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Preface

At the global level, there is a continuous concern for the research and development of
titanium alloys due to the excellent properties they have. The discovery of titanium
dates back to the eighteenth century, but its destructive form was not successfully
isolated until the twentieth century. In recent decades, titanium has gradually become
important and has become the mainstay of science and technology. With the growth
of the aviation industry, titanium alloys have become an ideal choice for aircraft
structures. Their lightweight and high-strength properties make aircraft not only
more energy efficient but also safer. Aerospace applications account for 80% of tita-
nium consumption, while 20% of the metal is used in armor, hardware, and medical
and consumer products.

Titanium-Based Alloys — Characteristics and Applications is a compact book that brings
together the properties and characteristics of titanium alloys from various industrial
or medical applications. In addition to their benefits, this book discusses their draw-
backs and future improvements.

This book is composed of eight chapters, each addressing important aspects of tita-
nium alloys and their applications while searching for solutions to the new generation
of titanium alloys that benefit industry and medical professionals.

The chapters cover a wide range of subjects, from the use of shape-memory alloys in
dentistry to the mechanical and microstructural characterization of titanium alloys
processed through additive techniques. Other chapters explore the diverse applica-
tions of titanium alloys in fields such as aeronautics, medical engineering, and many
others.

Intended for students, engineers, and researchers worldwide exploring the various
applications and characterizations of these remarkable materials, this book brings
together concepts from physics, chemistry, materials science, and engineering.

Petricd Vizureanu and Midalina Simona Biltatu
Gheorghe Asachi Technical University of Iasi,
Iasi, Romania
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Chapter1

Perspective Chapter:
Titanium — A Versatile Metal in
Modern Applications

Madalina Simona Baltatu, Petricd Vizgureanu,

Andprei Victor Sandu, Dragos Cristian Achitei,

Manuela Cristina Perju, Dumitru Doru Burduhos-Nergis
and Marcelin Benchea

Abstract

Titanium, a considerable metal renowned for its exceptional properties, has
found its way into numerous industrial, medical, and aerospace applications. This
chapter provides an overview of titanium’ unique characteristics, which include high
strength-to-weight ratio, excellent corrosion resistance, and biocompatibility, making
it an ideal choice for diverse engineering and medical purposes. In the aerospace
industry, titanium’s low density and remarkable strength make it an essential material
for aircraft components, from engine components to structural parts. Its resistance
to corrosion in aggressive environments also renders it invaluable for marine applica-
tions. Medical fields have accepted titanium for orthopedic implants, dental fixtures,
and surgical instruments due to its biocompatibility and ability to integrate seamlessly
with living tissues. In addition to its medical and aerospace applications, titanium
is used in the automotive industry for lightweight components that enhance fuel
efficiency and reduce emissions.

Keywords: titanium alloys, alloying elements, properties, applications, future trends

1. Introduction

In recent decades, titanium has become one of the most valued and utilized
materials across various technological and medical domains, owing to its exceptional
properties. Initially discovered as dioxide in the year 1788 and extracted in its pure
metallic form only by 1925, titanium has traveled a significant journey to become rec-
ognized as a revolutionary metal [1-3]. This chapter seeks to delve into the complexity
and versatility of titanium, an element placed in the fourth subgroup of Mendeleev’s
system, alongside thorium, hafnium, and zirconium, highlighting its indispensable
role in contemporary innovations.
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Titanium-Based Alloys — Characteristics and Applications

Titanium, with atomic number 22 and an atomic weight of 47.90, is distinguished
by its white-silver color, remarkable tensile strength, impressive melting and boil-
ing points, and superior mechanical and corrosion resistance properties compared
to other metals. These features render titanium and its alloys as ideal materials for a
broad spectrum of applications, ranging from aerospace to medical fields, where its
biocompatibility is of significant importance [4-6].

The history of titanium alloys (Figure 1) begins within the context of titanium’s
discovery and its evolving use as a metal in engineering and technology. Although
pure titanium was initially isolated in its metallic form in the early nineteenth cen-
tury, the development of titanium alloys truly commenced in the 1950s [7], when the
demand for materials with enhanced performance in advanced applications became
evident [5, 8].

Initially, titanium was considered a rare metal with limited uses due to the dif-
ficulties in extraction and processing. However, the discovery of its unique proper-
ties, such as exceptional corrosion resistance, an optimal strength-to-weight ratio,
and biocompatibility, sparked interest in the development of alloys to optimize and
extend these characteristics for specific applications [9-11].

In the 1950s and 1960s, with the development of the aerospace industry and
space race, the demand for lightweight and strong materials increased significantly.
Titanium alloys met this demand, providing ideal solutions for components of
aircraft, rockets, and satellites, thanks to their resistance to extremely high tempera-
tures and corrosion. For example, Ti-6Al-4 V, a titanium alloy with aluminum and
vanadium, became one of the most utilized alloys due to its optimal balance between
ductility, strength, and corrosion resistance [11].

As the processing technology for titanium evolved, other alloys were developed
to meet the specific needs of various industries. In medicine, titanium alloys were
adapted to maximize biocompatibility and fatigue resistance, essential for orthopedic

1788: Titanium was discovered in the form of dioxide by William Gregor

791: Martin Heinrich Klaproth named it titanium, after the Titans of Greek mythology

(&

1910: Matthew A. Hunter succeeded in isolating pure titanium by reducing titanium tetrachloride with sodium

Corporation of Am ACA) began the industrial production of pure metallic

The 1950s: The beginning of the use of ritanium alloys in industries such as aerospace and military

The 1960s: The use of titanium and its alloys in the construction of spacecraft and satellites

The 1970s: The introduction of titanium in medicine, ecially in orthopedic and dental implants

The 1980s: Titanium becomes papular in high-performance sports equipment and architecture

The 1990s: The development of processing technologies that allow for the wider use of titanium

POIHLOH O

The 2000s: Exploring the use of titanium in ogical technologies and in new medical applications

Figure 1.
Timeline of the discovery and use of titanium.
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and dental implants. In the chemical industry and marine applications, titanium
alloys were optimized for maximum corrosion resistance.

Alloying elements play an important role in modifying and improving the proper-
ties of titanium alloys, allowing them to be adapted for a wide range of industrial
and medical applications. By adding different elements to the chemical composition
of titanium, the mechanical properties, corrosion resistance, ductility, and machin-
ability of the alloys can be specifically adjusted. An example is the alloy Ti-6Al-4 V,
valued in the aerospace and medical industry for its balance between strength and
ductility. Another alloy, Ti-6Al-7Nb, is specifically used in medical implants, provid-
ing a biocompatible alternative to traditional alloys. Alongside the well-established
and widely used titanium alloy systems in industry and medicine, there is ongoing
research for the development of new alloy systems that offer improved properties
for specific applications. Among these, also, new titanium alloy systems are under
research: Ti-Mo-Si, Ti-Mo-Zr-Mn, Ti-Mo-Zr-Ta, and Ti-Mo-Zr-Ta-Si. These alloy
systems demonstrate the versatility of titanium and its capacity to be customized for
specific needs (Figure 2) [4, 12-14].

Thus, the development of titanium alloys has been strongly associated with both
industry-specific requirements and advances in technology. The defining character-
istic of this process has been the ongoing collaboration of scientists, engineers, and
technicians who have investigated and expanded the possibilities of this adaptable
metal. With new studies focusing on enhancing mechanical qualities, creating shape
memory alloys, and investigating potential in cutting-edge biomedical applications
and green technology, titanium alloys continue to play a vital role in innovation today
[1,2,9,15,16].

The classical methods of elaboration of Ti-based alloys for aerospace, biomedical
implants, and military applications are arc remelting (VAR and EBM), selective laser
melting (SLM), atomization, cold hearth melting, plasma arc welding, hot isostatic
pressing (HIP), rotary forging, centrifugal casting, and sheet metal forming.

This chapter will explore the evolution of titanium’ application in technology and
medicine, highlighting its pivotal role in engineering innovation. It will also provide
an in-depth analysis of titanium?’ distinctive features that contribute to its high value.
In addition, we will investigate titanium alloys, the manufacturing techniques that
enable its full utilization, and analyze specific applications that gain from the benefits
provided by this metal [17].

Hence, this chapter will not only demonstrate the significance of titanium in the
contemporary world but also emphasize its untapped capacity, opening up possibili-
ties for novel findings and uses that have the potential to revolutionize the existing
technical and medical domain.

Ti-6Al-4Vv
Ti-6Al-7Nb ‘ adding biocompatible

. . . elements (Mo, Nb, etc.
bioactive coatings (Va5 160, 8]
Titanium alloys
used for

medical
applications

Nitinol -
CPTi 3D printing
Figure 2.

