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Abstract: This study investigated the effects of max-phase
TisSiC, and other nanoparticle reinforcements (graphene,
CNTs, and SiN) on the mechanical and dynamic properties
of friction stir processed (FSPed) AA5083 aluminum com-
posites. Microstructural analysis revealed the impact of
these reinforcements on grain size. Dynamic properties
were assessed using a free vibration impact test, while
mechanical properties were measured through a compres-
sion test. Most composites showed enhancements in damping
ratio and natural frequency compared to the base alloy, with
the TisSiC, leading to a substantial increase in natural fre-
quency. The AA5083/max phase TisSiC, composite demon-
strated the most significant improvements across nearly all
properties, notably enhancing stiffness (+7.35% in E), strength
(+25.36% in yield strength), and vibration resistance (+5.83%
in fy), while significantly reducing damping (—62.76% in {).
In contrast, the friction stirred AA5083 offered moderate
enhancements in strength (+17.86% in yield strength) and
aslight increase in natural frequency (+2.00%) but did not
significantly improve stiffness and actually increased
damping. The base alloy AA5083 served as the baseline for
comparison, exhibiting the lowest performance in all cate-
gories. The findings highlight the potential of FSP and rein-
forcement, especially TisSiC,, for tailoring the properties of
AA5083 for enhanced performance in various applications.
These findings emphasize the significance of customizing
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the reinforcement material to attain the intended mechan-
ical characteristics in AA5083 composites.
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1 Introduction

Aluminum alloys are considered as one of the most impor-
tant metals used nowadays with regard to their relative
strength and low density compared to other metals. In this
regard, AA5083 aluminum is compared to other marine
alloys such as mild steel and stainless steel, and chipping
of this material can significantly damage the tool [12].
AA5083 is a popular aluminum alloy because it is inexpen-
sive and corrosion-resistant to seawater. It is most com-
monly used in the maritime sector worldwide. Due to rapid
corrosion, high-quality materials are expensive but can
extend the product’s life; hence, mild steel trawler rudders
rarely last longer than 3 years [3]. The fittings for the pin and
sliding rudders show rapid corrosion of mild steel within 2
years [4].

In contrast, rudders constructed of AA5083 alloy that is
welded and corrosion resistant have functioned for 6 years
with minimal maintenance [5,6]. However, the AA5083
alloys need to be upgraded to handle high loads and oper-
ating circumstances. Friction stir processing is a technique
used to enhance the strength of aluminum alloy [7,8]. This
is achieved by incorporating minuscule ceramic nanopar-
ticles, such as silicon carbide (SiC) or aluminum oxide
(Al;03), into the mixture [9]. The quantity of these particles
introduced is crucial, as it directly impacts the strength of
the resulting material [10,11]. Many researchers have devel-
oped single or hybrid composites; thus, they reinforce the
AA5083 with ceramic particles and nanoparticles to enhance
its mechanical properties [12-15]. Several reinforcing
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particles are used to improve various properties. Tungsten
carbide (WC), tantalum carbide, niobium carbide, vana-
dium, SiC, Al,0s, boron carbide, titanium carbide, and zirco-
nium carbide have excellent compatibility with aluminum
alloys [16-21]. The friction stir technique fabricates AA5083
surface composites enhanced with carbon nanotubes (CNTs)
and cerium oxide microparticles. The hybrid composite with
a 75-25% volume ratio of CNTs and cerium oxide produced the
highest tensile strength and hardness values [22]. Another
investigation demonstrates the powder metallurgy approach
as a new method for creating a high-strength aluminum com-
posite reinforced with nano-sized titanium diboride (TiB,) par-
ticles [23]. Using powder metallurgy, a homogeneous dispersion
of multi-walled carbon nanotubes (MWCNTs) throughout the
aluminum alloy AA5083 matrix is crucial for enhancing the
mechanical properties of the composite [24]. Friction stir pro-
cess (FSP) enhanced the surface hardness and wear resistance
of aluminum alloy 5083 using ceramic reinforcements such as
SiC, AL,Os, and a combination. Among these, the 50% SiC and
50% Al,03 hybrid composite exhibited the most favorable out-
comes [25]. FSP incorporating WC-Al,03 ceramic composite into
AA5083 significantly improved hardness and wear resistance.
The process refines the grain structure and distributes the rein-
forcement particles more uniformly, leading to a maximum
hardness of 55% higher than the base metal [26].

