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Abstract: This present study investigated the impact of incorporating boron nitride (BN) and vana-
dium carbide (VC) reinforcements on various properties of friction stir processed (FSP) AA6061 alloy
composites, focusing specifically on grain structure, thermal conductivity, electrical conductivity, and
compressive strength. The findings indicate that VC more effectively refines the grain structure of
the AA6061 alloy during FSP compared to BN. The inclusion of BN particles in the metal matrix
composites resulted in a decrease in both thermal and electrical conductivity. In contrast, the addition
of VC particles led to an increase in both thermal and electrical conductivity. The AA6061/VC com-
posite material exhibited the highest thermal conductivity among all composites tested. The electrical
conductivity of the hybrid-composite AA6061/30%BN+70%VC showed a slight reduction, measuring
only 2.8% lower than the base alloy AA6061. The mono-composite AA6061/VC exhibited a marginal
decrease in thermal conductivity, with a measured value only 7.5% lower than the conventional alloy
AA6061. However, the mono-composite AA6061/BN displayed a more significant decline, exhibiting
a loss of 14.7% and 13.9% in electrical and thermal conductivity, respectively. The composite material
comprising 30% BN and 70% VC reinforcement demonstrated the highest compressive strength
compared to all other tested composites. The observed percentage enhancement in the mechanical
properties of mono and hybrid composites, compared to the parent AA6061 alloy, ranged from 17.1%
to 31.5%.

Keywords: FSP; mono composite; hybrid composite; compressive; microstructure; thermal and
mechanical conductivity

1. Introduction

The utilization of aluminum alloys is prevalent throughout various applications owing
to their exceptional strength-to-weight ratio, elevated corrosion resistance, and commend-
able thermal and electrical conductivity. Nevertheless, certain materials’ limited hardness
and wear resistance may restrict their applicability in some contexts [1,2]. Integrating
ceramic nanoparticles, such as VC, BN, SiC, GNP, BC, etc., into aluminum alloys through
friction stir processing has significantly impacted the resulting composites’ mechanical
and thermal properties [3–7]. The utilization of ceramic reinforcements in AA6061 by
Friction Stir Processing (FSP) has substantially improved its characteristics. In a study
conducted by [8], it was shown that the incorporation of vanadium and niobium car-
bides resulted in enhanced mechanical and physical characteristics. These improvements
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encompassed heightened compressive and yield stress, higher hardness, and a lowered co-
efficient of thermal expansion. Hynes et al. [9] documented comparable results with boron
carbide, emphasizing improved mechanical properties and wear resistance. In addition,
Sharma et al. [10] provided more evidence to support the efficacy of hybrid composites,
highlighting the enhanced tribological performance achieved by incorporating MoS2 parti-
cles. In a study conducted by [11], the authors investigated the effects of ZrO2/GNP and
B4C/GNP reinforcements on the mechanical properties of the composite matrices. The
results indicated that both reinforcements led to a considerable increase in hardness and
wear resistance. The research, as mentioned earlier, collectively demonstrates the potential
of using ceramic reinforcements, such as boron nitride and vanadium carbide, to customize
the characteristics of AA6061 according to individual needs.

The utilization of BN and VC nanoparticles as reinforcements for aluminum alloys has
gained attention due to their distinctive properties, including increased hardness, enhanced
thermal conductivity, and outstanding electrical conductivity [12]. The mobility of disloca-
tions is hindered by these entities, thereby augmenting the strength and toughness of the
material. Additionally, the incorporation of ceramic particles can hinder the advancement
of cracks due to their function as stress concentrators [13,14]. The solid-state processing
technique, commonly called FSP, can produce aluminum alloy composites demonstrating
an evenly dispersed configuration of reinforcements inside the matrix [15–17]. BN impacts
the mechanical characteristics of aluminum. Thus, incorporating BN particles into the
aluminum matrix reinforces the composite material, resulting in enhanced strength and
stiffness properties [18]. This phenomenon can substantially enhance tensile strength, yield
strength, and hardness [19]. Boron nitride (BN) particles have been found to significantly
affect the thermal and electrical conductivity of aluminum alloy composites [20]. The
composite’s thermal conductivity increases with the BN particles’ size. The enhanced heat
transfer efficiency of bigger BN particles can be attributed to their increased surface area.
Al−BN composites with a cBN particle size of 20 µm demonstrated superior hardness,
elastic modulus, densification, corrosion resistance, and pitting corrosion resistance com-
pared to other composites and pure aluminum. This improvement is attributed to the better
stress drive in the matrix and the absence of chemical reactions or interfacial phases at
550 ◦C. These findings suggest the potential of Al−BN composites as promising materials
for various applications [21].

