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Abstract: Stir-casting with ultrasonic cavitation produced nano-Al,Os-filled AA7150 matrix com-
posites in this study. The SEM microstructure study shows that all composites include nano-Al,O3
particles with consistent particle sizes and homogenous distribution. EDS and XRD showed no
secondary phases or impurities in the composite. Optical microscopy showed intense ultrasonic
cavitation effects, and nano-Al,Oj3 particles caused grain refinement in the AA7150 matrix. The com-
posite’s mechanical characteristics improved when the Al,O3 nanoparticle weight percentage (wt.%)
increased. With only 2.0 wt.% nano-Al,Os particles, the composites yielded 232 MPa, 97.52% higher
than the sonicated AA7150 matrix alloy. Multiple models were used to characterize the strength of the
AA7150 nano-Al,O3 composite. The findings showed that thermal incongruity, Orowan strengthen-
ing, the Hall-Petch mechanism, and load transfer effects contributed the most towards the increased
strength of the composite. Increasing the nano-Al,O3 wt.% in the AA7150 matrix improved hardness
by 95.08%, yield strength by 90.34%, and sliding wear resistance by 46.52%. This enhancement may
be attributed to the combined effects of better grain refinement, enhanced dispersion with dislocation
strengthening, and better load transfer between the matrix and reinforcement, which are assisted by
the inclusion of reinforcements. This result was confirmed by optical studies.

Keywords: AA7150-Al,O3 composites; ultrasonic cavitation; mechanical properties; dislocation;

wear; strengthening mechanism

1. Introduction

Aluminum alloy (AA) nanocomposites are widely utilized in various engineering
sectors for their exceptional attributes, including mechanical strength, resistance to corro-
sion, and an impressive strength-to-weight ratio. These materials are pivotal in structural
usage within aerospace and automobile manufacturing to address ever increasing demands
from the inductrial sector, mainly with respect to enhanced performance and properties
in comparision to conventional materials [1,2]. The 7XXX series alloys are well-regarded
within these applications for their lightweight nature, higher toughness, ultimate tensile
strength (UTS), fatigue, and fracture resistance, making them crucial components in avia-
tion, air transportation, and space-related applications [3]. Integrating composite materials
reinforced with hard phase particles has paved the way for improved wear resistance and
strength [4]. Research into aluminum (Al) metal matrix composites (MMCs) filled with TiC
nanoparticulates with a lower coefficient of thermal expansion (CTE), higher melting point,
hardness, and resistance against wear has gained recent popularity [5]. It was concluded
that the micro-hardness of the coated layer is increased due to the formation of metallic car-
bides on the surface of the samples during the electric discharge coating [6]. The different

J. Compos. Sci. 2024, 8, 97. https:/ /doi.org/10.3390/jcs8030097 https://www.mdpi.com/journal/jcs


https://doi.org/10.3390/jcs8030097
https://doi.org/10.3390/jcs8030097
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0002-8503-2874
https://orcid.org/0000-0003-2421-4188
https://doi.org/10.3390/jcs8030097
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs8030097?type=check_update&version=1

J. Compos. Sci. 2024, 8, 97

2 of 25

range of surface fouling methods, physical surface, micro and nano-size surface texture
production methods were discussed in detail in a study by Abhijit Cholka et al. [7]. It was
observed that the smooth and hard surface provided fatigue and wear resistance.

In micro to nano-sized particles, smaller particle dimensions enhance mechanical
properties but tend to result in larger clusters and agglomerates [8]. A primary obstacle is
attaining the required characteristics in liquid metals by distributing nanoscale reinforcing
particles uniformly [9]. For this reason, the two-stage stir-casting method is favoured,
as it offers maximal yield with minimal investment, reduced waste, and minimal dam-
age [10]. The improved fatigue and high-temperature creep resistance of several alloys
have been shown in numerous investigations [11]. However, creating Al-MMCs with
ultrafine nanometer (nm) particles in liquid metal is complex, resulting in poorly wet-
table agglomerates that impede uniformity. For dispersing ultrafine particles in melts of
Al-based alloys, a two-step stir-casting technique has shown to be a good option in this con-
text [12]. Because liquid casting is flexible and affordable, it is highly advised for Al-based
MMC production [13].

Recent studies show that metal matrix nanoparticle-reinforced composites (MMNCs)
have improved mechanical and tribological characteristics than MMCs with micron-sized
reinforcement additives. A 50% increase in yield strength (YS) with just 2.0 wt.% SiC
nanoparticles added to A356 alloy [14] demonstrates excellent ductility, resistance against
fatigue, and creep-related properties maintained even with small amounts of nano-scaled
particles. Similarly, adding 2.0 wt.% nano-SiCp to A356 alloy MMCs resulted in a 22%
rise in tensile strength [15]. The particulate reinforcement inside the base matrix alloy has
been shown to increase the aging process of Al alloys. This enhancement occurs due to
the accumulation of dislocations near the strengthening mediums, as demonstrated by
previous studies. Despite the significant enhancement in the mechanical behaviour of
MMCs owing to the incorporation of ceramic particulates, the introduction of reinforce-
ment beyond a certain volume percentage ultimately induces micro-cracks and reduces
structural integrity [16].

