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1. INTRODUCTION

Titanium is located in the 4th period and 4th group of the periodic table, with an atomic number of 22. It is the
oth most abundant element in the Earth's crust. Titanium is the fourth major structural metal, following aluminum,
iron, and magnesium. This abundance, surpassed only by aluminum, iron, and magnesium[1], makes titanium a
significant material for various applications. The production of titanium alloys involves a multi-step process, which
begins with the extraction of titanium ore (Fig. 1).

Titanium is primarily found in the Earth's crust in the form of titanium oxide, which occurs in crystallized
structures, mainly in the rutile and anatase forms, with brookite being less common. Titanium is predominantly
available as titanium oxide, and the process of obtaining it in its pure form involves several steps, including
crushing, separation, titanium chlorination, reduction, melting, and casting. In contrast, Anatase features a slightly
different arrangement. Furthermore, brookite has an orthorhombic crystal structure. These distinct crystal
structures significantly influence the optical, electrical, and photo catalytic properties of titanium oxides, making
them versatile materials for various applications.

The ingot is then alloyed with other elements to enhance its properties. It is subsequently forged and rolled into
the desired shape. Finally, the alloy is heat-treated to achieve the required properties. The production of titanium
metal involves several key steps. First, titanium oxides ore is crushed and ground into a fine powder. Next, the
powder undergoes separation of titanium-bearing minerals. Then, the resulting material is subjected to
chlorination and purification, producing high-purity titanium tetrachloride. Finally, the tetrachloride is reduced to

titanium metal, which is melted and cast into an ingot.
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Figure 1: Flow diagram for the titanium alloy production process form ore

The alloy then undergoes secondary fabrication processes, including die forging, extrusion, forming, machining,
chemical milling, and finishing. These processes are followed by rigorous inspection and testing to ensure the
alloy's quality and reliability. Titanium alloys exhibit a unique crystalline structure, which transforms from a

hexagonal close-packed (hcp) arrangement (a-titanium) to a body-centered cubic (bee) structure (B-titanium) at
high temperatures (Fig. 2).

Figure 2: Titanium Oxides Crystal structure (a) Rutile (b) Anatase and (c) Brookite [2]

The a-phase has a hexagonal close-packed structure, while the -phase has a body-centered cubic structure,
affecting their ductility and deformability. The production of titanium metal involves several steps, including

crushing and grinding titanium oxide ore, separating titanium-bearing minerals, chlorinating and purifying the
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resulting material, reducing the tetrachloride to titanium metal, and melting and casting the metal into an ingot [5].
The alloy then undergoes secondary fabrication processes, such as die forging, extrusion, forming, machining,

chemical milling, and finishing, followed

A

(a) (b)
Figure 3: Crystal structure of (a) HCP (a) and (b) BCC (B) phase.

Titanium alloys exhibit a unique transformation between two crystal structures: alpha (a) and beta (f3). At high
temperatures, the alpha phase transforms into the beta phase. This transformation occurs at 882°C for pure
titanium. The crystal structure of titanium alloys affects their properties, including deformation, diffusion rates,
and mechanical behavior direction [3], [4]. The alpha phase has a hexagonal crystal structure, while the [-phase
has a cubic structure. The a-phase is less ductile than the beta phase. By controlling the alloy's composition and
heat treatment, manufacturers can create titanium alloys with specific properties [6]. The properties of titanium
alloys depend on two main factors: composition and microstructure. The composition affects the properties and
proportions of the a and B-phases. Titanium alloys can be classified into three categories: neutral, a-stabilizers, and
[B-stabilizers. For example, Ti-6Al-4V is a widely used alloy that contains alpha-stabilizers like aluminum and
vanadium. This alloy offers high strength, low density, and good corrosion resistance. 3-stabilizers like vanadium
and molybdenum are used in other alloys to provide high strength, toughness, and resistance to fatigue. The (a+f)-
alloys, such as Ti-6Al-4V, contain a combination of a and [-stabilizers, providing a balance of strength, toughness,
and corrosion resistance. Titanium alloys can be broadly classified into alpha (a) and beta (f3) alloys. a-Alloys, such
as Ti-5Al-58n-2Zr-2Mo, contain high amounts of alpha-stabilizing elements and small amounts of beta-stabilizing
elements, providing improved strength and toughness. Conversely, 3-Alloys, such as Ti-10V-2Fe-3Al, contain high
amounts of beta-stabilizing elements and small amounts of alpha-stabilizing elements, offering improved corrosion
resistance and weldability [7]. Each type of titanium alloy has its unique properties and applications as discussed in
next sections, and the selection of the appropriate alloy depends on the specific requirements of the intended use.
The alloying element chemical composition also influence the properties of Ti-alloys. This alloy offers an excellent
balance of strength, corrosion resistance (the ability to withstand degradation from environmental factors), and
weldability (the ability to join the alloy using welding techniques). As a result, Ti-6Al-4V is widely used in aerospace
(e.g., engine components), medical (e.g., implants), and industrial applications (e.g., chemical processing

equipment).
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2. PROPERTIES OF TI-6AL-4V ELI ALLOY

In this section, a review on Ti-6Al-4V ELI (Extra Low Interstitials) discussed in detail based on mechanical and
chemical properties. This alloy is an advanced version of the widely used Ti-6Al-4V alloy, specifically engineered to
exhibit superior performance in critical applications, such as aerospace, biomedical devices and high-performance
engineering.

2.1.Chemical composition

Ti-6Al-4V ELI alloy is a high-performance titanium alloy. Its unique properties stem from the reduced levels of
interstitial elements, including oxygen, nitrogen, carbon, and iron, (Table 1) which significantly influence its

mechanical properties and transformation kinetics [3], [8].

Table 1: The chemical composition of Ti-6Al-4V ELI

Element Titanium Aluminium Vanadium Iron Oxygen Carbon Hydrogen

(Ti) (AD ) (Fe) ) © H)
Content 90.0-94.0 5.5—6.8 3.5—4.5 < 0.25 <0.13 < 0.08 < 0.015
(wt. %)

This alloy is specifically engineered to address the limitations of standard Ti-6Al-4V, particularly brittleness at
cryogenic temperatures, by limiting the oxygen content to a maximum of 0.13%. As a result, it is optimized for
extreme conditions, withstanding temperatures as low as -423°F (-253°C) in its annealed state. The reduced levels

of interstitial elements enhance its performance under extreme conditions [9] [10].

2.1.1. Impact of Interstitial, Aluminium and Vanadium Elements:

Titanium alloys' strength and brittleness are affected by interstitial elements like oxygen and nitrogen. While
these elements can enhance strength at high temperatures, excessive amounts can compromise ductility,
particularly at low temperatures. [3], [8]. This reduction also enhances corrosion resistance, ideal for applications
involving exposure to harsh environments [11]. The aluminium and vanadium play crucial roles in determining
titanium alloys' microstructure and mechanical behaviour. Aluminium stabilizes the a- phase, increasing strength
and oxidation resistance, while vanadium stabilizes the B-phase, improving ductility and hot workability [12]. [13].
The combination of these alloying elements results in a balanced mix of properties, enabling the alloy to withstand
various operational conditions. For example, controlling the a/p-phase ratio ensures an optimal balance of
toughness and machinability. The fine-tuning of these elements also mitigates stress concentration effects,
enhancing the fatigue life of critical parts. Aluminum acts as a strong a-stabilizer, elevating the B-transus
temperature and allowing for a broader operating range in applications subjected to thermal stress. Vanadium, as a
[-stabilizer, enhances the alloy’s ability to withstand rapid quenching and subsequent aging treatments, resulting in

a finely dispersed secondary a-phase within the § matrix [10].

