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Abstract

The field of self-healing materials, capable of autonomously repairing damage, has gained substantial attention
across industries. This review focuses on self-healing materials, particularly aluminum, examining intrinsic and
extrinsic mechanisms that position aluminum as a promising candidate for self-repair. The exploration includes
diverse strategies, with a notable emphasis on integrating shape-memory alloys. The review outlines current
applications in engineering, aerospace, automotive, and construction, emphasizing practical implementation,
success stories, and positive impacts on structural integrity, durability, and maintenance cost reduction.
Challenges like scalability, environmental considerations, and long-term performance are critically addressed,
exploring potential solutions through advanced manufacturing, nanotechnology, and material science. Looking
ahead, the review delves into emerging trends in aluminum-based self-healing materials, anticipating
advancements in material design, enhanced healing mechanisms, and novel applications in transportation,
infrastructure, and electronics. This comprehensive yet concise review serves as a valuable resource for
researchers, engineers, and professionals, offering nuanced insights into the current state and future
possibilities of aluminum-based self-healing materials, contributing to the discourse in advanced materials
science.

Key words: Self-healing, Aluminium, Shape memory alloy, intrinsic and extrinsic

Date of Submission: 05-02-2024 Date of Acceptance: 15-02-2024

I.  Introduction

Self-healing materials are no longer confined to the realm of imagination; we stand on the brink of a
future where manmade substances can autonomously restore their structural integrity following damage.
Imagine buildings with cracks that close on their own or car bodies with scratches that effortlessly regain their
original luster. This concept draws inspiration from the inherent ability of living organisms to naturally heal
wounds and cuts. In reality, all materials, whether natural or artificial, are susceptible to degradation over time,
leading to the formation of microcracks in structural materials that ultimately result in failure. Repairing these
flaws becomesimperative to bolster the reliability and longevity of materials [1].

From natural processes such as blood clotting and the mending of fractured bones, replicating these
intricate healing mechanisms in engineering materials has proven challenging due to their complex nature. This
development marks a significant stride toward realizing the practical applications of self-healing materials,
hinting at a future where structures and products can recover from damage autonomously, mimicking the
resilience observed in the natural world.

Fig. 1 Self-repaired Molluscs [2]2.Self-healing materials Mechanism
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Self-healing is characterized by a material's innate ability to automatically and autonomously recover
or repair damages, eliminating the need for external intervention. Various terms such as self-repairing,
autonomic-healing, and autonomic-repairing are commonly employed to describe this remarkable property
observed in materials. It's important to note that the integration of SH properties in artificial materials often
relies on external triggers to initiate the SH action. As a result, SH can be categorized into two main types:

e Intrinsic
e  Extrinsic

Intrinsic

Selfheal mechanism

Extrinsic

Fig. 2 Mechanisms Involved in Self-healing of Materials

This extensive review encompasses a wide range of healing processes categorized within the realmof SH.
While the prevalent understanding of self-healing predominantly centers on the restoration of mechanical
strength through the healing of cracks, it is essential to recognize that there are scenarios where the healing
extends to small pinholes. In such instances, the material not only addresses cracks but also fills and heals minor
pinholes, contributing to an enhancement in overall performance. Consequently, this review extensively explores
the recuperation of diverse material properties, broadening the perspective beyond the traditional emphasis
solely on mechanical strength [2].

Il.  Applications of Self-Healing Materials
Self-healing materials find applications across various industries, offering innovative solutions to

enhance the durability, reliability, and performance of diverse products. Here are some notable applications:

[1  Self-healing materials are used in automotive paints and coatings to repair minor scratches automatically,
maintaining the appearance of vehicles, solar panels.

[1  Self-healing polymers are integrated into automotive parts, such as bumpers and interior components, to
mitigate the effects of wear and tear.

[1 Self-healing concrete incorporates capsules containing healing agents, enabling the material to repair
cracks and extend the lifespan of structures.

[1 Self-healing sealants and adhesives are employed in construction to maintain the integrity of joints and
connections.

[ Self-healing composites are utilized in aircraft components to repair damage caused by impact, reducing
maintenance needs and increasing the lifespan of materials.