Development trends of titanium alloys.

mechanical alloying
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2. The unique properties of titanium

Titanium, first identified in 1791 by William Gregor, is a metallic element with
a silver-gray appearance and is relatively abundant in the Earth’s crust. It holds the
22nd position on the periodic table, under Group 4, and is the seventh most common
element in nature (0.63%), following Al (8.8%), Fe (5.1%), Ca (3.6%), Na (2.64%),
K (2.6%), and Mg (2.1%). It is part of around 100 minerals, with the most important
being:

¢ Rutile, TiO,

¢ Ilmenite, FeTiO; or FeO.Ti0O,

* Titanomagnetite, Fe;TiOg or Fe;0,.TiO,
¢ Perovskite, CaTiO; or CaO.TiO,

* Titanite (sphene), CaTiSiOs or CaO.Ti0,.SiO,.

Ilmenite is the primary titanium mineral due to its high titanium content and ease
of decomposition. Rutile, the richest titanium mineral, has been less important his-
torically, but recent methods have made it possible to convert rutile into a very pure
intermediate liquid product. Titanium production is costly due to its strong chemical
bonds in existing compounds, its reactivity with many chemical elements, its absorp-
tion of gases, and the high costs associated with the metallothermic reduction of TiCl,
using magnesium and sodium, as well as the purification and high-purity titanium
production processes such as electrolysis or the iodide method. Despite its high cost
compared to other metals, the benefits of using titanium are considerable.

Key physical properties of pure titanium are detailed in Table 1 [18, 19].

Physical properties of titanium.

Property Characteristic/ Value
Color in solid state Silver-white
Density at 25°C (o-Ti) 4.51 g/em’
Density at 900°C (B-Ti) 433 g/em’
Melting temperature 1668°C
Thermal expansion coefficient 91x10°¢/K
Specific heat at 25°C 0.523]/g.K
Thermal conductivity at 25°C 17-22 W/mK
Surface tension at 1600°C 1.7 N/m
Elastic modulus at 25°C 108 GN/m?
Tensile strength 450 MPa before casting and 850 MPa after casting
Yield strength 100-200 N/m’; 15-20%
Hardness 160-190 HB, 80-105 HV
Table 1.
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Titanium is a refractory metal with a melting point of 1725°C and undergoes a
polymorphic transformation at 882°C, from alpha titanium with a hexagonal close-
packed structure to beta titanium with a body-centered cubic structure.

When it comes to mechanical properties, titanium and its alloys have very high
specific strengths. These are higher than those of steels or precipitation-hardened
aluminum alloys (compare to steels in terms of strength, but with a density over 45%
lower; more than twice that of aluminum alloys, with only 60% higher density).
Some titanium alloys, such as Beta C, exceed, after heat treatment, a tensile strength
of 1400 MPa under conditions where the density does not exceed 4.5 kg/m’. However,
very high strengths are found when alloying with a large amount of alloying elements,
some of which have increased cytotoxic potential [20].

The mechanical properties of titanium distinguish it as a high-performance
material, favored in many engineering and technological applications. These proper-
ties, which include tensile strength, ductility, fatigue resistance, and elastic modulus,
contribute to its remarkable versatility and durability [21, 22].

The tensile strength of commercially pure titanium (with a minimum titanium
content of 99%), which is characterized by excellent biocompatibility, does not
exceed 550 MPa, even when it contains dissolved oxygen and nitrogen at the upper
limit of the standardized range. For higher purity levels (over 99.5% Ti), the strength
does not surpass 330 MPa. The hardness of pure commercial titanium does not exceed
265 HB (120 HB for grade 1 purity), and even high-strength alloys do not exceed 400
HB in the annealed state. This represents a disadvantage of titanium, which does not
perform well in wear situations. Indeed, in the case of large joint prostheses (knee or
hip), wear particles are responsible for many post-operative complications that can
lead to implant failure.

The ductility of commercially pure titanium is good, especially in the annealed
state, although its crystal structure is a in a compact hexagonal system. This phenom-
enon is due to the c/a ratio being close to the theoretical value of 1.633, which ensures
a greater number of slip planes. The ductility of titanium is largely dependent on the
dissolved amount of hydrogen, as well as oxygen and nitrogen. For the highest stan-
dardized purity for medical use (class 1, minimum 99.5% Ti), the elongation at break
reaches 30%, and the reduction at break exceeds 35% at room temperature. A typical
application benefiting from this ductility is surgical staples, used for viscerosynthesis
or tissue clips. Regarding chemical properties, titanium is a highly reactive metal
(immediately following aluminum in the activity series of metals). It reacts intensely
in contact with gases, especially at high temperatures. It burns when heated in the
atmosphere at temperatures above 610-650°C and even burns in pure nitrogen above
800°C, being one of the only elements to exhibit such behavior. This requires that
the machining of precision parts that need an impurity-free surface, such as medical
titanium accessories, is performed only in vacuums more advanced than 10-5 torr or
in argon.

The excellent corrosion resistance of titanium is the property that determines its
extensive medical use. It withstands all types of water, acid, or salt solutions, exhibit-
ing behavior comparable to platinum in chemical corrosion. It presents some issues in
contact with the ClO3 ion and cannot be heated in contact with halogens at tempera-
tures above 550°C due to the so-called salt corrosion.

By combining these excellent properties, titanium proves to be an extremely valu-
able material for a wide range of applications, offering efficient and durable solutions
that surpass the performance of traditional materials.
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3. Titanium alloys

Titanium alloys represent a class of advanced materials that enhance and diversify
the already remarkable properties of pure titanium, thus expanding the range of
applications in which this metal can be used. By alloying titanium with other ele-
ments, such as aluminum, vanadium, molybdenum, zirconium, and others, alloys
with specific mechanical, thermal, and chemical characteristics can be obtained,
tailored to the particular needs of various industries.

Titanium alloys are generally classified into three main categories, based on the
crystal structure and alloy composition (Figure 3).

» Alpha (a) alloys, these alloys contain alpha stabilizers, such as aluminum and
oxygen, which improve high-temperature strength and corrosion resistance.
They are characterized by good weldability and toughness at low temperatures.

* Beta () alloys contain beta stabilizers, such as molybdenum, vanadium, and nio-
bium, which lower the beta-alpha transformation temperature, thereby improving
ductility and workability. These alloys can be heat-treated to enhance strength.

o Alpha-Beta (a-f3) alloys, the combination of alpha and beta stabilizers provides a
balance between ductility and strength, making these alloys versatile and widely
used, especially in the aerospace industry [23, 24].

Alloying elements can significantly influence the properties of titanium, trans-
forming it for specific applications in various industries [25]. Titanium is known for
its good properties, but adding alloying elements can improve other characteristics
as well. In Table 2, some of the most common alloying elements and their effects on
titanium are highlighted.

Beta titanjium alloys are highly significant in the medical domain owing to their
distinctive characteristics:

* the biocompatibility of beta titanium alloys renders them exceptionally suitable
for implants and medical devices, as they are well received by the human body
and do not elicit unpleasant reactions. It is important for any material that is
inserted into the body, as it decreases the likelihood of post-operative problems
and rejection of the implant;

a-alle Commercially pure Ti — ASTM grades 1,2,3 and
Y. 4 TU/Pd alloys — ASTM grades 7 and 11

Ti-8%Al-19%Mo-1%V
Ti-6%A1-5%Zn-0.5%M0-0.2%Si — IMI 685
all Ti-6%Al-2%Sn-4%Zr- 2° M O 08 oSL
@ - alloys T1-5.5%A1-3.5%Sn-3%Z! Mo-0.3%S1 — IMI 829
T1-5.8%A1-4%5n-3.5% Zr O '.'%\lb O ) oMo O 3%51 IMI 834
L Ti-6%A1-3%Sn-4%Zr-0.5%Mo-0.5%51 — Ti 1

Ti-6%Al-4%V
Ti-4%Al-4%Mo-2%Sn-0.5%Si
. p-alloys Ti-4%Al-4%Mo-4%Sn-0.5%Si — IMI 551
| Ti-6%Al-6%V-2%Sn
. Ti-6%Al-2%Sn-4%Zr-%Mo

Ti-3%A1-8%V-6%Cr-4%Z1-4%Mo-Beta C
et B)alloys  Ti-150%Mo-3%%Nb-3%A1-0.2%Si - Timetal 21 S
| Ti-15%V

Figure 3.
Titanium alloys classified by metallurgical structure.
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Element Influence on titanium

Aluminum the most common alloying element for titanium;

it improves tensile strength and increases the ability to withstand high
temperatures;

most titanium alloys contain between 2.5 and 6.5% aluminum.

Vanadium usually between 2% and 4%, increases the mechanical strength of titanium

without greatly compromising ductility;

titanium alloys containing vanadium are commonly used in the aeronautical
industry and in orthopedic implants.