2.1.2. Impact of Trace Elements and Impurities:

Even trace elements and impurities have a profound impact on its performance. Iron present in very small

amounts (< 0.25 wt. %), iron contributes to overall strengthening by participating in solid solution and
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microstructural refinements. However, excessive iron can result in the formation of brittle intermetallic phases,
which are detrimental to ductility. Carbon typically limited to < 0.08 wt. %, carbon enhances hardness and strength
by forming fine titanium carbide (TiC) particles. Over the limit, it can lead to embrittlement. Hydrogen content is
restricted to < 0.015 wt. % to prevent hydrogen embrittlement, which can lead to premature failure under stress. By
limiting these impurities, Ti-6Al-4V ELI maintains a uniform and fine-grained structure, vital for high-performance
applications [9]. The chemical composition of Ti-6Al-4V ELI ensures precise microstructural manipulation, which
is critical for optimizing its dual-phase (a+) structure. The a-phase (HCP) provides excellent strength and creep

resistance, while the f-phase (BCC) contributes to enhanced ductility and workability [6].
2.1.3. Chemical Composition Comparison with Other Ti-Alloys:

The chemical composition of this alloy is meticulously designed to meet the stringent requirements of critical

applications in aerospace and biomedical fields.
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Figure 4: Chemical composition comparison of Titanium alloys

The Chemical composition comparison of Titanium alloys is shown in (Fig. 4). Unlike other a+f alloys such as Ti-
6Al-2Sn-4Zr-6Mo, which tolerate slightly higher oxygen levels due to less critical toughness demands in aerospace
components, this alloy strictly limits oxygen content to enhance ductility and toughness for biomedical applications
[14]. The controlled hydrogen content prevents embrittlement, a common issue in alloys like Ti-5Al-2.5Sn, which

prioritize corrosion resistance over toughness and permit slightly higher nitrogen tolerances [15].

The alloy restricts carbon to a maximum of 0.08%, ensuring material homogeneity and preventing carbide
precipitation that could otherwise compromise mechanical properties. In contrast, B-titanium alloys such as Ti-
10V-2Fe-3Al allow higher carbon levels to prioritize strength over biocompatibility [12]. The Aluminium, and a-
phase stabilizer, increases tensile strength while maintaining a low density for weight-sensitive applications.
Additionally, aluminium enhances resistance to oxidation and creep. Ti-6Al-4V ELI's 6% aluminium content
balances strength and formability, making it superior to B-alloys like Ti-13V-11Cr-3Al, where aluminium content is
lower, resulting in reduced corrosion resistance and biocompatibility [7]. The Vanadium in this alloy stabilizes the

-phase, contributing to the alloy's toughness and process ability. The 4% vanadium content ensures an optimal
p g y g p y p
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balance between strength and workability. While alloys like Ti-6Al-7Nb replace vanadium with niobium to address
potential toxicity concerns in biomedical implants, this substitution often compromises mechanical properties,
particularly fatigue resistance, making this more favourable for load-bearing applications [16]. The Iron content in
this alloy is limited to 0.25%, ensuring adequate strength without sacrificing ductility. Other a+f alloys such as Ti-
6242 allow slightly higher iron content to improve high-temperature performance, albeit at the expense of
toughness [14]. Silicon, occasionally added in other titanium alloys to refine grain structures, is kept minimal in Ti-
6Al-4V ELI to avoid embrittlement during fabrication, ensuring consistency in biocompatibility and mechanical
performance [12]. The superior corrosion resistance of Ti-6Al-4V ELI is due to its ability to form a stable and
protective titanium oxide (TiO2) layer in biological environments. This passive film provides better corrosion
resistance in body fluids compared to other alloys like Ti-13Nb-13Zr or TNTZ, making Ti-6Al-4V ELI more reliable
for long-term implantation [17]. The low interstitial element content minimizes immune responses, while the alloy's
surface properties promote superior osseointegration compared to f-alloys with a higher modulus of elasticity. This
balance between rigidity and flexibility is crucial for orthopaedic implants, ensuring structural compatibility with
bone tissues [18]. Ti-6Al-4V ELI remains the preferred choice for applications requiring a harmonious balance of

strength, toughness, and safety.
2.2. Mechanical Properties

Ti-6Al-4V ELI alloy's unique blend of properties makes it a crucial material in industries that demand high
performance, reliability, and safety. Its notable characteristics include a high strength-to-weight ratio, ductility,
and resistance to corrosion and crack propagation. In terms of ductility and hardness, Ti-6Al-4V ELI alloy offers a
desirable combination. The percentage application of this alloys if shown in (Fig.5). Its hardness is lower than that

of Ti-5553, but higher than -Ti alloys like Ti-15V-3Cr-3A1-3Sn [9].

M Aerospace Industry B Biomedical Applications B Marine Applications

m Industrial Applications B Automobile Industry B Food Processing Industry

Figure 5. Ti-6Al-4V ELI percentage application in various fields
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Compared to standard Ti-6Al-4V, Ti-6Al-4V ELI alloy has lower hardness but higher ductility, making it less
prone to brittle failure [19]. The alloy's balance of ductility and hardness makes it suitable for demanding
applications. Its enhanced ductility ensures resilience under cyclic loading, while its reduced brittleness contributes
to a higher fatigue life. This makes Ti-6Al-4V ELI alloy an ideal choice for aerospace and biomedical implants [20].
Ti-6Al-4V ELI alloy shows improved creep resistance compared to standard Ti-6Al-4V. This is due to its lower
interstitial content, which reduces the formation of brittle phases. As a result, Ti-6Al-4V ELI alloy maintains its

structural integrity better under sustained loads.

In practical terms, this means Ti-6Al-4V ELI alloy can withstand moderate to high temperatures with relatively
low creep rates [7]. However, its creep resistance is still limited compared to specialized high-temperature alloys
[21], [22]. This alloy also demonstrates superior fatigue resistance under cyclic loading [23]. Its improved
microstructure and reduced interstitial elements help it resist repeated stresses more effectively [13]. The alloy's
high strength-to-weight ratio is crucial in aerospace applications [6]. With tensile strengths ranging from 895 to
980 MPa and yield strengths of 825 to 880 MPa, it provides robust mechanical performance. The alloy's light
weight and excellent strength reduce energy consumption in aerospace applications [10]. The tensile strength of Ti-
6Al-4V ELI alloy can be further improved through optimized heat treatment processes and microstructural
refinement. Its improved toughness makes it more suitable for applications where resistance to crack propagation

is critical[22], [25].