Several studies have explored enhancing aluminum
alloys’ damping capacity [27,28]. One study incorporating
interconnected reinforcements, such as galvanized iron
wire preforms, significantly improves vibration absorption
[29]. The iron oxide particles, specifically at a size of
500 nm and a concentration of 4 wt%, offer the most pro-
mising results regarding dynamic behavior modification
within the aluminum matrix [30]. The influence of
titanium (Ti) inclusion on damping characteristics on alu-
minum composites reinforced with in situ formed TiB, par-
ticles [30]. This research examines how different reinforcing
materials influence the properties of aluminum matrix
composites. These materials include master alloys, metal—
ceramic aggregates, nanofibrous composites, and those pro-
duced through squeeze casting. Their findings suggest that
these reinforcements can improve the damping response,
the composites’ mechanical properties, and wear character-
istics [31]. This study aims to create surface metal matrix
composites (MMCs) with superior performance on AA5083
alloy by using FSP. The study aims to investigate the impact
of different types, concentrations, and distributions of single
nanoparticles (graphene, silicon nitride [SiN], and CNT
nanoparticles) and their hybrid combinations on the com-
posites’ mechanical properties and dynamic behavior. The
novelty of this work lies in the systematic investigation of
the combined effects of the FSP and various reinforcements,
including single and hybrid particles, on both the dynamic
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modulus and ultimate compression strength of AA5083
aluminum alloy. This comprehensive approach provides
valuable insights into the potential for tailoring the
mechanical properties of this alloy for specific applica-
tions through microstructural modification and reinfor-
cement strategies. The study also highlights the complex
interplay between different types of reinforcements and
their impact on the resulting properties, emphasizing the
need for careful selection and optimization of reinforce-
ment combinations to achieve desired performance
outcomes.

2 Materials and methods

2.1 Materials and fabrication process

A novel MMCs can be fabricated using the FSP by reinfor-
cing wrought aluminum alloy AA5083 sheets with a combi-
nation of max-phase Ti;SiC, particles, graphene, CNTs, and
SiN nanoparticles. AA5083 aluminum alloy sheets with a
thickness of 150 x 150 x 10 mm® were utilized as the base
matrix material. The reinforcement nanoparticles, such as
the max-phase TizSiC, particles with an average size of
80 nm, were chosen due to their excellent mechanical prop-
erties, including high hardness, thermal stability, and good
wear resistance [24]. Graphene with a lateral size of 2 um
and a thickness of 1.5nm was employed for its potential to
enhance strength and electrical conductivity [32,33]. The
CNT particles with a diameter of 15nm and a length of
215 pym were selected for their exceptional strength, high
aspect ratio, and potential for improving the composite’s
load-bearing capacity [34,35]. Finally, the SiN, with an average
size of 40 nm, was incorporated to enhance the composite’s
wear resistance and thermal stability due to its excellent
hardness and chemical inertness [36].

The process commences with substrate preparation,
where the AA5083 sheets are cut to desired dimensions,
cleaned with a solvent, and drilled with a regular pattern
of holes having a specified diameter (e.g., 3 mm) and depth
(e.g., 3mm) to accommodate the reinforcement mixture. The
reinforcement mixture is prepared by precisely weighing
and measuring the required quantities of each component
(Ti3SiC, particles, graphene, CNTs, and SiN nanoparticles)
according to the desired weight fraction in the final compo-
site. Subsequently, a micropipette or similar dispensing tool
is employed to meticulously transfer the measured amount
of the reinforcement mixture into each pre-drilled hole,
ensuring complete filling. In parallel, the FSP tool is fabri-
cated from tool steel based on specific design criteria, typi-
cally incorporating a triangular pin profile and a designated



DE GRUYTER

tilt angle (e.g., 3°). The AA5083 sheet with filled holes is then
secured onto the milling machine bed, and the fabricated
FSP tool is mounted onto the spindle. With the processing
parameters established through successful trial runs (e.g.,
800 rpm tool rotation speed, 30 mm/min tool traverse speed,
and 3° tilt angle), the FSP process commences by plunging
the tool into the designated starting point on the sheet
(Figure 1). The tool traverses along a predefined path at a
constant speed while rotating and stirring the material at the
set parameters to achieve complete coverage of the desired
area. Following FSP, the processed area is allowed to cool. The
processed sheets can undergo further machining or grinding
to attain the final dimensional requirements.

2.2 Characterization

Metallographic preparation involving mechanical grinding
with SiC paper, polishing, and etching using standard
reagents was employed to characterize the microstructure
of the composite materials, as shown in detail in previous
study [37]. The prepared samples were subsequently exam-
ined using JEOL scanning electron microscopy (SEM) and
Olympus BX51 optical microscopy for a comprehensive
microstructural analysis. The grain size was measured
using the linear intercept method. The compression test
is used to assess the mechanical properties. The universal
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Figure 1: Fabrication process of the investigated MMNCs.
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testing machine (UTM) (SANS) utilized in this study is
equipped with a load cell for application load measure-
ment and a displacement transducer for sample deforma-
tion measurement. A computer can conveniently operate
the UTM by applying different loading conditions.