Nevertheless, it should be noted that including bigger BN particles in the composite
material may decrease its electrical conductivity. Hence, this feature can prove advanta-
geous in scenarios where efficient heat dissipation is critical [22]. In a research conducted
by [23], the investigation focused on analyzing the influence of BN particle content on the
microstructure and mechanical characteristics of (FSP) AA6061-T6/BN composites. The
study’s findings indicated that incorporating BN particles substantially enhanced the com-
posite material’s hardness, tensile strength, and yield strength. As mentioned earlier, the
investigation demonstrates that incorporating BN ceramic particles into aluminum-based
composites notably enhances their mechanical properties [24]. The observed enhance-
ment can be ascribed to the reinforcing influence of the BN particles, which contribute to
heightened strength and stiffness inside the composite matrix [25]. R. Palanivel et al. [26]
investigated the effects of boron nitride nanoparticles on the microstructure and wear
properties of AA6082/TiB2 hybrid aluminum composites fabricated through friction stir
processing. The results showed that TiB2 and BN particles were evenly distributed through-
out the stir zone, decreasing grain size from 39.4 µm to 6.6 µm, with effective bonding
between the aluminum matrix and TiB2 and BN particles. The investigation of the influ-
ence of vanadium carbide VC on the mechanical, thermal, and electrical characteristics
of aluminum composite matrices represents a significant focal point within the realm of
materials science research [27,28]. The properties of the aluminum matrix can be greatly
modified, and its overall performance can be improved by the incorporation of vanadium
carbide particles [8]. The influence of VC particles on the microstructural characteristics of
aluminum alloy composites is contingent upon various elements, encompassing the size of
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the particles, their presence within the composite, and the employed processing technique.
Typically, VC particles tend to enhance the grain size refinement inside the aluminum
matrix and facilitate the dispersion of the reinforcement particles [29,30]. Previous studies
have investigated the impact of BN and VC reinforcements on the properties of AA6061
alloy composites. However, these studies have primarily focused on the effect of individual
reinforcements on specific properties. This study addresses the existing knowledge gap by
investigating the synergistic effects of incorporating both BN and VC reinforcements on the
grain structure, thermal conductivity, electrical conductivity, and compressive strength of
FSPed AA6061 alloy composites. This study’s novelty lies in its comprehensive approach to
evaluating the impact of BN and VC reinforcements, both individually and in combination,
on a range of critical properties of AA6061 alloy composites. The findings of this study
will provide valuable insights into designing and developing high-performance aluminum
alloys for various applications. In the current investigation, the effects of incorporating
BN and VC nanoparticles into AA6061 aluminum alloy on the new composite’s hardness,
microstructure, thermal, and electrical properties regarding different mono- and hybrid-
composites volume fractions. The combination of the two different types of reinforcement
particles, BN and VC, into a single composite, has not been undertaken before in the
previous literature. In particular, incorporating nano-sized boron nitride particles and
micron-sized vanadium carbide particles influences the characteristics of the composite
formed by the FSP method.

