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Metal matrix composites (MMCs) and their hybrid combinations are widely incorporated in research due to their enhanced
mechanical properties and wear resistance. In this work, an investigation is made to fabricate AA2024 matrix flyash and graphite-
reinforced hybrid composite for industrial applications and determine its suitability by performing testing and characterization.
Tensile properties and compressive strength, wear resistance, fracture toughness, impact energy, and the hardness of the
composites are evaluated. A tensile strength maximum of 300 MPa was achieved. Furthermore, the thermal analysis of a disc brake
of this hybrid composite is performed using SOLIDWORKS software to identify the temperature distribution up to 469°K. The
addition of flyash reinforcement shows the changes in properties with weight reduction. Although the content of graphite particles
shows a deterioration in mechanical properties, it acts as a lubricant and reduces wear by friction and friction between the
components. The coefficient of friction (COF) for the specimen is in the range of 0.1 to 0.3. The distribution of graphite and flyash
is analyzed using the scanning electron microscope. It was found that the properties of the prepared composite are lesser than the
base alloy AA2024, but the fabricated composite’s density (2.07 g/cc) is lesser than the base alloy AA2024 (2.78 g/cc).

1. Introduction

The possibilities of obtaining a desirable blend of strength,
rigidity, toughness, or specific weight using traditional
materials are limited. Composite materials have gained
significant attraction in recent times for overcoming these
inadequacies and meeting the excessive requirements of
today’s technology. MMCs have considerably enhanced
properties over conventional alloys, such as high specific

strength, specific modulus, dampening capacity, and abra-
sion resistance [1]. Some of MMCs’ physical properties, such
as their lack of significant moisture absorption, reduced
thermal conductivities, and resistance to most radiations, are
also advantageous. Composites with low-density and low-
cost reinforcing are becoming increasingly popular [2, 3].
Composites reinforced with flyash are anticipated to break
through the cost barrier for broad use in automobile and
light-duty applications [4]. As a result, it is anticipated that
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integrating flyash particles into aluminium alloys leads to an
effective application for the low-cost waste by-product and
also the capacity to preserve energy-intensive consuming
aluminium components [5]. Particulate reinforced alumi-
num matrix composites are gaining popularity due to their
low cost and benefits such as isotropic characteristics and the
ability to undergo secondary processing, allowing for the
creation of secondary components [6]. Cast aluminum
matrix particle reinforced composites offer higher specific
strength, specific modulus, and wear resistance than un-
reinforced alloys [7]. The shortcoming of aluminium alloys
is the minimal resistance to abrasive wear under low-
lubrication conditions and their significant retention of
the lubricating layer over the sliding surface, making tri-
bological applications difficult. Aluminium graphite particle
composites are self-lubricating composites that receive at-
tention from researchers because of their remarkable anti-
seizure effect, high thermal stability, excellent damping
characteristics, and reduced friction coefficient [8]. This self-
lubrication is caused by the shearing of graphite particles
under the composite’s sliding surface, which reduces shear
stress, alleviates permanent deformation in the subsurface
area, reduces the friction coefficient, and acts as a lubricant
[9]. As a result, the development and retention of this tribo-
layer on the sliding surface influence the materials' tri-
bological behavior through material properties such as
chemical composition, mode of fracture, and material
thickness [10]. It is determined by the type of sliding surface,
the atmosphere, and the amount of graphite content in the
composite. It has been observed that increasing the graphite
component in Al/graphite composites reduces the wear rate.
However, there are claims that the wear rate increases with
the graphite content owing to a reduction in the fracture
toughness and hardness of composites [11]. Hence, extensive
experimental research is required to analyze the effect of the
inclusion of micron-size flyash and graphite with the matrix
AA2024 wrought alloy.

The novelty of the paper is the hybrid combination of
flyash with graphite reinforcement, and the aim of the
present work is to fabricate the AA2024 aluminum matrix
hybrid composite using the stir casting setup and to char-
acterize the fabricated specimens, including the thermal
analysis using SOLIDWORKS software.

