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Abstract

Many alloys and aluminum composites have been produced in recent years for improved
material performance. Al 6061 is now an aluminum alloy with a wide range of uses owing to its
excellent microstructure. For the manufacture of aluminum matrix composites (AMC), it is a
wise option for the matrix. The in-situ process produces Al 6061 aluminum alloy matrix
composites, according to this research. It investigates the mechanical properties of Al 6061
composites, modern in-situ fabrication, processing conditions, and multiple reinforcements
employed. Numerous researches have shown that the latest in-situ process is commonly used and
ideal for designing Al-6061 Alloy composites reinforcing TiC, TiB,, Al,Os, SiC, and other
inorganic, biological elements, hybrid, and nanomaterials. A variety of researchers indicated
that higher reinforcement material increased the composites’ mechanical and tribological
properties. Moreover, hybrid composites outperformed single-reinforcement composites in
terms of material properties. Industrial and agricultural residues are also recorded to be used
in hybrid composites. Scientific investigations should concentrate on in-situ processing and
material characterization of Al 6061 nanocomposites, which have a lot of promise as exotic
technologies.

Keywords: in-situ, fabrication techniques, metal matrix composites, reinforcements,
microstructural properties, Al-6061 Alloy

Introduction

Because of their many favorable material properties, aluminum alloys are the most
commonly used nonferrous metal in various applications [1]. As a result of the intensive research,
several aluminum alloys have been developed to improve particular material properties [2].
Composites are multistage structures made up of reinforcement and matrices created to meet the
growing need for visually appealing engineering materials. Composites have superb thermal
properties and exceptional mechanical properties, such as higher strength, stiffness, crack
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durability and wear and corrosion resistance [3]. Composite materials have become more
common in industrial applications due to their outstanding properties [4]. The form of matrix
material contained in a composite determines its classification. Polymer matrix composites
(PMCs), ceramic matrix composites (CMCs), and metal matrix composites are three of the most
common forms (MMCs) [5]. Because of their numerous advantages over PMCs and CMCs,
MMCs are the most commonly used composite in industrial applications. Metal can be used as
the matrix material in MMCs [6, 7]. It's the composite's continuous process, and it serves as a
binding agent to keep the reinforcing in place. Aluminum matrix composites (AMCs) are made
up of pure aluminum or an alloy, and they are progressively used in industrial applications due to
their superior mechanical, structural, and tribological properties[8]. As a result, AMCs were
developed using various aluminum alloys as a matrix and different reinforcing materials to
achieve the desired properties [9]. Depending on their intended use, AMCs may be made in a
variety of ways. Aluminum alloys have been the favored material for aviation parts
manufacturing since the 1930s [10]. In the aerospace and transportation sectors, the Al 6XXX
aluminum alloy series, silicon, and magnesium are the main alloying components, are gaining
popularity [11, 12]. This set of alloys has an impressive strength-to-weight ratio and better
dimensional stability, machinability, and corrosion resistance. It is relatively cheap, making it a
possible material for lightweight automotive [13]. Because of the ability to change the composite
strength by proper heat treatment, Al-6061 Alloy is one of the most common alloys in the 6XXX
range, and it is used as matrix material in a number of AMCs [14]. Because of their distinct
features and superior quality compared to their base materials, composite materials developed
with enhanced characteristics have gotten a lot of attention in a variety of fields, including
aerospace, auto parts, armed services, and other industrial activities [15]. The tangible advantage
realized through composite production is a combination of the most important properties of
matrix and reinforcements. The combination produces high-strength materials while maintaining
alloy ductility and density [16]. The ability to reinforce matrix materials with high-strength
particles also aids in overcoming their drawbacks [17]. The attachment of reinforcement to an
aluminum matrix increases the composite's tensile strength, compressive strength, impact
strength, and hardness [18]. AMCs generally have higher wear resistance than unreinforced
aluminum or aluminum alloys [19]. In the manufacture of AMCs, several materials are used as
reinforcements. They come in various shapes and sizes, including flakes, hairs, small filaments,
and regular filaments [20]. Particle reinforcements have stronger thermodynamic properties [21]
than the other forms, allowing them to propagate equally in the matrix process [22]. AMCs can
be made of micro or nano-sized ceramic, synthetic, and agricultural waste reinforcement particles
[23]. While composites have been identified as a viable alternative to traditional materials, there
are still some challenges to overcome in composites technology development. The main aim of
composite manufacturing is to enhance material properties, which is determined by a series of
aspects like fabrication path, operating conditions, constituent materials, and structure. For
obtaining the targeted properties, appropriate materials and fabrication methods must be chosen,
as well as the best operating conditions. MMCs have been produced using a variety of processing
processes, including liquid-state and solid-state techniques [24]. The in-situ method is the most
commonly used industrial fabrication method [25] because of its special characteristics. The
process's ease of use and adaptability made it a cost-effective tool for large-scale fabrication.
Without destroying the reinforcement particles, complex profiled MMCs can be rendered in-situ
[26]. While fabricating composites using the in-situ process, careful attention should be paid to
ensuring a consistent distribution of reinforcing materials. Of the aluminum 6XXX alloy series,
Al-6061 Alloy is the most flexible and Al-6061 Alloy composites are mainly manufactured in-
situ. To the best of the authors' understanding, there is no systematic analysis on Al-6061 Alloy
in-situ composites despite the fact that several researchers have reviewed various Al-6061 Alloy
composites and their fabrication. The paper's main goal is to go through the different types of
MMCs that can be made in-situ using Al-6061 Alloy as the matrix material. The authors want to
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learn about how different reinforcements impact the Al-6061 Alloy matrix and whether the in-
situ process is feasible for these materials.