2. Materials and Experimental Procedures
2.1. Materials

The choice of commercial alloy AA6061 rolled plates as the fundamental matrix in
this investigation was motivated by their extensive range of practical uses and chemical
composition (see Table 1). Steel K110 is typically used as a (FSP) tool, with the pin shape
specifically engineered to possess a taper triangle tool geometry. The surface of the ba-
sic alloy was reinforced with BN nanoparticles and VC microparticles, which served as
nanoceramic reinforcements. The reinforcing nanoparticles were selected based on their
ability to enhance wear resistance and hardness characteristics. The visual characteristics
of the reinforcement particles in the transmission electron microscopy (TEM) images were
remarkably similar. Figure 1a displays the VC microparticles, which had an average particle
size of 1 ± 0.21 µm, while Figure 1b shows the BN nanoparticles with an average particle
size of 600 ± 48 nm. The VC microparticles exhibited a diminutive size and had a sleek
surface, while the BN nanoparticles displayed a substantial size and a smooth surface. The
resemblance in physical characteristics between these two particle types can be attributed to
their same chemical composition and crystal structure. Both VC and BN are characterized
by their high hardness and inertness, rendering them very suitable for use as reinforcement
particles in composite materials.

Nevertheless, the increased dimensions of the BN nanoparticles may confer certain
benefits compared to the VC microparticles. For instance, it has been observed that BN
nanoparticles exhibit enhanced efficacy in impeding crack propagation inside a composite
material, leading to an improvement in the overall toughness of said composite. The
hybrid composites were manufactured with a uniform volume content ratio. As a result,
the first hybrid composite consisted of 30% VC and 70% BN, while the second hybrid
composite comprised 70% VC and 30% BN. It has been established that combining two types
of reinforcement can lead to a more effective strengthening effect than the individual
reinforcement particles alone.
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Table 1. Chemical composition of the commercial wrought AA6061 alloy.

Element Mg Mn Si Fe Cu Zn Other AL

(wt)% 0.69 0.34 0.41 0.83 0.25 0.19 0.12 remain
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Figure 1. The TEM images of the reinforcement particles. (a) VC microparticles, (b) BN nanoparticles.

2.2. Fabrication Process

The fabrication of the nanocomposite surface on aluminum plates involved the uti-
lization of FSP. Before this, the aluminum plates were prepared and cut using a milling
machine to create a series of holes arranged in a linear pattern, as depicted in Figure 2a.
The insertion of reinforcement nanoparticles into the cavity of the holes was carried out
through two distinct scenarios. The first scenario used a pure mono composite consisting of
AA6061/BN and AA6061/VC. The second scenario investigated the influence of varying
the percentage of reinforcement particles within the hybrid-composite matrix. The ceramic
particle hybrids were thoroughly blended and agitated before being incorporated into the
underlying matrix. In addition, the hybrid materials were evenly distributed and incorpo-
rated into the mixture before being inserted into the holes of the basic matrix. Figure 2b
depicts the fabrication process of the nanocomposite surface using the FSP method. The
procedure was executed using an automated milling machine under the specified parame-
ters: a rotary tool speed of 1125 revolutions per minute (rpm); a linear moving speed rate
of 30 mm per minute (mm/min); and a fixed tilt angle of 3◦ degree. The tool has a shoulder
diameter of 25 mm and a special pin profile based on a triangular polygon profile with
chamfered corners and 6 mm depth. The triangular polygon profile is a common choice for
FSP tools, providing good penetration and weld quality. The chamfered corners help to
reduce stress concentrations and improve the fatigue life of the tool (Figure 3).
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Figure 2. Fabrication process of the composite surface. (a) Hole design, (b) FSP process using a
milling machine.
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Figure 3. Typical FSP tool design.

2.3. Characterization and Tests
2.3.1. Microstructure Examination

The FSPed surfaces’ microstructure was examined using optical microscopy (OM) and
scanning electron microscopy (SEM). The (OM) was conducted utilizing an Olympus BX51
microscope manufactured in the United States to understand the microstructure compre-
hensively. This experimental setup was utilized to capture high-resolution microstructure
images and quantify individual grain sizes. The grain size of the FSPed samples was
measured using the linear intercept method. For this method, a series of lines were drawn
across the microstructure image, and the number of grain boundaries intersected by each
line was counted [31]. The average grain size was then calculated by dividing the total
number of grain boundaries by the total length of lines drawn.

