reinforcements available in the
composite. However, hybrid aluminum matrix composites
(HAMCs) have the accessibility to customize the properties
as per requirements by choosing appropriate reinforcements.
Due to this accessibility and the perfect blend of customizable
tribological and mechanical properties, high strength-weight
ratio, and environmental well-being, HAMCs have become a
prime choice for aerospace, automobile, sports, and electronics
industries [4–7]. These composites are capable of replacing
high-cost monolithic materials or single reinforced materials
in advanced applications. There are three main categories of
HAMCs: two different synthetic ceramic reinforced HAMCs;
synthetic ceramics and agro-waste derivatives reinforced
HAMCs; synthetic ceramics and industrial waste reinforced
HAMCs [8]. Hybrid composites with synthetic ceramics and
industrial waste by-products have been found to be suitable
for advanced applications in automobiles, aerospace, and
structural applications due to their lightweight’ low-cost, and
high strength [9, 10]. Such composites also save on natural
resources and lead to a green and clean environment by
utilizing industrial waste as reinforcements [11]. In this type
of composite, the selection of material plays a key role in the
composite’s properties.

The selection of base aluminum alloy is the foremost criteria.

The yield and ultimate tensile strength of various aluminum
alloys are listed in Table 1, where aluminum alloy 7075 shows the

highest value of yield and ultimate tensile strength as compared
to the other grades of aluminum alloys. Moreover, it is a
light-weight and high-temperature resistant alloy, which makes
it preferable for use in automotive, aeronautical, sports, and
electronics applications [13, 14]. Therefore, aluminum 7075 alloy
was selected as the matrix material for the hybrid composite.
There are also three categories of reinforcements used in
aluminum composites: synthetic ceramics, industrial waste, and
agro-waste [8, 15]. In hybrid composites, primary reinforcement
mainly focuses on strength enhancement. Synthetic ceramics
are used as primary reinforcements as they possess a superior
strength compared to other types of reinforcements. On the
other hand, the secondary reinforcement reduces the cost and
the weight of the hybrid composite as they are freely available
and have a lower density [16, 17]. The combination of synthetic
ceramics with industrial waste leads to lightweight, inexpensive,

TABLE 1 | Tensile strength of various grades of aluminum alloys [12].

Grades of aluminum alloys Tensile strength

YS (MPa) UTS (MPa)

AA7075 505 570

AA 6061 145 240

AA 2024 325 470

AA 1100 35 90

AA 295.0 110 221

AA 5052 195 230

AA 359.0 164 228

AA 8090 360 465

AA 3003 40 110

AA 2090 455 455

high-strength hybrid composites, which makes them suitable for
advanced applications [18, 19].

In the synthetic ceramics category, B4C, SiC, Al2O3, TiC,
TiB2, SiO2, etc. are the most commonly used reinforcements
due to their significant property enhancement when reinforced
with aluminum [19, 20]. Properties of majorly used ceramics
were compared and shown in Table 2. Out of these, boron
carbide possesses the lowest density and highest elastic modulus
compared to other listed ceramics. It also shows better interfacial
bonding and excellent wear performance when reinforced with
aluminum. Moreover, hardness of B4C is just below that of
diamond (9.5+ in Mohs’ scale) and possesses good thermal
conductivity of 30–42 Wm−1K−1, good thermal stability, a very
high melting point of 2,445◦C, and high electrical conductivity
of 140(s) at 25◦C [9, 17, 18, 21, 22, 29, 30]. Furthermore,
incorporation of boron carbide with Al7075 enhances the specific
strength, specific stiffness, mechanical properties, and wear
resistance of the composite [23, 31]. These exceptional properties
made boron carbide a good choice as a primary reinforcement
for advanced applications in automotive, armaments, aircraft,
and aerospace applications, especially for those parts which are
subjected to very high temperatures and require high abrasion
resistance [32–35].

In the industrial waste category, fly-ash, and red mud are the
most commonly used reinforcements as they are comprised of
SiO2 and Al2O3 content, which are responsible for the property
enhancements of the composite [36, 37]. The comparison
between fly-ash and red mud is shown in Table 3. This table
illustrates that fly-ash has a lower density than the red mud,
which is a key criteria for secondary reinforcement. Fly-ash is
very rich in SiO2 and Al2O3 contents compared to red mud.
Moreover, reinforcing fly-ash with Al alloys reduces the density
and enhances the mechanical and tribological properties of the
composite without increasing the cost [9, 37, 38, 43, 44]. This
makes fly-ash suitable for use as secondary reinforcements for the
hybrid composites. Considering above all, Al7075 was chosen as
the matrix material with boron carbide and fly-ash as primary
reinforcement and secondary reinforcement, respectively. Three
to ten micron-sized irregular shape B4C powder and sphere
shapes of fly-ash were used as reinforcements. Apart from the
material selection, the processing route and its parameters also
play a vital role in the properties of the developed composite.
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TABLE 2 | Properties of various ceramics reinforcements.