Table 2: Application of Ti-6Al-4V ELI industry and properties

Industry Applications Key Properties References
Aerospace Turbine blades, discs, airframes, High strength-to-weight ratio, fatigue [28]
engine mounts, lightweight parts for resistance,  corrosion  resistance,
aircraft and spacecraft thermal stability
Biomedical Implants  (hip, knee, dental), High fatigue resistance, [27], [28]
prosthetics, surgical tools biocompatibility, corrosion resistance,
compliance with ASTM F136
Marine Ship structures, underwater Seawater corrosion resistance, [29], [30]
equipment, marine fasteners durability, and high strength
Automobile Engine parts (connecting rods, Lightweight, corrosion resistance, [31]
valves), safety components (roll excellent machinability
cages, chassis), and interiors
Food Equipment for pasteurization and  Corrosion resistance, non-toxicity, [22], [32]
Processing sterilization, machinery exposed to and ease of maintenance

acids and cleaning agents

Ti-6Al-4V ELI alloy's fatigue resistance is notable, performing well under repeated loading at various
temperatures [33]. This property is beneficial in biomedical applications, where implants undergo cyclic stresses
during physical activity. The alloy's high fatigue strength and refined microstructure enable it to withstand cyclic
loads. Ti-6Al-4V ELI alloy demonstrates improved fatigue resistance compared to standard Ti-6Al-4V. While
titanium alloys are not naturally wear-resistant, Ti-6Al-4V ELI's surface properties can be enhanced through
treatments. These modifications improve the alloy's ability to withstand wear, making it suitable for biomedical
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implants and mechanical components. Ti-6Al-4V ELI alloy exhibits high wear resistance, with a low wear rate in
dry sliding conditions. Improved wear resistance reduces debris generation, minimizing the risk of inflammatory
responses in surrounding tissues. The alloy's corrosion resistance is another critical factor in its widespread use. Ti-
6Al-4V ELI alloy exhibits excellent resistance to harsh environments, including seawater and body fluids, due to its
stable oxide layer. Other titanium alloys, such as Ti-5Al-2.5Fe, Ti-6Al-7Nb, and Ti-15Mo, also exhibit excellent
corrosion resistance. Their corrosion resistance is influenced by alloying elements, microstructure, and surface
properties. Ti-6Al-4V ELI alloy's ability to withstand repeated loading is also crucial. It performs well at various
temperatures, ensuring reliability under thermal cycling. In biomedical applications, implants made from this alloy
endure cyclic stresses during physical activity. The alloy's high fatigue strength and refined microstructure enable it
to withstand cyclic loads[23]. Compared to standard Ti-6Al-4V, Ti-6Al-4V ELI alloy demonstrates enhanced fatigue
resistance. Its reduced interstitial content results in a more uniform microstructure [30], [34]. While titanium
alloys aren't naturally wear-resistant, Ti-6Al-4V ELI's surface properties can be enhanced through treatments.
These modifications improve the alloy's ability to withstand wear as (Table 2) shows various industry Application of
Ti-6Al-4V ELI based on its properties. The alloy exhibits high wear resistance, with a low wear rate in dry sliding
conditions. Improved wear resistance reduces debris generation, minimizing the risk of inflammatory responses
[35], [36]. Thermal oxidation studies have shown significant improvements in wear resistance and frictional

performance. These enhancements contribute to the alloy's longevity and reliability conditions [35].
2.3. Biocompatibility and Osseo-integration

Ti-6Al-4V ELI alloy is widely used in biomedical applications due to its biocompatibility. Its composition ensures
superior integration with bone tissue and minimal cytotoxicity [37]. The alloy's oxide layer prevents the release of
harmful ions, reducing toxicity risks. This layer also promotes osseointegration, fostering a direct bond between the
implant and bone tissue. Ti-6Al-4V ELI alloy's biocompatibility makes it suitable for orthopaedic and dental
implants. However, concerns about toxicity persist[38], [39], particularly regarding aluminium and vanadium[17],
[40]. The other biocompatible Ti-alloys such as Ti-6Al-7Nb and Ti-13Nb-13Zr are specialized for implants but fall
short in structural applications where strength and durability are vital [8], [41], [42]. Alternative alloys and surface
treatments have been developed to address these concerns. Replacing vanadium with niobium improves
biocompatibility, while surface treatments enhance corrosion resistance and minimize metal ion release. While f3-
alloys such as TNTZ and Ti-13Nb-13Zr are prized for their lower modulus of elasticity, which closely matches that of
human bone, they often lack the high tensile strength and fracture toughness required for load-bearing
applications. This optimized chemical composition and refined microstructure of this alloy ensure it excels for
biocompatibility [15], [18]. These strategies improve the biocompatibility of Ti-6Al-4V ELI alloy and extend its
applicability to sensitive patient groups[43].

Ti-6Al-4V ELI alloy is recognized as one of the most biocompatible titanium alloys due to its low toxicity, superior
corrosion resistance, and excellent integration with bone tissue. Its composition enhances not only its mechanical
properties but also its interaction with biological systems, ensuring superior osseointegration and reduced
cytotoxicity. The alloy’s ability to maintain structural integrity in physiological environments makes it a gold

standard for biomedical applications such as hip prostheses, dental implants, and orthopaedic devices. Among
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(a+p)-alloys, Ti-6Al-4V ELI strikes a remarkable balance between mechanical properties and biocompatibility. Its
oxide layer, primarily composed of titanium dioxide (TiO2), serves as a stable and inert barrier, preventing the
release of harmful ions into surrounding tissues. This layer not only enhances corrosion resistance but also
promotes osseointegration by fostering a direct bond between the implant and bone tissue. This property is critical
for long-term stability and implant longevity, as it minimizes the risk of loosening or failure over time. The
phenomenon, where implants with a much higher modulus of elasticity than bone lead to bone resorption, is a
common issue with stiffer materials Comparatively, while alloys like Ti-15Mo and Ti-6Al-7Nb also demonstrate
excellent corrosion resistance and biocompatibility, their performance in dynamic load environments and under
high cyclic stress is often inferior to that of Ti-6Al-4V Studies have shown that manufacturing processes, including
surface finishing techniques such as machining and polishing, significantly influence the biocompatibility of
titanium alloys. The surface roughness and topography directly impact cell adhesion and proliferation, making it
essential to optimize these parameters to enhance the performance of implants. Ti-6Al-4V ELI’s superior response
to surface treatments further solidifies its status as a leading choice for biomedical applications [9]. This
biocompatibility makes it an ideal material for orthopaedic and dental implants, where the alloy must interact
seamlessly with bone and soft tissues. The Osseointegration, a critical factor for implant success, is significantly
enhanced by Ti-6Al-4V ELI's surface properties. This offers resistance to corrosion in the physiological
environment. This resistance is crucial for ensuring that the alloy remains structurally intact over time, even under
constant exposure to body fluids. At the same time, some serious concerns about this alloy is the potential toxicity
of its alloying elements persist. The Aluminium, a key component, has been linked to neurotoxicity with prolonged
exposure, while vanadium is associated with cytotoxic effects at high concentrations However, the naturally
occurring titanium dioxide oxide layer on the alloy’s surface significantly mitigates these risks. Allergic reactions to
titanium alloys, although rare, have been reported, particularly in individuals with metal hypersensitivity. These
reactions can manifest as localized inflammation or dermatitis. The oxide layer plays a crucial role in minimizing
these risks, making Ti-6Al-4V ELI one of the safest options for medical implants. By acting as a protective barrier,
this layer prevents the release of harmful ions, reducing the likelihood of toxicity To address concerns about
toxicity, alternative alloys such as Ti-6Al-7Nb and Ti-13Nb-13Zr have been developed. These alloys replace
vanadium with niobium, a non-toxic element, and further improving biocompatibility. Additionally, surface
treatments like anodization and hydroxyapatite coating have been explored to enhance corrosion resistance and
minimize metal ion release. These strategies not only improve the biocompatibility of Ti-6Al-4V ELI but also extend

its applicability to more sensitive patient groups [50].
2.4. Comparison with Other Ti-Alloys

A comparison of the mechanical properties of this alloy with other Ti-alloys is demonstrated in this section (Table
3). Ti-6Al-4V offers higher strength ranges as in (Fig. 6) at high temperature compare to other but slightly reduced
ductility, favoring structural aerospace applications where weight and strength are critical. Ti-5Al-2.5Sn is notable
for its excellent corrosion resistance and moderate mechanical strength, making it suitable for cryogenic and high-
temperature environments. The beta alloys, such as Ti-10V-2Fe-3Al and Ti-15Mo-3Al-2.7Nb, exhibit exceptional

strength and corrosion resistance due to their beta-phase stabilization, with applications in landing gear and
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chemical processing. Ti-6Al-7Nb and Ti-13Nb-13Zr emphasize biocompatibility and low elastic modulus, making

them ideal for load-bearing biomedical implants.