Grain size (µm) = 2L/n (1)
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where L is the average length of the intercepts (µm), and n is the number of intercepts counted.

2.3.2. Mechanical Property

A compression test was conducted on rectangular cross-section specimens of 4 mm
and 8 mm and a length of 20.00 ± 0.20 mm using a 300 kN capacity Universal Testing
Machine (UTM) model (SANS: CMT2505, Sansi Yongheng Technology (Zhejiang, China)
Co., Ltd., Ningbo, China) in accordance with the ASTM E9 standard. Before conducting the
compression test, the cast specimens underwent a machining process using a lathe machine
to rectify any deviations in the parallelism and smoothness of their flat surfaces. A face
machining operation achieved this. Subsequently, the specimens were positioned amidst
flat compression plates. The testing apparatus was configured in a displacement–control
arrangement, where the cross-headed vertical speed was set at 1 mm/min. Three samples
were subjected to testing, with each sample being tested many times. The resulting data
were used to calculate average ultimate compressive strength (UCS) values.

2.3.3. Thermal Conductivity

Thermal conductivity was measured using the Armfield Linear Heat Conduction
instrument, which utilizes thermocouples to ascertain the temperature distribution through-
out a given specimen. The apparatus comprised a specimen holder, a heating element,
and a sequence of thermocouples, as demonstrated in the previous work [32]. The sample
was positioned within the sample holder, and thermal energy was delivered to one end
of the sample using a heater. The temperature at several locations along the sample was
measured using thermocouples.

Q = k ∗ A ∗ (∆T/∆x) (2)

where Q is the heat flux (W/m2); k is the thermal conductivity (W/mK); A is the cross-
sectional area of the sample (m2); ∆T is the temperature difference between the two ends of
the sample (K); ∆x is the distance between the two thermocouples (m).

The determination of heat flux, denoted as Q, involves the measurement of the power
input applied to the heater, which is subsequently divided by the cross-sectional area of
the sample. The temperature difference, denoted as ∆T, can be determined by measuring
the temperature using two thermocouples. The value of ∆x, representing the distance
between the two thermocouples, can be determined based on the sample’s geometry and
the specific positioning of the thermocouples. The thermal conductivity can be determined
by employing the given equation, which involves the known variables Q, ∆T, and ∆x. The
equation can be expressed as:

k = Q ∗ ∆x/A ∗ ∆T (3)

2.3.4. Electrical Conductivity

The produced nanocomposites’ electrical conductivity (σ) was evaluated at 30 ◦C,
utilizing a Keithley 6517B system. The Keithley 6517B is a precision electrometer that
accurately measures electrical conductivity across a broad spectrum of magnitudes. The
electrical conductivity measurements were conducted on at least five samples for each
nanocomposite formulation.

σ = 1/R ∗ A (4)

where R and A are the electrical resistance and the surface area of the specimen, respectively.

3. Results and Discussions
3.1. Microstructure Observation

Figure 4 depicts the effects of reinforcements on optical micrographs of AA6061
aluminum alloy taken from several sections before and after (FSP). The initial microstructure
of AA6061 aluminum alloy consisted of elongated grains in a uniaxial direction (Figure 4a).
FSP resulted in a significant alteration in the microstructure, with the presence of three
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distinct zones: nugget or stirred zone (SZ); thermomechanically affected zone (TMAZ);
and heat-affected zone (HAZ) (Figure 4b,c). FSP generates friction and significant plastic
deformation, leading to heat generation in the SZ and the subsequent development of a
dynamically recrystallized microstructure [33,34]. This explains the presence of increasingly
homogeneous, equiaxed refined grains in the HAZ compared to the parent material [35].
Additionally, it was observed that the thermomechanically affected zone (TMAZ) and
heat-affected zone (HAZ) exhibited narrow dimensions following (FSP) at a rotational
speed of 1125 (RPM) and traverse rate of 30 (mm/min). However, using various reinforcing
nanoceramics in FSP with either mono or hybrid reinforcements decreased the effectiveness
of grain size reduction, suggesting that the nanoceramics act as grain refiners.
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Figure 4. Optical microstructure images of the FSPed sample. (a) AA6061 base metal (BM), (b)mixed
region of the stirred zone (SZ), thermomechanical affected zone (TMAZ), heat affected zone (HAZ),
and base metal (BM) for AA6061 FSPed, (c) refined microstructure inside a stirred zone.