Despite the notable benefits of MMNCs, the current industry manufacturing methods
could be more cost-effective and reliable for producing bulk composites with intricate
component configurations. Commonly used methods include powder metallurgy and
stir-casting with ultrasonic cavitation [17]. Among these approaches, stir-casting has
acquired attention as an economical, straightforward, and efficient method for creating
near-net-shaped components from bulk-size composites [18].

Nevertheless, a significant challenge in preparing MNCs via stir-casting lies in the
need to achieve a consistent and even distribution of nanoparticles. This effect can be
primarily explained by the considerable variation in the density between the matrix and
nanosized particulates, and the notably higher specific surface area of the nanosized re-
inforcing particulates. As a result, there is insufficient wettability between the matrix
alloy and nanosized particulate reinforcement [19]. Therefore, a considerable number of
researchers have adopted the use of stir-casting in conjunction with the ultrasonic cavitation
approach. In this methodology, nanoscale reinforcements are mechanically dispersed in a
molten alloy matrix through stirring. Subsequently, the resulting liquid slurry of matrix
reinforcement undergoes ultrasonic treatment to disintegrate clusters and agglomerations
of reinforcement particles, thereby ensuring their homogeneous dispersion. This dispersion
is achieved before transferring the slurry into the casting die for the subsequent solidifi-
cation process. With reference to the above, there is a lack of information available in the
literature about the characterization of the nano-sized Al,O3 pariculate reinforced AA7150
composites with regards to the strengthening mechanisms and wear performance. The
present study included the preparation of AA7150-Al,O3 np composites utilizing a stir-
casting method aided with an ultrasonic cavitation technique and its effects on the physical,
mechanical, and tribological characteristics of the composites fabricated. The study also
discusses the strengthening mechanisms under nanoparticle reinforcements and improvi-
sations observed in strength, hardness, grain refinement, and resistance against wear. This



J. Compos. Sci. 2024, 8, 97

30f25

present study will also aid in utilizing the fabricated composites in the aeronautical and
automobile industries.

2. Materials and Methods

The authors employed a commercially available AA7150 alloy sourced from Vision
Castings and Alloys, Telangana, India, as the base alloy in this investigation. This alloy
is well-known for its outstanding strength and is extensively used in fabricating diverse
structural components for aerospace and locomotive applications [20]. Examples of such
automotive parts include rocker arms, brake callipers, pistons, and wheels [21].

The selected Al matrix and reinforcing nano Al,Os3 particles, with specifications as
shown in Table 1, were procured from Sigma Aldrich and have comparable densities. Their
CTE, however, differs significantly. The risk of nanoparticle dispersion throughout the
processing phases is reduced by this disparity [22].

Table 1. Specifications of Al,O3 reinforcement particles employed.

Average Size Purity Level C SiO Fe Ni Ca
<20 nm >99.5% 0.059% 0.1 0.065% 0.13% 0.047%

Creating these composites involved incorporating ceramic particles into the molten
alloy matrix by mechanical stirring using a steel impeller, followed by solidification. It
is crucial for the reinforcement particles to wet and chemically interact with the molten
matrix to ensure proper dispersion. Lower processing temperatures result in suboptimal
wetting of Al,Oj3 particles in the Al melt, leading to weaker bonding between the matrix
and the reinforcement [23]. Conversely, higher processing temperatures can cause the
rapid development of brittle compounds due to the reaction with alloy matrix and nano
Al,O3, potentially compromising the composite’s mechanical and corrosion resistance
properties. Excessive turbulence, caused by higher stirring speeds, can introduce unwanted
gas entrapment, increasing porosity in the composite [24].

It is only when the molten matrix alloy thoroughly wets the surface of the rein-
forcement particulates that a strong binding is attained between the alloy matrix and
nanoparticulate reinforcement. Hence, the temperature and stirring speed of the com-
posite slurry were carefully regulated during preparation. The AA7150 alloy was placed
within a graphite crucible diameter of 150 mm and height of 150 mm to make the blended
slurry. It was heated to a temperature somewhat higher than the matrix alloy liquidus
(750 °C) temperature. The electric furnace temperature was maintained at that level for
twenty minutes to aid in degassing. Preheated nano-Al,O3 particles were added at
200 °C while the melt was agitated at 250 rpm using a steel impeller. An environment
of pure argon gas was used for the motorized stirring and the insertion of reinforcement
particles. A mechanical stirrer was utilized to prepare the molten composite.

The matrix-reinforcement molten composite was agitated before holding the molten
composite temperature at 750 °C for five minutes. After that, a titanium sonic probe
was dipped into the melted material and exposed to ultrasonic wave treatment for five
minutes. The initial purpose of this ultrasonic treatment was to disintegrate larger clusters.
An additional 5 minutes treatment ensured the elimination of any remaining smaller
agglomerations, degassing, and refinement of the matrix grain size, as referenced in the
literature [25-27]. The ultrasonic waveguide was connected to an ultrasonic converter with
1 kW power output and 20 kHz resonant frequency, utilized to produce the ultrasonic
vibrations. The ultrasonic treatment procedure for the molten MMC was achieved in an
inert Argon gas atmosphere. Then, the liquid composite melt was meticulously transferred
into a steel mould with dimensions of 160 x 160 x 10 mm, facilitating the subsequent
solidification process.
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3. Results and Discussion

The X-ray diffraction (XRD) intensity peaks in Figure 1a,b clearly show that essential
elements like Al, Mg, Zn, and Cu are present, along with compounds like CuyMg;, Mg1Zny,
and Al,Os. The distinguishable peaks in the XRD pictures provide a visual depiction that
clarifies the chemical composition of AA7150 and the Al;O3 nanoparticulate MMCs.
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Figure 1. XRD pattern of: (a) AA7150; and (b) AA7150-Al,O3 nanoparticulates.