Molybdenum added in percentages up to 3%, increases resistance to high temperatures and

corrosion;

it also helps maintain strength and ductility at low temperatures.

Zirconium is added to improve corrosion resistance, especially in chemically aggressive

environments;

it can also be useful in improving the processability of alloys.

Tin

is used to improve corrosion resistance and increase the strength and hardness of
titanium alloys.

Nickel

improve corrosion resistance in reducing environments and to increase mechani-
cal strength.

Palladium and are used in small amounts to improve corrosion resistance in highly corrosive

platinum environments such as those in the chemical and petrochemical industries.

Table 2.
Influence of alloying elements on the properties of titanium.

* beta titanium alloys provide exceptional corrosion resistance in biological
settings, such as bodily fluids. Implants composed of these alloys exhibit long-
term stability and resistance to degradation, guaranteeing both durability and
lifespan. Corrosion resistance has an important role for durable implants like hip
and knee replacements;

* asthey possess excellent mechanical strength and changeable hardness that can
be enhanced with heat treatments. As a result, they are capable of enduring
significant amounts of pressure and operating effectively when subjected to
physical strain. This quality makes them well-suited for use in orthopedic and
dental implants, which must endure the forces generated during movement and
chewing.

* they are utilized in a diverse range of medical applications: orthopedic implants
include prostheses for the hip and knee, as well as plates and screws used for
bone stabilization; dental implants consist of root implants and other prosthetic
components; surgical instruments refer to equipment that are both lightweight
and resistant to corrosion; vascular stents, on the other hand, include coronary
stents and other devices used in cardiovascular procedures.

The development and use of titanium alloys continue to evolve, with ongoing
research aimed at creating new compositions that offer enhanced performance for
specific applications, opening new horizons in engineering and technology.

9
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4. Applications of titanium alloys in the aerospace and maritime
industries

In the aerospace industry, materials must meet rigorous criteria for performance
and safety. Titanium alloy has been extensively utilized in various industries, includ-
ing aerospace, military, chemical, medical, and offshore oil, due to its exceptional
performance benefits. Often referred to as “space metal” “marine metal” and “smart
metal”, titanium alloy is a new type of structural metal material pivotal in develop-
ing high-tech defense weapons and equipments. Many global powers recognize it as
a strategic structural metal for the twenty-first century, essential to their military
development. With the rapid and sustainable growth of national economies, the
demand for titanium alloys in the aerospace and armament sectors in China has been
increasing annually by 20 to 30%.

The United States developed the first titanium alloy (Ti-13 V-11Cr-3Al) in the
1950s that was truly used for flight, particularly in high-speed early warning aircraft.
By the 1960s, titanium alloys had become widespread in military aeroengines and
large-body jets like the Boeing 747. In the 1970s, titanium alloys accounted for about
80% of the total U.S. titanium alloy market. The 1980s and 1990s saw significant
growth in the use of titanium and its alloys in aircraft in Europe and Russia, with
Japan also showing a yearly increase in its use in aircraft.

Examples of titanium alloys used in the aerospace industry:

* Ti-6Al-4 V (Grade 5) is the most widely used titanium alloy in the aerospace
industry due to its excellent combination of strength, ductility, and corrosion
resistance. It is used in manufacturing aircraft structures, engine components,
survival systems, and landing gear.

* Ti-6Al-2Sn-4Zr-2Mo, this alloy is valued for its high resistance to elevated
temperatures and is used in aircraft engine components such as turbine disks and
casings.

* Ti-3A1-2.5V (Grade 9), this alloy is lighter and has better corrosion resistance
compared to Ti-6Al-4 V. It is used in manufacturing tubes for hydraulic systems
and other structural applications of aircraft that require good strength and
reduced weight.

* Ti-5A1-2Sn-2Zr-4Mo-4Cr (Beta C), this beta alloy is known for its exceptional
strength and ability to resist stress cracking. It is used in manufacturing aircraft
structural components and in applications requiring high corrosion and cracking
resistance.

* Ti-15 V-3Cr-3Al1-3Sn (Grade 38) is a beta metastable titanium alloy, valued for its
excellent formability at low temperatures and corrosion resistance. It is used in
the production of cold-formed parts and in applications where good corrosion
resistance and ease of fabrication are required.

In the fabrication of aircraft and spacecraft, particularly in situations where
weight is a critical factor, titanium alloys are utilized to production of jet engine parts,
including as compressors, turbines, and casings, because of their outstanding abil-
ity to withstand high temperatures and resist corrosion. Titanium alloys offer both
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strength and lightweight, making them advantageous for many aircraft components
such as skeletons, fuselage panels, and fasteners. Within the space sector, these
components are utilized to endure and tolerate drastic fluctuations in temperature
and pressure. They provide exceptional performance and reliability even in the most
challenging operational circumstances. Titanium plays an important role in the con-
struction of an aviation engine by providing essential components such as fan blades,
fan case, fan disk, and low-pressure compressor blade/stator vane/disk [26, 27].

Titanium and its alloys are extensively used in marine industries due to their
distinctive characteristics, such as superior strength, low weight, and extraordinary
resistance to corrosion caused by seawater. These materials have a higher level of
resistance to corrosion compared to various metals, including aluminum and stainless
steels. As a result, they are often selected in harsh settings where they are exposed
to salt water and significant temperature fluctuations. Titanium alloys exhibit
exceptional mechanical strength even at elevated temperatures, making them highly
desirable for use in engine components.

But the use of titanium is valuable in the marine industry not only for their resis-
tance to corrosion, but also for other properties that make them ideal, such as:

* Corrosion resistance, one of the most outstanding advantages of titanium alloys
is their superior corrosion resistance, especially in environments exposed to
chlorides such as seawater. It resists erosion, pitting corrosion and stress crack-
ing, common problems in marine metal construction.

* Strength-to-weight ratio, these alloys offer one of the highest strength-to-weight
ratios of all metals, making them extremely effective for lightweight structures
and components, such as ship superstructures, that require materials that does
not add significant extra weight.

* High-temperature resistance, titanium alloys maintain their strength and structural
integrity at much higher temperatures. This property is useful for marine applica-
tions that may be exposed to intense heat sources or temperature variations.

* Biocompatibility, titanium is highly resistant to corrosion by marine microorgan-
isms. This feature reduces the need for maintenance and cleaning, extending the
life of marine structures.

Among the main applications of titanium in the maritime sector are [28]: in
shipbuilding, titanium is used in parts of ships exposed to corrosive environments,
such as propellers, propeller shafts, and the hull material of certain specialized ships.
Its resistance to saltwater corrosion makes it an ideal material for these applications,
extending the life of these parts and reducing maintenance costs; boat hulls and
components are found in the construction of yachts, speedboats and other watercraft,
and titanium can be used for structural parts, including the keel and mooring com-
ponents, to increase strength and reduce maintenance; desalination plants, titanium
is used in the construction of desalination plants, which turn seawater into drinking
water. Its components, especially those involved in heat exchange processes, benefit
from titanium’s corrosion resistance; underwater applications, because of its outstand-
ing corrosion resistance and structural integrity, titanium is often used in underwater
equipment and vehicles, including submarines, remotely operated underwater
vehicles (ROVs) and underwater instrument housings.
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Despite the significant advantages, titanium alloys also have some disadvantages.
The high cost is one of their main disadvantages, given the price of the raw material
and the complexity of the production process. Machining titanium alloys can also
be difficult and expensive, as they require special tools and advanced machining
techniques. In addition, titanium can suffer from embrittlement at cryogenic tem-
peratures, limiting its use in space applications that require exposure to extremely
cold conditions.

5. Applications of titanium alloys in the medical field

Titanium enjoys remarkable success in medical applications, owing to its excep-
tional biocompatibility, superior mechanical properties, and high resistance to corro-
sion. These characteristics make it ideal for various medical devices, including joint
implants, bone screws, dental implants, and spinal fixation devices. The adaptability
of titanium alloys to the human body minimizes the risk of rejection and increases the
durability and success rate of medical implants, thus contributing to improved patient
outcomes.

Titanium and its alloys are widely used in the medical field (Figure 4), primar-
ily for manufacturing orthopedic implants, such as artificial knee and hip joints,
plates, and screws for bone fracture fixation. Titanium is also chosen for dental
implants due to its excellent biocompatibility and osseointegration capacity. In car-
diology, titanium is used in stents and heart valves. Due to its corrosion resistance
and anti-allergic properties, titanium is ideal for long-term applications within the
human body [29].
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Titanium alloys used in medical devices throughout the entire human body.
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Titanium began to be used in medical applications in the 1950s, owing to its
exceptional properties of biocompatibility and corrosion resistance. Initially, it
was used in dental prostheses, and its use gradually expanded to other types of
implants, such as orthopedic and cardiac implants. Due to its ability to integrate
well with human bone (osseointegration), titanium has become the preferred
material for many types of medical implants, significantly improving the quality
of life for patients.