2.3 Dynamic test setup

The dynamic properties of the composite materials were evalu-
ated by performing a free vibration test following the ASTM
E756-05 guidelines. This test method offers a non-destructive
evaluation of a material’s inherent stiffness and damping char-
acteristics by measuring its natural frequencies [28,38-41]. The
experiment included samples with a regular rectangular cross-
section beam, which had dimensions of 100 mm in length, 8 mm
in breadth, and 6 mm in thickness. The test specimen was con-
structed as a cantilever beam, with one side firmly fixed and the
other free to move. The B&K model 4507-B accelerometer was
attached to the free end of the cantilever beam to measure its
response over time. The composite beam was vibrated using a
B&K model 8206 impulse hammer. The following vibration
response was monitored and studied using an impulse data
analyzer (B&K module 3160-A-4/2). Figure 2 illustrates the com-
plete experimental setup; thus the acquired data were analyzed
using ME'Scope, a software designed for modal analysis. This
software facilitates calculating the frequency response function
(FRF), damping ratio, and fundamental frequencies. To ensure
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Figure 2: Free vibration impact test setup.

the accuracy of the results, the free vibration test was carried out
five distinct times. The mean outcomes of these repeated trials
were subsequently employed to establish correlations between
the material properties and the measured variables.

3 Results and discussion

3.1 Microstructure observation

The microstructure of the FSP samples is categorized into
three clearly defined regions: the heat-affected zone (HAZ),
the thermomechanically affected zone (TMHAZ), and the
stirred zone (SZ), as shown in Figure 3. The heat generated
by the FSP tool causes a substantial increase in tempera-
ture in the HAZ, but the HAZ is not subjected to the stirring
action. This area may experience either grain coarsening or
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softening, depending on the processing settings and charac-
teristics of the base metal [42,43]. The TMHAZ undergoes
both frictional heating and stirring, leading to a partially
recrystallized microstructure that may have finer grains
than HAZ. Ultimately, the SZ experiences the most notable
alteration in shape and temperature due to intense plastic
deformation and frictional heating. This results in a substan-
tial reduction in grain size and the possibility of a transfor-
mation in grain structure. The SZ is the central area where
the FSP tool directly interacts with the material, resulting in
substantial changes to its microstructure.

The CNTs, graphene, and SiN particles exhibit distinct dif-
ferences in size and distribution, influencing their reinforcing
effects. CNTs have a fine, elongated morphology but some
agglomeration potentially limiting their full potential.
Graphene platelets show a more even distribution and
better interfacial bonding, but restacking can compro-
mise their effectiveness. SiN particles are smaller and

Figure 3: Microstructural zones in FSP. (a) Illustration of the microstructure zones in the FSP sample. (b) Typical image of the microstructure zones
with the main three zones: the HAZ, the TMHAZ, and the SZ are the core region directly affected by the FSP tool.
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more uniformly dispersed, enhancing strength and wear
resistance. In hybrid composites, combining different reinforce-
ments can lead to synergistic effects or trade-offs. For instance,
TisSiC,+SIN resulted in the most homogenous distribution, sug-
gesting superior properties, while TizSiC,+CNTs showed a less
uniform dispersion, potentially limiting synergistic effects.
These differences in mechanical properties between single
and hybrid composites are attributed to particle size, mor-
phology, and distribution variations, influencing the network
of pinning sites and overall grain structure.

Figure 4 shows the optical microstructure images of the
investigated sample inside the SZ; thus, microscopic analysis
reveals a dramatic transformation in the microstructure of
AA5083 upon FSP. The original rolled sheet exhibits elongated
grains aligned with the rolling direction (Figure 4a). The
recrystallization process within the processed zone is facili-
tated using frictional heat generated by a rotating tool and
stirring action. The results show a dramatic grain size refine-
ment in the SZ of all the samples processed by FSP compared
to the base AA5083 metal (Figure 4b). The base metal has a
coarse grain size of 300 ym with an aspect ratio of 2.1,
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indicating elongated grains. FSP itself (FSPed AAS5083)
resulted in a significant grain refinement down to 6.28 pum,
a reduction of over 97% compared to the base metal. This
refinement is attributed to dynamic recrystallization, a pro-
cess where the severe plastic deformation caused by the FSP
tool creates high dislocation densities within the material.
These dislocations act as nucleation sites for new, finer grains
to form.