The base metal exhibited an average grain size of 210 µm, accompanied by an aspect
ratio of 20:8. It was observed that the average grain size within the stirred zone (SZ)
exhibited a reduction to 18 µm, accompanied by the presence of virtually equiaxed grains.
The average grain sizes in the solidified zone (SZ) for the mono-composite vanadium
carbide (VC), boron nitride (BN), and hybrid-composite (AA6061/30%BN+70%VC and
AA6061/70%BN+30%VC) were measured to be 14 and 17 µm, respectively. Table 2, shows
the Statistical analysis showed a statistically significant difference in the average grain size
of the different composite samples (Figure 5). The hybrid composites with fewer BN parti-
cles had the smallest grain size (AA 6061/30%BN+70%VC and AA 6061/50%BN+50%VC)
apart from the mono-composite AA6061/30%VC. There are several potential explanations
as to why (VC) demonstrates a greater capacity for refining the grain structure of the
aluminum AA6061 alloy during (FSP) compared to (BN). Hence, it exhibited lower ther-
mal stability compared to (VC). During FSP, the material undergoes exposure to elevated
temperatures. (VC) exhibited greater deformation resistance at elevated temperatures than
(BN), enhancing its ability to maintain structural integrity and serve as an effective pinning
site for grain boundaries. (VC) exhibited a comparatively elevated melting point compared
to (BN). This implies that adding VC can effectively mitigate the occurrence of grain bound-
ary melting and subsequent recrystallization during (FSP). The chemical reactivity of the
(VC) with aluminum was greater than that of BN. This phenomenon implies that (VC) can
establish a more robust interfacial connection with the aluminum matrix, enhancing its
efficacy in impeding the motion of grain boundaries.
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Table 2. Average grain size and aspect ratio of AA6061 composites.

Samples Avg Grain Size µm Aspect Ratio %

Base AA 6061 210 ± 12 32

FSPed AA 6061 18 ± 2 81

AA6061/BN 19 ± 1.5 79

AA6061/VC 12 ± 1.7 89

AA 6061/50%BN+50%VC 16 ± 1.9 85

AA 6061/30%BN+70%VC 14 ± 1.3 82

AA 6061/70%BN+30%VC 17 ± 1.5 83
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AA6061 composites matrices.

Figure 6 shows the scanning electron microscopy (SEM) image exhibiting a homoge-
neous distribution of (BN) and (VC) particles within the AA 6061 alloy matrix for the mono-
and hybrid-composite matrices. The equal distribution of reinforcing particles throughout
the composite is crucial for attaining favorable mechanical properties. This ensures that the
particles are neither clustered nor conglomerated. The uniform dispersion of the reinforcing
particles may be ascribed to the production approach utilized in fabricating the composite
material. This procedure has the potential to disperse agglomerates of reinforcement parti-
cles and achieve a uniform distribution throughout the matrix [36]. The even distribution
of reinforcing particles offers numerous advantages. Initially, enhancing the mechanical
properties of the composite can be achieved by introducing additional barriers to hinder the
spread of cracks. Additionally, it contributes to the enhancement of the structural integrity
of the composite material by inhibiting the development of significant fractures.
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Figure 6. SEM image of (a) AA 6061/VC mono composite, (b) AA 6061/BN mono composite, and
(c) AA 6061/30%BN+70%VC hybrid composite fabricated using friction stir processing.