Al-6061 Alloy (AA)

Various types of aluminum alloys are currently available on the market, each with its own
set of benefits and uses. Such an article concentrates on heat-curable Al-6061 Alloy (aluminum
alloys) that can be significantly hardened and used in various applications where durability,
machinability, and corrosion resistance are needed [27]. Table 1 shows the composition of the
Al-6061 Alloy [28].

Table 1. Composition of Al-6061 Alloys

Element Aluminum Magnesium Silicon Ferrum Copper
Weight % 97.2 1 0.6 0.40 0.275
Element Chromium Zinc Titanium Manganese

Weight % 0.195 0.125 0.125 0.080

Tensile strength is 117 MPa,[29] hardness is 31 HRB, and modulus of elasticity is 75 MPa
in the base alloy. Al-6061 Alloy is primarily utilized in the aerospace and automobile sectors for
lightweight components. A wide range of reinforcements, such as TiC, SiC, TiB2, Al203, B4C,
and others, have been used to design the metal matrix composite (MMC) using the Al-6061 alloy
matrix. With the Al-6061 Alloy matrix, many nanocomposites have recently been developed on
a higher level [30].

Metal matrix composites (MMCs):

MMCs have been made using several processes over the last period. The type of design
phase used directly impacts the physical behavior and manufacturing cost of the composite [31].
These deposition techniques can be classified as solid-state or liquid-state processing depending
on the condition of the metal matrix during primary process treatment [32]. Other semi-solid
matrix techniques, such as stir casting design, spray deposition[33], rheocasting, and compo
casting, are less common than solid- or liquid-state techniques [33]. The attachment of a matrix
with reinforcements happens in solid-state fabrication due to reciprocal contact between them at
higher temperatures and pressures. The scattering of reinforcements in the liquid matrix is
accompanied by solidification, either by penetration or casting methods [34]. In comparison to
solid-state systems, these methods are less expensive. Since it is more expensive than other
production methods, in-situ processing is the most common and widely used technique in liquid-
state processing [35, 36]. It also produces a more uniform reinforcement distribution in the matrix,
and improved wettability aiming to lessen the porous quantity [37]. As compared to solid-state
methods, these methods are less expensive. Since it is less expensive than other production
methods, the in-situ approach is the most common and commercially used methodology in liquid-
state processing. It also provides relatively uniform reinforcement dispersion in the matrix,
improved wettability, and decreased porosity [38].