Ceramics

reinforcements

Density

(× 103 kg m−3)

Elastic modulus

(GPa)

Interfacial bonding

and chemical stability

Wear performance when

reinforced with aluminum

References

B4C 2.52 448 Excellent Excellent [9, 12, 17, 18, 21–24]

SiC 3.21 324 Good Good [12, 24]

Al2O3 3.98 379 Moderate Good [12, 24]

TiC 4.93 269 Good Excellent [12, 25, 26]

TiB2 4.50 414 Good Good [12, 27]

SiO2 2.66 73 Good Good [12, 28]

TABLE 3 | Comparison of fly-ash and red mud.

Industrial waste

reinforcements

Density SiO2

content

Al2O3

content

Wear performance when

reinforced with aluminum

References

Fly-ash Low Very high High High [10, 11, 38–40]

Red Mud High Moderate Moderate Moderate [11, 19, 41, 42]

Stir casting is an economical route of composite preparation
and offers ease of production; due to these properties it was used
by various authors for the processing of AMCs and HAMCs
[18, 24, 43, 45–48]. Therefore, the stir casting route was used
in the current research for fabrication of hybrid composites.
In this method, wettability of reinforcements with the matrix
alloy is a major problem [49, 50]. This problem was resolved
by adding K2TiF6 and Mg powder in the molten aluminum,
which helps to enhance the wettability of boron carbide and fly-
ash with aluminum [23, 51–53]. The selection of optimal values
of stirring and casting parameters is crucial as they lead to the
homogeneous distribution of reinforcements, which is desired in
the development of composites [45]. Stirring parameters such
as impeller blade angle, impeller diameter, and stirring speed
are the major influencing stirring parameters [39]. However, the
position of the impeller and feed rate are other key parameters
that affect the distribution of reinforcements [54]. Some literature
has suggested the optimal values of these parameters, which were
adopted in this research for the fabrication of hybrid composites
[39, 54]. Boron carbide and fly-ash reinforced aluminum
alloy monolithic and hybrid composites were fabricated by
many researchers.

Baradeswaran et al. fabricated boron carbide reinforced Al
7075 composites and investigated wear behavior; they observed
reduction of wear rate with the increase of boron carbide content
[23]. Manikandan et al. studied the microstructure, mechanical,
and tribological behaviors of B4C and cow dung ash reinforced
Al 7075 hybrid composite. They found that the hardness, tensile
strength, flexural strength, and wear resistance were increased
with an increase of B4C and maximum tensile strength was
achieved for 10 wt. % of B4C [45]. Kumar et al. fabricated and
evaluated wear behavior of Al/B4C/fly-ash composites using the
Taguchi method; they found a high level of bonding between
matrix and reinforcements (B4C and fly-ash) in the developed
composite. Further, they concluded that the load has the most
significant effect on the specific wear rate compared to other

wear parameters [29]. Saravanan et al. fabricated and investigated
the hardness of Al6082 alloy reinforced with boron carbide
and found that the composite with 8 wt.% B4C exhibited the
highest hardness and tensile strength [55]. Arunachalam et al.
fabricated AA 336/B4C/Fly-ash composites and optimized dry
sliding wear parameters for minimum weight loss. They found
that weight loss increased with the increase of load and sliding
distance. However, weight loss decreased with an increase in
sliding velocity. The optimal values were found as 18.1N of
load, 905.4m of sliding distance, and 4.18 m/s of sliding distance
[44]. Reddy et al. investigated the mechanical and tribological
aspects of Al7075/B4C/fly-ash composite and concluded that
the incorporation of B4C and fly-ash into the Al7075 alloy
tremendously enhances the micro-hardness, tensile strength, and
wear resistance. Faisal et al. investigated the mechanical and wear
properties of Al7075/B4C, Al7075/B4C/Gr, and Al7075/B4C/Fly-
ash composites and concluded that the addition of boron
carbide and fly-ash in the Al7075 aluminummatrix enhances the
hardness and wear resistance of the composite [56].