3.2. Electrical Property

The electrical conductivity of the aluminum alloy AA 6061 in its pure form is estimated
to be around 2.76 × 107 S/m. This study incorporated semiconductor vanadium carbide
and insulating boron nitride particles into a composite matrix to investigate their effects in
both single and hybrid forms. The enhanced electrical conductivity of vanadium carbide
compared to boron nitride can be attributed to its greater abundance of free electrons,
which facilitate the flow of electric current. VC has semiconductor properties, while boron
nitride demonstrates insulating characteristics. VC has a narrow band gap, facilitating
electron movement between different energy levels. The increased mobility of electrons
leads to an elevated level of electrical conductivity [37].

Moreover, it is worth noting that vanadium carbide exhibits a larger density of free
electrons than boron nitride. This phenomenon is attributed to the elevated quantity of
valence electrons present in vanadium carbide. Valence electrons refer to the electrons
occupying the outermost electron shell of an atom. These electrons exhibit a higher likeli-
hood of engaging in electrical conduction. The incorporation of vanadium carbide particles
into the aluminum alloy resulted in an enhancement of its electrical conductivity, but still
less than the FSPed of the base metal, as shown in Figure 7. The composite material AA
6061/30%BN+70%VC had the highest level of electrical conductivity, measuring around
2.08 × 107 S/m.
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Multiple elements play a role in the augmentation of electrical conductivity observed in
composite metal matrix materials. One contributing element is the heightened abundance
of unbound electrons that are readily available to facilitate the flow of electric current.
The presence of reinforcement particles can offer supplementary locations for electron
scattering, augmenting the population of free electrons that are accessible for the conduction
of electrical current. Another contributing element is the enhanced electrical connectivity
between the reinforcing particles and the aluminum matrix [38]. The accomplishment of
this objective can be realized through the application of an appropriate interface coating on
the reinforcing particles. The augmentation in electrical conductivity exhibited by these
composite metal matrix materials holds significant advantages for various applications.
Enhancing the electrical contact between the reinforcement particles and the aluminum
matrix is important, especially in composite materials with larger volume fractions of
reinforcement particles. The presence of reinforcement particles within these materials
enables the formation of a network structure, hence impeding the flow of electric current
across the matrix.

3.3. Thermal Conductivity

The data presented in Figure 8 indicates a decrease in the thermal conductivity of
metal matrix composites with the incorporation of (BN) particles. In contrast, an increase
in thermal conductivity was observed with (VC) particles. The composite material AA
6061/VC had the maximum thermal conductivity. The thermal conductivity of a substance
refers to its capacity to conduct thermal energy. (BN) exhibits low thermal conductivity,
whereas (VC) demonstrates high thermal conductivity. This phenomenon can be attributed
to the decrease in thermal conductivity of metal matrix composites upon incorporating BN
particles and, conversely, the rise in thermal conductivity upon adding VC particles. The
incorporation of (BN) particles into the metal matrix has the potential to impede the thermal
conductivity of the material. This phenomenon can be attributed to the significantly higher
density of BN particles than the metal matrix.
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In contrast, the incorporation of VC particles has the potential to enhance the thermal
conductivity of the material. This phenomenon can be attributed to the high thermal
conductivity shown by VC particles, which facilitates the establishment of a highly inter-
connected network of heat flow pathways.

The superior thermal conductivity of metal matrix composites (MMCs) with (VC)
reinforcements can indirectly contribute to enhanced strength via plastic deformation,
particularly grain refinement. Grain refinement is a microstructural modification process
that involves reducing the average grain size of a material. This reduction in grain size
hinders the movement of dislocations, the crystal defects responsible for plastic deforma-
tion, leading to increased strength and hardness.VC reinforcements can promote grain
refinement in MMCs through various mechanisms:

• Nucleation: VC particles can act as nucleation sites for grain formation during solidifi-
cation, leading to a finer grain structure;

• Zener pinning: VC particles can pin grain boundaries, preventing grain growth during
subsequent heat treatments;

• Particle-induced dislocation generation: The mismatch in crystal structure and lat-
tice parameters between VC particles and the metal matrix can induce dislocation
generation, hindering grain growth.