In-situ technology

The exothermic reaction between the compound parts is passed through ceramic particles
in the "in-situ” process[39]. However, according to sources, much research has gone into "in-
situ" ceramic particle forming techniques, including hot reaction pressing, combustion reaction,
and direct metal oxidation. Aluminum has a high reduction potential and can minimize many
oxides, including TiO2, ZrO2, CuO, ZnO, and others [40]. As a result, "in-situ" particle training
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in the aluminum matrix is expected to be a successful manufacturing technique [41]. MMC has
also attracted a lot of interest[42]. The interaction between the matrix and the reinforcement
generally generates consistent and impurity-free products in the in-situ processing path [41]. The
particles may also prevent oxidation of the molten atmosphere. A strong connection between the
in-situ particles and the metal matrix is required for payload transfer in nanocomposites.
Additionally, the particle size is finer and more evenly dispersed throughout the matrix with in-
situ molding reinforcement. It offers better mechanical characteristics than previously produced
ex-situ composite materials [43]. For a variety of reasons, in situ composites are becoming
increasingly popular. Internal chemical reactions among various elements during compounding
manufacturing are usually used to reinforce the particles "in situ" [44]. For some reason, in situ
composites are becoming more common. Second, endogenously synthesized particles are
thermodynamically stable, with no surface oxidation or contamination, resulting in increased
wettability and matrix bonding. Second, the particles in situ are smaller than those seen in
traditional routines [45]. During solidification, fine in situ particles refine the grain shape,
resulting in improved mechanical properties [46]. The schematic diagram of in-situ technique is
shown in the (Fig. 1).

Feeding tube
for Salts etc

Thermocouple

Graphite Stirrer

Heating coil

Graphite
Crucible
In-situ formed TiC
nanoparticles with
molten Al
Insulator

Fig. 1. Schematic diagram of in-situ fabrication

Factor affecting mechanical properties:

Several in-situ process parameters have a significant effect on AMC characteristics.
Process variables, such as melting temperature, reinforced particle ratio, and size. However, they
are found to have the greatest effect. Those parameters can be quickly changed in the process,
saving time and money. As a result, method variable selection is essential.

By having a high melting temperature, the melt's wettability can be improved. High
temperature, on the other hand, isn't necessarily preferable because it reduces melt viscosity. A
low melt temperature favors particle agglomeration. As a result, for better properties, an excellent
intermediate temperature value is preferred.

The size of the reinforcement has a significant impact on the strength of the content
fabricated in-situ. Smaller reinforcing size composites also have stronger mechanical properties.
Al-10Sb cast aluminum alloy-SiC composites are fabricated by Yehia M. Youssef et al. [47]. The
SiC particle sizes used in the process were 115, 225, and 350 pum, with 3 %, 5 %, and 9 % weight
fractions of SiC chosen for matrix reinforcement. Material characterization showed that the
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composite with the finest reinforcement particles (115 um sizes) and nine wt% SiC enhanced
mechanical properties the most.

Under different situations, composite structures have superior physical properties and
matrixes [48]. W. Hu et al. stated that a 40 wt.% TiC reinforced composite material passes the
ignition composite hardness throughout processing with a hardness of 55 HRC [49]. F. Akhtar
and B.H. Lee with colleagues, According to F. Akhtar TiB2 and TiC (30, 55, and 70 wt. %)
reinforced composite materials have a hardness of 75, 88, and 92HRA [50, 51]. Ferro-titanium
and carbon black powder reinforced plastic material with in-situ TiC particles (N50 wt%) The
composite's optimum hardness was 83.2 HRA owing to a combination of in-situ synthesis and
spark plasma sintering.

Fabrication and design of Al-6061 MMC using in situ technology

Powder metallurgy, the most popular solid-state processing method, manufactured Al-
6061 Alloy-B4C composites by H. Karakog et al. [52]. Weight fractions of B4C of 5%, 10%,
15%, and 20% were added to the MMC to reinforce it. The composite provided high relative
density, hardness, and tensile strength due to the matrix structure's constant reinforcement particle
distribution, as shown in (Fig. 2), indicating the microstructure surface under the scanning
electron microscope.