Table 3. Comparison of Mechanical Properties of Titanium Alloys

Tensile
. Yield Strength Hardness Elongation
Material Strength Reference
(MPa) (HRC) (%)
(MPa)
Ti-6Al-4V ELI 895 -980 825-880 30— 36 12 —15 [44]
. 895 -
Ti-6Al-4V 830 — 1,000 33—38 10— 14 [45] [12]
1,100
Ti-5Al-2.5Sn 830—-960 690 — 850 28 — 33 8-—12 [7]
Ti-3Al-2.5V 620—760 540 — 655 24 — 28 15 — 20 [7]1[12]
1,240 -
Ti-10V-2Fe-3Al 1,100 — 1,250 36 — 44 10 — 12 [1]
1,400
Ti-15Mo-3Al- 900 - [6]
800 — 900 28 - 34 12 -18
2,7Nb 1,000 [12]
Ti-6Al-7Nb 860—-950 795 — 850 30-35 10 — 14 [1]
Ti-13Nb-13Zr 790 — 890 740 — 820 25— 30 15 — 20 [1] [12]

The table underscores the versatility of titanium alloys in meeting diverse performance requirements across

industries, supported by authoritative sources like ASTM standards and leading materials handbooks.

Although ultra-high-strength alloys like Ti-10V-2Fe-3Al are stronger, they lack the ductility and versatility of Ti-
6Al-4V ELI, limiting their use in safety-critical or cyclic loading scenarios. Biocompatible alloys such as Ti-6Al-7Nb
and Ti-13Nb-13Zr are specialized for implants but fall short in structural applications where strength and durability
are vital. Additionally, Ti-6Al-4V ELI’s hardness range (30—36 HRC) ensures excellent wear resistance without
compromising machinability, and its exceptional corrosion resistance enhances performance in marine and

biomedical environments.
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Figure 6: A plot of specific strength of titanium alloys against the thermal strength of other

structural materials [46]
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When compared to other titanium alloys, Ti-6Al-4V ELI exhibits competitive and often superior strength
characteristics, including high yield strength (900-1000 MPa), high ultimate tensile strength (1000-1100 MPa),
excellent fatigue resistance, and good creep resistance, making it a versatile and reliable choice for demanding
applications in aerospace, biomedical, and other industries.Ti-6242 and Ti-6Al-4V ELI are both high-strength
titanium alloys with similar applications, but they exhibit distinct differences in their mechanical properties. While
Ti-6242 boasts slightly higher strength (950- 1000 MPa), Ti-6Al-4V ELI surpasses it in terms of ductility (12-15%
elongation) and fracture toughness (60-80 MPa/m). This makes Ti-6Al-4V ELI a preferred choice for applications
where resistance to crack propagation and fatigue are paramount [6], [12]. This alloy is preferred for applications

requiring both high strength and high fracture toughness.

3. TECHNOLOGICAL ADVANCEMENTS

The ELI of this benefits significantly from various surface treatment processes (Venkatesh et al., 2009). These
treatment of this alloy can markedly influence its ductility and hardness and other properties. A Summary of

Surface Treatment Methods for Enhancing Ti-6Al-4V ELI Alloy Performance is given in Table 4 of this section.

3.1. Surface treatments

Solution Treatment: This process involves heating the alloy to a temperature where the [ phase (a high-
temperature phase) is stabilized. For Ti-6Al-4V ELI, solution treatment typically occurs at temperatures around
980-1020°C. This step dissolves a and B phases, homogenizing the microstructure and relieving internal stresses
[7]. The resulting material often exhibits improved ductility as the alloy becomes more homogeneous and free from
the hard, brittle phases formed during casting or fabrication. Solution treatment and annealing processes generally
enhance ductility by promoting a more homogeneous microstructure and reducing internal stresses. The [3-Phase
Stabilization, heat treatment processes aim to stabilize the B phase to improve ductility. This treatment involves
heating the alloy to temperatures above the (3 transus, followed by rapid cooling. By retaining a higher volume
fraction of the [-phase, the alloy can achieve higher ductility, though it may sacrifice some hardness and tensile
strength [48]. This process is particularly useful in applications where flexibility and resistance to deformation are

more critical than hardness.

Annealing: Annealing, in particular, is effective in increasing ductility while maintaining a balance with hardness
[49]. Aging treatments can inadvertently reduce ductility in Ti-6Al-4V ELI alloy if the precipitation of hard phases
becomes excessive. When aging treatments are applied, hard phases such as a' martensite or a. (Ti3Al) precipitate
out of the matrix, leading to an increase in hardness. However, if these hard phases precipitate excessively, they can
form a brittle network that compromises the alloy's ductility. Anneal heat treatments, which is not readily
achievable with standard Ti-6Al-4V or other titanium alloys, such as Ti-6242, thereby solidifying its position as a
premier alloy for high-performance applications, making it suitable for damage-tolerant components on aircraft

like the F-22 fighter and critical fittings on the Boeing 777 [50]. Annealing and solution treatments provide more
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controlled hardness levels by adjusting the balance between the a and 8 phases, allowing for tailored properties to

meet specific application requirements [51].

Aging: Aging and p-phase stabilization processes generally increase hardness by precipitating strengthening
phases or retaining a higher fraction of the (3 phase. This enhances the alloy’s ability to withstand mechanical loads
but may reduce its ductility [3]. This Surface treatment effectively improve corrosion resistance and reduce ion

release rates [52].

Anodization, a widely used electrochemical process, thickens the natural oxide layer on the alloy, offering
superior protection against pitting and crevice corrosion, particularly in chloride-rich environments like seawater
[53]. This surface treatment restricts the infiltration process by growing a thin oxide layer on the Ti-6Al-4V ELI
alloy surface [54]. This enhanced oxide layer also contributes to the alloy's improved wear resistance, which is

critical for biomedical implants exposed to physiological fluids.

Sol-gel coatings, a newer technology, offer excellent protection in both acidic and alkaline environments by
forming thin, dense films on the alloy's surface. These coatings can also include functional additives for specific

applications, such as inhibitors for medical implants [55].

Laser surface treatment, includes laser cladding and laser nitriding, modify the surface microstructure and
composition of Ti-6Al-4V ELI, resulting in a refined, hardened surface that enhances both wear and corrosion
resistance [56]. These various surface treatments and coatings collectively extend the alloy's durability and
effectiveness in challenging conditions, from marine and aerospace environments to biomedical applications, where

long-term performance and reliability are essential.

Nitriding, process for Ti-6Al-4V alloy involves exposing the material to nitrogen at elevated temperatures to
enhance its wear resistance. While traditional gas nitriding (GN) at 1000 °C can compromise mechanical strength,
alternative methods like plasma nitriding and low-temperature gas nitriding at 540 °C offer improved outcomes.
Notably, combining LT-GN with slide burnishing can refine surface grains, accelerate nitrogen diffusion, and
enhance wear resistance while maintaining core material strength [57]. This is significant because it enables the

production of Ti-6Al-4V alloy components with improved surface properties,

For aerospace and biomedical applications, the choice of treatment depends on the specific requirements for
properties of alloy. Solution treatment combined with aging is commonly used to achieve high strength while

retaining adequate ductility for structural components and implants [58], [59].