However, Sahu et al. [10] fabricated B4C and fly-ash reinforced
hybrid composites with varying amounts of boron carbide
(2,4,6, and 8 wt. %) and a constant amount of fly-ash (2
wt.%). Microstructural characterization was done using optical
micrograph, SEM images, and EDS spectrum. They confirmed
the incorporation and uniform distribution reinforcements (B4C
and fly-ash) throughout the composite. Further, micro-hardness
was investigated, and they found the highest micro-hardness
value for Al7075/8 wt.%B4C/2 wt.% Fly-ash hybrid composite of
123.29 HV, which was 37.2% higher than the base matrix alloy.
They had proposed the investigation of tribological properties
for future work. Since the hardness of the materials is one
of the influencing parameters of tribological properties, high
hardness leads to high wear resistance. Hence, combination of
8 wt.% boron carbide and 2 wt.% fly-ash Al7075 was selected
for the tribological investigation. Moreover, modeling of wear
parameters is a very useful statistical approach for the prediction
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of wear response and to avoid experimentations [57, 58]. This
can be accomplished by the establishment of a mathematical
correlation between the wear responses and input parameters.
Response Surface Method (RSM) is a perfect combination of
statistical and mathematical tools for evolving, refining, and
optimizing [59–61]. This technique is an extensively used and
preferred tool by industries and researchers to analyze the
quantitative measure of the effect of input parameters over one
or more responses [60, 62]. Response Surface Method was used
by various researchers and it was found to be a very useful and
suitable tool for the analysis of wear parameters [57, 60].

Gajalakshmi et al. had used the response surface method
coupled with gray relation analysis for the optimization of dry
sliding wear parameters of AA6026. They considered load(10–
40N,), pin speed (300–600 r/min), and track diameter (60–
120mm.) as wear input parameters and suggested the optimum
setting for minimal wear as 35.21N load, 375.65 r/min speed,
and 111.53mm track diameter. Moreover, the predicted wear
characteristics from the RSM model and experimental results
are in close concord, and the errors lie within 3–6% [60].
Sivasankaran et al. had used the response surface method to
investigate the effect of TiB2 and Gr on the sliding wear behavior
of the hybrid composite. They found that the experimental
results and the predicted wear characteristics from the developed
model were in good agreement [63]. Chelladurai et al. had
used RSM for the optimization of wear parameters of a copper-
coated steel wire-reinforced AA336 composite by considering
three factors and five levels of central composite design. An
empirical model was developed for weight loss; the predicted and
experimental weight loss at optimal conditions (18.1N load; 2.41
m/s velocity; 2,094m sliding distance) were in agreement with
an error percentage of ± 8%. It was found that the weight loss
increases with the increase of load and sliding distance, whereas
it decreases with the increase of sliding speed [23]. Baradeswaran
et al. used RSM for the modeling and optimization of wear rates
of Al7075/B4C/Gr and Al6061/B4C/Gr hybrid composites. They
found an optimal condition of parameters for the minimumwear
rate as load (10N), sliding speed (0.8 m/s), and sliding distance
(2,000m). They found the AA7075 hybrid composite exhibits
better wear performance than base alloys and AA 6061 hybrid
composite under the optimal conditions [58].

It has been observed from the above literatures that
the Al7075/8 wt.%B4C/2 wt.%fly-ash hybrid composite
possesses the highest hardness (123.29 HV) among its group
of composites fabricated by Sahu et al. [10]. Tribological
properties are significantly dependent on the hardness of the
material. Moreover, the process parameters also affect the
tribological performance. Hence, the experimental investigation,
establishment of empirical correlation, and optimization of
wear parameters of this composite is a promising area of
research that is still untouched. The objective of this work was
to develop a predictive model for specific wear rate and to
determine optimal combinations of parameters for minimum
specific wear rate of an Al7075/8 wt.%B4C/2 wt.%fly-ash hybrid
composite. An empirical model of wear was developed in this
work, which can be used for the prediction of specific wear
rate of Al7075/8 wt.%B4C/2 wt.%Flyash composite. Moreover,

optimal conditions of wear parameters (load, sliding speed, and
sliding distance) were determined, which may help researchers
in further investigation of the effects of temperature and
lubrication of this composite in high-temperature sliding wear
tests with lubrication.