Fig. 2. SEM of Aluminum 6061 Alloy

M. Dhanashekar et al. employed powder metallurgy to construct an Al-6061 Alloy/SiC
composite and studied its material properties [53]. According to a microstructural analysis, the
particles were spread evenly, and the matrix and reinforcements had a deep connection. The
composites' hardness, density, and stress power expanded as the SiC reinforcement weight
concentration increased. The study implemented Al-6061 Alloy composites with a variety of
reinforcements. Still, the bulk of the composites was made using the in-situ technique, the most
popular liquid-state manufacturing method[39]. The method uses a traditional metal processing
pathway, which lowers manufacturing costs. The ability to design large-scale composites adds to
the appeal of this form of manufacturing. The reinforcement distribution in the matrix material
should be uniform to accomplish the optimal MMC features. As a result, by carefully monitoring
the operating factors and reinforcement weight fraction, AI-6061 Alloy composites with
improved properties can be made.
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Scientists also produced a variety of Al-6061 Alloy composites with both organic and
inorganic nanoparticles. The main objective of the distributed process is to properly attach the
matrix to improve the properties of the basic ingredients. In particular, the reinforcement weight
proportion in the composite varies from 5% to 30% of the Al-6061 Alloy weight. Numerous
forms of reinforcements are combined and used as hybrid reinforcement in composite
manufacturing, enhancing the properties even more [54]. Nano Al-6061 Alloy composites, which
use nano-sized particles as reinforcements, are also gaining prominence amongst investigators.

This study focused on the various types of reinforcements used in the Al-6061 Alloy
composites are discussed in detail. Throughout this portion, studies on Al-6061 Alloy composites
fabricated in-situ are categorized according to the reinforcements used: Aluminum alloy 6061-
TiC composites, Composites Al-6061 Alloy-B4C, Aluminum alloy 6061-Al203 composites,
Aluminum alloy 6061-Hybrid composites, Aluminum alloy 6061-Nano composites.

Al-6061 Alloy-TiC

Titanium carbide (TiC)-reinforced composites have outstanding adhesion properties,
especially with aluminum, and have been recognized as a viable and attractive reinforcement for
improving mechanical properties such as microhardness, wear resistance, and strength properties
[10, 51]. TiC particulates are also recognized as a viable reinforcement in AMCs [51]. Al-6061
Alloy-TiC particulate-reinforced composite was manufactured using an upgraded in-situ process
by S.Rajesh, et al. [55]. Magnesium was required to enhance wetting in this process. Argon gas
was being used to keep molten matrix content from interacting with the environment. The
researchers created deformity composites with differing fiber reinforcement. As the amount of
TiC was expanded, a significant rise in the material's specific strength was found due to TiC's
resistance to plastic deformation [55]. The wear resistance of the AMC was also increased after
a wear study using a pin on the disc device [56]. An AA 6063 alloy-TiC composite with good
dispersion of TiC was also successfully developed using in-situ. It followed a similar pattern,
improving the composite's density, hardness, and tensile strength. The raw powder of Titanium
Carbide (TiC) with Aluminum-6061 Alloy were utilized as shown in the SEM image (Fig. 3) [57]
which revealed the morphology of the reinforcing particulate. It shows that the particulate is
composed of sharp corners with angular morphology.

