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Titanium and its alloys, primarily Ti-6Al-4V and Ti-6Al-7Nb, are widely used in various high-
tech sectors due to their excellent mechanical properties, high corrosion resistance, and low density.
However, these materials exhibit low wear resistance and a tendency to gall during friction, limiting
their applicability in aggressive environments or under heavy loads. This review discusses the main
challenges associated with the tribological properties of titanium alloys and various modern surface
modification techniques, including chemical and electrochemical methods, laser coatings, ion
implantation, and nanocoatings. The advantages of these techniques in improving wear resistance

are analyzed, with a focus on applications in aerospace and medicine. Special attention is given to
the impact of friction in different environments and the anti-friction properties of titanium alloys.
The review highlights the need for further development of surface modification technologies to

http://doi.org/10.62853/UZCI2687

enable broader use of titanium and its alloys in extreme conditions and to extend their service life.
© 2024 Journal of the Technical University of Gabrovo. All rights reserved.

1. INTRODUCTION

Titanium alloys hold a significant position in modern
industry due to the unique properties they offer. They
combine high strength, low density, excellent corrosion
resistance, and good biocompatibility, making them
preferred materials for use in a range of high-tech industrial
sectors.

Alloys such as Ti-6Al-4V, Ti-6Al-4V ELI, and Ti-6Al-
7Nb are widely used in the production of critical
components in fields like aerospace, aviation, and
biomedicine. Specifically in medicine, these alloys are the
material of choice for manufacturing implants and
orthopedic devices due to their excellent compatibility with
human tissue and long-term durability [1].

Despite their advantages, titanium alloys have certain
limitations related to their low wear resistance and tendency
to gall under friction. This characteristic leads to premature
wear, particularly in dry friction conditions, affecting
components and assemblies [2].

To overcome these limitations and enhance the
performance of titanium alloys, various surface
modification methods are applied. The most commonly
used surface modification techniques for titanium alloys
include nitriding, oxidation, surface alloying, ion
implantation, and thermochemical treatment. These
methods aim to optimize the mechanical properties and
improve the biocompatibility of titanium alloys by creating
surface layers that make them more suitable for specific
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applications requiring high durability and safety standards
[3].

This article reviews the most commonly used surface
modification methods for Ti-6Al-4V and Ti-6Al-7Nb
alloys, focusing on their effect on the wear resistance and
biocompatibility of these alloys.

2. EXPOSITION

Characteristics of Ti-6Al1-4V and Ti-6Al-7Nb Titanium
Alloys

The Ti-6Al-4V and Ti-6Al-7Nb alloys are the most
commonly used titanium alloys for structural and
biomedical applications. They are classified as o+ titanium
alloys, known for their excellent combination of
mechanical strength, low density, and good corrosion
resistance. These alloys are widely used in the aerospace
industry and biomedicine due to their high specific strength
and compatibility with biological tissues. Ti-6Al-4V is the
most popular titanium alloy, characterized by good
machinability, high fatigue resistance, and excellent
corrosion resistance, especially in aggressive environments
[4-6]. The Ti-6Al-7Nb alloy was developed as a biomedical
alternative to Ti-6Al-4V, replacing the beta-stabilizing
element vanadium (V) with niobium (Nb) due to
vanadium’s cytotoxicity in the body, making Ti-6Al-7Nb
safer. Additionally, the Ti-6Al-4V ELI alloy has been
developed with reduced vanadium content [7-9].

Despite their superior mechanical properties and
corrosion resistance, these titanium alloys lack sufficient
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wear resistance, especially in contact friction with other
surfaces. This drawback leads to premature wear of parts,
which is a significant problem in biomedical implants and
prostheses, where wear can result in particle formation that
causes inflammatory reactions and implant rejection.
Furthermore, although these alloys are considered
biocompatible, their surface characteristics, such as
roughness and chemical composition, can affect cellular
adhesion and interaction with biological tissues. To
improve these key properties, various surface modification
techniques are used to increase wear resistance and improve
interactions with biological systems [10-13].

The average static coefficient of dry friction for titanium
alloys as Ti-6Al-4V is about 0.61, while the dynamic
coefficient varies between 0.47 and 0.49 at a friction speed
of 1 cm/s [14]. These values highlight the need for
additional surface modification methods to minimize
friction and enhance the material’s wear resistance.

