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Abstract

In the modern era, the demand for lightweight and high-strength aluminium matrix composites (AMCs) has significantly
grown as a result of their structural applications in various sectors. The distinctive characteristics of AMCs are intricately
impacted by variables like the type and weight percentage (wt.%) of reinforcement, the selection of processing techniques,
and the matrix employed. Fabricating hybrid AMCs poses several challenges, including achieving desired geometrical shapes,
homogeneous mixing of reinforcements, addressing porosity, and ensuring strong interfacial bonding of reinforcement-
matrix interfaces. Stir-squeeze casting has emerged as a non-traditional casting technique with the potential to address these
challenges effectively. This study intends to look into the impacts of the distinct reinforcement particles (Al,O5, SiC, Siz;N,,
and BN) with varying wt.% on the development of different configurations of hybrid AMCs based on AA2024. The key
properties that have been examined include porosity, ultimate tensile strength (UTS), elongation percentage (EL%), hard-
ness, and impact energy of developed hybrid AMCs. The results reveal that UTS (235.6 to 377.8 MPa) and hardness (51.5
to 85.1 HRB) significantly increased with the addition of reinforcement particles, while EL% (11.6 to 7.9%) and impact
energy (6.62 to 5.61 J) decreased. AA2024/2%A1,05/2%SiC/2%Si3N,/2%BN outperformed in terms of UTS and hardness
and gave 60.36% and 65.24%, respectively; however, the porosity, EL%, and impact energy have been compromised from the
matrix material (AA2024) by 1.61%, 31.89%, and 15.26%, respectively. Fractography analysis of UTS and Charpy impact
fractured samples depicts that a dimple fracture has been observed for the AA2024 without any reinforcement. However,
with the inclusion of particles for reinforcing (Al,O3, SiC), the fabricated AMC AA2024/2%Al1,04/2%SiC provided the
cleavage fracture, while transgranular cleavage fractures have been observed in the fractured surfaces of the third and fourth
configurations (AA2024/2%A1,04/2%SiC/2%Si;N,, AA2024/2%A1,04/2%SiC/2%BN). Moreover, the brittle fracture has
been depicted in the broken sample of AA2024/2%A1,05/2%SiC/2%Si;N/2%BN.

Keywords Aluminium matrix composites - Stir-squeeze casting - Reinforcement particles - Ultimate tensile strength -
Porosity - Impact energy

1 Introduction

Advances in the manufacturing industry have spurred a
growing demand for enhanced strength, hardness, tough-
ness, and impact resistance in advanced composite mate-
>4 Muhammad Asad Ali rials [1]. Composite materials are blends of two or more
asad.ali@uet.edu.pk substances that cannot be separated and typically possess
Department of Industrial and Manufacturing Engineering, characteristics superior to those qf the 1n('hv1dual compo-
Faculty of Mechanical Engineering, University nents [2]. The reinforcing and matrix materials of composite
of Engineering and Technology, Lahore 54890, Pakistan materials are the main factors that classify them. There are
Department of Mechanical Engineering, University three types of matrix materials that can be distinguished:
of Engineering and Technology, Lahore 54890, Pakistan (i) metal matrix composites (MMCs), (ii) ceramic matrix
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composites (CMCs), and (iii) polymer matrix composites
(PMCs). Composites can be categorized into three groups
depending on the type of reinforcing material utilized: (i)
particle-reinforced (micro and nanoparticles), (ii) fiber-rein-
forced (aligned and stapled), and (iii) structural (sandwich
and laminate). MMCs have been identified as noteworthy
developments in the manufacturing of advanced composites
for various uses in the automotive, aerospace, and marine
sector [3]. The widespread acceptance of MMCs is attrib-
uted to their superior toughness, strength, impact attributes,
and high strength-to-weight ratio [4]. MMCs are made up
of two main parts: (i) a matrix material, such as magnesium
(Mg) or aluminium (Al), and (ii) reinforcing components,
like fibers, whiskers, and particles [5]. When reinforce-
ments are added, mechanical characteristics like toughness,
hardness, and tensile strength are greatly improved over the
underlying material [6]. However, in recent years, research-
ers’ attention has shifted towards aluminium metal matrix
composites (AMCs) due to their ability to alter physical,
metallurgical, and mechanical characteristics through vary-
ing reinforcement particles and processing conditions [7].
Meeting the market demand for advanced composites can
be achieved through the utilization of AMCs, given their
cost-effectiveness and ease of production while maintaining
desirable strength properties [8]. Since AMCs have advanta-
geous characteristics like low weight, enhanced wear resist-
ance, prominent strength, and minimal thermal expansion,
AMC:s are practiced in defense, automotive, and aerospace
structural components [9-11].

Typically, the introduction of reinforcement particles
to a low-strength matrix induces changes in its mechani-
cal properties. Composites differ in their properties accord-
ing to a number of criteria, including the kind, size, form,
and wt.% of the reinforcing particles. AMC’s can be cre-
ated by incorporating and blending reinforcements like
nitrides, oxides, borides, and carbides—examples include
AIN, Si;N,, TiO,, Al,O4, BN, TiB,, B,C, SiC, TiC, and
Gr [12-14]. The processing methods and parametric condi-
tions employed in the production of AMCs perform a crucial
part in improving both the mechanical and microstructural
attributes [15]. From a technological standpoint, solid-state
and liquid-state processes are the two categories into which
processing methods can be separated [16]. Liquid-state pro-
cessing methods encompass techniques such as squeeze cast-
ing [17], ultrasonic-assisted casting [18], conventional stir
casting [19], compo-casting [20], gravity die casting [21],
centrifugal casting [22], and pressure-less infiltration [23].
On the other hand, solid-state processing methods involve
plasma spark, microwave, and conventional sintering [24],
as well as powder metallurgy (PM) [25]. The traditional fab-
rication methods for AMC development involved introduc-
ing and blending reinforced particles into molten aluminium
through stir casting. However, these methods had drawbacks,
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including the potential for reinforcement segregation, hot
tearing, center-line cracking, micro-porosities, and poor
adhesion at the interface region between the metal matrix
and reinforced particulates. These issues ultimately led to
diminished mechanical and microstructural characteristics
[26, 27]. Among the various casting processes, squeeze cast-
ing emerges as a non-traditional technique with the capa-
bility to address the aforementioned casting challenges.
Squeeze casting offers advantages such as high strength,
reduced cavities, minimal gas porosity, and the elimina-
tion of segregation caused by reinforcements, leading to an
improved surface finish [28]. Additionally, it stands out as
a highly efficient and effective method for producing near-
net-shape products [29].

Mechanical and microstructural properties of AMCs
developed through squeeze casting are highly influenced by
reinforcement particle types, wt.%, and squeeze casting par-
ametric conditions. Different researchers have worked on the
development of AMCs and revealed improvements in their
microstructural and mechanical characteristics. Singh et al.
[30] undertook a study on AMCs reinforced with SiC, recog-
nized as widely utilized engineering materials in aerospace
and automotive applications. The authors investigated the
formulation of a composite by introducing SiC into A16063
at varying mass ratios (of 5%, 7.5%, 10%, 12.5%, and 15%)
using the stir casting practice. Rendering to the findings,
Al/SiC composites demonstrated a higher density compared
to the pure aluminium matrix. The results also revealed a
uniformly distributed particle structure, contributing to
improved mechanical and microstructural attributes in the
Al/SiC composites. Mourad et al. [31] employed squeeze
stir casting to manufacture recycled AMCs, utilizing scrap
aluminium alloy wheel (SAAW). Hybrid reinforcements,
including alumina, SiC, and graphite, were incorporated to
create environmentally sustainable AMCs. According to the
results, adding 4% graphite and Al,O; to SAAW improved
strength while lowering frictional forces and wear rate.
Microstructure exploration demonstrated that, in compari-
son to SiC, graphite and Al,O; bonded to the SAAW matrix
more successfully. In a different study, Christy et al. [32]
concentrated on the processing, characteristics, microstruc-
ture, and optimization of SAAW reinforced with alumina,
manufactured through squeeze and stir casting methods.
A thorough investigation was performed on the stir-casted
composites, taking into account the wear/tribological perfor-
mance, microstructure, hardness, compression, and tensile
strength. Both mechanical and tribological characteristics
improved when alumina was added to the aluminium matrix.

Muraliraja et al. [33] used the squeeze casting method to
develop an A17075 AMC with a noticeably high compressive
strength by adding 2.5% alumina as reinforcement. Accord-
ing to the authors, there was a 25.42% rise in AMC hard-
ness. Furthermore, the composite’s compressive strength
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improved to 587 MPa with the inclusion of alumina rein-
forcement. Comparing this improvement to other recorded
AMC:s in the literature as well as the parent Al 7075 alloy
was notable. The study research executed by Kumar et al.
[34] aimed to examine the impacts of Al,0,/SiC reinforcing
wt.% and size of particles on the mechanical and tribologi-
cal characteristics of AA2024/A1,0,/SiC. The authors came
to the conclusion that hybrid composites showed improved
wear resistance and mechanical characteristics, which made
them especially well-suited for uses like engine cylinder lin-
ers in the automotive sector. Lu et al. [35] conducted a thor-
ough investigation of the distinct effects of Zr and Fe parti-
cle surplus on the microstructural attributes and mechanical
behavior of A17075/40%SiC. According to the findings, Zr
particles had the best retention efficiency. On the other hand,
when Fe particles are present, an average thickness of 12 um
hard, brittle Fe-Al layer appears on the surfaces of the Al
matrix and Fe particles.