Titanium exhibits exceptional biological compatibility, contributing to the process
of osseointegration, where bone tissue adheres directly to the implant surface without
causing chronic inflammation. This is due to the formation of a layer of titanium
oxide on the metal surface, which not only provides corrosion resistance but also
promotes bone adhesion [1].

For medical applications, some of the most common titanium alloys are as follows:

* Ti-6Al-4 V (Titanium Grade 5), probably the most widely used titanium alloy in
the medical field. It contains 6% aluminum and 4% vanadium and offers good
mechanical strength and corrosion resistance. It is used for orthopedic implants
such as hip or knee prostheses.

* Pure titanium (Titanium Grade 1 and Grade 2) is used especially for surgical
implants, such as plates or screws used in reconstructive or maxillofacial surgery.
It is preferred because it is biocompatible and corrosion-resistant.

* Ti-6Al-7Nb (Titanium Grade 7), this alloy contains niobium and is used espe-
cially for implants that require superior corrosion resistance. It is also biocompat-
ible and has elasticity similar to bones, making it suitable for certain surgical
applications.

* A fascinating aspect of titanium is its alloys with nickel, such as Nitinol-55,
which exhibits shape memory; these can regain their original shape when heated
above a certain temperature. This property is leveraged in various medical
applications, including dentistry, cardiac surgery, and orthopedics, due to their
excellent ductility at low temperatures, biocompatibility, and corrosion resis-
tance [30, 31].

Biologically, titanium is non-magnetic, does not interfere with magnetic fields,
and promotes regenerative processes, attracting calcium ions and favoring the
formation of hydroxyapatite around the implant. Osseointegration represents another
major advantage, with titanium establishing a strong bond with the surrounding
bone.

However, titanium also has disadvantages, including a relatively low shear and
wear resistance, as well as difficulties in the manufacturing process. Despite these
challenges, the positive qualities of titanium, including its corrosion resistance,
biocompatibility, and osseointegration capacity, make it the preferred material for
numerous medical applications, from dental and orthopedic implants to artificial
hearts and other surgical devices.

It is interesting to note that although titanium is widely used in medicine, the
amount of titanium released into the body from an implant is thousands of times less
than what is naturally metabolized by the human body daily, underscoring its safety
and biological irrelevance in the context of implants [32, 33].
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Therefore, the exceptional qualities of titanium, both in terms of its physical-
mechanical and biological aspects, make it an essential material in the medical field,
significantly contributing to the success of surgical interventions and improving the
quality of life for patients.

New alloys from the TiMoZrTaSi system, such as Ti20Mo7Zr15TaxSi (where
x = 0.5, 0.75, 1%) [4, 18], show significant potential for medical applications.
These alloys are carefully engineered to possess essential properties for medical
devices, including biocompatibility, low toxicity, and mechanical attributes similar
to those of bone. Through experimental production, these alloys have demon-
strated changes in mechanical properties with the addition of silicon, resulting
in reduced hardness and a slight increase in the modulus of elasticity as silicon
content increases.

Cytocompatibility assessments conducted on fibroblasts and osteoblasts revealed
no adverse effects on cell proliferation or morphology after incubation with these
alloys. In vivo studies confirmed their excellent biocompatibility and ability to facili-
tate bone remodeling without impeding new bone formation.

Similarly, alloys from the Ti15Mo7Zr15TaxSi system were developed, with a focus
on their chemical and mechanical properties, as well as biocompatibility. These alloys
showed high production efficiency and maintained the desired chemical composition.
The addition of silicon improved mechanical properties, leading to increased hard-
ness and modulus of elasticity.

In vitro cytocompatibility tests showed no cytotoxic effects, with a slight increase
in cell viability at higher silicon concentrations. Further in vivo studies demonstrated
enhanced osseointegration after implantation, along with significant bone remodel-
ing activity in the peri-implant areas.

Additionally, biocompatible Ti-based alloys from the Ti20MoxSi system were
developed by adjusting the silicon content while keeping molybdenum levels con-
stant. These alloys exhibited improved mechanical properties with the incorporation
of silicon, as evidenced by a decrease in modulus of elasticity and hardness.

Cytocompatibility tests confirmed positive interactions with both fibroblasts and
osteosarcoma cells, without affecting cell growth or morphology. In vivo evaluations
supported their compatibility with surrounding tissue and successful osseointegra-
tion, accompanied by notable bone remodeling near implant sites. This research
highlights the potential of newly engineered titanium alloys for medical applications,
demonstrating excellent biocompatibility, mechanical properties, and the ability to
support bone integration and remodeling.

Furthermore, Ti-based alloys are attractive for biomedical applications due to their
superior mechanical properties, corrosion resistance, and biocompatibility. Another
study provides a comparative analysis of four novel Ti-based alloys designed for vari-
ous biomedical implant applications: Til5Mo7Zr5Ta, Ti15Mo7Zr15Ta, Ti15Mo0.5Si,
and Ti15Mo1Si, alloys that incorporate non-toxic elements. The research included
microstructural examinations, indentation tests, Vickers hardness assessments, X-ray
diffraction (XRD) analysis, and evaluations of corrosion resistance. These analyses
revealed attributes superior to those of many commercial implant materials, with
Young’s modulus closely matching that of human bone.

There is a continuous global interest in advancing alloy research for medical and
biomedical applications, aiming to improve traditional implant manufacturing tech-
nologies and biomaterial synthesis. This pursuit strives to introduce a new generation
of multifunctional implants with long-lasting performance.
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Biomaterials are intended to mimic or closely interact with living tissues, neces-
sitating properties similar to human bone. The Young’s modulus of Ti-based alloys,
ranging from 19.82 to 69.02 GPa, suits them well for implantology applications.

Surface analyses have revealed titanium oxidation, which forms an adherent oxide
layer that passivates the alloy, leading to relatively low corrosion rates across alloys
with uniform compositions. The inclusion of tantalum has been found to reduce both
the modulus of elasticity and the corrosion rate, while silicon has shown beneficial
effects at low percentages (below 0.5%) [34].

In conclusion, the characteristics of titanium alloys depend on the alloying ele-
ments, influencing their mechanical properties and biocompatibility. Elements such
as molybdenum, zirconium, tantalum, and silicon, when combined with titanium,
confer advantageous properties, promising a wide range of medical applications,
including for dental and orthopedic implants.

Advancements in titanium alloys have been marked by innovative treatments and
coatings, aiming to optimize their application in the medical field, particularly for
implants. Among these, the application of zirconia coatings and hydroxyapatite/tri-
calcium phosphate via biomimetic methods have demonstrated promising enhance-
ments in biocompatibility and mechanical properties [35].

Zirconia coatings on substrates such as Ti15Mo, Ti15Mo00.5Si, Ti15Mo00.75Si,
and Ti15Mo1.0Si showcased uniform morphologies without microcracks, high-
lighting the presence of f-Ti and ZrO2 phases with a tetragonal crystalline struc-
ture. These coatings, notably devoid of un-melted zirconia compounds, exhibited
an improved modulus of elasticity, significantly enhancing the alloys’ suitability
for orthopedic implants by mimicking the mechanical properties of human bone
more closely.

Furthermore, the impact of heat treatments on Ti-Mo-Zr-Ta alloys revealed
important insights into microstructural optimization and mechanical property
enhancement. Focusing on superficial hardening, these treatments have led to better
wear behavior, fatigue, and corrosion resistance. The formation of f-type structures,
aided by the precise inclusion of f stabilizing elements like molybdenum, tantalum,
and silicon, results in a refined and evenly distributed microstructure, improving
both hardness and elasticity modulus [36].

Additionally, the coating of HA/tricalcium phosphate on titanium surfaces using
the biomimetic method has emerged as a groundbreaking advancement. This tech-
nique facilitates the formation of a bone-like apatite layer in simulated physiological
conditions, enhancing the bioactivity and bacteriostatic properties of the implants.
These coatings, characterized by nanometric crystals similar to natural bone,
promise a leap forward in the biocompatibility and integration of titanium-based
implants [37].

Surface wettability analysis further underscores the biocompatible potential of
these treated alloys, with specific compositions exhibiting hydrophilic characteristics
conducive to better interaction with living tissues.

These advancements underscore a multidirectional approach to enhancing
titanium alloys for medical applications. By focusing on coatings that improve
biocompatibility and mechanical properties, alongside heat treatments that optimize
microstructure and wear resistance, the field is moving toward the development of
more durable, reliable, and biologically harmonious implants.