Interestingly, the addition of max-phase Ti;3SiC, parti-
cles, either as a single reinforcement (AA5083/Ti;SiC,) or
in combination with other reinforcements in the hybrid
composites (AA5083/Ti3SiC,+G, AA5083/Ti3SiC,+SiN, AA5083/
TisSiC,+CNTs), resulted in a slightly smaller grain size com-
pared to FSPed AA5083 alone. This could be due to several
factors. The presence of the particles might hinder the
movement of dislocations, reducing their effectiveness as
nucleation sites. Additionally, the reinforcement particles
might introduce some pinning force that prevents the com-
plete refinement of the grains. However, the grain size in all
the reinforced composites (4.3-5.7 um) is still significantly
smaller than the base metal, achieving a refinement of

S
0 pm

Figure 4: Optical microstructural images of the samples (a) AA5083 base alloy; the images inside the SZ, (b) FSPed AA5083, (c) AA5083/Ti3SiCy,
(d) AA5083/G, (e) AA5083/CNTs, (f) AA5083/SiN, (g) AA5083/Ti3SiC,+G, (h) AA5083/TisSiC,+CNTs, and (i) AA5083/TisSiC,+SiN.
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over 94%. Among the reinforced composites, the secondary
reinforcements (graphene, SiN, and CNTs) seem to have
minimal influence on the final grain size. They all resulted
in a grain size of around 5 um, with the hybrid composite
containing CNTs showing a slightly larger size (Figure 5). It is
important to note that the aspect ratio of all FSP processed
samples is close to 1, indicating more equiaxed grains
than the base metal’s elongated grains. This change in grain
morphology can significantly improve the material’s
mechanical properties. The presence of multiple reinfor-
cement types with varying sizes, shapes, and distribu-
tions could create a more intricate network of pinning
sites within the microstructure, potentially leading to a
stronger collective force on grain boundaries [44]. Addi-
tionally, hybrid composites might offer a more uniform
dispersion of pinning sites throughout the matrix,
ensuring a consistent pinning effect, and resulting in a
more homogenous and finer grain structure.

3.2 SEM observation

Figure 6 visually represents the microstructural character-
istics and reinforcement particle distribution within var-
ious AA5083 composites. In the single composites (a)—(c),
the CNTs in AA5083/CNTs (a) exhibit a fine, elongated
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morphology with some agglomeration, while the graphene
platelets in AA5083/G (b) display a more even distribution
and layered structure, suggesting better interfacial
bonding. The SiN particles in AA5083/SiN (c) are smaller
and more uniformly dispersed than CNTs and graphene,
potentially leading to enhanced strength and wear resis-
tance. The hybrid composites (d)-(f) reveal the combined
effects of different reinforcements. AA5083/Ti3SiC,+CNTSs
(d) show a mix of well-distributed Ti3SiC, particles and
less uniformly dispersed CNTs. AA5083/Ti3SiC,+G (e) exhi-
bits a more uniform distribution of both Ti;SiC, and gra-
phene, potentially resulting in improved synergistic effects.
Notably, AA5083/TizSiC,+SiN (f) demonstrates the most
homogeneous distribution of all reinforcements, with
fine SiN particles evenly dispersed and TisSiC, particles
well-integrated, suggesting superior mechanical properties
and microstructural stability due to improved load
transfer and reduced stress concentration. These observa-
tions highlight the significant influence of reinforcement
type and combination on the microstructure and potential
properties of AA5083 composites, warranting further
investigation into the structure—property relationships
through mechanical testing and detailed characterization.

The investigation demonstrates the effective integration
of reinforcing particles into the manufactured metal matrix.
The presence of max-phase Ti3SiC, particles throughout the
matrix is confirmed by energy dispersive X-ray spectroscopy
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Figure 5: Effect of FSP on grain size and aspect ratio in AA5083 composites with various reinforcements: (a) grain size histogram and (b) aspect ratio.
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Figure 6: SEM images of the single composites: (a) AA5083/CNTs, (b) AA5083/G, (c) AA5083/SiN and hybrid composite with max phase particles, (d)

AA5083/TisSiC,+CNTs, (e) AA5083/TisSiC,+G, and (f) AA5083/Ti3SiCo+SiN.