Bimetal composites produced by melt infiltration cast-
ing (MIC) and squeeze infiltration (SI) were examined on
the bases of their microstructural, mechanical, and wear
characteristics in a study by Gecu and Karaaslan [36]. Both
processes were carried out at 625 °C. Under identical test
conditions, the composite generated via SI showed some-
what better wear resistance. It underwent reduced abrasive
wear and plastic deformation in comparison to the compos-
ite generated using MIC. SI seemed more beneficial while
requiring a larger initial outlay of funds, particularly in light
of its possible industrial application. Using the squeeze cast-
ing method, Venkata Rao et al. [37] synthesized the hybrid
AMC, which is made of AA6061 reinforced with Al,O5/SiC.
The following were found to be the ideal process parameters:
a melt temperature (M) of 750 °C, a squeeze pressure (Sp)
of 100 MPa, a pressure holding period (Pp) of 20 s, and the
use of die steel material. In the hybrid AMC fabricated, this
combination showed ideal values for yield strength, UTS,
and hardness. Idrisi and Mourad [38] formulated the AMCs
by employing two distinct methodologies: conventional and
ultrasonic-assisted stir castings. Various concentrations of
40-um-sized SiC microparticles (3%, 5%, 8%, and 10%)
were utilized in the production of AMCs. Through micro-
structural examinations, the authors observed an even dis-
persion of SiC microparticles in the metal matrix by employ-
ing the ultrasonic method. Additionally, the findings showed
that operating the ultrasonic-assisted stir casting method
resulted in considerable improvements in both mechani-
cal and physical characteristics. Chak and Chattopadhyay
[39] evaluated the effectiveness of SiC-reinforced AMCs
produced through the stir-squeeze casting. Microstructural
examination revealed homogeneous SiC dispersion and
refinement of grain in the aluminium. The authors con-
cluded that the introduction of SiC reinforcement resulted

in a notable enhancement of approximately 62% in UTS and
30% in microhardness compared to matrix.

From the literature cited above, it has been found that
various reinforcement particulates have been utilized in
the fabrication of AMCs. Single-type reinforcing materi-
als, particularly those with low weight percentages, make it
difficult for AMCs to combine physio-mechanical, micro-
structural, and thermal characteristics in a balanced way.
Although increasing the reinforcement percentage enhances
the strength properties of AMCs, it frequently results in
decreased ductility and fracture toughness. Both ductility
and fracture toughness are critical attributes for avoiding
failures under in-service stress conditions. High percent-
ages of reinforcement in composites can lead to issues such
as high porosity and agglomeration. Therefore, replacing a
single-reinforcement type with a specific weight percentage
with two or more different reinforcements at their respec-
tive wt.% may help mitigate agglomeration problems. While
numerous studies have focused on the fabrication of AMCs
to enhance mechanical attributes compared to monolithic
materials and other types of reinforced aluminium compos-
ites, it is noteworthy that limited research has explored the
addition of more than two inorganic reinforcements in the
AMCs of AA2024. For instance, Al,O5, SiC aluminium
composites, and other single-reinforcement matrix compos-
ites have been developed to meet industrial requirements
for mechanical attributes. Notably, substantial progress has
been made in the development of hybrid composites, such as
Al,05/SiC-based composites, which are considered promis-
ing for high-strength applications. However, the combined
effects of reinforcement oxides (Al,O;), carbides (SiC), and
nitrides (Si;N, and BN) have not been comprehensively
explored, despite being preferred reinforcements in the
industry. Furthermore, the influence of these reinforcements
has not been significantly examined for the development of
improved microstructural and mechanical characteristics of
AMC:s. Therefore, this study aims to develop hybrid AMCs
based on different wt.% of hybrid reinforcement particles
(AL,0O4, SiC, Si3;N,, and BN) through stir-squeeze casting.
A thorough analysis has been performed to obtain how
hybrid reinforcement particles affect the microstructural and
mechanical characteristics of AMCs with regard to density
and porosity (%), ultimate tensile strength (UTS), elongation
percentage (EL%), hardness (HRB), and impact energy (IE).
Microscopy and scanning electron microscopy (SEM) have
been used to analyze the microstructure of hybrid AMCs.
The key objectives of the current study are the following:

¢ Development of different configurations of hybrid AMCs
through stir-squeeze casting.

e Microstructural and mechanical characterization of
developed hybrid composites.
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2 Materials and methods

This study’s primary goal is to investigate the ways in
which vital aspects of stir-squeeze casting affect both
the microstructural and mechanical attributes of hybrid
AMCs. This section presents a concise overview of the
material selection and fabrication process/experimental
procedures, as well as the characterization and mechani-
cal testing employed in this study.

2.1 Materials selection

Compared to other series of aluminium alloys, the 2000
series has better embedding characteristics, such as
increased damage tolerance and a stronger resistance to
fatigue fracture propagation. This is why the aerospace,
defense, maritime, and heavy transport vehicle-build-
ing industries use these alloys extensively [28, 40, 41].
Widely used in a variety of commercial applications,
wrought aluminium alloy 2024 (AA2024) is utilized in
wing tension members, ribs, fuselage structures, shear
webs, and structural sections that call for exceptional
strength, stiffness, and fatigue performance [42-45]. So,
AA2024 has been chosen as the matrix for the fabrication

of hybrid AMCs; the material’s chemical composition is
validated using optical emission spectroscopy and is dis-
played in Table 1.

In this study, hybrid AMCs were fabricated using various
inorganic reinforcement particles such as Al,O5, SiC (with
an average size of 35 nm), BN, and Si;N, (with an average
size of 100 nm). The reinforcement particles (Al,O;, SiC,
BN, and Si;N,) have been selected on the bases of their
specific properties and utilization in various applications as
mentioned in Table 2, while the weight percentage (wt.%)
has been selected on the bases of recommended range in
literature [45-50]. The composition of different designed
configurations of hybrid AMCs, along with their respective
reinforcement types and weight percentages, is presented in
Table 3. For each configuration, the wt.% of all reinforce-
ment particles has been kept at 2%, while the overall wt.%
of reinforcements has varied at 0%, 4%, 6%, 6%, and 8%,
respectively.

2.2 Fabrication process

For the production of hybrid AMCs, a non-traditional cast-
ing method known as stir-squeeze casting was utilized. The
specific process parameters are provided in Table 4. An elec-
tric resistance furnace with a heating capacity of 1000 °C

Table 1 Chemical composition

. - Element Cu Ti Si Mn Ni Mg Al
of matrix material AA2024
wt.% 3.87 0.03 0.19 0.63 0.02 1.25 Balanced
Table2 Reinforcement particles Reinforcements Properties Applications References
selected for the development of
hybrid AMCs AlLO,4 > High strength-to-weight ratio > Connecting rods [45, 47]
>> Cylinder heads
> Pistons
>> Brake discs
SiC >> Thermal properties > Engine cradle [48, 49]
> High hardness and stiffness > Pistons
> High specific strength > Calipers
>> Resistant to acids, alkalis, and >> Brake rotors
molten salts up to 800 °C > Connecting rod
> Liners
> Propeller shaft
>> Driveshaft
>> Brake disc on ICE bogies
BN > Low density >> Automobile applications [50]
>> Lamellar crystalline structure with
prominent lubricating attributes
>> High thermal conductivity and low
expansions
> High strength and hardness
>> Superior shock resistance
Si;N, > High tensile strength and hardness >> Automotive parts [46]
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Table 3 Composition of the designed configuration of hybrid AMCs under different reinforcements
Configurations Matrix metal Reinforcement particles
AA2024 (wt.%) ALO; (Wt.%) SiC (wt.%) Si;N, (Wt.%) BN (wt.%)

A AA2024 100 0 0 0 0
B AA2024/2%A1,04/2%SiC 96 2 2 0 0
C AA2024/2%A1,05/2%SiC/2%Si;N, 94 2 2 2 0
D AA2024/2%A1,04/2%SiC/2%BN 92 2 2 0 2
E AA2024/2%A1,05/2%SiC/2%Si;N,/2%BN 92 2 2 2 2
Table 4 Stir-squeeze casting parametric constant conditions to fabricate hybrid AMCs
Casting parameters Description Values
Melt temperature (M) Controlled temperature of molten composite slurry that is transferred into the die cavity 800 °C
Reinforcement particle Temperature required to preheat the reinforcement particles to remove moisture contents and lubricants, to 950 °C

preheating temperature enhance the wettability with matrix metal

(Ry)
Squeeze pressure (Sp) Pressure applied to the plunger on the molten composite slurry for compression 100 MPa
Pressure duration (Pp,) The time interval during which the squeeze pressure is exerted on the molten material till the point of 120 s

solidifying is reached

Die temperature (D) The temperature at which the metallic die needs to be preheated prior to pouring the composite melt 250 °C

slurry
Time delay (T)

The duration between the moment when the composite slurry is transmitted into the cavity and the subse- 15s

quent initiation of the squeeze pressure on the slurry

Stirring speed (Sg)
material and the reinforced particulates
Stirring time (St)

The rotational speed of the stirrer necessary to accomplish a homogeneous mixture of the molten matrix

The time duration in which molten slurry of composite is mixed during the stirring mechanism

600 rpm

5 min

was employed to melt the aluminium AA2024 matrix mate-
rial while maintaining a superheat temperature of 800 °C.
In order to improve the bonding between the molten metal
matrix and the reinforcement particles, the designated wt.%
of particulate reinforcements were preheated in a separate
furnace at 950 °C for a duration of 3 h before the casting
process. Once the AA2024 matrix reached the superheat
temperature of 800 °C, slag was taken out of the melted
slurry. Subsequently, the preheated reinforcement particles
were introduced directly into the AA2024 melt. The melt
was constantly stirred at 600 rpm for 5 min to make sure an
even scattering of the particulate reinforcements throughout
the melt. The action of stirring facilitates the dispersion of
the reinforcing particles and improves the interfacial con-
nection with the metal matrix.