[1  Aerospace coatings with self-healing properties protect surfaces from environmental damage, enhancing the
longevity of critical components.

[1 Self-healing materials are integrated into electronic devices, allowing for the automatic repair of
damaged circuitry, improving device reliability.

[1  Self-healing films are applied to electronic screens to repair minor scratches, providing longer-lasting
displays.

[1 Self-healing materials are explored for use in biomedical implants to enhance their longevity and reduce
the need for frequent replacements.

[1  Smart polymers with self-healing capabilities are investigated for controlled drug releaseapplications.

[1 Textiles with self-healing properties are developed for applications in clothing, outdoor gear, and
protective equipment to withstand wear and tear.

[1 Self-healing coatings on pipelines protect against corrosion and damage, reducing maintenance
requirements in the oil and gas industry.

[1 Self-healing materials are integrated into smartphones and other electronic devices to minimize the
visual impact of scratches.

[ Self-healing materials are used in sports equipment, such as self-repairing bike frames or tennis rackets, to
enhance durability.

[1  Self-healing materials are applied to military vehicles and equipment for protection against harsh
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environmental conditions and damage.
[J Packaging materials with self-healing properties are explored to increase the shelf life of products and
reduce waste.

These applications demonstrate the versatility of self-healing materials in addressing challenges across
diverse industries, offering solutions for increased sustainability, reduced maintenance costs, and improved
product lifespan. Ongoing research continues to expand the range of applications and refine the capabilities of
self-healing materials.

I11.  Design Strategies of Metal and Metal Matrices Self-Healing Materials

Crafting self-healing metallic materials poses a formidable challenge due to the intrinsic properties of
metallic elements, including their high melting temperatures and susceptibility to oxide formation. Repair
procedures often necessitate elevated temperatures or extreme conditions, making the development of self-
healing metallic materials complex. Current efforts focus on innovative methods to introduce SH properties
into metal and metallic matrix composite structures. Metals tend to oxidize upon exposure to the open
environment or fluids, hindering bonding and complicating the self-healing process. Solid-state processes, which
require both high temperaturesand extended durations, present further challenges for self-healing in metals. The
oxidation of metals becomes a significant obstacle, unlike ceramic or polymer-based materials. This
necessitates even higher temperatures for successful repairs [3].

In Figure 3, various types of self-healing processes are outlined, illustrating the diverse strategies
employed in designing self-healing materials. The discussion encompasses the hurdles faced in the expansion of
SH metallic materials and emphasizes the need for innovative approaches that consider the distinct properties
and challenges posed by metals in comparison to other materials.

Self healing Design Strategies

Consideration
. Micro of nano it i i
Precipitation Capsule technology Coating- Electco ltmu‘:m Integration of
Dependent S in Based Healing Based shape-
Healing approaches shitertad Healing Recovery | [memory alloys
design

Fig.3 Techniques adopted for self-healing in metallic systems

Precipitation — Dependent Healing

In precipitation-based recovery, cracks which less than 103mm or voids within the material serve as
nucleation sites for the precipitation of supersaturated or under-aged alloy. Solute atoms act as healing agents for
defects and voids in underaged alloys, effectively "healing" these imperfections. This process involves the filling
of voids by migrating atoms, contributing to a form of self- recovery and repair. It's essential to note that this
healing occurs on a nanometer scale, similar to the conventional age-hardening process, and is limited in its
ability to repair significant cracks. The precipitation takes place at microcracks, generating precipitates within
localized, highly stressed areas.
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Fig.4 Mec anism of Precipit'at'i'o.n — Dependent Healing [10]
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The recovery process can be accelerated by raising the temperature of the alloy to a specific aging
temperature. As the alloy cools, it transitions from a supersaturated meta-stable state from high heat to
equilibrium, precipitating supersaturated solutes over voids and cracks. This mechanism occurs during the aging
process, contributing to the overall recovery of the material.