(EDX) research, confirming their effective distribution. The
probable cause of this phenomenon is the agitating effect of
the FSP process, which aids in the dispersion of particles and
inhibits their aggregation. Furthermore, Figure 7 provides
visual evidence of the existence of SiN particles within the
matrix, reinforcing the successful incorporation of these
reinforcements. Nevertheless, the EDX examination exclu-
sively identifies the existence of the carbon element in gra-
phene and CNTs. This does not always imply a deficiency in
these reinforcements. Because of their smaller size and
potentially lower concentration relative to other reinforce-
ments, individually identifying them in the EDX study may
be more difficult. The EDX spectrum in Figure 7 clearly
shows a Si peak, but the Ti peak is less prominent, poten-
tially due to the lower weight percentage of Ti in the Ti3SiC,
reinforcement compared to Si, leading to a weaker Ti
signal. Additionally, peak overlap with other elements
like Al might obscure the Ti peak. While EDX alone may
not conclusively prove the presence of Ti, the SEM images
clearly show the distinct morphology and distribution of
TizSiC, particles. These observations and the Si signal
strongly support the successful incorporation of Ti;SiC,.
To further confirm the presence and distribution of Ti, the
energy-dispersive X-ray mapping (EDX mapping) is employed,
with the spatial distribution of Ti within the composite as
shown in Figure 8.

3.3 Mechanical properties

Figure 9 shows the investigated samples’ ultimate and yield
compressive strength at various deformations. This dia-
gram illustrates a comparison of the mechanical character-
istics of the produced composites. Subplots (a) and (c)
depict the ultimate compressive strength (UCS) of the
single and hybrid composites, respectively. The measure-
ments were taken at both 30 and 60% distortion. Subplots
(b) and (d) specifically examine the yield stress of the single
and hybrid composites, respectively, at a specific strain of
Oo2% The base AA5083 alloy, characterized by a yield
strength of 280 MPa and ultimate strengths of 900 MPa
(at 60% deformation) and 478 MPa (at 30% deformation),
is a benchmark for comparison. The FSP significantly
enhances the alloy’s performance, leading to a notable
17.9% increase in yield strength (330 MPa), a 12.8% increase
in ultimate strength at 60% deformation (1,015 MPa) and a
12.6% increase in ultimate strength at 30% deformation
(538 MPa). This improvement is attributed to grain refine-
ment and microstructural homogenization induced by the
FSP process, which promotes increased dislocation density
and enhanced resistance to plastic deformation. Incorpor-
ating reinforcing agents, both single reinforcement and
hybrid combinations further elevate the mechanical prop-
erties. Notably, the AA5083/TisSiC, composite exhibits a
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(a

Figure 7: SEM and EDX analysis of (a) single composite AA5083/Ti3SiC, and (b) hybrid AA5083/Ti3SiC,+SiN.
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Figure 8: SEM images of the elemental mapping taken inside the SZ for the single composite AA5083/Ti3SiC,.
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Figure 9: Ultimate and yield strength of the investigated samples at different deformation percentages: (a) UCS of the single composite at 30 and 60%
deformation, (b) yield stress of the single composite at gq 24, (c) UCS of the hybrid composites at 30 and 60% deformation, and (d) yield stress of the

hybrid composites at g 4.

substantial 25.4% increase in yield strength (351 MPa) and a
remarkable 29.1% increase in ultimate strength at 60%
deformation (1,162 MPa) compared to the base alloy
(Figure 10). This exceptional performance can be attrib-
uted to the strong interfacial bonding between the Ti;SiC,
particles and the aluminum matrix and the particles’
ability to impede dislocation motion, thereby promoting
strain hardening. The hybrid composite AA5083/Ti3SiC,+G
demonstrates a comparable yield strength to the AA5083/
TisSiC, composite (350 MPa), highlighting the potential of
hybrid reinforcement strategies to tailor mechanical proper-
ties. However, it is crucial to note that the ultimate compres-
sion strengths at 30% deformation for most single and hybrid
composites are comparable or marginally lower than the
FSPed AA5083. This observation suggests a potential trade-
off between strength and ductility, wherein the reinforcing

particles while enhancing strength, might impede plastic
deformation at higher strain levels. Furthermore, while exhi-
biting promising yield strengths, the hybrid composites
generally display lower ultimate strengths than their single-
reinforcement counterparts, indicating that combining mul-
tiple reinforcements may not always lead to synergistic effects.

Observing lower ultimate strengths in hybrid composites
than in single-reinforcement composites highlights potential
trade-offs in hybrid reinforcement strategies. While hybrid
composites offer the possibility of synergistic property enhance-
ments, combining different reinforcements can lead to lower
ultimate strengths due to several factors. These include inter-
facial interactions between different reinforcement types,
where incompatibility in thermal expansion or chemical
bonding can cause stress concentrations and premature
failure. Additionally, achieving uniform dispersion of
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Figure 10: UCS at different deformations: (a) UCS at 30 and 60% deformation and (b) yield strength at g 5.

multiple reinforcements with varying sizes and morphol-
ogies can be challenging, potentially leading to localized
stress concentrations. Finally, introducing multiple rein-
forcements can increase the likelihood of microstructural
defects like voids or microcracks, which act as stress concen-
trators and reduce the composite’s ultimate strength.