In the meantime, the H13-forged steel die was subjected to
preheating at a temperature of 250 °C using an oxyacetylene
torch, in accordance with the suggestions put forth by prior
research investigations. The temperature of the die was verified
using an infrared temperature gun (Smart Sensor: AR330).
Following the preparation of the composite slurry consist-
ing of the mixture of AA2024 and reinforcement particles

through stirring, it was cautiously added to the hot die cavity.
The elapsed time between the application of squeeze pres-
sure and the complete filling of the cavity with the molten
composite slurry was meticulously measured and consistently
maintained at approximately 15 s. To compress and solidify
the molten composite slurry, a 100-ton vertical hydraulic press
was employed. Sp of 100 MPa was applied to the composite
slurry for 2 min to compress and solidify it. After releasing
the squeeze pressure, the solidified billet of hybrid AMC was
carefully extracted from the die. The resulting fabrication billet
possessed dimensions of 140 mm X 56 mm X 54 mm. Figure 1a
provided a general schematic illustrating the fabrication pro-
cess of hybrid AMCs, while Fig. 1b highlighted the real-time
process flow utilized for the development of hybrid AMCs
through the stir-squeeze casting process. Various configura-
tions (A, B, C, D, and E) of hybrid AMCs have been developed
by varying distinct particulate reinforcement types and wt.%,
as outlined in Table 3. The fabrication procedure was care-
fully followed to produce the different configurations through
stir-squeeze casting based on the specific process parametric
condition highlighted in Table 4, while three billets were fab-
ricated for each configuration of hybrid AMCs.
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(a) Schematic illustration of hybrid composite fabrication process
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(b) Experimentation: Process parametric settings and hybrid composite fabrication
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Fig. 1 a Schematic illustration of the squeeze-casted hybrid composite process and b experimental flow process
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2.3 Characterization and mechanical testing
2.3.1 Density and porosity (%)

Upon completing the fabrication of the hybrid AMCs, sam-
ples were prepared for density (g/cm?) and porosity (%)
testing by cutting them using a machining process specific
to each configuration. The theoretical density of matrix
metal AA2024 is 2.78 g/cm3, while the theoretical densities
of reinforcement particles Al,O5, SiC, BN, and Si;N, are
3.95 g/cm3, 3.21 g/cm3, 2.1 g/cm3, and 3.44 g/cm3, respec-
tively. However, the theoretical density of hybrid AMCs has
been calculated according to the rule of mixing by using
Eq. 1 [51].

P =WEy X p+Wto X P+ ...+ W, Xp,)+Wwt, Xp,

ey
where p, represents the theoretical density of hybrid AMC;
wt,,, wt,,, and wt,, are the wt.% of reinforcement particles
from 1 to n; and p,,, p,,, and p,, are the respective theoreti-
cal densities of reinforcement particles from 1 to n, whereas
wt,, and p,, are the wt.% and theoretical density of matrix
material (AA2024). In accordance with the BN-75/4051-10
standard, the hydrostatic weighing approach (Archimedes
principle) was used to determine the experimental density
and porosity of various developed configurations of hybrid
AMC:s. After weighing each sample in both air and water,
the actual or experimental density of each was calculated
using Eq. 2 [52].

m,

Pe = X pw

m—m, @
where p,, m,, m,, and py, indicated the experimental density,
mass of hybrid AMC in the air and in the water, and the
water density, respectively. The porosity of different hybrid
AMC:s has been measured using Eq. 3 [53].

Porosity(%) = P Pe x 100 3)

t

2.3.2 Mechanical characteristics

The evaluation of the mechanical characteristics of the
hybrid AMCs produced through stir-squeeze casting
involved the assessment of various responses, including
ultimate tensile strength (UTS), elongation percentage
(EL%), hardness, and impact energy (IE). Shaper and mill-
ing machines have been employed to make the specimens for
UTS, hardness, and IE testing. Tensile specimens were made
in accordance with the ASTM-ES standard, as depicted
in Fig. 2a. A universal tensile testing machine (Model:

UH300kNA) with a 30-ton capacity has been used for UTS
testing at a strain rate of 5x 10> mm/s and at ambient tem-
perature. For each configuration of developed hybrid AMCs,
three tensile samples have been tested, while their average
value has been considered for the final analysis of UTS and
EL%. EL% has been calculated by the following Eq. 4.

‘f i
100 4
T X 4

i

EL% =

where L; and L; are the initial and final gauge lengths of
the tensile specimen, they have been measured by Vernier
caliper as shown in Fig. 2a.

The amount of impact energy that the specimen absorbed
during fracture was ascertained using the Charpy impact test.
The preparation of the Charpy impact specimens adhered to
the ASTM-E23-07a standard. These specimens were char-
acterized by dimensions of 50 mm X 10 mm X 10 mm and
featured a V-notch. The V-notch had a 45° angle, was 2 mm
deep, and a 0.25 mm radius along the base side of one of the
larger dimensions. The specimen’s schematic illustration of
the Charpy impact specimen has been provided in Fig. 2b.
The impact energy absorbed by the specimen, resulting from
the applied impact load, was quantified using the expression
provided in Eq. 5.

IEahmrhed = ng(c0562 - COSH]) (5)

where /E = impact energy, m =mass of fork, g = gravita-
tional acceleration, R =the radius of the fork, 6, =initial ref-
erence angle or angle of fall, and 6, =final reference angle
or angle at the end of the swing. For each configuration of
fabricated hybrid AMCs, three Charpy impact specimens
have been tested, and their average reading is taken as the
final measurement of IE for the analysis.

The hardness of the developed hybrid AMCs has been
assessed as per the ASTM E18-17 standard, utilizing a
Rockwell hardness tester as depicted in Fig. 2c. The hard-
ness testing was performed using the HRB scale, employing
a steel ball indenter with a diameter of 1/16". Ten seconds of
dwell time were maintained, while a force load of 100 kgf
was applied. Five distinct spots on the hybrid AMCs’ surface
were chosen for hardness measurements in each configu-
ration to guarantee representative findings. After that, the
mean value of the hardness measurements at these sites was
determined and taken into account for further examination.

2.3.3 Microstructural characterization

Using common metallographic methods, the hybrid AMC
specimens’ microstructures were investigated. After the
specimens were divided into smaller pieces, grit sizes of
60 and 100 of emery paper were used for a coarse grind-
ing process. The goal of this coarse grinding stage was to
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(a) Ultimate tensile strength (UTS) and elongation percentage (EL%) testing

UTS Specimen (Standard: ASTM-ES) Universal Testing Machine  Elongation percentage

Fractured specimens

(b) Impact Charpy testing

45°

’\ﬁ 0 mm
e

10 mm

Ei=mgh:

Impact specimen (ASTM-E23-07a) Impact Charpy Tester Fractured specimens

(c) Hardness testing

Rockwell Hardness Tester (ASTM-E18-17)

(d) Microstructural analysis

Scanning electron microscope

Fig.2 Characterization and mechanical testing: a UTS and EL%, b impact Charpy testing, ¢ hardness testing, and d microstructural testing

provide a smooth surface that would act as a base for fur-
ther grinding operations. Following the coarse grinding
phase, alcohol was used to thoroughly clean the samples.
The next processes involved medium and fine grinding,
using emery papers with grit levels ranging from 300 to
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1000. The specimens were then polished with a velvet
cloth coated in diamond paste to produce a surface that
resembled a mirror. The polishing process involved rotat-
ing the cloth at a speed of 200 rpm in 5-min intervals.
A Modern-1 Double Disc Grinder/Polisher was used to
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complete the polishing process. After being ground and
polished, the samples were etched using Keller’s etch-
ant, which included 190 mL of distilled water, 3 mL
of HCI, 2 mL of HF, and 5 mL of HNO;. The etching
procedure took 20 s to complete. An optical microscope
and a scanning electron microscope (FEI Inspect S50)
were employed for microstructural analysis, as shown in
Fig. 2d.

3 Results and discussion

In this research, the fabrication of hybrid AMCs of
AA2024 has been carried out using different types of
reinforcement particles with distinct wt.%. After the fab-
rication/development of hybrid AMCs, the hybrid AMCs
are tested regarding their density and porosity (%), UTS
(MPa), EL%, hardness (HRB), and impact energy (J). The
results of this current study are in Table 5.

3.1 Density and porosity (%)

In this section, we meticulously examine the theoreti-
cal density (g/cm®), experimental density (g/cm?), and
porosity (%) across various configurations of squeeze-
cast hybrid AMCs, by varying wt.% of reinforcement
particles: (A) AA2024, (B) AA2024/2%Al1,0,/2%SiC,
(C) AA2024/2%A1,03/2%SiC/2%Si;N,, (D)
AA2024/2%A1,05/2%SiC/2%BN, and (E) AA2024/2%Al,
05/2%SiC/2%Si;N,/2%BN. Figure 3 encapsulates the out-
comes pertaining to the theoretical density, experimental
density, and porosity (%) of different hybrid AMC configu-
rations. Utilizing Egs. 1-3, we have calculated both theoreti-
cal and experimental densities, as well as porosity (%). It is
noteworthy that the experimental densities, though margin-
ally lower, closely align with the theoretical densities, under-
scoring the unavoidable presence of porosity in all samples.
This porosity is inherent in the fabrication process of AMCs,
stemming from procedural steps. The results reveal a direct
correlation between density values and the escalation of
reinforcement wt.%. Intriguingly, a non-linear relationship

Table 5 Results of UTS, EL%,

. Configurations UTS (MPa) EL (%) Hardness (HRB) Impact
harginess, and impact energy energy
testing of d;veloped hybrid a
AMC specimen

A. AA2024 235.6 11.6 51.5 6.62
B. AA2024/2%A1,04/2%SiC 284.8 9.7 65.7 5.78
C. AA2024/2%A1,04/2%SiC/2%Si3N, 328.2 8.7 74.6 5.58
D. AA2024/2%A1,05/2%SiC/2%BN 337.7 8.3 72.9 5.63
E. AA2024/2%A1,05/2%SiC/2%Si;N,/2%BN  377.8 7.9 85.1 5.61

Fig.3 Theoretical and experi-
mental density with porosity

(%) analysis of hybrid AMCs 2.90 -
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is discerned with porosity as the wt.% increases. This non-
linear trend sheds light on the intricate dynamics between
reinforcement content and material density, offering insights
into the nuanced behavior of these hybrid AMCs during fab-
rication. Figure 3 illustrates that squeeze-casted AA2024
exhibits the lowest porosity (1.24%) and, correspondingly,
the lowest densities (p, = 2.78 g/cm?, p, = 2.746 g/cm?)
when no reinforcement particles are incorporated into the
AA2024 melt. This phenomenon arises from the absence
of reinforcement particles that typically contribute to both
porosity and density enhancement. The microscopic image
presented in Fig. 4 further showcases the presence of mini-
mal porosity and voids within the microstructure of squeeze-
casted AA2024. Additionally, fine grain structure and den-
drites are evident in the microstructure of squeeze-casted
AA2024.