2. Materials and Method

Aluminum AA2024 alloy is the matrix for the hybrid alu-
minum matrix composite in the current study. It is utilized
in applications, which demand a high strength-to-weight
ratio, in addition, to excellent fatigue resistance such as
wings and fuselages in aircraft structures. The chemical
composition of the alloy as per optical emission spectros-
copy is presented in Table 1. Flyash is one of the wastes
produced by coal burning. The principal elements of flyash
are oxides such as SiO,, Al,O3, and Fe, O3, which are present
in the industrial by-product collected from the flue gas of
coal-burning electric power plants. It is widely used by the
construction industry for cost reduction in the
manufacturing of concrete structures, bricks as well as road
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construction. The composition of different fly ashes is
presented in Table 2. Graphite nature is soft and it has
a lubrication property [11].

The stir casting method was utilized for the preparation
of AA2024 metal matrix composite as both class-F flyash
(100 grams = 10%), and graphite (50 grams =5%) were the
reinforcements. Figure 1(a) shows the stir-casting process.
The fabrication of a composite involves the addition of
dispersed phases into a molten matrix and subsequent so-
lidification. Initially, the mold for the casting and the re-
inforcement particles at the required weight was preheated
to 200°C in an oven. The aluminum AA2024 (1000 grams)
was melted in the clay crucible in the furnace and followed
by the addition of reinforcement into the molten matrix,
which is at 680°C-700°C slowly with a rate of 1gram per
20 sec. The temperature was ensured with a thermocouple
and digital meter. During the stirring with a stirrer, the
chemical reaction took place between the matrix alloy and
reinforcement to develop homogeneous hybrid composites.
The stir casting setup is utilized to achieve excellent me-
chanical properties owing to the increased interfacial
bonding among the matrix and flyash through the vortex
developed. Once the proper mixture is obtained, then the
temperature is measured and the prepared composite was
poured at the temperature of 780°C into the preheated mold
(Figure 1(b)). Three molds are prepared for casting rods of
a diameter of 20 mm, length of 300 mm, and length of
350 mm, as shown in Figure 1(c). The required specimens
were cut from the cast for the characterization of micro-
structures, tensile, compression, and hardness testing. Wear
rate analysis was also performed on the prepared specimens.
The cast rods are first cut into various lengths according to
the specifications. Now, the cut pieces are machined in the
lathe. The specimen for the tensile test involves turning,
facing, and chamfering. The specimens for the compression
test and wear tests involve turning and facing. It is found that
the density of the hybrid composite is lesser than that of the
base alloy AA2024. Thus, the weight is automatically re-
duced. Theoretical and experimental density values of the
hybrid composite fabricated are 1.97 g/cm?, and 2.077 g/cm”,
respectively. These values are lesser than the density of
AA2024 value of 2.78 g/cm”.

3. Testing, Results, and Discussion

3.1. Tensile Test. In the tensile test, the specimens are sub-
jected to uniaxial tension until failure. Figures 2(a)-2(d)
show the tensile testing (ASTM E8 standard) of the prepared
composite. The tensile sample for testing was prepared as per
the standard given in Figure 2(a). The prepared tensile
specimen and the specimen position in the testing machine
are given in Figures 2(b) and 2(c), respectively. The tensile
fractured specimens are shown in Figure 2(d). The neck
formation was not seen on the specimens after tensile
testing. The recorded stress and strain curve during tensile
testing is given in Figure 3(a). The tensile testing result was
almost the same for all three samples according to the stress
vs strain curve. It showed the ultimate stress was around
300 MPa and the strain of around the 3.6-3.8 range. The
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TaBLE 1: Chemical composition of AA2024 matrix.
Element Al Cu Fe Mg Mn Si Ti Ni Zn Cr Pb Sn
% 91.95 4.63 0.35 1.4 0.6 0.41 0.05 0.01 0.2 0.38 0.04 0.03
TasLe 2: Composition of various fly ashes. gi'ven in Figure 5(a). Figures 5(b) and ?(c) show the load vs
displacement curve and stress vs strain curve for all three
Component Bituminous Sub-bituminous Lignite specimens, respectively. The ultimate compressive load and
SiO; (%) 20-60 40-60 15-45 ultimate compressive strength are taken from the graphs
ALO; (%) 5-35 20-30 20-25 generated for the specimens. The values are noted, and the
Fe,0, 0(%) 10-40 4-10 4-15 average of the three values is considered the final value. The
Ca0 (%) 1-12 >-30 15-40 average ultimate load was 72.5 kN, and the average ultimate
LOI (%) 0-15 0-3 0-5