Table 4: Summary of Surface Treatment Methods for Enhancing Ti-6Al-4V ELI Alloy Performance

Treatment Process Overview Key Effects Applications References
Solution Heating to 980-1020°C to Homogenizes microstructure, Structural aerospace [7], [51]1[48]
Treatment stabilize the [ phase and relieves internal stresses, and components, high-

dissolve a + [P phases. Heat improves ductility performance implants,
treatment above [ transus damage-tolerant
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Annealing

Aging

Anodization

Nitride
Coatings

Sol-Gel
Coatings

Laser Surface

Treatment

Cryogenic
Applications

temperature, followed by
rapid cooling.

Controlled heating and cooling
for stress relief and phase
balance

Heat treatment to precipitate

strengthening phases

Electrochemical oxide layer

thickening

Exposure to nitrogen at

elevated temperatures.
Physical/Chemical Vapor
Deposition (PVD/CVD) for

TiN/TiAIN coatings

Thin, dense films applied via

chemical processing

Surface microstructure

modification using lasers
Operation at temperatures
near or below liquid nitrogen

levels

Increases ductility, maintains

hardness balance, reduces
brittleness

Increases hardness, enhances
load-bearing capacity,

reduce ductility

may

Enhances corrosion and wear
chloride-rich

improves

resistance in
environments,
biocompatibility
Provides a hard, inert surface,

enhances wear and corrosion

resistance. Improves wear
resistance, refines surface
grains with LT-GN,

accelerates nitrogen diffusion
Enhances corrosion
protection in acidic/alkaline
environments, customizable
for applications

Enhances wear and corrosion
resistance through surface
refinement

Enhances fracture toughness,
resists

maintains ductility,

brittle failure

components like F-22
fighter
Aircraft fittings (e.g.,

Boeing 777), biomedical
implants

High-strength aerospace
parts, medical implants
requiring load resistance
Biomedical implants,

marine applications

Cutting  tools, high-
temperature  aerospace
parts

Medical implants,
industrial corrosion
protection

Aerospace components,

wear-critical surfaces

Cryogenic storage tanks,
superconducting magnet
systems, space

applications

[3], [49], [52]

[3], [52]

[53], [54]

[61]

[62][63] [55]

[56]

(3], [8], [64],
[65] [21] [66]

In industrial applications where hardness is a critical factor, such as in tooling, wear-resistant components, or

high-wear machinery parts, a combined approach of -phase stabilization and aging may be employed to enhance

the hardness and performance of Ti-6Al-4V ELI alloy under high-stress conditions. This combined approach

enables the alloy to withstand the harsh conditions often encountered in industrial environments, including high

loads, impact, and abrasive wear, making it an ideal material for demanding applications[67]. Surface treatment

technologies for Ti-6Al-4V ELI alloy and other titanium alloys have undergone substantial advancements in recent

years, significantly enhancing their performance in various applications, including aerospace, biomedical, and

industrial sectors. These advancements have led to improved corrosion resistance, enhanced wear and fatigue

properties, and optimized biocompatibility, thereby expanding the range of potential applications for titanium

alloys. Furthermore, ongoing research and development in surface treatment technologies, such as anodizing,

electroplating, and laser surface modification, are crucial for further improving the properties and expanding the

applications of Ti-6Al-4V ELI alloy, enabling the development of new and innovative products that leverage the

unique combination of strength, lightweight, and corrosion resistance offered by titanium alloys.
Kumar, S. (2023) 884-902
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Figure 7: AM—EBM fabricated Ti-6Al-4V complex objects with a Software models[68]
3.2. Additive Manufacturing

The Ti-alloy has emerged as a leading material in additive manufacturing (AM) research and development, with
notable advancements in recent years. AM, also known as 3D printing, has transformed the production of complex
titanium alloy components by offering enhanced geometric flexibility, reduced material waste, and improved
mechanical properties [69], [70]. Ti-6Al-4V ELI alloy has become a prominent material in AM research. AM offers
enhanced geometric flexibility, reduced material waste, and improved mechanical properties. The alloy's superior
mechanical properties, corrosion resistance, and biocompatibility make it widely used in AM. Other titanium alloys,
such as Ti-5Al-2.5Fe and Ti-6Al-7Nb, have also been explored for AM applications. Research has focused on
optimizing AM process parameters for Ti-6Al-4V ELI alloy to achieve improved mechanical properties and reduced
porosity [27], [31]. The alloy has been explored for biomedical applications, such as implants and surgical
instruments. Additively manufactured Ti-6Al-4V ELI alloy implants exhibit superior osseointegration and
biocompatibility. The alloy has also been investigated for aerospace and industrial applications [71]. However,
challenges such as residual stresses and distortion necessitate careful process optimization. The high cost of Ti-6Al-
4V ELI powder and the need for precise control over AM process parameters can increase production costs [38],
[72]. The (Fig 7) shows AM-EBM fabricated Ti-6Al-4V complex objects with a Software models Ensuring
consistent quality and reproducibility remains a critical challenge, requiring ongoing research to optimize AM

techniques.
4. CONCLUSION

Ti-6Al-4V ELI alloy's exceptional mechanical properties make it suitable for demanding applications in aerospace
and biomedical fields. Its high tensile strength, fatigue resistance, and fracture toughness are critical for
withstanding extreme conditions. The alloy's reduced interstitial content enhances its performance under cyclic
loading. It also demonstrates excellent corrosion resistance, making it suitable for harsh environments.
Advancements in additive manufacturing and surface treatments extend the alloy's applications and improve its
performance. Its versatility and robustness make it valuable across various high-tech and critical sectors. Ti-6Al-4V

ELI alloy's superior performance and versatility influence its application across industries. Its mechanical
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properties make it valuable in aerospace for producing lightweight yet durable components. In the biomedical field,
its biocompatibility and corrosion resistance enhance the reliability of implants and prosthetics. Additive
manufacturing and surface treatments broaden its utility. To address gaps in research, further investigation is
needed in several areas. Standardization of testing methods, long-term performance data, and optimization of
manufacturing processes are crucial. Detailed studies on biocompatibility and sustainable production practices are
essential. Exploring the environmental impact of the alloy's lifecycle could contribute to eco-friendly and

economically viable applications.

Compliance with ethical standards

Conflict of interest:

The author declare that he has no conflict of interest.
Ethical approval

This article does not contain any studies with human participants or animals performed by the author.

REFERENCES

[1] L. Wagner and M. Wollmann, Titanium and Titanium Alloys. 2013. doi: 10.1002/9783527649846.ch4.

[2] M. Mohamad, B. Ul Haq, R. Ahmed, A. Shaari, N. Ali, and R. Hussain, “A density functional study of
structural, electronic and optical properties of titanium dioxide: Characterization of rutile, anatase and
brookite polymorphs,” Mater. Sci. Semicond. Process., vol. 31, pp. 405—414, 2015, doi:
https://doi.org/10.1016/j.mssp.2014.12.027.

[3] J. Ren et al., “Deformation behavior of pure titanium with a rare HCP/FCC Boundary: An atomistic study,”
Mater. Res., vol. 23, no. 1, pp. 1-8, 2020, doi: 10.1590/1980-5373-MR-2019-0638.

[4] R. Traylor, R. Zhang, J. Kacher, J. O. Douglas, P. A. J. Bagot, and A. M. Minor, “Impurity and texture driven
HCP-to-FCC transformations in Ti-X thin films during in situ TEM annealing and FIB milling,” Acta Mater-.,
vol. 184, pp. 199—210, 2020, doi: https://doi.org/10.1016/j.actamat.2019.11.047.

[5] R. R. Boyer, “An overview on the use of titanium in the aerospace industry,” Mater. Sci. Eng. A, vol. 213, no.
1-2, pp. 103—-114, 1996, doi: 10.1016/0921-5093(96)10233-1.