When introducing 2% Al,O; and 2% SiC into the
AA2024 melt, depicted in Fig. 3, both porosity (1.29%)
and densities (p, = 2.812 g/cm?, p,= 2.776 g/cm?) of the
squeeze-casted AMC (AA2024/2%A1,04/2%SiC) exhibit
an increase. This density augmentation in the hybrid AMC
results from the higher densities of Al,O; and SiC than
AA2024, contributing to elevated theoretical and experi-
mental densities. Concerning the porosity of the hybrid
AMC (AA2024/2%A1,05/2%SiC), the porosity of the
hybrid AMC has grown with the involvement of reinforce-
ments. This rise in porosity (%) is attributed to gas mol-
ecules entrapped during the stirring process, enriching the
porosity during solidification. Numerous flaws, such as
shrinkages, micropores, and microvoid cracks, are caused
by this phenomenon. The microstructure of the hybrid
AMC (AA2024/2%A1,05/2%SiC) is revealed in Fig. 5, a

Fig.4 Microstructural analysis
of squeeze-casted AA2024

@ Springer

microscopic image that shows the development of holes,
voids, reinforcing particle presence, rosette-like structures,
and small needle-like structures. The microstructure of
hybrid AMCs includes rosette-like patterns, which are spi-
ral or circular formations created by the interaction of the
reinforcing particles (Al,O5; and SiC) with the molten metal
(AA2024) during solidification. These structures take shape
due to the AA2024 grains’ preferred development around
the Al,O; and SiC reinforcing particles, which produces a
unique pattern. Although the microstructure of AMCs often
exhibits small, needle-like features, these structures are usu-
ally the result of the eutectic reaction that takes place dur-
ing solidification between the reinforced particulates and
the aluminium matrix (AA2024). As a result of this eutectic
reaction, fine precipitates or needle-like phases form, which
can have an influence on the mechanical attributes and
microstructural characteristics of AA2024/2%A1,05/2%SiC
composite.

Regarding the hybrid AMC characterized by the addi-
tion of 2%A1,04/2%SiC/2%Si;N,, as presented in Fig. 3, it
exhibits the highest porosity (1.35%) and elevated densities
(p,=2.825 glem’, p,=2.187 g/cm?®). Figure 3 illustrates that
the inclusion of 2%Al1,05/2%SiC/2%8Si;N, reinforcement
particles significantly increases the density of the hybrid
AMC (AA2024/2%A1,04/2%S1C/2%Si;N,). This density
augmentation can be recognized to the particularly higher
density of Si;N, (3.44 g/cm?) compared to AA2024 (2.78 g/
cm3), leading to a substantial increase in both theoretical and
experimental densities. Despite incorporating reinforcement
particles into the melt, the experimental density is some-
what compromised due to inherent manufacturing imper-
fections associated with the casting process. The specimens
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Fig.5 Microstructural
analysis of squeeze-casted
AA2024/2%A1,04/2%SiC
hybrid composite

exhibit imperfections such as porosity, shrinkage, and slag
inclusions, which can be traced back to the elevated tem-
peratures employed in the molten metal formation process.
Numerous variables contribute to the porosity observed in
the composites. In the aluminium matrix (AA2024), the
reinforcement particles are uniformly dispersed through
agitation. This not only governs the accumulation of par-
ticles during the reinforcement content augmentation but
also introduces gas into the molten metal as a byproduct of

the stirring process. The entrapment of gas bubbles during
solidification stands as the primary cause of porosity in the
final structure. Consistent with prior research findings, the
developed reinforced composites align well with expecta-
tions regarding their density and porosity [54]. The micro-
scopic image shown in Fig. 6 indicated the greater porosity
of blocky-shaped as well as the voids in the microstruc-
ture of squeeze-casted AA2024/2%A1,0,/2%SiC/2%Si;N,
hybrid AMC. Along with that, intermetallic compounds

Fig. 6 Microstructural analysis of squeeze-casted AA2024/2%A1,0,/2%SiC/2%Si;N, hybrid composite
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and a little agglomeration are also observed on the squeeze-
casted microstructure of hybrid composites.

The hybrid composite (AA2024/2%A1,04/2%SiC/2%BN)
exhibited some level of porosity (1.3%) and densities (p,
=2.798 g/cm?, p, = 2.762 g/cm®) with the incorporation
of additional boron nitride (BN) reinforcement. In Fig. 3,
it is highlighted that with the addition of BN, the porosity
of the developed hybrid AMC has decreased. The reason
is that BN has the lowest density (2.1 g/cm®) compared to
the other reinforcement particles as well as pure AA2024,
which results in the depreciation of porosity. Another reason
for the decrease in the porosity of hybrid AMC is that BN
acts as the wetting agent, which reduced the porosity and
did not produce any further cracks in the developed hybrid
AMC. Several process parameters, including higher wt.%,
stir time, and stir speed, contribute to the observed poros-
ity in the composite. The duration of stirring in mechanical
mixing offers a greater chance for atmospheric gases and
oxides to become trapped, although it remains an essential
parameter for ensuring proper mixing of particulates with
the matrix during the molten state. While the wt.% of par-
ticles increases, turbulence and aggressive stirring can be
created by maintaining a constant stir speed. This can lead
to heterogeneous mixing and an increase in porosity. The
microscopic image shown in Fig. 7 illustrated the eutectic
structure of squeeze-casted hybrid AMC (AA2024/2%Al,
0,/2%SiC/2%BN), where porosity and voids are highlighted
on the microstructure.

When the wt.% of reinforcement particles such as
2%A1,05/2%SiC/2%Si3N,/2%BN introduced in the melt

of AA2024, then the porosity and density of the fabricated
AA2024/2%A1,04/2%S1C/2%Si;N,/2%BN depreciated due
to the involvement of BN, which acts as the wettability agent
and reduced the inhomogeneity of reinforcement particles,
abridged the porosity (1.26%) and increased the densities
(p, = 2.812 g/em?, p, = 2.776 g/cm?) of the hybrid AMC,
as depicted in Fig. 3. The microscopic image represented
in Fig. 8 highlighted the small porosity and the voids in the
microstructure of the hybrid AMC. The enrichment of inter-
metallic compounds and the fine needle-like structure have
been seen on the microscopic image. The experimental study
utilized optimal parameters to control additional porosity in
the produced composites, preventing issues such as voids,
local clustering, and agglomeration in the microstructure
of hybrid AMCs. This meticulous control is essential for
maintaining the mechanical characteristics of the compos-
ites, and the study found a lower porosity percentage due
to the following considerations: (i) it is essential to use a
vacuum atmosphere to protect the molten fluid from air con-
taminants when stirring; (ii) as a precautionary measure, the
reinforcements are heated before melting and pouring; (iii)
the molten matrix is combined with Al,0,/SiC/Si;N,/BN
to ensure uniform wettability; and (iv) during the pouring
operation and pressure application, a controlled delay period
of 15 s is maintained to reduce the likelihood of air bubbles
and gas blisters entering the atmosphere.

Figures 4, 5, 6, 7, and 8 demonstrated that the hybrid
composite exhibits stronger interface bonding than the
unreinforced AA2024 alloy. The load transmitted between
the AA2024 and reinforcements is greatly affected by the
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Fig. 7 Microstructural analysis of squeeze-casted AA2024/2%A1,04/2%SiC/2%BN hybrid composite
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Fig.8 Microstructural analysis
of squeeze-casted AA2024/2%
Al,0;3/2%SiC/2%Si;N,/2%BN
hybrid composite

strength of the interface bond. Interface binding strength
is essential for the transmission of loads among them [55].
Because of their dislocation, the particles of Al,O;, SiC,
Si;N,, and BN are dispersed, which inhibits mobility. It also
contributes to the hybrid composite’s increased mechani-
cal strength. The microstructure further demonstrates the
proper interfacial interaction between the AA2024 and the
reinforcing particles. The reinforcements (Al,O;, SiC, SizN,,
and BN) are scattered all over the microstructure of the com-
posites, with some particle clustering and strong interfacial
bonding (Figs. 5, 6, 7, and 8). In all configurations of AMCs,

Fig.9 UTS (MPa) analysis of

hybrid AMC configurations 4507

400
350

300

[ 3

n

<
1

UTS (MPa)
8
<
1

150

100

50

AA2024

no significant porosity is detected, and the range of porosity
observed was between 1.24 and 1.35%. In certain cases, a
moderate interfacial reaction may be necessary to create a
strong and durable bond between the reinforcements and
the metal matrix, leading to improved interfacial bonding.

3.2 Ultimate tensile strength
Figure 9 displays the results pertaining to the UTS (MPa)

of various configurations of hybrid AMCs produced through
squeeze casting, with respect to the wt.%: (A) AA2024,

[ UTS (MPa)
I
T T
T 1

AA2024 AA2024 AA2024 AA2024

+2%A1,0, +2%AL,0, +2%AL,0, +2%AL,0,

+2%8iC +2%SiC +29%SiC +2%SiC
+2%Si,N, +2%BN +2%Si;N,

Hybrid AMCs Configurations +2%BN
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(B) AA2024/A1,04/SiC, (C) AA2024/A1,04/SiC/Si3N,,
(D) AA2024/A1,0,/SiC/BN, and (E) AA2024/A1,0,/SiC/
SizN,/BN. Results reveal a direct correlation between the
strength of hybrid AMCs and increased reinforcement wt.%.
Figure 9 illustrates that squeeze-casted AA2024, with no
reinforcement particles in the melt, exhibits the lowest UTS
(235.6 MPa). The squeeze-casted AA2024 exhibited the
lowest UTS compared to the other hybrid AMCs. The pri-
mary reason for the lowest UTS is linked to the absence of
reinforcements, which prevents the enhancement of strength.
The fractured sample is further examined with SEM analy-
sis for the study of the porosity, cracks, and fracture struc-
ture. Hence, the SEM analysis presented in Fig. 10 provided
additional evidence of porosity and crack propagation in
fractured samples of squeeze-casted AA2024, concurrently
revealing the presence of a dimple fracture structure. Ductile
fractures typically exhibit surface features characterized by
numerous small, round, or elongated depressions called dim-
ples. These dimples arise as a result of localized stretching
and tearing of the material during plastic deformation that
occurs prior to the final fracture.