EXPERIMENTAL DETAILS

Composite Preparation
Stir casting is the most prominent and economical processing
route for the fabrication of hybrid aluminum matrix composites
due to its ease of processing and suitability for mass production.
Boron carbide and fly-ash reinforced hybrid aluminum 7075
composites (Al7075/8%B4C/2%FA) are prepared using stir
casting (SC) techniques. The schematic of the stir casting setup
is shown in Figure 1. This setup consists of three main parts: an
environment-controlled bottom pouring electric furnace with an
inert gas inlet, a crucible with a bottom opening, and a stirring
setup with feeder and the mold. The stir-casting process takes
place in this setup using four basic stages: melting, stirring,
feeding, and pouring. The melting stage comprises of heating
coils in the furnace, thermocouple, and the control panel. The
stirring stage involves the speed-controlled motor, stirring rod,
and stirrer impeller blade. The feeder is inserted inside the
furnace to feed reinforcement particles at a controlled feed rate.
The inside environment is controlled by argon gas blown through
a gas inlet. Thereafter, the mixed slurry of reinforcements and
aluminum is poured through the bottom opening into the mold.
The chemical composition of aluminum 7075 and fly-ash used is
listed in Table 4. It can be observed that the used fly-ash is rich
in SiO2 and Al2O3 content i.e., 61.04 and 24.96%, respectively,
and which are responsible for enhancing the properties of the
composite. Magnesium (Mg) powder and potassium-hexa-fluro-
titanate (K2TiF6) flux have been added into the melt during the
stirring process as wetting agents to improve the wettability of
fly-ash and boron carbide with aluminum [58, 64, 65].

Table 5 shows the list of optimal stir casting parameters that
are being used for the fabrication of hybrid composites to achieve
a homogeneous distribution of reinforcements and to avoid
the accumulation of reinforcements into the matrix phase. The
homogeneous distribution of reinforcement particles leads to the
uniform property throughout the composite, which is desired in
most engineering and advanced applications [39].

The steps involved in the stir casting process are
preheating, melting, stirring, pouring, and solidification.
Initially, the aluminum 7075 was preheated at 850◦C,
while simultaneously the mixture of boron carbide and fly-
ash were also preheated at 300◦C for 2 h [58, 64, 65, 68].
The mechanical stirrer of the impeller blade angle is
30◦, the impeller blade diameter is 50% of the crucible
diameter, and this is introduced in the melt and stirred at
550 rpm.

The mechanical stirring process starts the formation of a
vortex in the melt, then the mixture of boron carbide and
fly-ash is fed into the melt at a feed rate of 0.8–1.5 g/s;
simultaneously, wetting agents were also fed at the same rate
into the melt to enhance the wettability. After completion of the
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FIGURE 1 | Schematic of stir casting setup used for the fabrication of the hybrid composite.

TABLE 4 | Chemical composition of Al7075, fly-ash, and boron carbide in wt.

percent.

Al 7075 Element Zn Mg Cu Fe Si Cr Ni Al

Wt. % 5.85 2.04 1.12 0.20 0.40 0.33 O.23 Remaining

Fly-ash Element SiO2 Al2O3 MgO Fe2O3 TiO2 CaO K2O

Wt. % 61.04 24.96 0.57 6.84 2.82 1.0 2.77

Boron

Carbide

Element B C

Wt. % 80.13 19.87

feeding process, the stirring process was continued for 10min
to distribute the particles homogenously throughout the matrix
phase [39, 54]. Subsequently, the slurry was poured in a preheated
permanent mold made of cast iron and left for natural cooling
and solidification. The fabrication, microstructural analysis, and
micro-hardness of this composite are discussed in Sahu et al.
[10]. After cooling, the cylindrical wear testing specimen of 9mm
diameter and 40mm length were measured [69]. A further wear
test was carried out based on the central composite design.

TABLE 5 | Parameters used for the fabrication of the hybrid composite

[10, 39, 54].

Selection and casting

parameters

Value References

Stirring time 10min [39, 54]

Angle of impeller blade 30◦ [39, 54]

Diameter of impeller blade Half of the diameter of the

crucible

[39, 54]

feed rate 0.8–1.5 g/s [39, 54]

Stirring speed 550 rpm [39, 54, 66]

Wetting agents K2TiF6 and magnesium [23, 58, 66]

Shielding environment Argon insert environment [67]

Dry Sliding Wear Test
The dry sliding wear test was performed using a Pin on Disc test
rig (Model: TR-20LE-PHM400-LHM600) with the disc material
EN31 steel of hardness 860 HV and initial surface roughness
of 0.1 Ra (micrometers) [70]. In this investigation, the specific
wear rate was selected as the wear response parameter. Whereas,
load, sliding speed, and sliding distance were chosen as input
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FIGURE 2 | Pin on disc dry sliding wear test rig.

parameters [58, 71, 72]. The sliding wear parameters range were
selected as load: 10–50N; sliding distance: 500–1,500m; sliding
speed: 0.5–1.5 m/s, based on previous literature [29, 39, 44, 58,
70, 73]. Further, five levels of each factor were calculated as
per the central composite design based on the rotability value
(α = 1.682), which was obtained using Minitab 19 software
(detailed discussion in experimental design section) [62, 73, 74].