3.1. Microstructural Examination

AA7150 and AA7150-Al,O3 nano-composites samples of 10 x 10 x 10 mm were
subjected to microscopic inspection. Assessing the material’s homogeneous dispersion
of Al,O3; nanoparticles was the primary goal. The analysis of micrographs showed that
the AA7150 grains were refined with ultrasonic treatment and the inclusion of nanosized
Al,Oj3 particles.

The dispersion of the reinforcement particulates inside the matrix was comprehen-
sively investigated using high-resolution electron optical microscopy as per ASTM-
E3 standards.

Figures 2a—d and 3a—d demonstrate the nanocomposite samples’ optical and SEM
microstructure images, showcasing the variations in weight percentages of Al,O3; nanopar-
ticles inside the matrix. The SEM images reveal a scarcity of microclusters, while the
nanoparticles exhibit a homogeneous dispersion inside the AA7075 matrix. This finding
emphasizes the effectiveness of high-intensity ultrasonic vibrations, which may disperse
particles and tear up agglomerates, producing a powerful and explosive impact through
transitory cavitation.

3.2. UTS of AA7150-Al,O3 Nano MMCs

The ultimate tensile strength (UTS) testing adhered to ASTM E8M standards for
sample preparation and testing. These samples were created using the as-cast composites
as source material. A programmed universal testing machine, the FIE UTE100 type, was
used for the testing, which was done at ambient temperature and with a fixed extension
speed of 1 mm/min. As noticed in Figure 4a,b, compared to AA7150 alloy, the composites
exhibited greater UTS, YS, and toughness under all specified reinforcement conditions.
Notably, the composites still retained a high level of ductility. One noteworthy factor
contributing to the enhanced mechanical behavior of the MMNCs was the incorporation of
nanosized Al,Oj particulate reinforcement. The YS increased by 97.54% compared to the
alloy matrix when adding 2.0 wt.% of nano-Al, O3 particles.
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Figure 2. Optical microscope images of MMNCs fabricated in the current study.

Additionally, as the wt.% of Al,O3 nano reinforcement varied, the nano-MMCs
strength displayed a consistent upward trend. The composite may explain this tendency,
including more nanoparticle micro clusters, especially in Figure 2. There were more fracture
initiation sites at the particulate-matrix interface in the 2.0 wt.% Al,O3 reinforced sample
due to the higher density of these nanoparticle micro clusters than in the 1.5 wt.% Al,Os3
reinforced sample. Ultimately, this caused the composite to fail prematurely [28].

3.3. Density and Micro Hardness of AA7150—-Al,O3 Nano MMCs

For different AA7075-Al,03 MMNCs compositions, theoretical density values were
computed utilizing the rule of mixtures equations. The obtained values were then compared
with the experimentally obtained values of density. Figure 5a visually represents the density
values obtained theoretically and practically. The calculated density values are greater than
the weight-to-volume density values, as seen in Figure 5a. Minor casting flaws cause this
variation in the density of MMNCs, and the probability of generating processing-induced
voids increases as the wt.% of reinforcement particles increases, resulting in a reduction
in YS [29]. Therefore, it is essential to consider the impact of porosity to more accurately
forecast the YS of MMNCs. Based on the earlier publications, porosity is the degradation
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factor linked to the existence of porosity in MMNCs, as represented by Equation (1),
where Pd, I, and P represent particle size, particle length, and porosity volume fraction,
respectively [30].
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(c) AA7150-1.5% Ale3 (d) AA7150-2% AlOs
Figure 3. SEM images of MMNCs fabricated in the current study.

However, it is interesting to note that for every set of experiments, the density values
rose in proportion to the amount of reinforcements in the AA7150 alloy. The addition of
higher-density nano Al,O3 particles is what caused the density values to increase. Air
entrapment after preliminary mixing, shrinkage during solidification, the development
of H; gas, and the introduction of air in the melt or an air envelope around packed nano
Alumina particle reinforcements are all responsible for the differences in porosity values
of MMNC s [31].

It has been shown that the porosity of nanocomposites exhibits minimal variation as
the weight percentages of nanoparticulate reinforcements rise, as shown in Figure 5b. The
enhanced wetting of the molten AA7150 alloy is attributed to the influence of ultrasonic
vibrations. The Al,O3 nanoparticles exhibit nucleation behavior, leading to grain refinement
in the AA7150 matrix material. The minimal variation in the porosity percentage is due
to the strong ultrasonic degassing effect on AA7150, and the consistent distribution of
nanoparticles in the AA7150 liquid metal enhances its fluidity.
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Figure 5. Variation of physical properties of AA7150-Al,03 MMCs against wt.% of Al,Os.