Upon the introduction of 2% Al,O; and 2% SiC into
the melt of AA2024, as depicted in Fig. 9, the UTS of the
squeeze-casted AMC (AA2024/2%Al1,05/2%SiC) experi-
enced an increase of 284.8 MPA, which is 20.88% improved
than matrix material AA2024. The increased concentration
of SiC and Al,O; in the hybrid AMC as opposed to the base
matrix AA2024 is responsible for its strength increase. The
rise in dislocation density close to the reinforcement-matrix

Dimple
fracture

i -

Fig. 10 SEM analysis of squeeze-casted AA2024 UTS specimen
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interface and the grain consolidation effect is caused by
hard Al,0;/SiC reinforcement that is firmly bound to the
AA2024 matrix [56]. The rise in weight percentage of hard
and brittle SiC and Al,O; particles, which impede disloca-
tion motion, is the primary cause of the dislocation den-
sity increase. UTS of the hybrid AMCs was identified to be
substantially greater when compared to the AA2024 metal
matrix [57]. As the tensile loading is applied to the hybrid
AMC, stress concentrations are generated, which causes
the initiation and propagation of cracks. Due to this effect,
reinforcement particles hinder crack propagation, and there-
fore, a higher load or force is required for the breakage of
hybrid AMCs. Despite the existence of reinforcements in the
hybrid AMC (AA2024/2%Al1,04/2%SiC), porosity, cracks,
and their propagation are highlighted in the SEM analysis of
the fractured sample, as shown in Fig. 11. The SEM analy-
sis also indicates the separated grain boundaries of a-Al
and the formation of cleavage-shaped structure on the frac-
tured surface of hybrid AMC (AA2024/2%A1,0,;/2%SiC).
The evident separation of grain boundaries in a-Al reveals
that the aluminium matrix (AA2024) of the hybrid AMC
(AA2024/2%A1,05/2%SiC) underwent grain boundary sepa-
ration during the fracture process. This separation can be
attributed to the applied stress surpassing the strength of the
grain boundaries, leading to their separation and the creation
of distinct boundaries between adjacent grains. Furthermore,
the presence of a cleavage-shaped structure on the fractured
surface implies that the fracture occurred along well-defined
crystallographic planes within the material. Such a cleavage
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Fig. 11 SEM analysis of the fractured surface of squeeze-casted AA2024/2%A1,05/2%SiC hybrid composite UTS specimen

fracture pattern, commonly observed in brittle materials,
indicates that the fracture propagation followed specific
crystal planes, resulting in a flat and smooth fracture surface
characterized by distinct cleavage planes.

Examining the hybrid AMC incorporating 2%
Al,05, 2% SiC, and 2% Si3;N, in Fig. 9, it is evident
that this composition yields a higher tensile strength
(328.2 MPa) compared to the AA2024 (39.30%) and to
AA2024/2%A1,04/2%SiC (15.24%). The addition of
2%A1,05/2%SiC/2%Si;N,, reinforcement particles signifi-
cantly enhances the density of the hybrid AMC, contribut-
ing to increased tensile strength. Previous research sug-
gested several ways to improve composites, including load
sharing, particle strengthening, grain refining, and thermal
mismatch strengthening enforced by reinforcement parti-
cles [58]. The ceramic particles help transfer the applied
load more effectively from the aluminium matrix to the
hard particles, which can bear a significant portion of the
load, enhancing the overall tensile strength [59]. The pres-
ence of 2% Al,04, 2% SiC, and 2% Si;N, can lead to finer
grain structures in the AA2024 (matrix material), which
typically results in higher strength due to the Hall-Petch
relationship [60]. Reinforcements like Si;N, can help
in deflecting and bridging cracks, thereby improving
toughness and tensile strength. The crack has to navigate
around or through these hard particles, which consumes
more energy and delays failure [61]. Generally, increased
porosity in composites can lead to reduced mechanical
properties, including tensile strength, as pores act as stress

concentrators and crack initiation sites. Despite the nega-
tive effect of porosity, the combination and distribution
of the reinforcements (2%Al,05/2%SiC/2%Si;N,) can still
result in a net improve in tensile strength. This is due to
the reinforcements’ ability to significantly enhance the
load-bearing capability of the AMC. If the distribution of
porosity is not uniform and is primarily located in less crit-
ical areas, its detrimental effects might be less pronounced
compared to the overall strengthening provided by the
reinforcements. This could potentially contribute to the
increased tensile strength of squeeze-casted hybrid AMC
(AA2024/2%A1,05/2%SiC/2%Si3N,). The transgranular
cleavage fracture of the hybrid AMC is highlighted by
the SEM examination of the fractured sample displayed in
Fig. 12. Furthermore, on the fractured surface of hybrid
AMC (AA2024/2%A1,05/2%SiC/2%Si3N,), where distinct
a-Al grain boundaries have been detected, porosity, cracks,
and their propagation have also been observed. Rather than
being along grain boundaries or other surfaces, the trans-
granular cleavage fracture suggests that the fracture hap-
pened through the material’s interior. This type of fracture
is typically associated with brittle materials and suggests
that the hybrid AMC may have limited ductility and a
tendency to fracture along well-defined crystallographic
planes. The propagation of cracks indicates that the mate-
rial experienced fracture propagation under applied stress.
This indicates that the cracks initiated and grew, possibly
due to stress concentration points or other factors, leading
to the ultimate failure of the material.
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Fig. 12 SEM analysis of squeeze-casted AA2024/2%Al,0,;/2%SiC/2%Si;N, hybrid composite UTS specimen

The hybrid composite (AA2024/2%A1,04/2%SiC/2%BN)
displayed a degree of higher tensile strength (337.7 MPa),
and this value of tensile strength is 43.34% improved
than the AA2024, 18.57% improved than the
AA2024/2%A1,05/2%SiC, and 2.81% improved than the
AA2024/2%A1,05/2%SiC/2%Si5N,, and this tensile strength
(337.7 MPa) has increased due to the introduction of addi-
tional BN reinforcements. In Fig. 9, it is observed that the
incorporation of BN led to a reduction in the porosity and an
increment in the UTS of the developed hybrid AMC. This
enrichment in UTS can be recognized to the circumstance
that BN contributes to the porosity reduction in the hybrid
AMC through its role as a wetting agent, minimizing poros-
ity, favoring the enhancement of UTS, and preventing the
occurrence of further cracks in the developed hybrid AMC.
This is because the crystalline structure of boron nitride has
a lamellar structure and important lubricating characteris-
tics. Furthermore, these materials have good shock resist-
ance, minimal thermal expansion, high thermal conductivity,
and outstanding workability [50]. Mechanical mixing over
an extended stirring time provides more opportunities for
the entrapment of atmospheric gases and oxides, although
it remains crucial for ensuring proper mixing of particulates
with the matrix during the molten state. The SEM analysis
shown in Fig. 13 indicated the interfacial debonding of the
fractured specimen of hybrid AMC (AA2024/2%A1,0,/2%
SiC/2%BN), with the separated grain boundaries of a-Al.
However, porosity, crack propagation, and transgranular
cleavage fractures have been observed in the fractured SEM

@ Springer

analysis of hybrid AMC (AA2024/2%A1,05/2%SiC/2%BN).
The broken specimen’s interfacial debonding indicates that
the interfaces between the aluminium matrix («-Al) and the
reinforcements (Al,O;, SiC, and BN) may have detached or
separated. This reveals that during the fracture event, the
applied stress was too great for the strength of the connec-
tion that holds the matrix (AA2024) and reinforcing parti-
cles together.

As illustrated in Fig. 9, the strength of composites gen-
erally tends to increase as the wt.% of reinforcements in
the matrix material raises. The effective transmission of
stress from the matrix to the reinforcements, the differ-
ences in the alloy and composite matrix failure behaviors,
the introduction of a high density of dislocations into the
matrix, and the shrinking of the composite grain size are
some of the causes of this phenomenon. The deviation in
the thermal expansion coefficients of the matrix alloy and
the reinforcement could be the cause of this disparity [46].
The anticipation was that the abundant smaller particles
2%A1,05/2%SiC/2%Si;N,/2%BN would enhance strength,
as these small particles can effectively pin dislocations due
to their strong strengthening capability. Furthermore, the
ultimate tensile strength of hybrid AMC (AA2024/2%Al,
05/2%SiC/2%Si;N,/2%BN) demonstrates an increase of
60.36% when compared to AA2024, 32.65% when com-
pared to AA2024/2%A1,04/2%SiC, 15.11% when compared
to AA2024/2%A1,04/2%SiC/2%Si;N,, and 11.87% when
compared to AA2024/2%A1,05/2%SiC/2%BN. The fracto-
graphic investigation of the mechanical behavior indicates
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Fig. 13 SEM analysis of squeeze-casted AA2024/2%Al1,04/2%SiC/2%BN hybrid composite UTS specimen

that the AA2024 matrix alloy has a high degree of internal
ductility, which allows it to efficiently distribute localized
internal stresses. This internal ductility contributes to the
overall mechanical resilience of the alloy. However, the pres-
ence of 2%Al,05/2%SiC/2%S1;N,/2%BN particles limits the

\ Refty ‘orcylent
ittle fracture

plastic flow of the hybrid AMC, leading to a fracture with a
at higher tensile load or force. The SEM analysis shown in
Fig. 14 revealed the interfacial debonding of the fractured
specimen of hybrid AMC (AA2024/2%A1,0,/2%SiC/2%S
i3N4/2%BN), with the separated grain boundaries of a-Al.
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Fig. 14 SEM analysis of squeeze-casted AA2024/2%Al1,05/2%SiC/2%Si;N,/2%BN hybrid composite UTS specimen
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However, porosity, crack propagation, and transgranular
cleavage fractures have been observed in the fractured SEM
analysis of hybrid AMC (AA2024/2%A1,0;/2%SiC/2%Si,
N,/2%BN).