Current trends in the development of alloys for medical applications focus on
enhancing biocompatibility and reducing adverse effects in the body. Alloys with
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elements such as zirconium and tantalum, known for their reduced corrosion and
minimal reactions with tissues, are being explored. Additionally, shape memory
alloys are being developed for specific applications that require adaptability to
the conditions of the human body. Another area of interest is the creation of
nano-modified alloy surfaces to improve osseointegration and reduce the risk of
infections.

6. Applications of titanium alloys in the automotive industry

Titanium, owing to its distinctive characteristics, has been utilized in significant
capacities not only in the medical domain but also in the automotive sector. The
utilization of this material in these industries is grounded on its remarkable resis-
tance to corrosion, exceptional ratio of strength to weight, and resilience to high
temperatures.

Titanium is highly prized in the automotive sector for its capacity to decrease
the weight of vehicles, hence enhancing fuel efficiency and dynamic performance.
Despite the expensive nature of titanium, it is frequently employed in the parts of
high-performance automobiles, supercars and in the realm of auto racing, where its
benefits outweigh the expense. Some specific applications of this material include
manufacturing important engine components such as valves, valve springs, valve
spring retainer seats, and connecting rods. The lower weight and high strength of
titanium contribute to enhanced engine performance and efficiency, benefiting these
components.

Chassis components are utilized in various applications such as springs, exhaust
systems, axle shafts, and fasteners. These applications utilize titanium’s corrosion
resistance, fatigue resistance, and strength.

Other applications include suspension springs, piston bolts, turbocharger rotors,
fasteners, wheel nuts, bumper brackets, door beams, brake caliper pistons, bolts,
clutch discs, pressure plates, and gear shift knobs. These components have the
potential to greatly decrease the total weight of the vehicle, hence enhancing its
performance and fuel efficiency.

Two major obstacles in utilizing titanium in the automobile sector are its exor-
bitant price and the complexities associated with the material and manufacturing
processes. The primary obstacle impeding the extensive utilization of titanium in
the automobile industry has been its high price. The process of titanium processing
entails the melting, manufacturing, and utilization of various materials. The exor-
bitant expense of alloying elements also adds to the overall costs. The extraction and
processing of titanium are challenging due to its high melting point and its reactivity
with elements such as oxygen, hydrogen, nitrogen, and carbon. The conventional
Kroll process utilized for manufacturing sponge titanium is characterized by high
energy consumption, a lengthy production cycle, and the utilization of costly magne-
sium as a reducing agent.

In order to decrease manufacturing expenses, contemporary methods such as
the utilization of titanium scrap and swarf for repetitive production have been
implemented. These methods have been identified as efficient means to decrease
the expenses associated with acquiring raw materials. Each incremental 1% rise in
the utilization of titanium scrap results in a corresponding reduction of 0.8% in the
manufacturing expenses associated with ingots.
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7. Challenges and limitations

Although titanium is a material with many advantages, there are also challenges
and limitations in its use, both in the previously mentioned industries and in general
applications. These limitations are often related to its cost, processing difficulties, and
performance considerations under certain conditions (Figure 5).

Despite these challenges and limitations, continuous innovations in technology
and manufacturing processes contribute to cost reduction and improved efficiency
in titanium processing. Additionally, the development of new alloys and surface
treatments expands the scope of titanium applications, overcoming some of its initial
limitations and paving the way for innovative and high-performance uses in various
industries.

8. Future trends and innovations

Advancements in technology and ongoing research in materials science have
paved the way for new trends and innovations in titanium usage. These developments

- Titanium is an expensive material not only due to its rarity but
also because of the complexity of extraction and purification
processes. Moreover, processing litanium requires special
technologies and equipment, increasing production costs.

- The high cost of titanium and its alloys is also influenced by
limitations in raw material sources and market fluctuations.

- Titanium has a high affinity for other metals at high
temperatures, which can lead to rapid wear of cutting tools.

- Due to its mechanical strength and hardness, titanium is often
difficult to machine, requiring lower cutting speeds and
increased attention to prevent overheating.

Processing

- Although titanium is resistant to tension and corrosion, it has
relatively low shear strength, which may limit its use in

applications requiring such a property.

- Compared to some metallic alloys, titanium may have lower
Material properties wear resistance, affecting durability in applications with high
and performance friction.

- Under certain conditions, titanium may undergo galvanic

corrosion when used in combination with other metals,

reauiring careful planning in the desien of multi-material

- Although titanium performs well at high temperatures, at

extremely high temperatures, its strength can decrease, limiting

its use in applications that require durability at very high

temperatures.

5 3 The extraction and processing of titanium can have a significant

considerations impact on the environment, requiring considerable resources
and generating pollution. This necessitates increased attention
to sustainability practices and recycling.

Specific
applications and
environmental

Figure 5.
Limitations of Ti alloys.
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promise to overcome some of the current limitations and expand the applicability of
titanium across various industries.

Researchers are working on the development of new titanium alloys that offer an
improved balance of strength, ductility, and corrosion resistance at varying tempera-
tures. These new alloys are designed to outperform in specific applications, such as
highly corrosive environments or high-temperature settings, thereby extending the
use of titanium into new domains like advanced aerospace industry and renewable
energy applications.

Innovations in materials processing, such as additive manufacturing (3D printing)
and superplastic forming, are transforming how titanium can be utilized. 3D printing
enables the creation of complex titanium components with minimal material waste
and at reduced costs compared to traditional methods. This opens up new possibilities
in the design of customized products, ranging from medical implants to specific parts
for vehicles and aircraft.

Characteristics of 3D printed titanium alloys can exhibit exceptional
mechanical strength, characterized by high tensile strength and favorable fatigue
resistance. However, the specific properties may be subject to variation depend-
ing on the printing conditions and post-processing procedures employed. The
microstructure of titanium alloys produced using 3D printing can exhibit greater
complexity compared to alloys manufactured using traditional methods. The
high-speed cooling rates and step-by-step manufacturing can lead to intricate
microstructures and distinctive grain formations. A notable benefit of 3D printing
is its capacity to create intricate geometries that are challenging or unattainable
using traditional techniques. This encompasses lattice structures as well as interior
channels. Generally, post-processing is necessary for 3D printed components to
attain the intended surface finish and dimensional tolerances. This can encompass
processes such as machining, polishing, or other forms of treatment [35-39].

There is a strong push toward improving titanium extraction and processing
processes to make them more environmentally friendly. Titanium recycling is becom-
ing a priority, with the development of technologies that enable efficient recovery and
reuse of titanium waste. These innovations reduce environmental impact and make
titanium more accessible and sustainable.

Titanium holds significant potential in the field of renewable energy, particularly
in wind turbines and marine applications, due to its corrosion resistance in saline
environments and material fatigue resistance. Developing titanium components for
these systems can enhance their efficiency and durability, contributing to a more
sustainable energy transition.

Innovations in the field of biomedicine are exploring the use of titanium in smart
implants, which can monitor healing and release drugs at the implant site. These
technologies promise to improve treatment outcomes and provide personalized solu-
tions to patients.

The development of composite and hybrid materials that integrate titanium with
other materials, such as carbon fibers or advanced ceramics, offers new perspectives
for creating ultra-lightweight and high-performance components. These combine
the superior properties of titanium with those of other materials to achieve improved
performance in specific applications.

These trends and innovations underscore the titanium’ potential to play an even
more significant role in future technology. By overcoming current challenges and
exploiting new possibilities, titanium remains at the forefront of advanced materials
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development, offering innovative solutions for a wide range of industrial and techno-
logical applications.

Ongoing research in titanium alloys aims to overcome existing limitations by
developing new compositions and processing techniques to reduce costs and improve
material properties. Innovations in additive manufacturing (3D printing) promise to
revolutionize how titanium components are produced, offering the ability to create
complex shapes with material efficiency and reduced costs. Additionally, research in
surface treatments and intermetallic alloys opens up new possibilities for the use of
titanium in even more demanding conditions.

9. Conclusions

Titanium, owing to its unique combination of remarkable physical and chemical
properties, has revolutionized many fields, from medicine and aerospace industry to
automotive and maritime applications. However, its use comes with specific chal-
lenges, including high production costs, processing difficulties, and limitations in
certain applications due to material properties. Despite these obstacles, continuous
innovations in alloys, processing techniques, and recycling promise to further expand
the uses of titanium, surpassing current limitations and opening new horizons for
this versatile material.

Advancements in additive manufacturing, the development of new alloys, and
advanced processing techniques, as well as the focus on sustainability and recycling,
have the potential to reduce costs and make titanium more accessible for a wider range
of applications. Additionally, exploring titanium’s potential in emerging fields such as
renewable energy and biomedicine highlights its role in addressing some of the most
pressing challenges of modern society.