Microcapsule-based approaches

Microencapsulation involves the encapsulation of micron-sized particles within shell, providing
insulation and protection from external environments. The inertness of the shell is determined by its reactivity
to the base material. The result of this method is referred to as microcapsules, consisting of 2 components the
core and the shell. These microcapsules can exhibit regular or irregular shapes and come in a size range from
107 to 107 3mm. In the context of designing SH polymer composites, microcapsules containing healing catalyst
is employed.
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Fig. 5 Mechanism of Microcapsule-based approaches Self-healing [15]

Consideration of nanotechnology in material design

Researchers have proven that nanoparticles within a polymer fluid can spread into cracks, driven by the
depletion attraction induced by the polymer between surface and nano particles. While self- healing materials
using this method are yet to be showcased, the integration of nanoparticles into polymeric components offers
dual advantages. It not only enhances the young’s modulus but also segregates towards the crack surface. Using
Carbon nanotubes emerge as the development of SHMand owing superior properties [3].

Coating-Based Healing

Assessment of crack healing demonstrated that, through the SH process, crack propagation is
prevented by utilizing a little crack-tip driving force. With an elevated crack-tip driving force, there is a
decrease in half of the rate of crack development. The SH coating exhibits the potential for repetitive activation,
suggesting the feasibility of undergoing multiple heating cycles in inert conditions.

Electro Healing

Fractures in pure nickel sheets are subjected to electrodeposition of steel ions in a bath with electrolytic
solution and variation in current, leading to the recovery of the fractures. The process, termed electro-healing,
was investigated by the authors. Effective healing of cracks within the micrometer range, with sizes up to 100
pum, was achieved through electro-healing. This approach restored nearly 96 percent of the tensile strength.
Although this method proves effective, there might be a constraint associated with the requirement of placing a
structure along with a limited scale of heating.
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Nano disposals (b) Coating agent (c) Electro healingFig. 6 Self-healing mechanism in metallic materials
[21]
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Eutectic-Based Recovery

Upon cooling the melt, dendrites of the primary phase form due to large melting points. These
dendrites alter the construction of the surrounding (inter-dendritic fluid), causing a repulsion of dissolved
substances and a change in the configuration of the inter-dendritic fluid. To make the SH, temperature of inter-
dendritic is raised until flows into cracks. The artificial dendrites Cohenswith the base materials for reduction of
crack mechanism.

Integration of shape-memory alloys

Many of us are familiar with shape memory materials in everyday items, such as eyeglasses made from
alloys like nitinol (nickel-titanium), which resiliently return to their original shape when bent and released.
However, the typical operation of shape memory involves heating the material to trigger it to revert to its
preferred form. In the context of self-healing SMA, a mechanism for delivering heat to the damaged area is
essential.

Metals exhibit intermetallic systems known as shape memory, which exhibits plastic deformation at
low martensite phase temperature. These materials, known as SMAs, can serve as SHM. For instance, Nitinol
(nickel-titanium), an SMA, demonstrates the SH effect when subjected to heat. If the metal deformed
permanently at above mentioned temperature these metals revert to originalshape [3].

Force
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Fig. 7 Shape memory alloy self-healing mechanism.

The enhanced component exhibited approximately high young’s modulus and ductility compared to the
base material. Ongoing efforts are directed towards exploring the potential of constructing healing systems
capable of withstanding all directional stresses. As stress increases, the adhesive bond energy also increases,
contributing to enhanced bonding in self-healing.

IV. Background

Lucci et al. [4-6] developed a composite, utilizing an Al 206 and integrated Sn-40 Pb. Their findings
indicated the feasibility of partial SH through this technique. The composite featured Al vascular tubes
integrated with Sn-40 Pb as reinforcement within the matrix.

Alaneme et al. [7] adopted a comparable approach to create SH samples using Al, magnesium and
silicon-based alloy. They incorporated a 60Sn-40Pb solder as reinforcement, constituting 60% Snand 40% of Pb
alloy. The developed samples exhibited a remarkable 91% healing efficiency subsequent heat-treatment. There
is upright bond between 60 Sn-40 Pb alloy and the Al, magnesium and silicon-based alloy matrix.