- ,l' ( 3 L. ”?
vid TiC Particulate

0

Fig. 3. SEM of TiC Raw Powder
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Al-6061 Alloy-B4C

Boron carbide (B4C) is a dark material with a shiny sparkle, one of the toughest ceramic
products on the planet[58]. It's a common reinforcing material because of its high thermal and
chemical stability[59]. In contrast to AI203 and SiC, it has a lower density of 2.52 g/cm3 and a
higher hardness (HV) of 30 GPa. It's used in the production of combat vehicles and body armor.
As a result, B4C-reinforced AMCs made using the low-cost in-situ process have become more
appealing [60]. Karabulut (Karabulut) et al. successfully designed Al-6061 Alloy-B4C
composites with different reinforcement weight fractions (%age) 5, 10, 15, and 20 [52]. The B4C
particles in the composite were spread uniformly, according to the researchers. K2TiF6 flux was
applied to improve the wettability of B4C particles with aluminum melt [59]. The flux reaction
on the melted surface produced heat in the region near the interface, and the local elevation of
temperature improved particle absorption into the melt and improved attachment. The uniform
distribution of reinforcements was achieved by effective boiling in-situ and the use of appropriate
control factors. The weight percentage of B4C particles improved the stiffness and tensile
strength of the composites [61]. B. Ravi et al. designed composites with 5wt% and 10wt% B4C
specimens and discovered that particle dispersion occurred uniformly in the Al-6061 alloy matrix
due to efficient mixing and suitable processing parameters [62]. During solidification, B4C
particles triggered an increase in nucleation sites, reducing the grain size. The appearance of
strong reinforcing particles on the surface increased hardness and helped to prevent plastic
deformation. The load was successfully moved and transmitted from the matrix to the
reinforcement, and the composite's UTS increased as a result of enhanced interfacial bonding
between the matrix and reinforcement.

The application of coarse ceramic particulates on a ductile Al-6061 Alloy matrix resulted
in a significant change. B. Manjunatha et al. demonstrated that the extrusion process can be
performed after the Al-6061 Alloy-B4C composite has been manufactured [63]. The extrusion
method helped to increase particle distribution, minimize particle size, and remove boundary
effects. Heat treatment is another method for upgrading mechanical properties. The process can
also generate Al-6061 Alloy-B4C composites with a much higher B4C content of up to 31% of
the mass ratio.

Al-6061 Alloy-Al,Os

Aluminum oxide (AI203) is the most widely used reinforcing material for AMCs, second
only to silicon carbide because it has outstanding interfacial compatibility [64]. Al203 is a rigid
ceramic with a low coefficient thermal expansion and a modest density (3.97 g/cm3) [65]. The
composites that result from display similar findings to those mentioned in the previous pages.
Bhaskar Chandra Kandpal and co-authors used the in-situ technique to build effective Al-6061
Alloy/Al203 composites [66]. Al203 was used to strengthen the Al-6061 Alloy in percentages
of 5%, 10%, 15%, and 20%. SEM microstructures showed a highly uniform dispersion of
nanoparticles.

As the weight percentage of reinforcement rose from 5% to 20%, the physical
characteristic showed that the strength and stiffness of the steel enhanced.

As we can observe Fig. 4. demonstrate the differences in ultimate tensile strength and
Vickers hardness values obtained for various Al203 weight percentages. The tensile and hardness
tests showed that the UTS and hardness value increases as the weight fraction increases. The
material's properties were enhanced by the addition of strong ceramic reinforcement particulates.
The sum of reinforcement material was found to have a close interaction with the physical
behavior of the AMCs [66].
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Fig. 4. The variation of the mechanical properties of Al-6061 Alloy-Al,O3; composite with
increasing concentration of Al,Os: a) Vickers hardness (HV); b) ultimate tensile strength-UTS (MPa)

Al-6061 Alloy- Hybrid Composites

Hybrid composites are artificial composite structures that use several types of
reinforcement and may be either organic or inorganic [67]. Due to the use of secondary
reinforcements in the matrix, these composites are designed to obtain outstanding properties.
Handcrafted aluminum hybrid materials had excellent mechanical properties and thermal
expansion coefficients [68]. The in-situ approach is widely used in the development of aluminum-
based polymers [69]. The quantity and form of constituent materials in hybrid composites can be
technically optimized to change material characteristics [70]. Consequently, reinforcements can
only be added up to a minimum weight fraction; otherwise, they are useless. It is thought to be
attributed to higher reinforcement content causing increased porosity and accumulation and the
maximum weight percentage of reinforcement varying between composites [71]. In-situ methods
are also used to create hybrid aluminum nanocomposites. The physical, structural properties and
tribological properties of composites are improved by using the right reinforcements in the right
amounts [72].
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Al-6061 Alloy-Matrix Nano Composites