The enhanced thermal conductivity of VC-reinforced MMCs plays a role in grain
refinement by facilitating heat dissipation during solidification and subsequent heat treat-
ments. Efficient heat dissipation promotes uniform temperature distribution, minimizing
thermal stresses and preventing excessive grain growth.

The specific temperature range for grain refinement depends on the specific MMC
system and the desired degree of grain refinement. In general, grain refinement occurs
at temperatures below the recrystallization temperature of the metal matrix. For AA6061
aluminum, the recrystallization temperature typically lies between 450 ◦C and 500 ◦C.
Therefore, grain refinement processes for AA6061/VC MMCs are typically conducted
within this temperature range.

The thermal conductivity of a hybrid composite is contingent upon the volume fraction
of (BN) and (VC) particles present inside the composite. Enhancing thermal conductivity
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in metal matrix composites can yield advantages across several applications. For instance,
these materials can produce heat sinks, thermal interface materials, and electronic packag-
ing materials. Heat sinks are employed to dissipate heat generated by electronic devices,
while thermal interface materials are utilized to enhance heat transfer efficiency between
two surfaces. Additionally, electronic packaging materials safeguard electronic equipment
against the detrimental effects of excessive heat.

3.4. Mechanical Properties

The compressive strength results showed that all the composites tested had higher
compressive strength than the base alloy AA 6061 (Figure 9). The hybrid composites with
BN and VC reinforcements had the highest compressive strength, followed by the mono
composites with BN and VC alone. The hybrid composite with a 30% BN and 70% VC
reinforcement content had the highest compressive strength of all the composites tested.
The improved compressive strength of the hybrid composites is likely due to the synergistic
effects of the two reinforcements. BN is a hard and brittle material, while VC is a soft and
tough material. Combining these two materials can provide a composite with high strength
and toughness. The observed enhancements in compressive strength of the composites,
relative to the parent alloy AA6061, varied between 18.1% and 31.7% (Table 3). This finding
implies that the application of reinforcement techniques involving BN, VC, or a combination
of both can lead to a substantial enhancement in the compressive strength of AA 6061. The
hybrid composite consisting of 30% BN and 70% VC reinforcement content exhibited the
most substantial percentage improvement, amounting to 25.8%. This observation implies
that, as mentioned earlier, the hybrid composite exhibits considerable potential for use in
scenarios that demand elevated compressive strength. The mono composite reinforced
with VC exhibited the most substantial percentage improvement, reaching 31.7%. This
implies that VC might be a more productive reinforcement for enhancing compressive
strength than BN. Nevertheless, it is crucial to acknowledge that the hybrid composite,
including 30% BN and 70% VC reinforcement content, exhibited a greater compressive
strength than the mono composite reinforced only with VC. This observation implies that
the combined impacts of BN and VC can potentially enhance the composite material’s
compressive strength to a greater extent. In summary, the findings of this investigation
indicated that the utilization of BN and VC reinforcements in hybrid composites holds
significant potential in developing lightweight and high-strength materials. These materials
are particularly well-suited for applications that involve substantial compressive loading.
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Table 3. Percentage of improvement in the compressive strength of the mono and hybrid composites
with respect to the base alloy AA6061.