[6] R. R. Boyer, “Titanium and Its Alloys: Metallurgy, Heat Treatment and Alloy Characteristics,” Encycl.
Aerosp. Eng., no. December 2010, pp. 1-12, 2010, doi: 10.1002/9780470686652.€ae198.

[7] E. C. G Welsch, R Boyer, Materials Properties Handbook: Titanium Alloys - ASM International. in
Materials properties handbook. ASM International, 1994. [Online]. Available:
https://books.google.com/books?hl=en&lr=&id=x3rToHWOcD8C&oi=fnd&pg=IA4&dq=titanium+properti
es&ots=x7B60BbseX&sig=DVV4zPwTsF2g3Vbof7-
ponbAzol#v=onepage&q&f=false%0Ahttps://books.google.com.br/books?hl=pt-
BR&Ir=&id=x3rToHWOcD8C&oi=fnd&pg=PP23&dq=Materials+P

[8] P. Nikiel, M. Wrébel, S. Szczepanik, M. Stepien, and K. Wierzbanowski, “Microstructure and mechanical
properties of Titanium grade 23 produced by selective laser melting,” Arch. Civ. Mech. Eng., vol. 21, no. 4,
pp. 1-16, 2021, doi: 10.1007/543452-021-00304-5.

[o] M. Geetha, A. K. Singh, R. Asokamani, and A. K. Gogia, “Ti based biomaterials, the ultimate choice for
orthopaedic implants - A review,” Prog. Mater. Sci., vol. 54, no. 3, pp. 397—425, 2009, doi:

898 Kumar, S. (2023) 884-902



Journal of Computational Analysis and Applications VOL. 31, NO. 4, 2023

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

10.1016/j.pmatsci.2008.06.004.

S. Gorsse, C. Hutchinson, M. Gouné, and R. Banerjee, “Additive manufacturing of metals: a brief review of
the characteristic microstructures and properties of steels, Ti-6Al-4V and high-entropy alloys,” Sci. Technol.
Adv. Mater., vol. 18, no. 1, pp. 584—-610, 2017, doi: 10.1080/14686996.2017.1361305.

S. A. Salihu, Y. I. Suleiman, A. I. Eyinavi, and A. Usman, “Classification , Properties and Applications of
titanium and its alloys used in aerospace , automotive , biomedical and marine industry- A Review,” vol. 4,
no. 3, pp. 23—36, 2019.

G. Liitjering and J. C. Williams, Titanium. in Engineering materials and processes. Springer, 2003.
[Online]. Available: https://books.google.co.in/books?id=GwlIgul_wAegC

M. Benedetti, V. Fontanari, M. Bandini, F. Zanini, and S. Carmignato, “Low- and high-cycle fatigue
resistance of Ti-6Al-4V ELI additively manufactured via selective laser melting: Mean stress and defect
sensitivity,” Int. J. Fatigue, vol. 107, pp. 96—109, 2018, doi: https://doi.org/10.1016/j.ijfatigue.2017.10.021.

M. J. Donachie, Titanium: A Technical Guide, 2nd Edition. in Ingenieria e ingenieria civil. ASM
International, 2000. [Online]. Available: https://books.google.co.in/books?id=HgzukknbNGAC

M. Niinomi, “Recent metallic materials for biomedical applications,” Metall. Mater. Trans. A, vol. 33, no. 3,
PpP- 477—-486, 2002, doi: 10.1007/s11661-002-0109-2.

K. S. Chan, M. Koike, R. L. Mason, and T. Okabe, “Fatigue life of titanium alloys fabricated by additive layer
manufacturing techniques for dental implants,” Metall. Mater. Trans. A Phys. Metall. Mater. Sci., vol. 44,
no. 2, pp. 1010—1022, 2013, doi: 10.1007/511661-012-1470-4.

S. Bauer, P. Schmuki, K. von der Mark, and J. Park, “Engineering biocompatible implant surfaces: Part I:
Materials and surfaces,” Prog. Mater. Sci., vol. 58, no. 3, pp. 261—326, 2013, doi:
https://doi.org/10.1016/j.pmatsci.2012.09.001.

M. Niinomi and K. Kagami, “Recent Topics of Titanium Research and Development in Japan,” Proc. 13th
World Conf. Titan., pp. 27—40, 2016, doi: 10.1002/9781119296126.ch4.

N. Singh, P. Hameed, R. Ummethala, G. Manivasagam, K. G. Prashanth, and J. Eckert, “Selective laser
manufacturing of Ti-based alloys and composites: impact of process parameters, application trends, and
future prospects,” Mater. Today Adv., vol. 8, p. 100097, 2020, doi:
https://doi.org/10.1016/j.mtadv.2020.100097.

K. Ronoh, F. Mwema, S. Dabees, and D. Sobola, “Advances in sustainable grinding of different types of the
titanium biomaterials for medical applications: A review,” Biomed. Eng. Adv., vol. 4, p. 100047, 2022, doi:
10.1016/j.bea.2022.100047.

A. K. Singla, J. Singh, and V. S. Sharma, “Impact of Cryogenic Treatment on Mechanical Behavior and
Microstructure of Ti-6Al-4V ELI Biomaterial,” J. Mater. Eng. Perform., vol. 28, no. 10, pp. 5931—5945,
2019, doi: 10.1007/511665-019-04338-y.

A. Saini et al., “Investigation of network microstructure of TiB/Ti6Al4V-ELI composite manufactured with
laser metal deposition,” Proc. Inst. Mech. Eng. Part B J. Eng. Manuf., vol. 14, no. 2, pp. 1-19, 2022, doi:
10.1557/843580-023-00576-4.

P. E. Carrion, N. Shamsaei, S. R. Daniewicz, and R. D. Moser, “Fatigue behavior of Ti-6Al-4V ELI including

mean stress effects,” Int. J. Fatigue, vol. 99, pp. 87—100, 2017, doi:
https://doi.org/10.1016/j.ijfatigue.2017.02.013.

S. R. Modi and K. Jha, “A Comparative Investigation on Mechanical and Electrochemical Characteristics of
Annealed Ti-6Al-4V ELI with Other Grades of Titanium Alloys,” J. Mater. Eng. Perform., 2024, doi:
10.1007/s11665-024-10190-6.

A. Anurag, R. Kumar, S. Roy, K. K. Joshi, A. K. Sahoo, and R. K. Das, “Machining of Ti-6Al-4V ELI Alloy: A
brief review,” IOP Conf. Ser. Mater. Sci. Eng., vol. 390, no. 1, p. 12112, Jul. 2018, doi: 10.1088/1757-
899X/390/1/012112.

R. Soni, R. Verma, R. Kumar Garg, and V. Sharma, “A critical review of recent advances in the aerospace
materials,” Mater. Today Proc., vol. 113, pp. 180—184, 2024, doi:
https://doi.org/10.1016/j.matpr.2023.08.108.

P. Szymczyk-Ziotkowska et al., “Improved quality and functional properties of Ti-6Al-4V ELI alloy for
personalized orthopedic implants fabrication with EBM process,” J. Manuf. Process., vol. 76, pp. 175—-194,

899 Kumar, S. (2023) 884-902



Journal of Computational Analysis and Applications VOL. 31, NO. 4, 2023

[28]

[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

2022, doi: https://doi.org/10.1016/j.jmapro.2022.02.011.

F. Trevisan et al., “Additive manufacturing of titanium alloys in the biomedical field: processes, properties
and applications,” J. Appl. Biomater. Funct. Mater., vol. 16, no. 2, pp. 57—67, Sep. 2017, doi:
10.5301/jabfm.5000371.