The test rig has three major elements: the pin on disc
test apparatus, the controlling device, and the computer with
Windocom 2010 software connected to the controlling device.
The setup of the Pin on Disc testing rig is shown in Figure 2.
This setup consists of the abrasive disc, the specimen pin holder,
micrometer, frictional force sensor, and load cell. It also has a
controlling device that can control the speed of the abrasive disc,
time, and number of revolutions of the disc. In the controlling
device, some displays show the value of wear depth and frictional
force. The controller sends signals to the connected computer,
which shows instantaneous readings and graphs.

Disc rotation per minute and time of rotation for each run was
calculated using Equation (1) and Equation (2) for the given track
diameter, sliding distance, and sliding speed, where N is rotation
perminute (rpm), D is track diameter (m), t is the time of rotation
(minute), and v is the velocity of the disc (m/s).

N =
v× 60

πD
(1)

t =
d

v× 60
(2)

The dry sliding wear tests of the pin were carried out at loads
of 10, 18, 30, 42, and 50N, at sliding speeds of 0.5, 0.7, 1.0,
1.3, and 1.5 m/s, and sliding distances of 500, 703, 1,000, 1,297,
and 1,500m, as per the experimental design matrix shown in
Table 6 [73]. All tests were performed at room temperature of

TABLE 6 | List of Input parameters with coded and un-coded values.

Factors Symbols coded Encoded values of coded levels

−1.682 −1 0 1 1.682

Load (N) X1 10 18 30 42 50

Speed (m/s) X2 0.5 0.7 1.0 1.3 1.5

Sliding Distance (m) X3 500 703 1,000 1,297 1,500

30–35◦C and a relative humidity of 25–35% in the unlubricated
condition of the specimen/disc interface [70]. Initially, the mass
of the sample had been measured by the weighing machine with
the least count of 0.0001 g. The track diameters were adjusted
to 130mm. A wear test specimen of 9mm diameter and 40mm
length was fitted in the pin holder and the load was placed in
the load cell unit, which results in continuous contact between
the specimen and the counterpart. Further, the micrometer was
adjusted such that the reading should be in the range of −20 to
+20 to avoid error in reading, and the micrometer and frictional
force reading were set to zero. The rpm and time were set
using a control device and the required data were filled in on
the Windocom 2010 software installed on the computer. The
start button was pressed in the software and in the controlling
device simultaneously. This way, the tribometers starts and the
disc rotates which produces the sliding wear of the specimen.
Once the test was completed, the mass of the specimen was
measured to calculate the mass loss and further specific wear rate
was calculated using the density of composite, load, and sliding
distance. This procedure was repeated for all 20 tests.

MATHEMATICAL MODELING BY
RESPONSE SURFACE METHOD

Response Surface Method
The response surface method (RSM) is an advanced and
powerful statistical tool. It has a perfect combination of
statistical and mathematical implements for developing, refining,
and optimizing which makes it suitable for this research to
model wear behavior of the developed composite [57, 75]. The
specific wear rate was taken as the response parameter in this
investigation. Response Surface Method (RSM) was used to
develop an empirical model of specific wear rate (SWR). The
steps involved in the response surface method are shown in
Figure 3, which shows the identification of essential parameters
and their range, formation of the designmatrix, experimentation,
development of the empirical model, examination of the data set,
and acceptability of the developed model.

The initial two steps of the response surface method are
recognizing the influencing input parameters and identifying
their ranges. The influencing parameters are recognized as load,
sliding speed, and sliding distance. The range of load, sliding
speed, and sliding distance were identified as 10–50N, 0.5–1.5
m/s, and 500–1,500m, respectively.
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FIGURE 3 | Steps and scheme of Response Surface Method.

Experimental Design
Central composite design (CCD) is a factorial or fractional
factorial design that is able to fit the full quadratic model because
of the design consists of a center and axial (star) points. The
development of the experimental design matrix was done using
the central composite design with a 20 run test and design
rotability (α) of 1.682 under the RSM technique in Minitab 19
[73, 74]. The design matrix is constructed based on five levels
of three input parameters i.e., load, sliding speed, and sliding
distance, using the central composite design. Further pin on disc
dry sliding tests were carried out based on the design matrix.