Consequently, porosity was consistent with the stated values as the wt.% of reinforce-
ments increased. The matrix and AA7150- Al,O3 MMNCs hardness were determined
using Vicker’s micro-hardness tester model, ECONOMET VH 1MD. The experiments were
executed at ambient temperature, with a 200 g load and dwell time of 15 s, in accordance
with the requirements provided in the ASTM E92 standards. This section discusses the
hardness test results for the AA7150 alloy and AA7150-Al,O3 MMNCs. Figure 5c shows
the average hardness values of the samples. Each measurement of hardness is the average
of five measurements. The hardness of the MMNCs increases significantly as the Al;Os
concentration of the matrix alloy rises, as seen in the chart. The MMNCs with 2.0 wt.%
Al O3 reinforcing material showed the highest micro-hardness of all the compositions
evaluated in this investigation [32].

3.4. AA7150-Al,03 Nanocomposites Ductility

The properties of the composite material exhibit notable enhancements with increasing
levels of reinforcement. However, when the quantity of reinforcement is raised from 0% to
2%, as noticed in Figure 6, there is a decrement in the percentage elongation of MMNC:s.
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The observed loss in ductility may be credited to the concurrent increase in the MMNC’s
hardness. The outcome indicates decreased MMNC percentage elongation when the nano
reinforcement content is raised from 0% to 2%. A significant negative correlation exists
between higher reinforcement content and a 6.6% reduction in percentage elongation.
Nanosized Al,O3 particulates disperse more evenly in the base alloy matrix than in the
coarser reinforcements. Thus, the MMCs reinforced with nano particulates gain enhanced
strength compared to their coarse particulates reinforced MMCs. Better homogeneity is
obtained as the particulate dimensions decrease from coarser to nano-size. The findings
presented in this study align with the results reported in several previous studies [33,34].

12 12
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Figure 6. AA7150-Al,03 MMCs’ percentage elongation.

4. Strengthening Mechanisms

The influence of particulate quantity and size on the resulting composite strength
is generally recognized. According to the dispersion enhancement process, it has been
shown that bigger particles tend to generate voids in their vicinity, resulting in a reduction
in the overall strength of the mixture [35]. A decrease in the size of the reinforcement
particulates leads to decreased inter-particulate spacing inside the MMCs. Consequently,
this phenomenon improves dislocation movement resistance and reinforces the overall
strength of the MMCs [36]. Furthermore, incorporating nanometer-sized reinforcement
particles has been shown to enhance particle hardening processes, increasing the mechanical
behaviour of the matrix [37].

Diminishing the size of reinforcement particulates inside the alloy matrix mitigates
the concentration of stresses at the corners of these particles. The interaction between
the reinforcing particles and deflections is enhanced, leading to an overall enhancement
in the strength of the MMCs [38]. The addition of ceramic nanoparticulates smaller than
100 nm has been shown to significantly enhance the composite’s strength while maintaining
its ductility, as revealed by research [39,40]. The addition of sufficiently tiny grains as
reinforcement effectively fixes the grain borders inside the matrix, leading to a more refined
grain structure [41] and heightened limitations on the movement of grain boundaries [42].
The enhanced durability of the composites may be credited to their smaller grain structure
and restricted dislocation movement.

However, the Orowan reinforcement effect significantly increases when examining
reinforced nanoparticles with a size below the critical value. Conversely, there is a de-
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crease in this impact when the size of the nanoparticles exceeds the threshold mentioned
above. The critical value of nanoparticle size exhibits variability, with sizes of 2 nm to
100 nm [43]. In contrast, when the particle size was reduced to 20 nm, a significant durabil-
ity improvement was seen while maintaining its intrinsic flexibility. In addition, it has been
shown that decreasing the dimensions of the reinforcing particles significantly improves
interfacial contact. However, this decrease also reduces the load-carrying ability of the
reinforcing particulates and the alloy matrix [44]. Research done by S Jayalakshmi et al. [45]
showed a notable improvement in the mechanical durability of a solid Al alloy framework
by integrating micrometer-sized particles.

Nevertheless, the enhancement in strength was concomitant with a decrease in duc-
tility. The present work integrates principles from continuum mechanics and microme-
chanical reinforcement to explore the effect of different reinforcement processes on the
composite’s YS enhancement upon adding the nano-Al,O3 particulates. The study further
analyzes the effects of varying the reinforcement ratio in the AA7150 alloy matrix on the
contributions made by different reinforcing processes. Within continuum mechanics, the
process of strengthening is characterized by the load transfer from a yielding matrix to
inflexible ceramic reinforcing particulates. This transfer occurs as a result of the robust
bonding that takes place between the particulates and the alloy matrix. Concurrently,
the incorporation of hardened ceramic reinforcing particles inside the base alloy signif-
icantly impacts the foundational mechanism accountable for enhancing the strength of
the composite.

4.1. Strengthening Owing to Load-Transfer Mechanism

According to continuum mechanics, the composite yield strength (cyc) enhancement
results from the effective load transfer between the flexible matrix and the tough rein-
forcement particulates. This improvement is approximated by utilizing the following

formula [46,47]:
S+2
U'yc = (Tym |:‘/r (2) + Vm:| (2)

where 0,,—matrix yield strength, V,—reinforcement volume fraction, V,,—matrix volume
fraction, and S—reinforcement particulates aspect ratio, with S = 1 for particulates with a
spherical or equiaxed shape.