The friction problem with titanium alloys stems from
their inherent properties, including high plasticity and low
thermal conductivity. These factors lead to easy surface
galling and an increased tendency of seizure. During
friction, especially under higher loads, the contact points
between surfaces can undergo plastic deformation,
accumulating gases like oxygen and nitrogen, which further
harden the contact zones [13-15]. This worsens the
material's wear resistance and accelerates degradation.

While using a- and B-stabilizers in alloying and various
heat treatment methods can partially improve titanium’s
mechanical properties, they are insufficient to prevent
galling under extreme conditions. The onset of this process
depends on factors such as friction speed, load, the type of
contact surfaces, and the environment where the friction
occurs [16].

Depending on the environment, friction has different
impact on the properties of titanium alloys. Experimental
studies show that friction in environments with high
humidity, seawater, or other fluids can initiate additional
corrosion processes and increase wear further. The heat
generated due to friction accelerates plastic deformation
and promotes diffusion and oxidation processes [16].

Dry friction in an atmospheric media, such as in contact
with air, increases surface wear of Ti-6Al-4V, which is
related to the diffusion of oxygen and nitrogen into the
contact points. These gases increase the hardness of the
surface layer, which leads to severe wear and surface
galling [17].

Research on Ti-6Al-4V shows that the wear intensity is
highest when friction occurs in oil, followed by water
containing 3% NaCl, with the lowest wear observed in dry
air environment. Under these conditions, the depth of the
galled layer can reach up to 30 pm in air and 20 um in oil
[18].

Friction in an argon media, which is an inert gas,
significantly reduces wear of titanium alloys, preventing
oxidation and diffusion processes. This is particularly
useful for applications requiring minimal wear under high
temperatures and loads, such as in aerospace engines and
space technologies [19].

Surface Modification Methods

The most commonly used surface modification methods
for titanium alloys Ti-6Al-4V and Ti-6Al-7Nb are
summarized in Table 1.

1. Chemical and Electrochemical Modification

The most common category of surface modification
methods for titanium alloys involves chemical or
electrochemical treatments. Chemical methods such as acid
treatment or alkaline activation remove contaminants and
oxides from the surface while promoting the formation of a
durable oxide layer [20]. Electrochemical polishing, on the
other hand, reduces micro-roughness and creates conditions
for a lower friction coefficient and better wear resistance
[21]. These processes are essential in biomedical
applications where the modified surfaces must have high
biocompatibility and corrosion resistance [22].

Table 1 Surface modification methods for titanium alloys Ti-6Al-
4V and Ti-6AIl-7Nb, focusing on techniques that enhance wear
resistance and biocompatibility

Chemical and
electrochemical

Improve corrosion resistance and
biocompatibility

Creates aprotective oxide layer
enhancing corrosion resistance and
wear properties

Anodizing

Nitridin Increases hardness and wear resistance

g by forming a hard titanium nitride layer
Enhances surface hardness and
improves tribological properties

Thermochemical
Treatment

e Applies wear-resistant materials

il precisely, enhancing durability

Increases surface hardness, extending
the life of implants

Surface modification methods

lon Implantation

Provide advanced tribological
properties, improving integration with
bone tissue

Nanocoatings

2. Nitriding

Nitriding of titanium alloys Ti-6Al-4V and Ti-6Al-7Nb
is one of the most effective methods for increasing their
wear resistance and hardness. The process involves
nitrogen diffusion into the surface layer of the alloys at high
temperatures or through ion nitriding in a plasma
environment. As a result, a hard titanium nitride layer (TiN)
is formed, significantly improving the surface properties.
This layer provides much higher wear resistance and
resistance to galling under friction, which is especially
important for applications involving dynamic loading and
friction in biomedical implants and aerospace components.
Additionally, nitriding improves the corrosion resistance of
titanium alloys without negatively affecting their
biocompatibility, making it suitable for medical
applications where materials need to be compatible with
human tissue.