ultimate tensile and yield strength were observed and given
in the bar chart shown in Figure 3(b). The values are noted
for three specimens, and the average value is considered the
final value. The average tensile and yield strengths were
297 MPa and 154 MPa, respectively. The composite strength
is lesser than that of the AA2024 alloy. The reason is though
the graphite and flyash reduce the weight of the composites,
it decreases the composite strength. The strain hardening
rate (h) was calculated based on the values of yield strength
(YS), and tensile strength (TS) of the prepared casting. It
decides the material ductility and is also an important
property for engineering applications [12]. It can vary
depending on the strain rate. The estimated YS/TS ratio and
TS and YS difference are plotted in Figures 3(c) and 3(d),
respectively. The decrease in this YS/TS ratio means an
increase in tensile ductility. The value here is in the range of
0.5. Although all the samples have almost equal values,
sample 1 shows the maximum ductility with a 0.513 ratio
value. These values might be considered for the evaluation of
the strain-hardening exponent of the composite. Similarly,
the difference in tensile and yield strength has an impact on
the plastic deformation of the castings. From the data, the
values are in the range of 141 to 143 MPa. Here, sample 1
showed a maximum value of 143.8 MPa. According to Von
Mises’s statement, shear yield strength (7) can be estimated
by Von Mises’s yield criterion (equation (1)) [13]. Maximum
shear yield strength is 79 MPa for sample 2 and a minimum
of 75.8 MPa.

T=050,, (1)
where “7” is the shear yield stress in MPa, 0,,-yield strength
in MPa.

3.2. Compression Test. The compression test is conducted in
the UTM (Universal Testing Machine). Here, the specimen
is subjected to a uni-axial compression until failure. Com-
pressive strength is the ability of a material to bear a com-
pressive load tending to reduce its height. As per Figure 4(a),
the compressive test specimen (100 mm x $20 mm) was
prepared as per ASTM E9 standard and the specimen is
shown in Figure 4(b). The Specimen after the compressive
test is shown in Figure 4(c), and the crack was found in the
center of the specimens. The compressive test results are

compressive strength was 267.3 MPa. It is found that the
compressive strength gets reduced with that of the base alloy
AA2024. During compressive testing, the maximum load
was obtained as 80kN, and the maximum compressive
strength was recorded as 300 MPa. From the graph, the load
obtained was in the range between 48 and 80 kN, whereas the
stress value during compressive testing was in the range of
180 MPa-30 MPa, as per plots Figures 5(b) and 5(c). The
crack was found in the compressed samples. The convex
portion propagates cracks and was highly affected by the
compressive load during the compression test.