In AMCs, micro-level reinforcements are often used. Metal matrix nanocomposites are
made possible by technological advancements in Nanosciences, and the resulting composites are
referred to as metal matrix nanocomposites (MMNCs). In MMNCs, reinforcement is measured
in nanometers (109 m). The key reasons for the increase in the properties of MMNCs are factors
such as uniform dispersion, finer particle size, hardening process, inter-particle separation, and
high-temperature thermal stability[73] [74]. Nano-sized particle-reinforced MMNCs outperform
nanomaterial-reinforced MMCs in terms of strength, ductility, and wear resistance.
Consequently, the former is the safer material option in terms of material properties, with possible
uses in a wide variety of industries [75]. Researchers claim that combining nano-sized
reinforcement particles with an aluminum alloy matrix improves the base material's mechanical,
tribological, thermal, and interfacial capabilities. Sozhamannan G. et al. investigated the
tribological activity of Al-6061 Alloy/nano TiC/graphite hybrid composites. TiC (3 wt%) and
homogeneous spreading of graphite reinforcing particles in the matrix (10 wt percent) [76]. The
inclusion of reinforcements in the matrix restricted plastic deformation during the wear process,
and the rate of wear was found to be 4.7 % lower than that of the base alloy. During the wear test,
the composite substantially decreased weight, which was 23.33 cents cheaper than the Al-6061
Alloy unreinforced. Al-6061 Alloy nanocomposites with 1 wt% and 2 wt% nano-silver (Ag) were
made in situ [77]. When compared to conventional aluminum alloys, they had superior
mechanical properties and wear resistance. The nanocomposites had a fine-grained
microstructure, realistic silver nanoparticle distribution, and low porosity. The properties of
nanocomposite improved as the mass fraction of nano-Ag particles increased, including hardness,
stiffness, tensile, and compressive power. When reinforcement was increased from 0 to 2 wt. %,
the hardness value increased from 92 to 98 BHN. Wear tolerance and performance were
increased, as were tribological properties [78].

Conclusions

The manufacture of Al-6061 Alloy metal matrix composites has been addressed in this
study. The processing of Al-6061 Alloy metal matrix composites using an in-situ method was
discussed in this study. Among the numerous fabrication techniques, in-situ has been described
as the most outlay and widely used. As a result of the articles, the following conclusion has been
reached:

e The ratio of the reinforcement particles had significant effects on the quality of the Al-
6061 alloy composites. The mechanical and tribological properties of the material could
be improved by increasing the nanoparticles distribution of reinforcement. Placing
reinforcement over a specific location may result in pores that agglomerate, degrading the
microstructure. Al-6061 Alloy is a well-known aluminum alloy with a wide variety of
applications. By strengthening various organic and inorganic materials in-situ, a variety
of Al-6061 Alloy composites were created. In terms of characteristics, the composites
made outperformed the parent alloy.

o It has been discovered that adding reinforcing to a liquid composite helps it solidify and
refine the grain structure. The in-situ technique was used to build hybrid Al-6061 Alloy
composites with excellent microstructural properties. Composite’s mechanical,
tribological, and corrosion properties were enhanced by using the right reinforcements in
the right places. In-situ design of nanocomposites is possible as well. In this region, only
a few studies have been conducted.

e Scientific investigations should concentrate on the efficient manufacturing of Metal
Matrix Nanocomposites using in-situ processes. Investigators became capable of
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producing cost-efficient and necessary composite materials by successfully using waste
materials, including quarry dust, thereby leading to conservation. Pores, clusters, and
agglomeration were observed to be reduced while in-situ. It will result in a more uniform
distribution of reinforcement particulates, boosting physical behavior and microstructural
qualities.
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