4.2. Orowan Strengthening Mechanism

In the MMCs depicted below, the applied load leads to the initiation of fractures
inside the particle agglomerates. The composites experience a gradual propagation of
defects due to the consistent load application, resulting in premature failure. The use of
uniform reinforcing particle dispersion, achieved via acoustic ultrasonic cavitation and
streaming, leads to a notable decrease in fracture initiation within the composite material
in places where particulate agglomeration occurs. The increase in YS witnessed in the
Orowan strengthening may be credited to the interaction between dislocations in the alloy
matrix grains and strong reinforcement particulates. This interaction prevents fracture
development under applied stress. The substantial variation in the modulus of elasticity
between the reinforcement particulates and the alloy matrix leads to a different interaction
between reinforcement particulates and dislocations. Instead of initially being reduced
through them, the dislocations undergo bowing and recoupling, eventually forming a loop
surrounding the particulates. The dislocation loops, associated with Orowan strengthen-
ing, serve as barriers to the movement of dislocations, enhancing the composite’s overall
strength. The resistance to dislocation motion and fracture propagation will be enhanced
as the percentage of reinforcement in the alloy matrix increases, thus leading to an increase
in the strength of MMCs at higher reinforcement levels. Estimating the Orowan strength-
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ening contribution to the yield power improvement in the MMCs can be found in the
range of [48,49]:
0.13Gb, D

AUOrowun = Tln% (3)

The Al7075 alloy has a shear modulus (G) of 24.4 GPa, while its ‘0’ measures 0.286. The
value of A was determined for several scenarios, encompassing nano-Al,O3 reinforcement
particles at concentrations of 0.5%, 1.0%, 1.5%, and 2.0%, with an average particle size (D)
of 20 nm. Upon substituting these values into Equations (2) and (3), it was determined that
the composite yield strength experiences an increase attributable to Orowan strengthening.
Specifically, the computed increments amount to 9.8 MPa, 14.1 MPa, 20.1 MPa, and 26.7 MPa
for reinforcement concentrations of 0.5 to 2.0% of nano-Al,O3 particulates, respectively [50].

S

‘G’—shear modulus of AA7150, ‘b’—Burgers vector. ‘D’—average particle diameter,
and ‘A’—interparticle distance, which is the distance between the edges of the particles as
indicated in Equation (4).

4.3. Dislocation Strengthening Mechanism

The improved mechanical characteristics seen in MMNCs can be attributed to the
greater interfacial area among the nano-Al,O3 and AA7150, which results from the incor-
porating nanosized particles. Furthermore, the thermal mismatch between nano-Al,O3
particulates and the AA7150 matrix induces thermal stresses upon cooling from the pro-
cessing temperature. These stresses, enough to cause plastic deformation, primarily occur
in the interfacial region due to the thermal equilibrium established merely at the contact
temperature during the process. The aforementioned stresses rapidly decrease as the dis-
tance from the boundary increases. Consequently, this phenomenon may lead to minute
imperfections, such as dislocations, in the immediate proximity of particles of nanoscale
dimensions. Experimental observations have confirmed the existence of dislocation density
close to the interface separating the matrix and reinforcement. The high atomic-level cohe-
sion between the matrix and reinforcement is due to the nanoparticles and the technologies
used for sound synthesis. This cohesion is characterized by direct bonding between the
nanoparticles and the matrix.

The MMNCs’ YS is often defined as the stress needed to initiate dislocation sources.
This property is guided by the existence and size of several impediments that impede the
dislocations” movement within the alloy matrix.

The volumetric strain within the solidified composite arises from the considerable
difference in the CTE between the nano-Al,O3 reinforcement and alloy matrix, in line
with the Taylor strengthening process. The presence of this particular strain induces
the generation of geometrically necessary dislocation (GND) loops in the vicinity of the
reinforced particles. These GNDs counterbalance the dislocations that arise owing to the
significant variation in the CTE. As a result, the composite yield strength is enhanced.
The MMCs’ strength increases as the number of particulates inside it increases, resulting
in a higher occurrence of GND loops. The composite yield strength augmentation by
dislocation strengthening may be evaluated using Equation (5), as proposed by the Taylor
strengthening mechanism [51,52]:

A(TCTE = UGb\/ﬁ (5)

"

In the present context, the symbol “%” represents a value roughly equal to 1 [53]. The
alloy matrix’s shear modulus (G) has a specific value of 26 GPa. On the other hand, the
symbol “b” represents the Burgers vector, which is measured to be 0.286 nm, as stated in
references [54]. Furthermore, the dislocation density (p) results from the CTE mismatch,
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and fd is the improvement factor based on the dislocation density. These are approximated
using Equations (6) and (7), respectively:

_ 12AaATV,
DbV, ©)
fa =kGb\/p/0oym )

Within this framework, the symbol Ax denotes the inconsistency in the CTE between
the reinforcement particulates, which have a value of 4.6 x 10° K1, and the alloy ma-
trix, which has 760 °C of 23.6 x 107 K~!. The temperature variance (AT) between the
initial temperature at which the reinforcing particulates were incorporated and the suc-
ceeding 20 °C testing temperature. It is vital to acknowledge that this study regards the
preheated temperature of the mould as the designated testing temperature [55]. By sub-
stituting the G, k, b, p, AT, Aa, V;, and D values into Equations (4) and (5), the increase in
MMCs’ YS resulting from dislocation strengthening is found to be 63.01, 94.85, 112.03, and
138.61 MPa for the corresponding reinforcement contents of 0.5%, 1.0%, 1.5%, and 2.0% of
nano-Al,Oj3 particles respectively, as presented in Figure 7a. The augmentation of micro-
alumina reinforcement raises the dislocation density, hence inducing an enhancement in YS.
Thermal strains at the interface of the nano-Al,O3 and matrix AA7150 during cooling from
the processing temperature would be relieved by creating thermal mismatch dislocations
around the Al,O3 nanoparticles. There would be adequate thermal stress surrounding the
nanoparticles to initiate plastic deformation in the alloy matrix close to the interface area.