L.Y. Chen, Y. W. Cui, and L. C. Zhang, “Recent development in beta titanium alloys for biomedical
applications,” Metals (Basel)., vol. 10, no. 9, pp. 1-29, 2020, doi: 10.3390/met10091139.

S. Liu and Y. C. Shin, “Additive manufacturing of Ti6Al4V alloy: A review,” Mater. Des., vol. 164, p. 107552,
2019, doi: 10.1016/j.matdes.2018.107552.

W. Zhang and J. Xu, “Advanced lightweight materials for Automobiles: A review,” Mater. Des., vol. 221, p.
110994, 2022, doi: https://doi.org/10.1016/j.matdes.2022.110994.

P. Karmiris-Obratanski, E. L. Papazoglou, B. Leszczyniska-Madej, K. Zagdrski, and A. P. Markopoulos, “A
comprehensive study on processing ti—6al—4v eli with high power edm,” Materials (Basel)., vol. 14, no. 2,
pp. 1-17, 2021, doi: 10.3390/ma14020303.

J. Tong, C. R. Bowen, J. Persson, and A. Plummer, “Mechanical properties of titanium-based Ti—-6Al—4V
alloys manufactured by powder bed additive manufacture,” Mater. Sci. Technol., vol. 33, no. 2, pp. 138—148,
Jan. 2017, doi: 10.1080/02670836.2016.1172787.

X.Xu et al., “Ti-6Al-4V alloy strengthening via instantaneous phase transformation induced by
electropulsing,” J. Alloys Compd., vol. 899, p. 163303, 2022, doi:
https://doi.org/10.1016/j.jallcom.2021.163303.

F. Haase, C. Siemers, and J. Rosler, “Two novel titanium alloys for medical applications: Thermo-
mechanical treatment, mechanical properties, and fracture analysis,” J. Mater. Res., vol. 37, no. 16, pp.
2589-2603, 2022, doi: 10.1557/543578-022-00605-2.

Z.Z7.Fang et al., “Powder metallurgy of titanium—past, present, and future,” Int. Mater. Rev., vol. 63, no. 7,
Pp- 407—459, 2018, doi: 10.1080/09506608.2017.1366003.

A. M. Khorasani, M. Goldberg, E. H. Doeven, and G. Littlefair, “Titanium in biomedical applications—
properties and fabrication: A review,” J. Biomater. Tissue Eng., vol. 5, no. 8, pp. 593—619, 2015, doi:
10.1166/jbt.2015.1361.

E. dos S. Monteiro, F. Moura de Souza Soares, L. F. Nunes, A. I. Carvalho Santana, R. Sérgio de Biasi, and C.
N. Elias, “Comparison of the wettability and corrosion resistance of two biomedical Ti alloys free of toxic
elements with those of the commercial ASTM F136 (Ti—6Al—4V) alloy,” J. Mater. Res. Technol., vol. 9, no. 6,
pp- 16329-16338, 2020, doi: https://doi.org/10.1016/j.jmrt.2020.11.068.

E. Marin and A. Lanzutti, “Biomedical Applications of Titanium Alloys: A Comprehensive Review.,” Mater.
(Basel, Switzerland), vol. 17, no. 1, Dec. 2023, doi: 10.3390/ma17010114.

A. Abdudeen, J. E. Abu Qudeiri, A. Kareem, and A. K. Valappil, “Latest Developments and Insights of
Orthopedic Implants in Biomaterials Using Additive Manufacturing Technologies,” J. Manuf. Mater-.
Process., vol. 6, no. 6, 2022, doi: 10.3390/jmmp6060162.

D. Banerjee and J. C. Williams, “Perspectives on titanium science and technology,” Acta Mater., vol. 61, no.
3, pp- 844—879, 2013, doi: 10.1016/j.actamat.2012.10.043.

M. Kaur and K. Singh, “Review on titanium and titanium based alloys as biomaterials for orthopaedic
applications,” Mater. Sci. Eng. C, vol. 102, no. December 2018, pp. 844—862, 2019, doi:
10.1016/j.msec.2019.04.064.

S. Suresh, C.-N. Sun, S. Tekumalla, V. Rosa, S. M. Ling Nai, and R. C. W. Wong, “Mechanical properties and
in vitro cytocompatibility of dense and porous Ti—6Al—-4V ELI manufactured by selective laser melting
technology for biomedical applications,” J. Mech. Behav. Biomed. Mater., vol. 123, p. 104712, 2021, doi:
https://doi.org/10.1016/j.jmbbm.2021.104712.

B. D. Venkatesh, D. L. Chen, and S. D. Bhole, “Effect of heat treatment on mechanical properties of Ti—6Al-
4V ELI alloy,” Mater. Sci. Eng. A, vol. 506, no. 1, pp. 117—-124, 2009, doi:
https://doi.org/10.1016/j.msea.2008.11.018.

L. Bian, S. M. Thompson, and N. Shamsaei, “Mechanical Properties and Microstructural Features of Direct
Laser-Deposited Ti-6Al-4V,” JOM, vol. 67, no. 3, pp. 629—638, 2015, doi: 10.1007/s11837-015-1308-9.

Peters and Leyens, “Leyens, Peters - 2003 - Titanium and titanium alloys.pdf,” 2003.
900 Kumar, S. (2023) 884-902



Journal of Computational Analysis and Applications VOL. 31, NO. 4, 2023

[47]
[48]

[49]

[50]
[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

B. D. Venkatesh, D. L. Chen, and S. D. Bhole, “Effect of heat treatment on mechanical properties of Ti-6Al-
4V ELI alloy,” Mater. Sci. Eng. A, vol. 506, no. 1—2, pp. 117—124, 2009, doi: 10.1016/j.msea.2008.11.018.

A.Mahmud et al., “Mechanical behavior assessment of ti-6al-4v eli alloy produced by laser powder bed
fusion,” Metals (Basel)., vol. 11, no. 11, 2021, doi: 10.3390/met11111671.

H. Galarraga, R. J. Warren, D. A. Lados, R. R. Dehoff, M. M. Kirka, and P. Nandwana, “Effects of heat
treatments on microstructure and properties of Ti-6Al-4V ELI alloy fabricated by electron beam melting
(EBM),” Mater. Sci. Eng. A, vol. 685, pp. 417—428, 2017, doi: https://doi.org/10.1016/j.msea.2017.01.019.

O.N. E. Johnson, J. Plz, and N. E. W. Brunswick, “J O Hn So N & J O Hn So N for,” no. October 2014, pp. 1—
10, 2019.

P. Tarin et al., “Martensite formation in titanium alloys: Crystallographic and compositional effects,” Mater.
Sci. Eng. A, vol. 872, no. 4, p. 159636, 2021, doi: 10.1016/j.jallcom.2021.159636.

G. Chen, X. Wen, and N. Zhang, “Corrosion resistance and ion dissolution of titanium with different surface
microroughness.,” Biomed. Mater. Eng., vol. 8, no. 2, pp. 61—74, 1998.

C. Kuphasuk, Y. Oshida, C. J. Andres, S. T. Hovijitra, M. T. Barco, and D. T. Brown, “Electrochemical
corrosion of titanium and titanium-based alloys,” J. Prosthet. Dent., vol. 85, no. 2, pp. 195—202, Feb. 2001,
doi: 10.1067/mpr.2001.113029.

M. Kiel, J. Szewczenko, J. Marciniak, and K. Nowiniska, “Electrochemical properties of Ti-6Al-4V ELI alloy
after anodization,” Lect. Notes Comput. Sci. (including Subser. Lect. Notes Artif. Intell. Lect. Notes
Bioinformatics), vol. 7339 LNBI, pp. 369—378, 2012, doi: 10.1007/978-3-642-31196-3_37.