Oladijio et al. [8] conducted experimental work to explore SH in Al using a low melting point alloy
and exhibits high strain energy along with healing efficiency 61% in healed samples compared to damaged
ones. Vaibhav et al. [9] fabricated self-healing metals with a Ni Ti reinforcement with Aluminum matrix and
they eighty to seventy percent recovery in self-healing. Another study self-healing of 304 stainless steels with
cerium, boron and titanium. The altered alloy composition contributed to preferential BN accumulation in
locations associated with creep cavities, improving creep resistance. This phenomenon was primarily examined
at high temperatures, expanding the understanding of precipitation recovery in stainless steel and Cr-Mo- V
alloys [10].

A unique approach involved incorporating SMAs in a metal matrix [11], leveraging the SMA's ability
to remember its previous shape. This innovative technique, where SMA wires are embeddedinto a metallic matrix,
facilitates crack closure by applying compressive force upon heating above the SMA's critical temperature.
Olson G. B. et al. [11] explored on healing of Sn- Bi alloy with aluminum, achieving 95% recovery of young’s
modulus for composite. However, this came at the expense of uniform ductility. Early work by Nand et al. [12]
demonstrated the proof-of-concept, showcasing crack closure and healing at specific temperatures. Qiao et al.
[13] investigated Al 380 matrix healed with NiTi-based SMA. Overcoming adhesion between base material and
SMA. They revealed that enabling the SMA to pull and address the disintegration issue. Few of authors
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extended the research to Sn-Bi alloys with a magnesium-based cast alloy, reporting improved ductility with a
160% increase and partial crack closure [14].

Healing of SMA nanoparticles into Al matrix, forming a microstructure where coherency between
nanoparticles and Al, steadied by the Al matrix, undergo transition in phase upon damage. This leads to changes
in the SMA particle shape, generating stress areas on the host matrix, ultimately contributing to crack closure
[15-19].

SHM using a Sn- Bi matrix alloy reinforced with NiTi SMA wires, a remarkable 95% recovery of the
initial young’s modulus was demonstrated. The composite's design aimed at repairing a break within an oven,
where NiTi cables exerted clamping force during the heating process, facilitatingthe recovery mechanism [20].

V.  Conclusions

In conclusion, the comprehensive review on aluminum and shape memory alloy (SMA) based self-
healing materials reveals a multifaceted landscape characterized by promising mechanisms, diverse applications,
and compelling future prospects. The following key conclusions encapsulate the overarching insights from the
review:

[1 The combination of aluminum with shape memory alloys introduces synergistic self- healing mechanisms,
enhancing the material's capacity to autonomously repair damage. This innovative amalgamation represents
a unique approach to advancing self-healing capabilities.

[1 The review emphasizes diverse and inventive design strategies, specifically highlighting the integration of
shape memory alloys. This hybrid methodology expands the realm of self-healing materials, showcasing
adaptability and versatility.

[1  In-depth discussions on applications in engineering, aerospace, automotive, and construction underscore the
widespread utility of self-healing materials based on aluminumand shape memory alloys. The adaptability of
this hybrid material resonates across multiplesectors.

[1 Case studies exemplify the successful practical implementation of self-healing materials derived from
aluminum and shape memory alloys, emphasizing tangible benefits such as enhanced structural integrity,
durability, and cost-effective maintenance.

[1 Addressing challenges related to scalability, environmental considerations, and long-term performance is
paramount. The review critically assesses potential solutions through advanced manufacturing techniques,
nanotechnology, and material science, providing pathways to overcome existing obstacles.

[l A forward-looking analysis explores anticipated advancements in material design, improved healing
mechanisms, and novel applications. This forward-thinking perspective sheds light on potential
breakthroughs in transportation, infrastructure, electronics, and other fields.

[1  The dynamic intersection between aluminum and shape memory alloys capitalizes on the strengths of each
material, fostering innovative solutions in self-healing materials. This holistic approach addresses
complex challenges by leveraging the synergies between thesetwo materials.

In essence, the review on aluminum and shape memory alloy-based self-healing materials serves as a
cornerstone for advancing research, development, and practical applications in a wide array of industries. The
combined potential of these materials holds promise for revolutionizing how we approach resilience,
sustainability, and maintenance in diverse material systems.

Abbreviations Nomenclature

SH Self-healing
SHM Self-healing material/ Self-healing materials
SMA Shape memory alloys
Al Aluminium
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