3.3. Toughness Test. The toughness of the composite is de-
termined by the Charpy impact test to analyze the amount of
energy absorbed by the prepared casting during fracture.
This study helps to study the ductile to brittle transition on
the material. Here, the impact test was done on the prepared
casting specimen (10mm x10mm x55mm) shown in
Figure 6(a). A V-notch was cut to a depth of 2mm at the
center. The Charpy impact test was taken for three speci-
mens, and the impact energy was noted, as shown in
Figure 6(b). The average value was around 1.52kg-m. The
toughness value gets reduced when compared to that of base
alloy AA2024. The specimen subjected to impact is shown in
Figure 6(c). The Rolfe Novak Barsom upper shelf correlation
[14-16] is given in equation (2) [17]. Using this equation, the
fracture toughness was calculated with impact energy. The
recorded fracture toughness values are given as a bar chart in
Figure 6(d). The values were in the range of 24.8 to
25.4MPa-m'?, The average fracture toughness was about
24.99 MPa-m'"%.

5 (2)-)

where “K” is fracture toughness (MPa-m'’?) [18], “Ys” is
yield strength (MPa), and “I” is impact energy (kg-m)

(2)

3.4. Hardness Test. A hardness test is performed to de-
termine the ability of the composite material to withstand
indentation [19]. The Rockwell hardness test (B scale) is used
in our current study to determine the hardness, which is
based on the depth of penetration of an indenter. The in-
dentation on the specimen is shown in Figure 7(b). The
hardness value is taken at three different spots. The average
of the three values is taken as the final value and shown in
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FIGURE 1: (a) Schematic of stir casting; (b) composite pouring; (c) prepared composite castings.

Figure 7(c) for samples 1, 2, and 3. It was found that the
hardness of the hybrid composite was lesser than that of the
base alloy AA2024. An average of 63HRB hardness was
recorded.

3.5. Wear Test. The tribological experiments were conducted
at a temperature of 30°C using the pin-on-disc apparatus seen
in Figure 8(a). The tests were carried out at a 500 rpm sliding
speed, a 20 N applied force, and a distance of 1000 m. For the
wear test, pins having a diameter of 10 mm and a height of
30mm were employed, as indicated in Figure 8(a). The
specimen for wear testing is given in Figure 8(b). The surface
of the pin was polished, as shown in Figure 8(c), and was
rotated against a disc. The specimen after the wear testing is
shown in Figure 8(d). The wear rate was determined by
observing the loss of weight during the testing. A digital
weighing scale with an accuracy of 0.1 mg was used to de-
termine the weight of each specimen. Weight loss is defined as
the difference in weight of the test specimen before and after
testing. A graphite lubricating coating covers the whole worn
surface, eliminating direct interaction between the pin and
disc and lowering the friction coeflicient significantly. The
friction coefficient and wear rate for three distinct specimens
were determined, and the final result was calculated using the
average of the three data. It is found that wear properties have
shown improvement due to the addition of graphite. The wear
rate and friction coeflicient values are presented in Table 3.

The coefficient of friction (COF) was calculated using (3) [20],
where the applied load/normal force (L,) in “N” was 20 N and
the frictional force (Fy) in “N.”

COE = 3
=7 (3)

a

By physically examining the test specimens before and
after wear testing, the changes in the cross-sectional area of
the specimens were easily comprehended. Very few weight
losses (in grams) were observed among all three specimens.
The composite (sample 1) showed higher COF. A higher
COF means that more/higher Fywas present. Here, the COF
was less than 0.5, and its range was 0.1 to 0.3. If the COF
value is greater than 1, it means that the normal force is
weaker than the friction. Here, the addition of graphite
reduced the COF value. From the results, low COF showed
a high wear rate.

Figure 9 provides the relationship of frictional force over
sliding distance during the wear analysis of all three samples.
For sample 1, the frictional force reached 6.5 N; whereas it
reached for samples 2 and 3 to 5.7 N and 3.2 N, respectively.
COF and wear rate are the functions of sliding distance [21].
The wear rate and the weight loss values are low for high
frictional force. There are not many variations in the fric-
tional forces in the due course of the period while increasing
the sliding distance from 300 mm onwards. The value might
be changing according to the changes in the applied load.
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FIGURE 2: (a) Tensile sample dimension; (b) prepared cast samples for tensile testing; (c) tensile testing in the UTM machine; (d) specimen

after tensile test.