G. J. Owens et al., “Sol—gel based materials for biomedical applications,” Prog. Mater. Sci., vol. 77, pp. 1-79,
2016, doi: https://doi.org/10.1016/j.pmatsci.2015.12.001.

E. Cerri, E. Ghio, and G. Bolelli, “Ti6Al4V-ELI Alloy Manufactured via Laser Powder-Bed Fusion and Heat-
Treated below and above the f-Transus: Effects of Sample Thickness and Sandblasting Post-Process,” Appl.
Sci., vol. 12, no. 11, 2022, doi: 10.3390/app12115359.

D. Tobola, J. Morgiel, and L. Maj, “TEM analysis of surface layer of Ti-6Al-4V ELI alloy after slide
burnishing and low-temperature gas nitriding,” Appl. Surf. Sci., vol. 515, p. 145942, 2020, doi:
https://doi.org/10.1016/j.apsusc.2020.145942.

X. Pang, Z. Xiong, C. Yao, J. Sun, R. D. K. Misra, and Z. Li, “Strength and ductility optimization of laser
additive manufactured metastable f titanium alloy by tuning a phase by post heat treatment,” Mater. Sci.
Eng. A, vol. 831, p. 142265, 2022, doi: https://doi.org/10.1016/j.msea.2021.142265.

T. Sasaki, T. Miyazaki, H. Ito, T. Furukawa, and T. Mihara, “X-ray Residual Stress Analysis of Nickel Base
Alloys,” in Advanced Materials Research, 2014, pp. 274—279.

S. Seo, M. Jung, and J. Park, “Microstructure Control for Enhancing the Combination of Strength and
Elongation in Ti-6Al-4V through Heat Treatment,” Metals (Basel)., vol. 14, no. 9, p. 985, 2024, doi:

10.3390/met14090985.

D. Tobola, J. Morgiel, £.. Maj, M. Pomorska, and M. Wytrwal-Sarna, “Effect of tribo-layer developed during
turning of Ti—6Al-4V ELI alloy on its low-temperature gas nitriding,” Appl. Surf. Sci., vol. 602, no. June,
2022, doi: 10.1016/j.apsusc.2022.154327.

V. Miiller, M. Jobbagy, and E. Djurado, “Coupling sol-gel with electrospray deposition: Towards
nanotextured bioactive glass coatings,” J. Eur. Ceram. Soc., vol. 41, no. 14, pp. 7288-7300, 2021, doi:
https://doi.org/10.1016/j.jeurceramsoc.2021.07.041.

S.V. Harb et al., “PMMA-silica nanocomposite coating: Effective corrosion protection and biocompatibility
for a Ti6bAl4V alloy,” Mater. Sci. Eng. C, vol. 110, no. December 2019, 2020, doi:
10.1016/j.msec.2020.110713.

K. Nagai, K. Hiraga, T. Ogata, and K. Ishikawa, “Cryogenic Temperature Mechanical Properties of &beta;-
Annealed Ti&ndash;6Al&ndash;4V Alloys,” Trans. Japan Inst. Met., vol. 26, no. 6, pp. 405—413, 1985, doi:
10.2320/matertrans1960.26.405.

P. 1. Pradeep et al., “Characterization of Titanium Alloy Ti6Al4V-ELI Components made by Laser Powder
Bed Fusion Route for Space Applications,” Trans. Indian Natl. Acad. Eng., vol. 6, no. 4, pp. 1071—1081,
2021, doi: 10.1007/541403-021-00254-7.

901 Kumar, S. (2023) 884-902



Journal of Computational Analysis and Applications VOL. 31, NO. 4, 2023

[66]

[67]

[68]

[69]

[70]

[71]

[72]

K. Gu, J. Wang, and Y. Zhou, “Effect of cryogenic treatment on wear resistance of Ti—6Al—4V alloy for
biomedical applications,” J. Mech. Behav. Biomed. Mater., vol. 30, pp. 131—139, 2014, doi:
https://doi.org/10.1016/j jmbbm.2013.11.003.

S. A. Niknam, R. Khettabi, and V. Songmene, “Machinability and Machining of Titanium Alloys: A Review
BT - Machining of Titanium Alloys,” J. P. Davim, Ed., Berlin, Heidelberg: Springer Berlin Heidelberg, 2014,
pp. 1-30. doi: 10.1007/978-3-662-43902-9_1.

L. E. Murr et al., “Next-generation biomedical implants using additive manufacturing of complex cellular
and functional mesh arrays,” Philos. Trans. R. Soc. A Math. Phys. Eng. Sci., vol. 368, no. 1917, pp. 1999—
2032, 2010, doi: 10.1098/rsta.2010.0010.

L. E. Murr, “Metallurgy of additive manufacturing: Examples from electron beam melting,” Addit. Manuf.,
vol. 5, pp. 40—53, 2015, doi: https://doi.org/10.1016/j.addma.2014.12.002.

L. E. Murr, “Metallurgy principles applied to powder bed fusion 3D printing/additive manufacturing of
personalized and optimized metal and alloy biomedical implants: an overview,” J. Mater. Res. Technol., vol.
9, no. 1, pp. 1087—1103, 2020, doi: https://doi.org/10.1016/j.jmrt.2019.12.015.

H. D. Nguyen et al., “A critical review on additive manufacturing of Ti-6Al-4V alloy: microstructure and
mechanical properties,” J. Mater. Res. Technol., vol. 18, pp. 4641—-4661, 2022, doi:
https://doi.org/10.1016/j.jmrt.2022.04.055.

Y. K. Balasubramanian Gayathri, R. L. Kumar, V. V. Ramalingam, G. S. Priyadharshini, K. S. Kumar, and T.
R. Prabhu, “Additive Manufacturing of Ti-6Al-4V alloy for Biomedical Applications,” J. Bio- Tribo-
Corrosion, vol. 8, no. 4, p. 98, 2022, doi: 10.1007/540735-022-00700-1.

902 Kumar, S. (2023) 884-902



	1. INTRODUCTION
	Figure 1: Flow diagram for the titanium alloy production process form ore
	Figure 2: Titanium Oxides Crystal structure (a) Rutile (b) Anatase and (c) Brookite [2]
	Figure 3: Crystal structure of (a) HCP (α) and (b) BCC (β) phase.

	2. PROPERTIES OF TI-6AL-4V ELI ALLOY
	2.1. Chemical composition
	Table 1: The chemical composition of Ti-6Al-4V ELI
	2.1.1. Impact of Interstitial, Aluminium and Vanadium Elements:
	2.1.2. Impact of Trace Elements and Impurities:
	2.1.3. Chemical Composition Comparison with Other Ti-Alloys:

	Figure 4: Chemical composition comparison of Titanium alloys

	2.2. Mechanical Properties
	Figure 5. Ti-6Al-4V ELI percentage application in various fields
	Table 2: Application of Ti-6Al-4V ELI industry and properties

	2.3. Biocompatibility and Osseo-integration
	2.4. Comparison with Other Ti-Alloys
	Table 3. Comparison of Mechanical Properties of Titanium Alloys
	Figure 6: A plot of specific strength of titanium alloys against the thermal strength of other structural materials [46]


	3. TECHNOLOGICAL ADVANCEMENTS
	3.1. Surface treatments
	Table 4: Summary of Surface Treatment Methods for Enhancing Ti-6Al-4V ELI Alloy Performance

	3.2. Additive Manufacturing

	4. CONCLUSION
	Conflict of interest:
	Ethical approval

	REFERENCES