3. Anodizing

Anodization of titanium alloys is a widely used surface
modification method that creates a thin, hard oxide layer
(typically TiO2) on the metal’s surface. This process is
carried out through an electrochemical reaction, where the
titanium alloy is immersed in an electrolyte and subjected
to an electric current. The anodized layer significantly
enhances corrosion resistance, protecting the base material
from aggressive environments, including physiological
fluids in biomedical applications. Moreover, the oxide layer
improves wear resistance and can reduce the friction
coefficient, which is particularly important for components
subjected to friction and contact. In biomedicine, anodizing
is used to improve the biocompatibility of titanium alloys
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by providing a favorable surface for cellular adhesion and
osseointegration.

4. Thermochemical Treatment

Thermochemical treatment of Ti-6Al-4V and Ti-6Al-
7Nb involves enriching the material’s surface with
chemical elements such as nitrogen, carbon, or boron
through diffusion at high temperatures. Common
techniques include nitriding and carbonitriding, which form
surface layers with high hardness, wear, and friction
resistance. These methods create thin but extremely hard
layers, like TiN and TiCN, which significantly improve the
wear resistance of titanium alloys without compromising
their internal strength and ductility. Thermochemical
treatment also enhances corrosion resistance and provides
better tribological properties, which is important for
applications such as engine components and biomedical
implants. Applying these methods can improve the
biocompatibility of titanium alloys by reducing the risk of
adverse reactions in the body.

5. Laser Modification

Laser coating is a modern surface modification
technique that allows precise application of thin layers of
wear-resistant materials onto titanium alloys [23]. Laser
processing is used to create hard layers of carbides, nitrides,
or oxides, which significantly increase the wear resistance
and improve the tribological properties of titanium alloys
[24]. This method is particularly effective in applications
where high wear resistance and corrosion resistance are
critical, such as in dental medicine or artificial joints [25].
Laser technologies enable precise control over the coating's
thickness and composition, which is essential for achieving
optimal properties for various applications [23-26]. For
example, laser modification of Ti-6Al-7Nb significantly
increases wear resistance without compromising the
biocompatibility of this alloy [27].

6. Ion Implantation

Ion implantation is a process in which ions of nitrogen
or other chemical elements are accelerated and "implanted"
into the surface of titanium alloys [28]. This leads to the
formation of nitrides or carbides in the surface layer,
improving the hardness and wear resistance of the titanium
alloy [29]. Nitrogen ion implantation, for example, is
particularly effective in alloys like Ti-6Al-4V, where
increased surface hardness can reach values above 1000
HV [28-30]. This method is widely used in medical and
industrial ~ applications ~ where  friction  resistance
requirements are particularly important [30-31]. Ion
implantation can extend the lifespan of titanium implants
and reduce the risk of infections and adverse reactions [32].

7. Nanocoatings

Nanocoatings are one of the most advanced
technologies for surface modification of titanium alloys.
These coatings consist of nanometer-thin layers that
significantly improve the tribological properties of the
material. Nanocoatings may include materials such as
diamond nanoparticles or carbon nanotubes, which reduce
the friction coefficient and increase wear resistance [33-34].
In biomedical applications, nanocoatings are particularly
useful for implants and prostheses, where they improve
biocompatibility and promote better integration with bone
tissue [35]. The application of nanocoatings is a growing

area of research, offering new possibilities for improving
the performance of titanium alloys in demanding
environments [33-36].

3. CONCLUSION

Titanium alloys Ti-6Al-4V and Ti-6Al-7Nb are widely
used in industrial and biomedical applications due to their
excellent mechanical properties and good corrosion
resistance. However, their poor friction and wear resistance
present a challenge, especially in contact with other metals.
The Ti-6Al1-4V alloy is prone to intense galling,
necessitating the use of specific surface modification, such
as nitriding, to improve its wear resistance. Ti-6Al-7Nb, on
the other hand, offers better biocompatibility and a lower
coefficient of friction, making it a preferred choice for
implants and biomedical devices.

Surface modification of these alloys is crucial for
enhancing their performance properties. These methods
provide better corrosion and wear resistance, making them
a preferred choice for applications requiring durability and
reliability. Advances in surface modification technologies
for titanium and titanium alloys will continue to be a key
factor in their broader use across various industrial and
medical fields, ensuring high wear and corrosion resistance
in extreme conditions.
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