In conclusion, titanium continues to be a frontier material, with significant poten-
tial to contribute to innovations in design, engineering, and technology. As research
progresses and technologies develop, titanium is expected to maintain its position as
an essential material, opening up new possibilities for the future of technological and
industrial development.
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Abstract

This chapter in this book will focus on the mechanical properties, including strength,
toughness, and fatigue resistance, of titanium-based alloys and their significance in
aerospace applications. It will discuss several types of titanium alloys and explore the
unique characteristics of these alloys, such as high strength-to-weight ratio, corrosion
resistance, and excellent high-temperature performance. The chapter also will discuss
specific challenges and considerations in designing and manufacturing components
using titanium-based alloys for aerospace applications, highlighting the benefits and
limitations of these materials. Additionally, it will provide case studies and examples
of successful applications in the aerospace industry, showcasing the uniqueness and
effectiveness of titanium-based alloys in this field.

Keywords: advanced materials, polymer composites, titanium applications,
titanium alloys, aerospace

1. Introduction
1.1 Historical background and development of titanium alloys for aerospace

The story of titanium alloys in aerospace begins with the discovery of titanium as
a chemical element in the late eighteenth century [1]. Titanium alloys for aerospace
span several decades, marked by significant advancements in material science,
manufacturing processes, and the pursuit of lightweight and high-performance mate-
rials [2, 3]. In this detailed account, we will explore key milestones, challenges, and
achievements that have shaped the use of titanium alloys in aerospace applications.

During World War II, the aerospace industry recognized the potential of titanium
alloys due to their high strength-to-weight ratio and corrosion resistance [4]. However,
it was not until the early twentieth century that researchers start exploring its potential
applications. The processing and manufacturing techniques have played a crucial role
in the widespread adoption of titanium alloys in aerospace. These techniques are hot
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and cold forming, forging, precision machining, and advanced joining methods such as
electron beam welding, friction stir welding, and Kroll process [5]. Kroll process devel-
oped in 1930s by William Kroll, a commercially viable method for extracting titanium
from its ore [6, 7]. This breakthrough laid the foundation for the future development
of titanium alloys and has allowed for the fabrication of complex titanium components
with enhanced precision, reliability, and reduced production costs [5].

However, widespread use was limited by the high cost and challenges associated
with the extraction and processing of titanium [8]. After the war, efforts to overcome
these obstacles led to the establishment of commercial-scale production facilities and
advancements in manufacturing techniques.

Throughout the 1950s and 1960s, researchers focused on improving mechani-
cal properties of titanium alloys through alloying and heat treatment methods [9].
According to previous studies, there are many types of titanium alloys, such as
titanium aluminum tin zirconium molybdenum alloy (Ti-6Al-2Sn-4Zr-2Mo), tita-
nium aluminum tin alloy (Ti-5A1-2.5Sn), and titanium aluminum vanadium alloy
(Ti-3A1-2.5V). One significant breakthrough came with the development of titanium
aluminum vanadium alloy (Ti-6A14V), which became the most widely used titanium
alloy in aerospace applications [10]. The combination of this alloy offered an excellent
strength, corrosion resistance, and weldability [11].

In the 1960s and 1970s, the aerospace industry recognized the unique advantages of
titanium alloys, such as their lightweight nature, high strength, and resistance to cor-
rosion and fatigue. Aircraft manufacturing began incorporating titanium components
in air frames, engine systems, landing gears, and other critical structures [12]. Notable
examples include the Boeing 747 and Concorde, which utilized titanium extensively
[13]. The percentage of titanium in different types of aircraft is shown in Figure 1.
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Figure 1.
Shave of Ti in Boeing and Airbus aircraft as a percentage of operating empty weight (OEW) (edited and quoted
from Ref. [14]).
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In case of research and innovation, the development of titanium alloys for aero-
space continues to evolve with ongoing research and innovation. Efforts are focused
on improving the properties of existing alloys, developing new alloys with enhanced
characteristics, and exploring advanced manufacturing technologies. Additive
manufacturing is a promising technology in titanium alloy-based materials with the
advantages of creating lightweight materials and reducing greenhouse gas emissions
which enhance what is known as operation empty weight (OEW), thus increasing the
usage of titanium in Boing and Airbus aircrafts as shown in Figure 1 [14]. Research is
also investigating the use of additive manufacturing (3D printing) to create complex
titanium components with reduced material waste and increased design freedom [15].

Looking ahead, the demand for titanium alloys in the aerospace to grow as aircraft
manufactures seeks to improve fuel efficiency, reduce emissions, and enhance overall
performance. However, challenges remain, including the high cost of raw materi-
als [4], the complexity of processing titanium, and the need for further research to
optimize the properties of titanium alloys for specific aerospace application.

2. Types of titanium alloys based on equilibrium at room temperature

The term of alpha (a) and beta (p) titanium refer to different crystal structures
that titanium can exhibit at different temperatures. There are five types of titanium
based on equilibrium at room temperature called o alloys, near a alloys, p alloys, a + f
alloys, and titanium-intermetallic compound.

In the a phase, titanium has a hexagonal close-packed (HCP) crystal structure as
shown in Figure 2. This phase is stable at temperature below 882°C, thus o titanium
alloy has excellent properties which make them commonly used in application of
aerospace components, biomedical implants, and chemical processing equipment.

p titanium alloy has a body-centered cubic crystal structure (BCC) (Figure 3) and
stable at temperature above 882°C. For a-f titanium alloy, the alpha phase may have
some amount of § phase and likewise for beta phase. However, the p phase exhibit

Figure 2.
Titanium hexagonal close-packed crystal structure Ti- (HCP).
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Figure 3.
Titanium body-centered cubic crystal structure Ti-(BCC).

higher strength potential through aging, leading to increased mechanical properties,
better deformability, higher diffusivity for interstitial elements, isotopic properties,

high density, and lower creek resistance compared to a phase. But generally,  phase

of titanium is more expensive than a phase [16, 17].

3. Overview of the significance and demand for titanium-based alloys in
aerospace

Characteristics of titanium-based alloys play an important role in aerospace
applications duo to their extraordinary properties and performance. Titanium-
based alloys exhibit low density and exceptional thermal and mechanical resistance
[18]. These properties are result of the unique composition and crystal structure
of titanium alloys [19], which can be tailored through alloying and heat treatment
processes, making them ideal for various aerospace applications [20]. The demand for
titanium-based alloys in aerospace continues to grow due to the following reasons: For
lightweight construction, titanium alloys have significantly lower density compared
to steel and other metals, such as iron and nickel, resulting in lighter aircraft compo-
nents [21]. Moreover, the weight reduction contributes to fuel efficiency, increased
payload capacity, and improved overall performance [22]. Table 1 shows the different
properties of titanium compared with other metals.

Titanium-based alloys possess excellent strength-to-weight ratios, offering excep-
tional structural integrity while keeping weight to a minimum. This characteristic is
crucial for critical aerospace components that require both strength and lightness,
such as airframe structures, engine components, and landing gear [24].

Aerospace applications often involve exposure to harsh environments, including
high altitudes, temperature variations and corrosive substances. Titanium-based alloys
exhibit exceptional corrosion resistance, ensuring the longevity and reliability of
aircraft components, even in challenging operating conditions like high temperatures.
For this reason, titanium-based alloys are suitable for components exposed to extreme
heat, such as turbine blades and exhaust systems. Their ability to retain strength and
integrity at elevated temperatures contributes to enhanced safety and durability [25].
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The properties Ti Al Fe Ni
Melting point [°C] 1670 660 1538 1455
Density [g/cm’] 4.5 27 79 89
Fatigue resistance Very high Medium Low High
Elastic modulus [GPa] 115 72 215 200
Reactivity with oxygen Very high High Low Low
Electrochemical Corrosion resistance Very high High Low Medium
Metal price Very high Medium Low High
Tensile strength [MPa] 240 90 50 59
Thermal conductivity [W/mK] 15-22 221-247 68-80 72-92
Table 1.

Comparison of titanium metal properties with different metals [18, 23].

The fatigue resistance of titanium-based alloys is crucial as aircraft components
undergo cyclic loading during operation. These alloys demonstrate excellent fatigue
resistance [23], reducing the risk of structural failures and ensuring the safety of the
aircraft. Meanwhile, properties of titanium-based alloys composites exhibit good
compatibility with composite materials, which are increasingly used in modern
aerospace design. Their ability to bond effectively with composites allows for the
fabrication of hybrid structures [26], combining the advantages of both materials. In
addition to these exceptional properties, titanium-based alloys are in high demand
in the aerospace industry. As aircraft manufacturers strive for improved perfor-
mance, fuel efficiency, and safety, the utilization of titanium-based alloys continues
to increase across various aircraft systems and components, including engines and
fasteners. The growth in the aerospace sector, coupled with ongoing advancements in
materials science and manufacturing processes, further drives the significance and
demand for titanium-based alloys in aerospace applications.