3.4 Dynamic properties

The results obtained from the free vibration test focused
on the damping ratio and dynamic modulus and their
impact on the overall dynamic behavior of the investigated
samples. Figure 11 illustrates the first mode’s natural fre-
quency and deflection shape; hence, the investigation used
the Euler-Bernoulli beam theory to calculate the dynamic

properties of the studied composites. These properties offer
valuable insights into the materials’ behavior under dynamic
loading conditions. The damping ratio ({%) reflects the energy
dissipation during vibration, with higher values indicating faster
vibration decay. The dynamic Young’s modulus of the composite
samples is determined by utilizing the first mode natural fre-
quency derived from a free vibration test and the logarithmic
decrement (6) and damping ratio ({). The experimental results of
the free vibration test are plotted and analyzed as shown in
Figures 12 and 13; thus, they represent the time domain in the
transient response of the investigated, including a base AA5083
aluminum alloy and composites reinforced with different parti-
cles, as a free vibration test determined.

The logarithmic decrement (6) characterizes the decay
rate of free vibrations. It is calculated using the following
equation:

Fixed support
A,

Amplitude

b
Y h

Free End

to Time

tn

Figure 11: First mode natural frequency of the cantilever beam in the free vibration.
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Figure 12: Time-domain decay response: (a) base alloy AA5083, (b) FSPed, (c) single composite AA5083/CNTs, (d) single composite AA5083/graphene,
(e) single composite AA5083/SiN, and (f) single composite AA5083/max-phase TisSiC,.
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Figure 13: Time-domain decay response of the hybrid composites: (a) composite AA5083/TisSiC,+CNTs, (b) composite AA5083/Ti3SiC,+graphene, and

(c) AA5083/Ti3SiC,+SiN.

21

§= lnﬁ,

n M

where § is the logarithmic decrement (unitless), 4, is the
initial amplitude of the vibration, A, is the amplitude of the
vibration after a certain number of cycles (typically chosen
at a specific time interval), and n is the number of cycles

The damping ratio ({) represents the energy dissipated
in each vibration cycle. It is related to the logarithmic
decrement by

2

where ( is the damping ratio (unitless).
Calculating dynamic Young’s modulus (E) using Euler—
Bernoulli beam theory assumes small deflections.

47-[2xfﬁxpr4

= 3)
= ar6 0y

where E is the dynamic Young’s modulus (Pa), f; is the first
mode natural frequency (Hz), p is the density of fabricated
composite (kg/m?), L, b, and h are the beam’s length, width,
and thickness (m), and ¢ is the damping ratio.

Loss factor (n) relates to the energy dissipation per
cycle and is associated with the damping ratio by
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n =2, 4)

where 7 is the loss factor (unitless) and loss modulus (E").
This represents the imaginary component of the complex
modulus and reflects the energy dissipation. It is calculated
using the following equation:

E” =E'n, 6
where E” is the loss modulus (Pa) and storage modulus (E).
This represents the real component of the complex mod-
ulus and reflects the elastic energy storage. It is related to
the dynamic Young’s modulus by

,_E

E' = T+ (6)

where E' is the storage modulus (Pa).

The damping ratio and loss modulus usually correlate
positively. High-damping ratio materials have a larger loss
modulus, suggesting greater energy dissipation. FSP shows
a slight increase in both damping ratio (2.93%) and natural
frequency (2.0%) compared to the base alloy, indicating a
minor improvement in energy dissipation and stiffness. In
the case of single composites, the CNT reinforcement offers
the most significant improvement in both damping ratio
(4.72%) and natural frequency (4.8%), suggesting excellent
energy absorption and enhanced stiffness. SiN reinforce-
ment also demonstrates a substantial increase in natural
frequency (4.4%) and a moderate rise in damping ratio
(4.04%), as shown in Figure 14. The high damping ratios
in single composites of SiN and CNTs can be attributed
to two primary processes. First, both materials employ

T T T T T T T T T 8

[_]Damping ratio (§)
5 - B Loss modulus (E")

Damping ratio () (%)
N
NP D S
Loss modulus (E") (GPa)

T
-

o
I
I
=]

Figure 14: Damping ratio ({) and dynamic modulus (£”) of pure AA5083,
FSPed AA5083, single composites with CNTs, graphene, SiN, and hybrid
composites with max-phase Ti3SiC, particles combined with CNTs, gra-
phene, and SiN.
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internal friction processes to disperse vibrational energy.
The complicated internal structure of SiN allows for fric-
tion between its boundaries, but the high aspect ratio and
flexibility of CNTs enable them to slide, bend, and suffer
internal friction within the matrix [45,46]. Furthermore,
the robust interface between these reinforcements and
the aluminum matrix forms a constriction point for trans-
mitting vibration energy. The microscopic motions and
separation at this boundary also contribute to energy dis-
sipation, increasing the total damping ratio [47]. Although
the exact mechanisms may include an intricate interaction
of these parameters, it is evident that both SiN and CNTs
have unique benefits as reinforcements for achieving high
damping qualities in these composites.