The procedure of pin on disc wear test is described in section
Dry Sliding Wear Test. These steps were repeated for all 20
experiments as per the experimental design matrix. Further, the
specific wear rate was calculated using Equation (3).

SWR =
VL

F × D
(3)

Where SWR is the specific wear rate (mm3/Nm), F is the applied
load in the load cell, and D is the sliding distance. The uncoded
design matrix, as per the central composite design and calculated
specific wear rate (SWR), is listed in Table 7. The table shows the
respective specific wear rate calculated from the pin on disc dry
sliding wear test for three key process parameters: load, sliding
distance, and sliding speed.

RESULTS AND DISCUSSION

Mathematical Model
Modeling of wear parameters is the process of developing
a correlation between wear response and the influencing
parameters. This helps to avoid experimentation in the given set
of parameters and predict response. Second-order polynomial
multiple regression equation was developed and used to explain
the mathematical relationship between the input parameters and
specific wear rate [76]. This equation of specific wear rate in
terms of load, sliding speed, sliding distance, and their interaction
were taken for the regression analysis. All input parameters
and their interactions, except for quadratic interaction sliding
distance, were found as significant parameters for the specific
wear rate. The significance of all coefficients was tested at the 95%
confidence level using fisher’s F-test using Minitab 19. After the
determination of significant parameters, the wear models were
developed using only significant coefficients which can be used
to estimate the specific wear rate.

The mathematical expression for the specific wear rate with
the variables is shown below in Equation (4),

Specific Wear Rate (×10−5mm3/N −m) = −0.200

+0.0944 (X1) − 2.508 (X2) + 0.002056 (X3)

+0.001733 (X1 ∗ X1) − 0.867 (X2 ∗ X2) + 0.0341 (X1 ∗ X2)

+0.000060 (X1 ∗ X3) + 0.001279 (X2 ∗ X3) (4)

where X1 = Load (N), X2 = Sliding Speed (m/s), and
X3 = Sliding Distance (m).

Examination of Data Set and Acceptability
of the Developed Model
Data Set Normality
The normal distribution of the data set can be examined by the
graphical representation of the normal probability plot, which is
shown in Figure 4A for the specific wear rate. It was observed
that residual data sets were lying approximately on the theoretical
normal distribution line, which confirms the normal distribution
of residuals. Moreover, the histogram of Residual vs. fit plot and
residual vs. frequency plot is shown in Figures 4B,C, respectively.

Data Set Independency
The plot between residual and observation order is shown in
Figure 4D, which is used to test the independence of the data [62,
77]. The residual plot with run order conceals an unproductive
pattern that was observed as all the observation falls between 0.2
and−0.2.
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TABLE 7 | Calculated specific wear rates for the experimental design matrix.

Trial Coded parameters Uncoded parameters Specific wear rate (× 10−5 mm3/N-m)

X1 X2 X3 Load (N) Sliding speed (m/s) Sliding distance (m)