The SiC, Al,O;, Si5N,, and BN particles in the AA2024
matrix are what cause the increase in UTS and loss in duc-
tility as wt.% of reinforcement increases. As the AA2024
matrix and the previously described reinforcements solidify,
these reinforcements smooth out the grains and create a solid
interfacial connection among them. When the tensile load
is also transmitted from the matrix to the reinforcements
in the AA2024/2%A1,05/2%SiC/2%Si3N,/2%BN hybrid
composite due to its superior interfacial bonding resistance
to dislocation motion compared to the AA2024, the rein-
forcement particles’ supporting properties help the hybrid
composite, which adds to its enhanced strength. The even
dispersion of Al,O;, SiC, Si;N,, and BN particles is respon-
sible for the increased UTS that results from the insertion
of reinforcement.

3.3 Elongation %

Figure 15 presented the EL% results for various configu-
rations of hybrid AMCs produced through squeeze cast-
ing, denoted as (A) AA2024, (B) AA2024/A1,0,/SiC, (C)
AA2024/A1,0,4/SiC/SisNy, (D) AA2024/A1,0,4/SiC/BN,
and (E) AA2024/A1,0,/S1C/Si3N,/BN, corresponding to
different wt.% of reinforcements. The outcomes exhibit an
inverse correlation between the EL% of hybrid AMCs and
the increased reinforcement wt.%. Specifically, Fig. 15 high-
lighted that squeeze-casted AA2024, lacking any reinforce-
ment particles in the melt, displays the highest EL% (11.6%).

Fig. 15 EL (%) analysis of
hybrid AMC configurations 14

12

The reason is that, without the reinforcement particle, bond-
ing developed between the atoms is not of greater extent
and gives a high strain rate when a specific load or force is
applied. In comparison to the other hybrid AMCs, squeeze-
casted AA2024 demonstrates the highest EL% (ductility),
primarily attributed to the absence of reinforcement particles
hindering strength enhancement.

When 2% Al,O; and 2% SiC were introduced into the
melt of AA2024, as illustrated in Fig. 15, the EL% (9.7%)
of the squeeze-casted AMC (AA2024/2%A1,0;/2%SiC)
exhibited a notable decrease, representing a 16.38% reduc-
tion over the base matrix material AA2024. The reason is
that EL.% exhibits a decline as the wt.% of reinforcement
particles raises in AA2024. The incorporation of the rein-
forcements imposes constraints on the ductile characteristics
of the alloy matrix (AA2024), attributed to the introduc-
tion of dislocations. Moreover, the robust bonding of hard
and brittle Al,O54/SiC reinforcement to the AA2024 matrix
contributes to increased dislocation density near the matrix
reinforcement interface and a grain-strengthening effect. The
heightened dislocation density is primarily a result of the
increased wt.% of reinforcement particles, which hinders
the dislocation motion and results in a decrease in EL% [62].

Analysis of the hybrid AMC incorporating 2% Al,O;,
2% SiC, and 2% Si;N, in Fig. 15 revealed a significantly
lower EL% (8.7%) compared to AA2024 (11.6%) and
AA2024/2%A1,04/2%SiC (9.7%). The addition of 2% wt.%
each of Al,0,/SiC/Si;N, reinforcement particulates contrib-
utes to a notable increase in the grain refinement during the
solidification, making strong and hard interfacial bonding
with the matrix material (AA2024), resulting in depreciation
of ductility. Through the application of squeeze casting to
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these reinforcement particles, further grain refinement and
areduction in porosity were achieved, potentially contribut-
ing to the increased strength of the squeeze-casted hybrid
AMC (AA2024/2%A1,04/2%SiC/2%Si;N,). Additionally,
the homogeneous stirring of reinforcement particles during
fabrication reduced porosity, further enhancing the tensile
strength of the hybrid AMC and resulting in a reduced EL%.

The hybrid AMC (AA2024/2%A1,05/2%SiC/2%BN)
demonstrated a notably lower EL% (8.3%), representing a
28.45% reduction over AA2024, an 14.43% reduction over
AA2024/2%A1,05/2%SiC, and a 4.59% reduction over
AA2024/2%A1,04/2%SiC/2%S1;N, (Fig. 15). This reduced
EL% (8.3%) is attributed to the introduction of additional BN
reinforcements after the 4% addition of Al,O5 and SiC, mak-
ing an overall 6% of reinforcement particles in the AA2024.
In Fig. 15, it is evident that the incorporation of BN led to
a reduction in porosity and a depreciation in the EL% of
the developed hybrid AMC. This reduction in EL% can be
linked to BN’s role as a wetting agent, reducing porosity,
promoting EL% reduction, and preventing the occurrence
of further cracks in the developed hybrid AMC. However,
homogeneous mechanical mixing offers fewer opportunities
for the entrapment of atmospheric gases and oxides and,
hence, produces a firm connection between the AA2024
and the reinforcement particles, resulting in a better EL%.
Particles within the matrix may agglomerate or cluster as a
result of the presence of reinforcement particles. Cracks may
begin and spread earlier as a result of this clustering, which
may serve as stress concentrators. The material’s capacity
to elongate before breaking is thereby diminished, making
it more prone to failure under tensile pressure.

The EL% of AMCs (AA2024/2%A1,05/2%SiC/2%Si;N,
/2%BN) tends to reduce with a higher content of reinforce-
ments within the matrix material, as illustrated in Fig. 15.
Moreover, the EL% (7.9%) of the hybrid AMC (AA2024/
2%A1,05/2%SiC/2%Si3N,/2%BN) demonstrates a 31.89%
decrease compared to AA2024, an 18.56% decrease com-
pared to AA2024/2%A1,04/2%SiC, a 9.19% decrease com-
pared to AA2024/2%/Al1,04/2%SiC/2%Si;N,, and a 4.82%
decrease compared to AA2024/2%Al1,04/2%SiC/2%BN.
This phenomenon can be accredited to the effective trans-
mission of stress from the matrix to the reinforcements
by inducing high dislocation density in the hybrid AMC
(AA2024/2%/A1,04/2%SiC/2%Si;N,/2%BN) and hard inter-
facial bonding. The smallest EL% was because a substan-
tial amount of reinforcement particles of Al,Os, SiC, SizN,,
and BN would enhance strength, given their capability to
effectively pin dislocations due to their robust strengthening
characteristics.

The insertion of reinforcement particles (Al,O;, SiC,
Si;N,, and BN) can lower the EL% in squeeze-casted hybrid
AMCs. The main cause of this is the reinforcing particles’
intrinsic characteristics and how they interact with the

matrix material (AA2024) during deformation. The previ-
ously stated reinforcing particles, which block the disloca-
tions that are the primary carriers of plastic deformation
in metals, fortify the AA2024. These particles induce the
creation of barriers that hinder the dislocation motion and
make the material’s plastic deformation more difficult. This
reduces the EL% by making the material stiffer and less duc-
tile. The restrictions of the reinforcing particles on the mate-
rial’s ability to withstand strain and undergo plastic defor-
mation result in a reduction of the material’s total ductility.
Moreover, the distribution and direction of the reinforcing
particles inside the matrix may also have an influence on
the mechanical aspects of the hybrid AMC:s. If the particles
are not aligned correctly or are not spread equally, the EL%
could be further reduced. This could cause stress concentra-
tions and promote the emergence and spread of cracks.

3.4 Hardness

This section provides a thorough analysis of the impact
of various configurations of reinforcing particles on the
hardness of squeeze-casted hybrid AMC. Hardness (HRB)
was calculated by applying a Rockwell hardness tester
according to the ASTM-E18-17 standard. Figure 16 pre-
sents the results related to the hardness (HRB) of vari-
ous configurations of squeeze-casted hybrid AMCs based
on wt.%: (A) AA2024, (B) AA2024/2%A1,05/2%SiC,
(C) AA2024/2%A1,053/2%SiC/2%Si;N,, (D)
AA2024/2%A1,05/2%SiC/2%BN, and (E) AA2024/2%A
1,05/2%SiC/2%Si;N,/2%BN. The results depict a direct
relation between the hardness values and the increase in
reinforcement wt.% as shown in Fig. 16. Figure 16 revealed
that squeeze-casted AA2024, without any reinforcement
particles in the melt, exhibits the lowest hardness (51.5
HRB). The reason is that aluminium without the addition of
reinforcement is comparatively a soft material and did not
develop a strong bond within the atoms, therefore exhibiting
a lower hardness.

When 2% Al,0; and 2% SiC are introduced into
the melt of AA2024, as depicted in Fig. 16, the hard-
ness (65.7 HRB) of squeeze-casted hybrid AMC, i.e.,
AA2024/2%A1,05/2%SiC, significantly increased by
27.57%. A suitable squeeze pressure and duration lead to
heightened matrix density, constraining dislocation move-
ment, and enhancing hardness [63]. In addition, the inclu-
sion of rigid and durable alumina particles within the matrix
acts as a barrier to plastic deformation during indentation.
Because of this, the material’s hardness is improved and its
capacity to face plastic deformation is limited [64]. How-
ever, the presence of pores facilitates the easy movement of
dislocations during indentation, causing the hybrid AMC
(AA2024/2%A1,04/2%SiC) to exhibit characteristics like
a ductile material. Furthermore, the adoption of a Sp of
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Fig. 16 Hardness (HRB) analy-
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100 MPa and a Py, of 2 min resulted in reduced porosity and
consequently higher hardness in this study. The rise in hard-
ness for the hybrid AMC is attributed to the higher hardness
of AA2024/2%Al1,04/2%SiC compared to the base AA2024,
causing the hardness to rise.