Graphene reinforcement exhibits the least impact,
showing a negligible change in natural frequency and a
slight decrease in damping ratio. On the other hand, the
combination of Ti3SiC, max-phases with CNTs (Ti3SiC,/CNT)
exhibits the highest natural frequency (353.08 Hz), a signif-
icant improvement (5.8%) compared to the base alloy. This
indicates the most remarkable enhancement in stiffness.
However, it has the lowest damping ratio (0.96%), sug-
gesting reduced energy dissipation capabilities.

Figure 15 shows the first mode natural frequency of
various materials derived from aluminum alloy AA5083.
Generally, stiffer materials exhibit higher natural frequen-
cies. Composites reinforced with CNTs, SiN, and max-phase
TisSiC,+CNTs possess a higher natural frequency compared
to the unreinforced aluminum alloy (AA5083) due to their
increased stiffness. This enhancement likely originates
from the inherent stiffness of CNTs and SiN, which act as
reinforcements within the aluminum matrix. In the case of
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Figure 15: FRF of the single and hybrid composite matrix.
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Figure 16: Frequency domain plot of the investigated samples in the
frequency range 300-400 Hz.

Ti3SiCy/CNTs, the combination of Ti;SiC, stiffness and the
high strength and aspect ratio of CNTs likely leads to a
particularly stiff composite material.

Conversely, the lower natural frequency observed in
the single composite AA5083/Ti3SiC, compared to the unrein-
forced alloy could be attributed to the presence of voids or
defects within the composite, acting as stress concentrators
and reducing stiffness. A weak interfacial bond between the
TisSiC, reinforcement and the aluminum matrix could con-
tribute to this composite’s lower stiffness. Figure 16 shows
the value of first mode resonant frequencies in the fre-
quency domain plot of the investigated samples; thus, the
addition of TisSiC, to SiN or graphene (Ti3SiC,/SiN and
Ti;SiC,/G) offers a balanced approach. These composites
show increased natural frequencies (1.5-3.0%) compared
to the base alloy while maintaining moderate damping
ratios. The pure AA5083 alloy has a baseline dynamic mod-
ulus of 72.09 GPa. The FSP shows minimal impact (72.00 GPa
for 5083-FSPed), suggesting this technique does not signifi-
cantly alter the dynamic modulus. Compared to the base
alloy (AA5083), 5083-FSPed and single composites reinforced
with SiN and CNTs exhibit a slight improvement in both nat-
ural frequency and dynamic modulus, suggesting increased
stiffness by up to 5.2% (SiN) for these composites; hence these
results are consistent with the studies of Liu et al. [48]. This can
likely be attributed to the reinforcement mechanisms, where
friction stir processing refines the grain structure of the alu-
minum matrix (5083-FSPed), and SiN and CNTs, due to their
inherent stiffness, improve the composite’s overall stiffness.

On the other hand, the single composite AA5083/gra-
phene and hybrid AA5083/TisSiC,+G demonstrate relatively
lower stiffness and dynamic properties than other

Enhanced AA5083 via FSP with max-phase & nanoparticles = 13
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Figure 17: Dynamic modulus of the investigated metal matrix.

reinforced composites. This can be due to the weak inter-
facial bonding between the graphene platelets and the alu-
minum matrix. A weak interface between the matrix and
the graphene restricts the efficient transfer of stress,
affecting the enhancement of reinforcement and overall
improvement in stiffness. Graphene layers may undergo
restacking or agglomeration during processing, which
can diminish their effectiveness as reinforcements (Figure
17). Interestingly, the single composite reinforced with max-
phase TisSiC, shows a higher natural frequency but a lower
dynamic modulus than the base alloy. This could be due to the
contrasting properties of TizSiC,. While it might enhance
rigidity, its potentially brittle nature could introduce micro-
cracks, reducing the material’s overall stiffness. However, the
hybrid composites incorporating TisSiC, with TizSiCy/G, TizSiCyf
SiN, and TisSiC/CNT seem promising. These composites gen-
erally demonstrate a well-balanced combination of damping
(indicated by ¢) and stiffness (E). Notably, TisSiC,/CNT poten-
tially offers the highest improvement in stiffness (13.5%) by
combining the high stiffness of CNTs with Ti3SiC,, creating
a potentially stiffer composite material. The behavior of
the Ti3SiC, composite emphasizes the need to consider
factors beyond just the reinforcement material’s stiffness,
as interface bonding and microcrack formation can signifi-
cantly influence the overall response. Hybrid composites
incorporating TisSiC, with various materials appear pro-
mising for balancing stiffness and damping.