There is a noticeable disparity in the mechanical properties between the matrix and
the dispersed particles inside particle-reinforced MMNCs. The observed gap gives rise
to the formation of incoherent regions, resulting in a notable rise in dislocation density
(Pe+, m~1/2) at the interface between the matrix and the added particulates. In conjunction
with incoherent regions, the heightened dislocation density amplifies precipitation mecha-
nisms while also serving as a site for producing heterogeneous precipitation, as presented
in Figure 7a [56]. The dissimilarity in the CTE between the matrix and reinforcing partic-
ulates, combined with thermal fluctuations during the fabrication of MMCs, can induce
residual plastic strain in the AA7150 surrounding the Al,O3 particulates. This leads to the
aforementioned strengthening effect through increased dislocation density (pe+, m~1/2).
The strengthening effect due to dislocation density increases significantly with a decrease
in nanoparticle size and an increase in the volume percentage, as shown in Figure 7b.

4.4. Grain-Refined Strengthening

The observed enhancement in strength can be ascribed to the improved fineness of
the matrix grains. The impediment of the dislocation motion is caused by the heightened
disorder in the lattice resulting from this refining. A lattice structure that is not properly
aligned needs additional energy to alter the orientation of dislocation movement and to
transition into neighboring grains. The area of the grain boundary increases owing to the
grain refinement restricting the dislocation movement, aiding the improvement of the YS.
The inclusion of nano-Al,O3 particulates at the grain boundaries of the matrix during the
solidification impedes grain development, leading to a finer microstructure. Thus, it can
be inferred from the findings of this research that there is a direct correlation between
the level of limitation caused by an increased quantity of particulates and a reduction in
the size of particulates to the nanoscale and the magnitude of the YS enhancement owing
to the grain-structure refinement [57]. Estimating the enhancement in YS resulting from
grain refining may be determined by employing the Hall-Petch relationship, as denoted by
Equation (8):

AT Hall—Peteh = k(d*1/2 _ d(l)/Z) .
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Figure 7. (a) Variation of dislocation density, increase in YS; and (b) {4 against percentage reinforce-
ment in MMNCs.

Within this particular context, the variable “k” denotes the Hall-Petch slope pertaining
to the matrix. The thermal conductivity value for pure Alis 74 x 1073 MPa. The variables
d and dj represent the matrix alloys and the reinforcing particle’s average size, respectively.
The average grain size values for different reinforcing circumstances were determined, and
the distribution of these estimated grain sizes is depicted in Figure 8a—d. Consequently,
the computed YS enhancement for the MMC resulting from the grain refinement strength-
ening effect is measured at 6.8, 7.7, 8.2, and 8.7 MPa for the respective reinforcement
concentrations of 0.5, 1.0, 1.5, and 2.0% of nano-Al,O3 particulate reinforcement [58].
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The symbol oy, represents the AA7150 matrix yield strength in its as-cast form after
undergoing ultrasonic cavitation treatment. The alloy yield strength (¢75,,) was determined
to be 114 MPa through experimental testing. Nevertheless, it was noted in Figure 8 that the
experimentally determined YS values were lower than the values anticipated by theoretical
calculations. The observed reduction in YS can be ascribed to the remainder of the clusters
of nano-Al,O3 particles embedded inside the composite material. It is conceivable that,
in contrast to the robustness of the relationship between ceramic particles and the matrix,
the interparticle bond strength within these clusters exhibited a lesser degree of strength,
giving rise to the formation of imperfections that eventually led to untimely structural
deterioration [61].

4.6. Evaluation of Strengthening Mechanisms

A comparison was made between the experimentally observed YS values, and the
composite yield strength was computed using load transfer strengthening and micro-
mechanics processes. The findings indicate a tight alignment between the theoretically
calculated values and the experimental data, with a negligible discrepancy of roughly
6-14%. The observed variance can be attributed to residual particles inside the composites
and certain assumptions made during the theoretical computation.

Figure 9 illustrates the increase in YS for each given reinforcing situation, which may
be attributable to several strengthening methods. Using Al,O3 nanoparticles as reinforce-
ment substantially enhances the MMC’s YS, emphasizing the significance of different
strengthening techniques. The occurrence of particle agglomerates inside the composite
material can result in the concentration of stress, which sequentially facilitates the crack’s
development and diminishes the efficacy of nanoparticle reinforcement. Consequently, this
directly affects the composite’s mechanical characteristics [62].
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Figure 9. Experimental and theoretically predicted AA7150-Al,O3 nanocomposites’ YS.

This study examined the micrographs displayed in Figure 3 and noted a progressive
rise in the average particle cluster size from 1.083 to 3.505 um when the wt.% of Al,O3
nanoparticles in the master alloy grew from 0.5% to 2.0%. It is crucial to acknowledge that as
the particulate size shifts from the nanometer to the micrometer range, there are alterations
in the extent to which reinforcement through the Orowan mechanism contributes to the
load capacity [63].