Regarding the significant enhancement in hardness (74.6
HRB) observed in the hybrid AMC, which is achieved
through the addition of 2%A1,05/2%SiC/2%Si;N,, the addi-
tion of SizN, reinforcement particles results in a notable
improvement in hardness, as seen in Fig. 16, with its higher
hard characteristics compared to AA2024, is a key contribu-
tor to this notable increase in hardness. Additionally, it was
noted that the AA2024/A1,0,/SiC/Si5N, hybrid composites’
resistance to dislocation motion is that they have a higher
hardness than the AA2024 alloy, and the intermetallic con-
nection that exists between the reinforcement and matrix is
strengthened by the addition of reinforcement.

The hybrid composite AA2024/2%A1,0,/2%SiC/2%BN
displayed a certain degree of depreciation (2.28%)
in hardness compared to the hybrid AMC based on
2%A1,04/2%SiC/2%Si;N, as shown in Fig. 16. This is due
to the fact that the BN reinforcement particle has the low-
est density, which results in a fall in hardness due to the
improper bonding of the atoms of the hybrid AMC (AA202
4/2%A1,04/2%SiC/2%BN). In Fig. 16, it is emphasized that
the addition of BN resulted in a reduction of porosity in the
developed hybrid AMC. This reduction in hardness is attrib-
uted to BN having the lowest density (2.1 g/lcm®) compared
to other reinforcement particles and AA2024, contributing
to the mitigation of porosity.

Upon introducing a wt.% of reinforcement particles, spe-
cifically 2%A1,05/2%SiC/2%Si;N,/2%BN, into the melt of

@ Springer

AA2024, a notable increase in hardness (85.1 HRB) has
been observed in the fabricated hybrid AMC (AA2024/2%
Al,05/2%SiC/2%S1;N,/2%BN), as shown in Fig. 16. Moreo-
ver, the hardness (85.1 HRB) of the hybrid AMC (AA2024
12%A1,05/2%SiC/2%S1;N,/2%BN) demonstrates a 65.24%
increase compared to AA2024, a 29.53% increment com-
pared to AA2024/2%A1,0,/2%SiC, a 14.08% increase com-
pared to AA2024/2%/Al,05/2%SiC/2%Si;N,, and a 16.74%
increase compared to AA2024/2%A1,0;/2%SiC/2%BN.
Incorporating SiC and SizN, particles into the AA2024 has a
notable impact on enhancing the composite’s hardness. This
outcome is anticipated because aluminium, being inherently
soft, benefits from the introduction of hard SiC and Si;N,
particles, contributing positively to the overall hardness of
the composite. The existence of SiC and Si;N, reinforce-
ment, known for their stiffness and strength, increases the
resistance to plastic deformation during hardness testing.
However, the effectiveness of this constraint relies on the
uniform distribution of SiC and Si;N, particles within the
matrix. Uneven particle distribution, with clustering in cer-
tain areas and absence in others, can result in significant
variations in hardness values across different locations in the
specimen. Achieving a more uniform particle distribution is
contingent upon dynamics such as stirring speed and time.
Therefore, a blend of four different reinforcements (AA202
4/2%A1,05/2%SiC/2%Si;N,/2%BN) gave rise to high hard-
ness with homogeneous stirring compared to other configu-
rations used in this study.

When hard reinforcement particles (Al,O;, SiC, SizN,,
and BN) are added to the AA2024, they increase the hard-
ness and transfer its characteristics from a ductile mate-
rial to a brittle material. An increment in the wt.% of
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reinforcements causes the matrix to become less wetta-
ble and less homogeneous, which raises the viscosity and
makes it more difficult to pour the composite material. A
few important variables influencing the hardness of hybrid
AMC:s include the lowered porosity, the evenly spaced dis-
tribution of reinforcements, the degree of solidification, and
the density of reinforcements. Generally, the reinforcement
materials are fragile and harder than the matrix material. By
preventing dislocations from moving and preventing defor-
mation, the abovementioned particles serve as strengthen-
ing agents when they are integrated into the matrix. Conse-
quently, as compared to the matrix material alone, the hybrid
AMCs show improved hardness.

3.5 Impact energy

The impact energy (IE) absorbed until the fracture by the
squeeze-casted hybrid AMCs has been evaluated in this
section. Figure 17 presented the impact energy results for
various hybrid AMCs produced through squeeze casting,
delineated by wt.% of reinforcement particles: (A) AA2024,
(B) AA2024/A1,04/SiC, (C) AA2024/A1,04/SiC/Si;N,, (D)
AA2024/A1,05/SiC/BN, and (E) AA2024/A1,0,/SiC/Si;N,/
BN. The outcomes highlight a clear relationship between the
IE of hybrid AMCs and the increasing wt.% of reinforce-
ments. Squeeze-casted AA2024, devoid of any reinforce-
ments in the melt, exhibits the maximum impact energy
(6.627J). The results of the Charpy impact test demonstrated
that the AA2024 specimen absorbed more energy, indicating
that it would fracture more ductilely under room tempera-
ture plastic deformation. The ability of ductile materials to
experience significant plastic deformation before breaking

Fig. 17 Impact energy (J) analy-
sis of hybrid AMC configura-
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enables them to efficiently absorb impact energy. When it
comes to AA2024, its ability to both absorb and deform
energy during an impact event implies that impact energy
can be absorbed and dispersed more efficiently, which
increases impact resistance. So, Fig. 18’s SEM analy-
sis underscores a significant presence of dimple fractures
and the propagation of cracks in the fractured samples of
squeeze-casted AA2024, accompanied by the observation
of dimple fracture.

Upon incorporating 2% Al,O5 and 2% SiC into the melt
of AA2024, as illustrated in Fig. 17, the impact energy of
the squeeze-casted AMC (AA2024/2%A1,05/2%SiC) dem-
onstrated a noteworthy decrease of 5.78 J, representing a
12.68% reduction over the base matrix material (AA2024).
This energy reduction in the hybrid AMC is attributed to the
wt.% of Al,0; and SiC than the pristine AA2024 matrix.
The impact strength of the developed hybrid AMC showed
a reduction in strength and displayed brittle fracture char-
acteristics, with stress concentration positions attributed to
the introduction of brittle reinforcements. The presence of an
Al,O; clustering region around SiC particles was identified
as a factor contributing to stress concentration, leading to
increased stress in adjacent areas and initiating cracks. This
phenomenon resulted in reduced toughness observed during
the impact test. Despite this reinforcement, SEM analysis
in Fig. 19 underscores the presence of porosity, cracks, and
their propagation. The SEM analysis also reveals separated
grain boundaries of a-Al and the presence of a particle
crack, tear edges, and interfacial debonding on the fractured
surface of the hybrid AMC (AA2024/2%A1,05/2%SiC). The
fractured sample exhibits a morphology characterized by a
transgranular cleavage fracture.
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Fig. 19 SEM analysis of the fractured surface of squeeze-casted AA2024/2%A1,0,/2%SiC hybrid composite Charpy impact specimen

Analyzing the hybrid AMC containing 2% Al,05, 2%
SiC, and 2% Si;N, in Fig. 17, it becomes apparent that this
composition yields a lower impact strength of 5.58 J com-
pared to AA2024 (6.62 J) and AA2024/2%A1,05/2%SiC
(5.78 J). The introduction of 2%Al1,05/2%SiC/2%Si;N,
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reinforcement particles reduces the ductility of the hybrid
AMC, reducing its impact energy. The impact energy of the
hybrid AMC demonstrated a decrease in strength, manifest-
ing brittle fracture characteristics characterized by stress
concentration locations attributed to the incorporation of
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reinforcements. The presence of AA2024 particles clus-
tering around reinforcement particles (SiC and Si;N,)
was identified as a factor contributing to stress concen-
tration, resulting in increased stress in adjacent areas and
the initiation of cracks. Moreover, the creation of clusters
diminishes the interfacial bonding among the AA2024 and
reinforcements, leading to a reduction in impact strength.
This phenomenon contributed to the observed reduction in
toughness during the impact test. SEM analysis of the frac-
tured sample in Fig. 20 highlighted the transgranular cleav-
age fracture and intergranular fracture of the hybrid AMC
(AA2024/2%A1,05/2%SiC/2%Si3N,). Moreover, porosity,
cracks, and their propagation are observed on the fractured
surface of the hybrid AMC, where separated grain bounda-
ries of a-Al have been identified.

The hybrid composite, denoted as
AA2024/2%A1,0,/2%SiC/2%BN, exhibited a notably higher
impact energy of 5.63 J. This IE value represents a substantial
reduction of 14.95% compared to AA2024, a 2.59% reduc-
tion compared to AA2024/2%A1,05/2%SiC, and a 0.89%
increment compared to AA2024/2%A1,05/2%SiC/2%Si3N,,.
The introduction of additional BN reinforcements compara-
tively reduces the hardness of hybrid AMC compared to
the Si;N, reinforcement particle and increasing the impact
energy, as observed in Fig. 17. The incorporation of BN
enhances the brittle nature and hence increased the impact
energy of the developed hybrid AMC. The SEM analysis
presented in Fig. 21 illustrates the interfacial debonding of
the fractured specimen of the hybrid AMC (AA2024/2%Al,
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0,/2%SiC/2%BN), showcasing separated grain boundaries
of a-Al. However, the analysis also reveals the presence of
porosity, crack propagation, and transgranular cleavage frac-
tures on the fractured surface of the hybrid AMC (AA2024
12%A1,05/2%SiC/2%BN).