Table 1 illustrates the improvement in the studied com-
posites’ microstructure, mechanical, and dynamic proper-
ties related to the base matrix AA5083. The presented data
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Table 1: Effect of reinforcement on the improvement in the different properties

Improvement % with respect to base alloy AA5083

Samples Damping ratio ({) Natural frequency (f,) Dynamic modulus (E) YCS gp, UCS 60% AVG grain size (reduction)
FSPed AA5083 13.73 1.99 -0.12 17.85 12.77 -97.90

AA5083 CNTs 83.07 4.82 5.25 12.5 41M -98.03

AA5083/graphene -16.15 -0.02 -4.25 14.64 n -98.1

AA5083/SiN 56.6 433 6.52 15.35 15 -98.27

AA5083/Ti3SiC, -62.76 5.82 7.34 25.35 29.1 -98.23

AA5083/TisSiC,+G -33.16 -3.15 -9.42 25 10.55 -98.53

AA5083/TisSiC,+SiN -~ 18.09 3.46 4.42 12.85 8.11 -98.56

AA5083/TisSiC,+CNT  8.46 1.54 -0.29 15.71 2.77 -98.1

elucidate the impact of the FSP and various reinforcements
on the ultimate compression strength of AA5083 alu-
minum alloy after 60 and 30% deformation. FSP signifi-
cantly enhances the alloy’s performance, showing a 12.77
and 12.55% improvement in ultimate compression strength
at 60 and 30% deformation, respectively, due to grain refine-
ment and microstructural homogenization. Among the single
composites, the addition of max-phase Ti3SiC, particles
demonstrates the most substantial improvement, with a
29.11% increase at 60% deformation and a 7.53% increase
at 30% deformation, attributed to strong interfacial bonding
and effective hindrance of dislocation motion. SiN also sig-
nificantly improves both 60% (15%) and 30% (13.59%) defor-
mation strengths. While graphene reinforcement shows a
notable 11% improvement at 60% deformation, CNTs exhibit
a mixed effect with a 4.11% improvement at 60% deforma-
tion but a 4.6% reduction at 30% deformation. Hybrid com-
posites combining TisSiC, with either graphene, SiN, or
CNTs, generally show improvements at 60% deformation
but less pronounced or even negative effects at 30% defor-
mation, suggesting that the hybrid effect is not always addi-
tive and can be deformation dependent. Overall, these findings
highlight the potential of FSP and reinforcement additions,
particularly TisSiC, and SiN, to enhance the ultimate compres-
sion strength of AA5083.

4 Conclusion

* This study investigated the effects of incorporating max-
phase Ti3SiC, particles and various nanoparticle reinfor-
cements (graphene, CNTs, and SiN) on the mechanical and
dynamic properties of AA5083 aluminum alloy. The FSP was
employed to fabricate the MMCs, resulting in significant
grain refinement and microstructural homogenization.
This led to substantial improvements in the mechanical

properties, notably a 22% increase in yield compression
stress and a 13% increase in ultimate compression strength
compared to the base AA5083 alloy.

o The addition of reinforcements further enhanced the
composites’ performance. Among the single composites,
AA5083/max-phase TizSiC, exhibited the most significant
improvement, with a 25% increase in yield strength and
a 30% increase in ultimate compression strength com-
pared to the FSPed AA5083. This enhancement is attrib-
uted to the strong interfacial bonding between the Ti3SiC,
particles and the aluminum matrix, effectively hindering
dislocation motion.

* While hybrid composites showed promising yield strength,
their ultimate compression strength was generally lower
than their single-reinforcement counterparts, suggesting a
potential trade-off between strength and ductility.

* The addition of reinforcement particles generally increased
both natural frequency (f,) and dynamic modulus (E),
indicating enhanced stiffness and vibration resistance.
However, this improvement came at the expense of a
reduced damping ratio (¢), signifying lower energy dissi-
pation capacity. The AA5083/max-phase TisSiC, composite
exemplified this trend, exhibiting the highest f; (351.08 Hz)
and E (77.39 GPa) among all the samples but also the
lowest damping ratio (0.96%).
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