4. Titanium extraction process

Titanium extraction poses challenges due to its high melting point, chemical
reactivity, and the stability of its oxide, titanium dioxide (TiO,). Early attempts to
reduce TiO, resulted in impurities that compromised the mechanical properties.
Various methods were explored, including electrolysis and reduction with sodium,
magnesium, and other substances. The Kroll process, developed in 1937, involving
the reduction of titanium tetra chloride (TiCl,) with magnesium, became a widely
adopted method for producing high-purity titanium as shown in Figure 4. Another
method, fused salt electrolysis of TiCls, showed potential but has not been com-
mercially implemented. The Hunter process, using sodium reduction, confronts
challenges such as handling hazards, temperature control, and reductant regenera-
tion. The Kroll process and sodium reduction were used for industrial production
of titanium sponge, but some companies have ceased operations. Electrowinning of
titanium through fused salt electrolysis of TiCl, has been studied but not successfully
implemented on a commercial scale. The challenges of this method include maintain-
ing effective separation of anolyte and catholyte and ensuring quality in harvesting
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Figure 4.
The Kroll process of titanium extraction.

and post-electrolysis treatment of the sponge [27]. The conventional methods of
titanium extraction are widely recognized as established techniques for extracting
titanium.

Rutile and beneficiated ilmenite (RT/BI) are both minerals that contain TiO, and
are used as sources of titanium. Rutile is a naturally occurring mineral composed
primarily of titanium dioxide. It has a reddish-brown to black color and is often found
in beach sands (Figure 5).

Rutile is one of the most common minerals for extracting titanium due to its high
titanium content and relatively low impurity levels. RT/BI, on the other hand, refers
to ilmenite ore that has undergone a beneficiation process to improve its TiO, content
and remove impurities. Another important source of titanjum is ilmenite that is
composed of iron titanium oxide (FeTiO;) as shown in Figure 6.

To increase the TiO, concentration, the beneficiation technique is applied. The
beneficiation process may involve various techniques such as gravity separation,
magnetic separation, and flotation. Both rutile and RT/BI are used as feedstocks
in the production of TiO, pigment, which has a wide range of applications includ-
ing paints, coatings, plastics, and paper. These minerals are also used as a source of
titanium metal through processes such as the Kroll process discussed earlier. Carbo-
chlorination at 1000°C is a chemical process used in the extraction of titanjum from
its ores, specifically rutile (TiO,) or ilmenite (FeTiO;). In this process, the ore is
reacted with carbon usually in the form of coke or coal and chlorine gas (Cl,) at a high
temperature of 1000°C. The carbo-chlorination reaction involves the following steps:
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Figures.
Rutile rock 5 cm width (coated from Ref. [28]).

Figure 6.
Ilmenite rock includes a high concentration of iron-titanium oxide (coated from Ref. [29] ).

Formation of titanium tetrachloride (TiCl): The carbon reacts with chlorine gas
to form carbon monoxide (CO) and carbon tetrachloride (CCly). The carbon tetra-
chloride then reacts with the titanium dioxide in the ore to produce titanium tetra-
chloride and carbon dioxide (CO,). Separation of titanium tetrachloride: Titanium
tetrachloride is a volatile compound and can be separated from the reaction mixture
by condensation, as it has a lower boiling point than other by-products. Overall,
carbo-chlorination at 1000°C is an important step in the production of titanium tet-
rachloride, which serves as a precursor for various titanium-based products, includ-
ing titanium metal and titanium dioxide pigment. In the Kroll process, magnesium
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reduction is a key step in the extraction of titanium from its ore, typically rutile or
ilmenite. The process involves the following steps: Reduction: The titanium tetra-
chloride is then reduced using magnesium (Mg) as the reducing agent. The reaction
takes place at a high temperature, typically around 900-1000°C, in a closed furnace
or reactor [30, 31]. The reduction reaction can be summarized as in the following
reaction (Eq. (1)):

TiCl, +2Mg — Ti +2MgCl, 1)

In this reaction, magnesium reacts with titanium tetrachloride to produce tita-
nium metal and magnesium chloride. The reaction is highly exothermic, releasing a
significant amount of heat. After the reduction, the mixture is allowed to cool down,
and the solid titanium metal is separated from the by-products, mainly magnesium
chloride. The separation can be achieved through various methods, such as mechani-
cal processes or selective dissolution in appropriate solvents. The obtained titanium
metal may still contain impurities. Therefore, additional purification steps, such as
vacuum distillation or other refining processes, may be required to achieve the desired
level of purity. The Kroll process, with magnesium reduction as a crucial step, has
been the primary method for industrial production of titanium since its development
in 1937. It enables the production of high-purity titanium for various applications,
including aerospace, chemical processing, and medical implants.

5. Examples of titanium alloys commonly used in aerospace applications

Ti-24Nb-4Zr-8Sn (also known as Ti2448): This alloy refers to compares the
microstructure, defects, and mechanical properties of porous structures made
from a b-type Ti-24Nb-4Zr-8Sn alloy manufactured using electron beam melting
(EBM) and selective laser melting (SLM) techniques. The microstructure of EBM
samples consists of o + p phases, while SLM samples contain a single  phase due
to different powder bed temperatures. The faster cooling rate in SLM results in the
formation of fine § dendrites, leading to higher compressive strength (50 + 0.9 MPa)
and lower Young’s modulus (0.95 + 0.05 GPa) compared to EBM parts (45 + 1.1 MPa
and 1.34 + 0.04 GPa, respectively). Large defects observed in the solid struts are
likely caused by tin vaporization, which is more prevalent in SLM due to smaller
laser spot size and faster cooling. The number of defects in SLM is approximately 10
times higher than in EBM. These defects have minimal impact on static properties
and low-stress fatigue strength but result in reduced and variable fatigue life at high
stress levels. Ti-2448, a Ti-24Nb-4Zr-8Sn alloy, exhibits high relative density when
using a combination of high-energy density and low laser scanning speed [32, 33].
However, the yield strength of Ti-24Nb-4Zr-8Sn (Ti2448) and pure titanium alloy
(Commercially Pure Titanium, Grade 2) was around 275 MPa (40 ksi) and 800-
900 MPa (116-130 ksi), respectively. The addition of alloying elements such as Nb,
Zr, and Sn in Ti2448 contributes to the solid solution strengthening and precipita-
tion hardening, resulting in enhanced mechanical properties, including higher yield
strength. This makes Ti2448 suitable for applications that require higher strength and
improved mechanical performance compared to pure titanium alloys [34, 35].

Ti-6Al-4 V (also known as Grade 5 titanium): is renewed for its high strength.
The yield strength of grade 5 titanium can vary somewhat depending on factors such
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as heat treatment, processing condition, and testing method. Different heat treat-
ment process, such as solution treatment and aging, can be employed to enhance
the mechanical properties of grade 5 titanium. However, typical values for the yield
strength of grade 5 titanium rang from approximately 900-1100 MPa.

Grade 5 titanium offers several benefits based on its mechanical properties
including yield strength, tensile strength, and compressive strength. Here are the key
advantages of grade 5 titanium:

High strength: Due to high yield strength making it stronger than commercially
pure titanium, the alloy’s strength allows for the design and manufacture of light-
weight components without compromising structural integrity, making it highly
suitable for aerospace applications.

Good toughness: Grade 5 titanium also possesses good toughness making it
capable of withstanding dynamic loading condition. The dynamic test was tested and
concluded the grade 5 titanium alloy sheets allowed to analyze phenomena occurring
under dynamic impact loading using a point weight and that revealed the maximum
value of absorbed energy is 325 J for three plates. The good behavior of plates maybe
of because discrepancy friction between grade 5 titanium layers. From previous
study, grade 5 titanium can be tested as a glass reinforcement providing reliable and
lightweight solutions for aircraft structures [36]. The specific energy absorption of
composite materials can be calculated using:

W;, =EA/m (K] /Kg)

Where EA is energy absorption and m is the mass of composite. Some examples of
high-energy absorber materials are shown in Figure 7.

Grade 5 titanium is the most widely used titanium alloy in aerospace. It consists of
90% titanium, 6% aluminum, and 4% vanadium. It offers a good balance of strength,
toughness, and weldability, making it suitable for various aerospace components, for
instance, airframes [36, 37].
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Ti-6Al-2Sn-4Zr-2Mo (also known as Ti 6-2-4-2): This alloy contains titanium, alu-
minum, tin, zirconium, and molybdenum. It exhibits high strength, excellent fatigue
resistance, and good creep resistance at elevated temperatures. It is commonly used
in compressor blades, discs, and other high-stress components in gas turbine engines
[38]. Ti 6-2-4-2 exhibits high tensile strength typically ranging from 900 MPa to
1100 MPa. The yield strength of Ti 6-2-4-2 alloy is usually around 800 MPa, which is
the point at which the material begins to exhibit permanent plastic deformation. The
elastic modulus or Young’s modulus is approximately 110 GPa This property describes
the material’s stiffness and its resistance to elastic deformation under applied stress. In
addition, this alloy is characterized by resistance to indentation or penetration due to
hardness value typically around 300-500 HB (Brinell hardness).