3.6. Microstructure. The scanning electron microscope
(SEM) that was used for this study is shown in Figure 10(a).
By utilizing a concentrated electron beam across the surface
of the material, the image is shown in Figure 10(b) was taken
at 25um size on the surface of the finished specimen to
analyze its surface properties and access the dispersion of
flyash and graphite. From the microstructure analysis, the
distribution of flyash on the surface of the composite is
observed. It also shows the formation of pores and graphite
accumulation on the surface. The accumulation of graphite

on the surface forms a lubricating layer so that it reduces the
wear rate by reducing the contact area and reducing the
strength and hardness also.

3.7. Thermal Analysis. The prepared hybrid composite can
be used in the application of disc brakes in automotive
applications. Thermal analysis (Figures 11(a)-11(d)) was
carried out for a disc brake using SOLIDWORKS software.
Thermal analysis was done for finding out the temperature
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FIGURE 4: (a) Compression test specimen dimension; (b) specimen prepared for the compressive test; (c) samples after compression test.
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TaBLE 3: Wear test readings.
. Initial weight Final weight Weight loss Coefficient of Wear rate
Specimen e 3
(gm) (gm) (gm) friction (mm~/Nm)
Sample 1 6.3250 6.3130 0.0120 0.325 0.00028888
Sample 2 6.4877 6.4754 0.0123 0.285 0.0002961
Sample3 6.3487 6.3360 0.0127 0.185 0.0003057
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FIGURE 9: Frictional force vs. sliding distance curve recorded for the specimens.

distribution in the disc brake plate during the braking action.
The steps such as model creation, the meshing of the model,
and boundary conditions were involved in the analysis.
Initially, a model of a disc brake plate was created using solid
works software then the properties of the model are fed into
the software using custom properties. The model creation of
the disc brake plate involved extrusion, revolved cut,

chamfering, etc. The model created using the standard di-
mensions of the disc brake plate in motorbikes is shown in
Figure 11(a). The created model was in turn meshed and the
mesh information was given in the figure. The maximum
aspect ratio is around 4. It was done to divide the object into
a fine number of elements so that the properties required can
be analyzed in each element. Meshing is the primary for
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FIGURE 10: (a) Scanning electron microscope (SEM); (b) SEM image of composite.
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FiGure 11: (a) Disc brake plate model; (b) meshing of disc brake plate model; (c) thermal analysis (top view); (d) thermal analysis (bottom

view).

finite element analysis. Nevertheless, the base portion of the
plate (i.e.,) hub portion was fixed as to boundary conditions
while the analysis. The specified area was the area of the
brake pad that was to be in contact with the plate. This

particular area is sensitive and bears the pressure of braking,
so a pressure of 1 MPa was applied in that area, and the
results were analyzed. A maximum temperature of
469 Kelvin was recorded.
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4. Conclusions

The AA2024-fly ash-graphite hybrid composite was suc-
cessfully manufactured utilizing the stir casting technique,
and the cast specimens were evaluated for analyzing their
mechanical and tribological characteristics. The following
observations are made based on the experimental findings:

(a) Addition of 10 wt. % flyash reduces the density of the
composite, thereby reducing the overall weight.

(b) Excessive graphite content increases the porosity and
cracks leading to a reduction in the mechanical
performance of the hybrid composite.

(c) Incorporated graphite particles act as a lubricant
during the abrasion process, reducing wear. The
wear rate increases with applied stress, and at 5%
graphite weight, the wear rate and coefficient of
friction are reduced.

(d) The AA2024-flyash-graphite hybrid composite can
be used in low-strength, less-weight, and high-wear
applications such as low-weight gears in marine
applications and low-duty motor and bike disc
brakes. It could also be used for making low-strength
fasteners in aerospace applications.
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