The primary reinforcing mechanism in the produced AA7150-Al,O3 nanocompos-
ites is thermal-imbalance-induced reinforcement. Orowan reinforcement, the Hall-Petch
mechanism, and load transfer effects follow this. In addition, the amplifying effect result-
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ing from variables such as the variation in CTE, interactions between dislocations in the
matrix and particulate reinforcement, grain refinement, and the load transfer mechanism
constantly exhibit an upward trend when the percentage of Al,O3 nanoparticles in the
composite rises.

The enhancement in YS attained via grain refining is a synergistic outcome of using
Al,O3 nanoparticles as a reinforcing agent and employing ultrasonic treatment. Neverthe-
less, the grain-refinement strengthening mechanism’s impact on YS is insignificant when
considering variations in the proportion of Al,O3 np. The primary influence on grain
refinement is the pronounced effect of ultrasound-induced nucleation, as opposed to the
grain refinement achieved by incorporating Al,O3; nanoparticles during the composites
processing, as seen in Figure 10.
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Figure 10. Strengthening mechanisms’ effect on the YS of AA7150-Al,O3 nanocomposites.

Furthermore, the YS of MMNC:s is enhanced by the interaction of many strengthening
processes. Nevertheless, imperfections such as particle agglomerations and porosity, fre-
quently observed in cast particulate-reinforced composites, unfavorably effect on YS. The
discrepancies in the YS values for various percentages of nano-Al,O3 reinforcement can be
attributed to these reasons [64].

4.7. Dry Sliding Wear Analyses of AA7150-Al;03 MMNCs

The measurement of wear resistance in MMNCs was conducted by experimental
analysis utilizing a pin-on-disc tribometer. Extensive studies have been undertaken on
AI-MMNCs over the past 25 years to investigate their wear characteristics, resulting in
the publication of various studies on this topic. The present investigation was conducted
on a dry sliding wear experiment on the MMNCs under ambient conditions, adhering to
the ASTM-G99 guidelines. The velocity of the sliding test sample was maintained at a
3.14 m/s, 6 km sliding distance, and a range of loads from 10 to 50 N. Figure 11a—e illustrates
the specific wear rate noted at different sliding distances while subject to varied stresses.
The results suggest a positive correlation between a specific wear rate and sliding distance.
The observed phenomenon can be related to changes in frictional forces, increasing the
temperature of the MMNCs. With an increase in temperature, the material experiences a
decrease in hardness, leading to an escalation in wear.

The observation in Figure 11a indicated a progressive reduction in the specific wear
rate as the reinforcement increased under a 10 N load, implying that an increase in hardness
leads to enhanced wear resistance. According to the findings from Figure 11a, the composite
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materials consistently exhibited a lower specific wear rate than the matrix throughout all
tested sliding distances. Furthermore, it was noted that the specific wear rate dropped as the
Al,O3 concentration increased in the AA7150 matrix. The greater hardness of the MMNCs
may be accredited to the improvements in material seizure and wear resistance [65].

The reinforced specimens exhibited a higher level of wear performance than the non-
reinforced specimens. The observed decrease in the specific wear rate in the nano Al,O3
reinforced specimens can be attributed to the Orowan strengthening effect. This effect
results in an enhancement of the hardness and strength of the samples and the generation
of MgZn, precipitates. These precipitates hinder the movement of dislocations, thereby
improving the ability of the composite samples to withstand the wear loads experienced
during pin-on-disc wear tests. Another significant feature is the ability of the nano-Al,O3
particles to withstand the localized stresses that occur during dry slide wear testing. This
ability protects the relatively soft outer surface of the AA7150 alloy matrix. The nano-Al,Os
reinforcement particles effectively hindered the direct contact between the softer matrix
and the revolving steel disk on a significant scale [66]. With an increase in the load, the
specific wear rate increases in non-reinforced specimens, and a reduction in the specific
wear can be observed in the specimens with a higher wt.% of nanoparticle reinforcement,
as shown in Figure 11b-e.
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Figure 11. Cont.
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Figure 11. (a—e) The specific wear rate of MMNCs with sliding distance at different loads.

Figure 12 depicts the relationship between load and specific wear rate, demonstrating
their link. The wear rate of the AA7150 matrix and MMNCs is subject to the impact of
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the applied load, which is the predominant factor dictating wear behaviour. The sliding
wear increases linearly in specimens with zero and up to 1.5 wt.% of Al,O3, at 2.0 wt.%,
the variation is not linear, and due to the hardening of the specimen during sliding, the
resistance against a specific wear rate is higher.
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Figure 12. Effect of applied load on the specific wear rate with raise in the sliding distance of
AA7150-2wt.% A1203 MMNCs.

The relationship between the wear rate and the applied load is linearly proportional,
as per Archard’s rule. Additionally, it is worth noting that composites exhibit a notably
reduced wear rate. Furthermore, it has been shown that matrix materials and composites
significantly increase specific wear rates by applying higher loads. Nevertheless, it is
imperative to acknowledge that the resistance the composites show continuously exceeds
that of the matrix, irrespective of the applied stress. Researchers have discovered that
elevated loads are associated with delamination, leading to additional wear loss in the
AA7150 matrix and composites [67].