1 −1 −1 −1 18 0.7 703 2.9094

2 1 −1 −1 42 0.7 703 9.3150

3 −1 1 −1 18 1.3 703 1.3310

4 1 1 −1 42 1.3 703 8.0626

5 −1 −1 1 18 0.7 1,297 4.9568

6 1 −1 1 42 0.7 1,297 12.0552

7 −1 1 1 18 1.3 1,297 3.6692

8 1 1 1 42 1.3 1,297 11.4236

9 −1.682 0 0 10 1.0 1,000 1.3961

10 1.682 0 0 50 1.0 1,000 13.1611

11 0 −1.682 0 30 0.5 1,000 7.3111

12 0 1.682 0 30 1.5 1,000 5.4261

13 0 0 −1.682 30 1.0 500 4.3611

14 0 0 1.682 30 1.0 1,500 8.6111

15 0 0 0 30 1.0 1,000 6.5201

16 0 0 0 30 1.0 1,000 6.7411

17 0 0 0 30 1.0 1,000 6.4811

18 0 0 0 30 1.0 1,000 6.4711

19 0 0 0 30 1.0 1,000 6.5131

20 0 0 0 30 1.0 1,000 6.7611

Analysis of Variance (ANOVA)
Analysis of variance technique (ANOVA) was used to test the
significance of the developed model. Suitability of the model
is determined by the coefficient of determination (R2) [62, 77].
The coefficient of determination (R2) for current analysis 0.9894,
which shows <2% of the deviations, remained unexplained by
this model. The Adjusted R2 value is 0.9889, which is again
great value and shows the high significance of the developed
model. There is also a good agreement between the predicted and
adjusted determination coefficients. The model is determined
as significant as the value of probability was found to be less
than the F-value [62, 78, 79]. Analysis of variance (ANOVA) is
shown in Table 8. The value of P is <0.05 which shows that
the model has a predictability of 95% confidence level. The
value of the determination coefficient is 0.9894, which shows
the developed model shown in Equation 4 is highly reliable.
The computed value of F is 1882.73 which is more than the
tabular value, which shows significant treatment. Hence, the
proposedmodel is appropriate and efficient for this investigation.
Moreover, the model is statistically significant as the P <

0.05 [80].

Effect of Wear Parameters on the Specific Wear Rate
The effect of input parameters on specific wear rate (SWR) in
terms of three-dimensional surface and two-dimensional contour
plots are shown in Figures 5A–F. The contour and surface plot
of specific wear rate w.r.t. load and sliding distance is shown
in Figures 5A,B, respectively. It has been observed from these
plots that the specific wear rate increases with load and sliding

distance. The highest value of specific wear is observed in the
region where the load is 50N and the sliding distance is 1,500.

Contour and surface plots between sliding speed and sliding
distance are shown in Figures 5C,D, respectively. The figure
shows that the specific wear rate increases with sliding distance
and vice versa in case of sliding speed. The maximum value
specific wear is observed in the region where sliding distance is
1,500m and sliding speed is 0.5 m/s. whereas, minimum value
can be seen in the region where sliding distance is 500m and the
sliding speed is 1.5 m/s.

Further, the contour and surface plot concerning sliding speed
and sliding distance are shown in Figures 5E,F, respectively. It
can be observed from the figures that the value of the specific
wear rate increases with the increase of load, while it decreases
with the increase of sliding distance. The maximum value of the
specific wear rate can be observed in the region where the load is
50N for all conditions of sliding speed. Whereas, the minimum
value is observed in the region where sliding speed is 0.75–1.5
m/s and load is at 10–15N. It can be concluded that the specific
wear rate increases with the increase of sliding distance and load,
however, it decreases with the increase of sliding distance.

Optimization
Optimization of wear parameters was performed based on
the “Smaller Is Better” theory to achieve minimum specific
wear rate. Response optimizer tool under RSM method was
used to accomplish optimal settings of wear parameters, which
are identified as 20N load, 1.5 m/s sliding speed, and 500m
sliding distance. Further, pin on disc wear test has again been
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FIGURE 4 | Plots of specific wear rate: (A) normal probability plot, (B) fits vs. residual plot, (C) residual vs. frequency plot, and (D) run order plot vs. residual plot.

TABLE 8 | ANOVA table for specific wear rate.

Source DF Adj SS Adj MS F-value P-value

Model 9 196.145 21.794 1882.73 0.000

Linear 3 194.499 64.833 5600.80 0.000

Load(N) 1 167.135 167.135 14438.44 0.000

Sliding speed(m/s) 1 4.594 4.594 396.89 0.000

Sliding distance(m) 1 22.770 22.770 1967.06 0.000

Square 3 1.053 0.351 30.33 0.000

Load(N)*Load(N) 1 0.873 0.873 75.41 0.000

Sliding speed(m/s)*Sliding speed(m/s) 1 0.085 0.085 7.38 0.022

Sliding distance(m)*Sliding distance(m) 1 0.018 0.018 1.53 0.244

2-Way interaction 3 0.592 0.197 17.06 0.000

Load(N)*Sliding Speed(m/s) 1 0.121 0.121 10.41 0.009

Load(N)*Sliding distance(m) 1 0.368 0.368 31.78 0.000

Sliding speed(m/s)*Sliding distance(m) 1 0.104 0.104 8.97 0.013

Error 10 0.116 0.012

Lack-of-fit 5 0.027 0.005 0.31 0.888

Pure error 5 0.088 0.018

Total 19 196.260

Standard deviation: 0.107, R2: 0.9894, adjusted R2: 0.9889, Predicted R2: 0.9882.
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FIGURE 5 | Contour and surface plots of various parameters for specific wear rate: (A) contour plot for load vs. sliding speed, (B) surface plot for load vs. sliding

speed, (C) contour plot for load vs. sliding distance, (D) surface plot for load vs. sliding distance, (E) contour plot for sliding distance vs. sliding speed, and (F) surface

plot for sliding distance vs. sliding speed.
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TABLE 9 | Results of confirmation test conducted at the optimal level of setting.