Composite Percentage Improvement

AA 6061/BN 21.60%

AA 6061/VC 31.70%

AA 6061/50%BN+50%VC 23.10%

AA 6061/30%BN+70%VC 25.80%

AA 6061/70%BN+30%VC 18.10%

3.5. Microhardness Profile

The microhardness profile of the analyzed sample is depicted in Figure 10. It is
evident from the figure that the microhardness of all composite samples surpassed that of
the wrought AA 6061 alloy. The observed phenomenon can be attributed to reinforcing
particles within the composite samples. The microhardness of the composite samples had a
negative correlation with the distance from the composite surface, indicating a reduction
in hardness as the distance increases. The observed phenomenon can be attributed to the
positive correlation between the distance from the composite surface and the grain size of
the composite material. The microhardness values of the hybrid composite samples were
found to be the highest. The hybrid composite samples consisted of BN and VC particles,
which exhibited enhanced capability in impeding grain development and dislocation
movement. The microhardness value of the mono-composite AA6061/VC sample was
greater than that of the mono-composite AA6061/BN sample. This disparity can be
attributed to the inherent difference in hardness between VC and BN. The microhardness
value of the hybrid-composite 50%BN_50%VC sample was comparatively higher than that
of the hybrid-composite 30%BN_70%VC sample and the hybrid-composite 70%BN_30%VC
sample. An equal proportion of BN and VC particles in the 50%BN_50%VC sample
probably contributed to its enhanced ability to impede grain development and dislocation
movement.
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The microhardness profile of the hybrid-composite sample AA6061/30%BN_70%VC
exhibited a greater degree of symmetry compared to the microhardness profiles observed
in the remaining composite samples. This hypothesis is plausible due to the higher pro-
portion of VC particles in the AA6061/30%BN_70%VC sample, which exhibited a more
homogeneous distribution throughout the matrix. In general, the findings from the mi-
crohardness profile analysis indicate that the friction stir processing (FSP) technique is
a viable method for producing AA 6061 alloy and its composites, as it yields various
microhardness values. The microhardness of the material can be modified by manipulating
the composition and quantity of the reinforcing particles employed. The consequences
of the microhardness profile results are significant to the design and development of AA
6061 alloy and its composites. The findings indicate that hybrid composite samples con-
taining an equal proportion of BN and VC particles can yield materials with the highest
microhardness values.

The hybrid composite with a 30% BN and 70% VC reinforcement content had the
highest compressive strength of all the composites tested. This is likely due to the synergistic
effects of the two reinforcements. BN is a hard and brittle material, while VC is a soft and
tough material. Combining these two materials can provide a composite with high strength
and toughness. A hybrid composite with a 30% BN and 70% VC reinforcement content
also had the highest microhardness of all the composites tested. This is because the VC
particles are harder than the BN particles and are more effective at pinning dislocations.
Based on the results of this study, the current study recommends using a hybrid composite
with a 30% BN and 70% VC reinforcement content for applications that require both high
compressive strength and high microhardness. However, if you are only concerned with
compressive strength, then a mono composite with VC alone may be sufficient.

4. Conclusions

This study comprehensively investigated the impact of incorporating BN and VC
reinforcements on the properties of FSPed AA6061 alloy composites.

• The findings revealed that VC exhibits superior grain refining capabilities compared to
BN, with hybrid composites containing finer BN particles demonstrating the smallest
grain size. Hence, the synergistic combination of VC and BN could serve as an optimal
approach for grain structure refinement in AA6061 alloy through FSP.

• The incorporation of BN particles in metal matrix composites generally leads to a re-
duction in both thermal and electrical conductivity, while the addition of VC particles
enhances both properties. The AA6061/VC composite exhibited the highest thermal
conductivity among all tested composites, making it a promising candidate for efficient
heat dissipation applications. The hybrid-composite AA6061/30%BN+70%VC demon-
strated remarkable electrical conductivity, with a mere 2.8% reduction compared to the
base alloy AA6061. Additionally, the mono-composite AA6061/VC exhibited only a
7.5% decrease in thermal conductivity compared to AA6061, highlighting the potential
of VC reinforcement to maintain electrical and thermal properties.

• The composite material comprising 30% BN and 70% VC reinforcement surpassed
all other tested composites in compressive strength. The observed enhancement in
compressive strength for mono and hybrid composites ranged from 17.1% to 31.5%
compared to the parent AA6061 alloy. These findings demonstrate that reinforcement
using BN, VC, or a combination of both materials can significantly improve the
compressive strength of AA6061.
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