The SEM analysis was employed to capture microphotographs of the worn-out sur-
faces of AA7150 and Al,O3 nanocomposites subjected to a 50 N load and 6 km sliding
distance. The experimental readings indicated that the Al,O3; composites with a 2.0 wt.%
component had reduced wear loss when subjected to a load of 50 N. The occurrence of
grooves on the worn surfaces of the composite materials exhibited a decrease as the Al,O
concentration increased. The magnitude of grooves/tracks seen on the worn-out surface of
the AA7150 and Al,O3 nanocomposites, including smaller volume percentage reinforce-
ment, exhibited a notably increased significance at elevated loads, resulting in enhanced
plastic deformation and severe wear. The discovery was discernible based on the SEM
microphotographs depicted in Figure 13a—e. The utilization of SEM in morphological
analyses revealed the existence of adhesive and abrasive wear processes in AA7150-Al,O3
MMNCs. Figure 13a illustrates severely damaged areas and deep abrasion grooves, which
can be attributed to the low speed and delamination.
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Figure 13. (a—e) SEM images of worn-out AA7150 alloy and Al715-0.5 to 2.0 wt.%. Al,O3 nanocomposites.

Additionally, the monolithic alloy exhibited signs of severe wear. The non-reinforced
AA7150 alloy exhibits a notable deficiency in wear resistance, as seen by the substantial
buildup of wear debris, the creation of craters, and the presence of ridges. Crater devel-
opment may be attributed to delamination wear, the displacement of materials along the
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sliding path, and material shear on the sample’s surface [68]. The ongoing sliding process
led to the collection of wear debris, which resulted from the voids merging. The observed
wear behavior may be attributed to the inferior hardness and load-bearing capability of the
AA7150 alloy compared to its reinforced equivalent.

Similarly, it was observed that, with a rise in the Al;Os filler content in the AA7150,
there was a corresponding drop in wear loss, enhancing the material’s wear resistance. The
increased hardness of the AA7150-Al,0O3 MMNCs can be attributed to this phenomenon.
The material can experience an abrasive wear mechanism in the early phases of wear. With
increased sliding distances, adherent particles may detach from the composite material.
These detached particles can then act as abrasives between the composite pin and the
counter disc, resulting in an abrasive wear mechanism. The SEM pictures in Figure 13a—e
display worn-out surfaces, where the bright patches signify delaminated and worn-out
particles caused by significant wear.

Additionally, the observed streaks in all MMNC samples are wear tracks that arise
from steady-state wear, as mentioned in reference [69]. The occurrence of tiny fractures and
cavity development during the pin-on-disc wear test decreases as the volume percentage
of the reinforcement increases. The enhanced wear resistance seen in the AA7150 alloy
composites supplemented with nano-Al,O3; particulates may be ascribed to the load-
bearing capability of the nano-Al,O3 particles, which concurrently hinder the displacement
of dislocations. Another factor contributing to the enhanced performance of composites
reinforced with nano-Al,Os is the minimal or near absence of agglomeration concerns,
potentially resulting in the formation of porosity. The study using SEM Figure 13b—e
identified the presence of adhesive and abrasive wear processes in the sample. The study’s
findings indicate that the samples” hardness and specific wear resistance were affected
by incorporating different fractions and size distributions of Al,O3 particulates and by
implementing efficient ultrasonic treatment. The incorporation of nano-Al,Os3 into the
Al7150 alloy matrix resulted in a decrease in the contact surface area and the uniform
distribution of nano-reinforcement. Additionally, the adequate bonding between the nano-
Al,Os3 particles and the base matrix significantly improved the resistance to wear [70-72].

5. Conclusions
The significant conclusions in this current analysis are:

1.  The optical microstructural study provides proof of the existence of nano-Al,O3
particles in all composites without any indication of oxide forms, secondary phases,
or contaminants;

2. The use of ultrasonic vibrations was important in achieving uniform dispersion of
nano-Al,Os particles, establishing a desirable equilibrium between the malleability
and robustness of the composites;

3. The composites that were created demonstrated a notable yield strength of 232 MPa,
which was reached using just 2.0 wt.% of nano-Al,Os particles. This resulted in a
substantial increase of 97.52% in yield strength compared to the AA7150 matrix alloy
treated with ultrasonics;

4.  Theoretical estimations of the yield strength values of the AA7150-Al,O3 nanocom-
posites, utilizing micromechanics and load transfer strengthening processes, exhibit a
strong correlation with the experimental findings;

5. According to theoretical expectations, the main factors that enhance mechanical
strength in the AA7150-Al,O3 nanocomposites are a thermal mismatch, Orowan
strengthening, the Hall-Petch mechanism, and load transfer effects;

6.  The observed enhancements in mechanical strength can be credited to various strength-
ening mechanisms, including differences in the CTE, interactions between dislocations
within the matrix and reinforcement particulates, grain refinement, and load transfer.
Notably, these mechanisms consistently exhibited an increase in effectiveness as the
percentage of Al,O3 nano contents in the composites was raised;
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7. The resistance-to-wear of the MMNCs surpassed that of the underlying base alloy.
The augmentation of applied loads and the extension of sliding lengths resulted in a
proportional increase in the wear loss credited to wear;

8. Moreover, using Al,Oj3 as a reinforcing agent significantly enhanced the wear resis-
tance of AA7150-Al,0O3 MMNCs. The findings from extensive experiments suggest
that incorporating a 2.0 wt.% of Al,O3 into AA7150 results in remarkable mechanical
and tribological characteristics.
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