In general, the impact energy of hybrid AMC (AA2
024/2%A1,05/2%SiC/2%Si3N,/2%BN) tends to decrease
(5.61 J) with a higher concentration of reinforcement
particles (wt.% 8) within the AA2024, as depicted in
Fig. 17. The primary reasons for this phenomenon are
the effective transference of stress from the matrix
to the reinforcements, distinctions in failure aspect
between the reinforcement particles and alloy matrix,
the induction of a high dislocation density in the matrix,
and a decrease in composite grain size. Moreover, the
impact energy of the hybrid AMC (AA2024/2%A1,0,
12%SiC/2%S1;N,/2%BN) exhibits a significant reduc-
tion: 15.26% compared to AA2024, 2.94% compared to
AA2024/2%A1,04/2%SiC, 0.54% increment compared
to AA2024/2%A1,05/2%SiC/2%Si;N,, and 0.89% reduc-
tion compared to AA2024/2%A1,0,/2%SiC/2%BN. The
mechanical behavior seen in the fractography investi-
gation indicates that there is enough internal flexibility
in the AA2024 matrix alloy to allow for the redistribu-
tion of localized internal stresses, while the existence of
2%A1,05/2%SiC/2%S13N,/2%BN particles limits the plas-
tic flow of the hybrid AMC, leading to fracture at lower
impact energy. SEM analysis in Fig. 22 revealed interfacial
debonding of the fractured specimen of the hybrid AMC

Fig.20 SEM analysis of the fractured surface of squeeze-casted AA2024/2%A1,05/2%SiC/2%Si;N, hybrid composite Charpy impact specimen
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Fig.22 SEM analysis of the fractured surface of squeeze-casted AA2024/2%Al,05/2%SiC/2%Si;N,/2%BN hybrid composite Charpy impact
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Generally, clusters inside the hybrid AMCs may emerge
as a result of the inclusion of reinforced particulates (Al,Os,
SiC, Si3N,, and BN). The material’s overall homogeneity
may be decreased, and stress concentrations may be created
by these clusters, which would lower impact energy [65].
The interfacial bonding among the particles and the AA2024
may be broken by the increasing wt.% of reinforcement par-
ticles. In comparison to a more uniform matrix material like
AA2024, this lower bonding weakens the structure overall
and reduces impact resistance. A weaker interface may result
from mismatches in the characteristics of the reinforcing
particles and the matrix, such as differences in their coef-
ficients of thermal expansion. The overall impact energy
absorption capability is further reduced by the suscepti-
bility of this weaker contact to failure under impact [51].
There may be an innate brittleness to several reinforcing
particles, including Al,O;, SiC, Si;N,, and BN. This brit-
tleness increases the composite’s susceptibility to fracture
upon impact by causing localized stress concentrations and
crack initiation. The creation of flaws or areas of poor bond-
ing might result from suboptimal processing conditions or

Fig.23 Comparison of best

an uneven distribution of particles, which can further reduce
the impact energy absorption capacities.

3.6 Comparative analysis of the current study

In this section, a comparative analysis of the best configura-
tion of AMC (AA2024/2%A1,05/2%SiC/2%Si;N,/2%BN)
with the squeeze-casted matrix material (AA2024) has been
carried out for its mechanical characteristics (porosity %,
UTS, EL%, hardness, and impact energy). It can be observed
from Fig. 23 that squeeze-casted hybrid AMC AA2024/2%
Al,03/2%SiC/2%Si3N4/2%BN performed exceptionally well
in giving the best values of response measures in comparison
to the matrix material (AA2024). AA2024/2%A1,05/2%SiC/
2%8Si;N,/2%BN outperformed in terms of UTS and hardness
and gave 60.36% and 65.24%, respectively; however, the
porosity, EL%, and impact energy have been compromised
from the matrix material (AA2024) by 1.61%, 31.89%, and
15.26%, respectively. The reasons for the improvement and
depreciation have been explained in the relevant sections
above.

configuration of hybrid AMC BEAA2024 OAA2024/2% Al205/2%SiC/2%SisN+/2%BN
AA2024/2%A1203/2%SiC/2%S 400 60.36%
13N4/2%BN with matrix mate- 377.8
rial AA2024 350
300
250
200
150
100 I 65.24%
85.1
50 .89% T 0,
131 89% 515\ 15.26%
0 [y A I N\ L LT
Porosity (%) UTS (MPa) EL% Hardness (HV) Impact energy (J)
Table’6 Compa.rison O,f current References Materials Hardness (HV) Hardness (HRB) UTS (MPa) % Improvement of
study’s key ﬁndmgs.wuh results current study from
from publ1shed studies on the published studies
AA2000 series e
Hardness UTS
[28] AA2026 125 69 281 18.92%  25.62%
[42] AA2024-AA2024 121 68 280 20.10%  25.89%
[42] AA2024-AA2024 128 70 297 17.74%  21.39%
[40] AA2026-AA2026 130 71 315 16.57% 16.62%
[41] AA2026/A1-4.5%Cu  140.76 75 32691 11.87% 13.47%
Current study AA2024/2%Al,0,/ 85.1 377.8 - -

2%8SiCI2%Si5N /2
%BN
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Table 6 indicates the comparison of key findings of the
best configuration of squeeze-casted hybrid AMC AA202
4/2%A1,05/2%S1C/2%Si;N4/2%BN current study with the
published literature on the AA2000 series. It is illustrated
in Table 6 that the results of hardness and UTS have been
outperformed in comparison to other studies in the literature.

4 Conclusions

This investigation sought to fabricate hybrid AMCs utiliz-
ing varying wt.% of hybrid reinforcement particles, includ-
ing Al,O3, SiC, SizN,, and BN, employing stir-squeeze cast-
ing for AA2024. A comprehensive analysis of the impact of
these hybrid reinforcement particles on the microstructural and
mechanical characteristics of the AMCs was conducted, with
a particular focus on porosity %, UTS (MPa), EL%, hardness
(HRB), and impact energy (J). The microstructural assessment
of the hybrid AMCs was carried out using both optical micros-
copy and SEM. Through this study, valuable insights have been
gained into the intricate interplay between hybrid reinforcement
particles and the resulting properties of AMCs, shedding light
on the potential for enhanced performance in terms of strength,
ductility, and impact resistance. After scrutinizing, the follow-
ing conclusions are drawn from the above discussion:

1. TItis evident from this research that with the addition of the
wt.% of reinforcement particles (Al,0O5, SiC, and Si;N,)
to the matrix material up to 6%, the experimental density
and porosity (%) of the hybrid AMCs have increased;
however, a reverse trend has been observed when wt.% of
BN of 2% is incorporated along with the abovementioned
reinforcement particles. Maximum experimental den-
sity and porosity have been observed in squeeze-casted
hybrid AMC AA2024/2%A1,04/2%SiC/2%Si;N, due to
the higher densities of Al,O5, SiC, and Si;N,. However,
AA2024/2%A1,04/2%SiC/2%Si;N,/2%BN gave the best
results in giving the lowest porosity (%) among the other
hybrid configurations.

2. The effect of different wt.% of reinforcement particle on
the UTS has also been explored, and it has been found
that with the increasing wt.% of reinforcement particle in
the matrix material (AA2024), the UTS has increased sig-
nificantly. Among the fabricated hybrid AMCs, the AA2
024/2%A1,04/2%SiC/2%Si;N,/2%BN configuration gave
the best results for UTS (377.8 MPa). Moreover, the UTS
of the hybrid AMC with the composition AA2024/2%Al,
05/2%S1C/2%Si;N,/2%BN exhibits a noteworthy increase
of 60.36% in comparison to pure AA2024, a 32.65%
increment relative to AA2024/2%A1,0,/2%SiC, a 15.11%
rise relative to AA2024/2%Al1,05/2%SiC/2%Si;N,, and
an 11.87% improvement compared to AA2024/2%Al1,0,
12%SiC/2%BN.
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3. It has been found that the magnitude of EL% depreci-
ates from 11.6 to 7.9 with the increment wt.% of rein-
forcement particles in AA2024. The observed EL% of
7.9% in the hybrid AMC with the composition AA2024
12%A1,05/2%SiC/2%S1;N,/2%BN reveals a significant
reduction of 31.89% compared to pure AA2024, an
18.56% decrease relative to AA2024/2%A1,04/2%SiC,
a 9.19% decrease when compared to
AA2024/2%A1,0,/2%Si1C/2%SisN,, and a 4.82%
decrease relative to AA2024/2%A1,05/2%SiC/2%BN.
This observed phenomenon can be attributed to the
effective transfer of stress from the AA2024 to the
reinforcements, facilitated by the induction of a high
dislocation density in the hybrid AMC and the estab-
lishment of strong interfacial bonding.

4. The incorporation of hard reinforcement particles
(Al,05, SiC, Si3Ny, and BN) into AA2024 results
in a notable enhancement in hardness, transitioning
from 51.5 to 85.1 HRB and transforming the mate-
rial from a ductile to a brittle state. Specifically, the
hardness of the hybrid AMC with the composition
AA2024/2%A1,05/2%SiC/2%Si;N,/2%BN dem-
onstrates a substantial 65.24% increase compared
to pure AA2024, a 29.53% increment relative to
AA2024/2%A1,05/2%SiC, a 14.08% rise compared
to AA2024/2%A1,04/2%SiC/2%Si;N,, and a 16.74%
increase relative to AA2024/2%A1,04/2%SiC/2%BN.

5. The investigation revealed a consistent decrease in
impact energy magnitude, diminishing from 6.62 to
5.61 J as the wt.% of reinforcement particles increased in
AA2024. Notably, the hybrid AMC, designated as AA20
24/2%A1,04/2%S1C/2%Si;N,/2%BN, exhibited a signifi-
cantly elevated impact strength of 5.63 J. This strength
value signifies a noteworthy reduction of 14.95%
compared to AA2024, a 2.59% decrease relative to
AA2024/2%A1,05/2%SiC, and a marginal 0.89% incre-
ment compared to AA2024/2%A1,05/2%SiC/2%Si;N,.

6. Fractography analysis of UTS and Charpy impact
fractured samples depicts that a dimple fracture has
been observed for the AA2024 without any rein-
forcement. However, with the addition of reinforce-
ment particles (Al,05, SiC), the fabricated AMC
AA2024/2%A1,0,/2%SiC provided the cleavage frac-
ture, while transgranular cleavage fractures have been
observed in the fractured surfaces of the third and fourth
configurations (AA2024/2%A1,03/2%SiC/2%Si3N,,
AA2024/2%A1,05/2%SiC/2%BN). Moreover, the brit-
tle fracture has been depicted in the broken sample of
AA2024/2%A1,04/2%SiC/2%S1;N,/2%BN.
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