Response Load(N) Sliding

speed(m/s)

Sliding

distance(m)

Predicted

(× 10−5 mm3/N-m)

Experimental

(× 10−5 mm3/N-m)

Error %

Specific wear rate

(× 10−5 mm3/N-m)

20 1.5 500 0.200 0.205 2.5

FIGURE 6 | (a) SEM images of the worn-out surface at optimal levels, (b) SEM images of wear debris collected during wear test at optimal levels, (c) EDS report of

the worn-out surface at optimal levels, and (d) EDS of debris collected.

performed at the identified optimal level of parameters to
compare experimental SWR with predicted SWR.

Validation
The experimental validation test has been conducted at the
optimal set of parameters, and specific wear rate was further
calculated. The specific wear rate for this test was achieved as
0.205 × 10−5 mm3/N-m, which shows a better performance
than elsewhere [81, 82]. The comparison of the predicted and
experimental SWR is shown in Table 9. It has been found that the
experimental value of SWR is slightly higher (2.25%) compared
with the predicted SWR, which indicates great adaptability of
this tool for wear parameters’ optimization of boron carbide and
fly-ash reinforced Al7075 hybrid composite.

Analysis of Worn Out Surface and Debris
Experimentation was performed at the optimal condition of
setting and the analysis of worn-out surface and debris was
carried out using SEM images and EDS spectrum. An SEM
image of the worn-out surface is shown in Figure 6a, this
reveals the shallow and deep plowing grooves, ridges, some pits,

and a few smeared layers on the worn-out surface. Plowing
grooves were formed during sliding by the asperities of the
counterpart, which leads to the establishment of ridges. The
repetitive sliding action caused the formation of smeared layers
and the removal of some debris from ridges. Some pits were
observed, which may be due to removal of reinforcement
particles. During plowing, removal, and collection of some
material from grooves to the tip of the asperity caused a
wedge formation. This type of material removal is known as
abrasive wear and the wear mechanism involved may be plowing.
Figure 6c shows the EDS spectrum of the worn-out surface,

which reveals the presence of B4C, SiO2, Fe2O3, and Al, which
are the elements of matrix and reinforcement phases and shows
the presence of reinforcements in the worn-out surface. The
SEM image of collected debris is shown in Figure 6b, which

reveals major amounts of debris, in the form of fine debris
with some very fine debris. Moreover, few small size deformed
debris and small size flacks were found, which indicates a lower
specific wear rate. The EDS spectrum of debris is shown in
Figure 6d and shows B4C, SiO2, and Al phase, which illustrates
the matrix and reinforcement elements are present in the
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debris and counter surface elements were not observed [10].
These wear phenomenon might be observed due to abrasive
wear [58, 62, 69].

CONCLUSION

In the present work, B4C (8 wt. %) and fly-ash (2 wt. %)
reinforced hybrid aluminum 7075 composite was fabricated
using a stir-casting route. Experimentations were conducted at
different loads, sliding speeds, and distances based on a central
composite design. Further, a novel wear model was developed
using RSM which governs the wear performance. Based on the
experimental investigation and RSM modeling, the following
conclusions can be drawn:

• Modeling of wear parameters is effectively accomplished using
the Response Surface Method (RSM) and Central Composite
Design (CCD), and an empirical model of specific wear
rate was developed which can be used for the prediction of
specific wear rate at a given set of input parameters without
performing experiments.

• Analysis of variance method (ANOVA) was efficiently adapted
to examine the acceptability of the developed model, which
gives the value of the coefficient of determination of themodel.

• The coefficient of determination (R2) is 0.9894, which means
the developedmodel has a broad range of acceptability for B4C
and fly-ash reinforced aluminum hybrid composites.

• The optimal condition of wear parameters was determined
as 20N load, 1.5 m/s sliding speed, and 500m sliding

distance, the predicted value of the specific wear rate is 0.2 ×

10−5 mm3/N-m.
• In the validation test, the experimental value of the specific

wear rate is 0.205 × 10−5 mm3/N-m, which have only 2.25%
more than the predicted rate. This result shows an excellent
level of adaptability and applicability of the developed.

• Shallow and deep plowing grooves and fine debris were
majorly present in the worn-out surface and debris sample,
which shows evidence of abrasive wear and plowing wear
mechanisms. Moreover, matrix and reinforcements elements
were found on the worn-out surface and debris sample.
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