Ti-6Al1-2Sn-4Zr-6Mo (also known as Ti 6-2-4-6): The elastic modulus, a measure
of material stiffness, for Ti 6-2-4-6 is around 110 GPa (16 x 10° psi) [39]. This value
indicates its ability to resist deformation under applied loads. It is used in critical
aerospace applications such as engine components and structural parts [40].

Ti-5A1-2.5Sn (also known as Ti 5-2.5): This alloy contains titanium, aluminum,
and tin. It has good weldability, high strength, and excellent corrosion resistance,
particularly in seawater environments. It is commonly used in marine and aerospace
applications, including aircraft engine components and offshore structures [41].

Ti 5-2.5 possesses good fatigue strength, allowing it to withstand cyclic loading
without failure. The fatigue strength is typically around 450 MPa (65,000 psi) to
515 MPa (75,000 psi), depending on the specific conditions.

Ti-3A1-2.5 V (also known as Grade 9 titanium): This alloy consists of titanium,
aluminum, and vanadium. It offers good weldability, high strength, and excellent
corrosion resistance. It is primarily used in aircraft hydraulic systems, airframe
structures, and engine components [42]. Moreover, Elongation: Grade 9 titanium
exhibits good elongation properties, with a typical elongation at break of 15 to 20%.
This indicates the alloy’s ability to deform before fracture, making it suitable for
applications requiring ductility.

Ti-6Al-2Sn-4Zr-2Mo-0.1Si (also known as Ti 6-2-4-2S): This alloy is similar to Ti
6-2-4-2, but with the addition of silicon. It offers improved high-temperature stabil-
ity and is often used in turbine components, such as blades and disks [12]. The yield
strength is around 990 MPa, the ultimate tensile strength (UTS) is around 900-

1010 MPa, the ductility El is 8%, and the reduction area is 20% [43].

Ti-6Al-2Sn-2Zr-2Mo-2Cr-0.25Si (also known as a-p grade titanium alloy): This
alloy is similar to Ti 6242S but with the addition of chromium. It provides excellent
strength, creep resistance, and oxidation resistance, making it suitable for hot section
components in gas turbine engines [44]. The yield strength is around 850-910 MPa,
the UTS is around 1010-1150 MPa, the elastic modulus is 120 GPa, and the beta-
transus temperature (Tp) is 1020°C [43].

Ti-15 V-3Cr-3Sn-3Al (also known as Ti 15-3-3-3): This alloy consists of
titanium, vanadium, chromium, tin, and aluminum. This titanium alloy has
high strength, good fatigue resistance, and excellent formability. It is used in
applications such as landing gear components, airframe structures, and engine
mounts [45]. The yield strength is around 800-1200 MPa, the UTS is around 900-
1300 MPa, the elastic modulus is 86-115 GPa, and the beta transus temperature
(TB) is 795°C [43, 46].

Ti-10 V-2Fe-3Al (also known as Ti 10-2-3): This alloy contains titanium, vana-
dium, iron, and aluminum. It offers high strength, good weldability, and excellent
corrosion resistance. It is commonly used in aerospace applications that require high
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strength and toughness, such as landing gear and structural components [47]. Til0-
2-3 exhibits mechanical properties similar to Ti 15-3-3-3 [43].

Ti-4.5Al-3 V-2Mo-2Fe (also known as Ti 4.5-3-2-2): This alloy contains titanium,
aluminum, vanadium, molybdenum, and iron. This alloy is recognized for its excel-
lent strength, high-temperature stability, and corrosion resistance. It is used in
aircraft engines and airframe structures, particularly in components exposed to high
stress and elevated temperatures [48]. The yield strength is around 900 MPa, the UTS
is around 960 MPa, the elastic modulus is 110 GPa, and the beta transus temperature
(TB) is 900°C [43].

6. Titanium aluminide intermetallic compounds (TiAl)

These intermetallic titanium base alloys are increasingly being used for low-pres-
sure turbine (LPT) blades in aircraft engines such as in Boeing-B777x and A-320neo
due to several advantages including high-temperature creep resistance, improved
stiffness, and low weight. Recent ongoing research on other Ti alloys such as ATI
Titan 23™ and Titan 23™ exhibits improved mechanical properties [12]. Here are the
mechanical properties typically associated with TiAl alloys:

Elastic modulus: The elastic modulus of TiAl alloys is relatively low compared to
traditional titanium alloys and other metallic materials. It is typically 80 GPa (11.6 x
10° psi) [49].

Elongation: TiAl alloys have limited ductility compared to conventional metallic
materials. The typical elongation at break is around 1-2%. However, the alloys can
exhibit good fracture toughness, which is important for resisting crack propagation [50].

Fatigue strength: TiAl alloys possess good fatigue strength, allowing them to
withstand cyclic loading over extended periods. The fatigue strength is 150 MPa,
depending on the specific alloy composition and processing conditions [51].

Hardness: The hardness of TiAl alloys can vary depending on the specific compo-
sition and heat treatment. It typically 200 HV, with variations based on the desired
balance between strength and ductility [52].

Additionally, TiAl alloys offer other advantages in aerospace applications, such
as high-temperature resistance, good oxidation and corrosion resistance, and low
thermal expansion coefficients.

It is important to note that the mechanical properties of TiAl alloys can vary
depending on the specific alloy composition, processing methods, and heat treatments
employed. Therefore, it is advisable to refer to the material specifications or consult with
the manufacturer for precise mechanical property information for a particular TiAl alloy.

7. Titanium-polymer composite and hybrid materials

Polymer materials play an important role as a modification technique of titanium
alloys either as a polymer such as FM-5 or as a polymer composite such as carbon
fiber-reinforced plastic. Polymers and polymer composites have very attractive
properties combining properties of titanium alloys and the properties of polymers
as weight saving, and both are used with metals as adhesives (to join titanium alloy
to polymer composites or metals), and adhesion (materials result from a force of
connection between titanium alloys and polymers). Both adhesion and adhesive
must operate in high-temperature environments and maintain their mechanical
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Figure 8.
Chemical intevaction mechanism of adhesively bonded joints [53].

properties to operate successfully for aerospace applications. Titanium/polymer
adhesion can be synthesized by the polymerization of monomers on the titanium
surface to form adhesion bonding between these components. It should be noted that
two mechanisms are possible to elucidate the bonded joints: chemical interactions
and mechanical interlocking as shown in Figures 8 and 9, respectively [53]. Titanium
alloys/polymers-based hybrid materials have many advantages such as protection and
weight reduction [54]. Titanium alloy hybrid materials can be explained by the joint
between Ti and carbon-fiber-reinforced polymer (Ti-CFRP).

An example of the unique applications of using polymers with titanium alloys is
to improve the antistatic properties of metal-matrix composites as well as corrosion
resistance [55]. Composite materials consist of a matrix and a filler resulting in a
composite that combines both matrix and filler properties, while hybrid materials
consist of mixed components resulting in a material with individual properties. There
are titanium-polymer composites and hybrids used in aerospace applications that
combine the properties of titanium alloys with the benefits of polymers. In addition,
these titanium-polymer composites are designed to provide a balance between the
desirable properties of titanium alloys and polymers, offering improved performance
and versatility in aerospace applications. These composites offer lightweight materials
with improved mechanical properties and enhanced resistance to fatigue and impact.

Figure 9.
Mechanical interlocking mechanism of adhesively bonded joints [53].
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Modulus of Ultimate Tensile Elongation at Hardness
elasticity (GPa) Strength (MPa) break (%) (Rockwell M)
PEEK 2.14-7.58 50.3-265 1.5-110 85-109
PEI 0.00280-56.0 1.00-600 0.50-110 85-118
PPS 1.56-17.2 276-155 0.35-80 90-100
PEI-CF 4.50-56.0 124-650 0.50-8.0 90-105

Table 2.
Some mechanical properties of PEEK, PEI, PPS, and PEI-CF [60-64].

Titanium/polyetheretherketone (PEEK) composite: PEEK is a high-performance
polymer that is often reinforced with titanium fibers or particles. The combination of
titanium and PEEK results in a composite material with increased strength, stiffness,
and heat resistance. It is used in aerospace applications such as brackets, connectors,
and structural components [56].

Titanium/polyetherimide (PEI) composite: PEI is a thermoplastic polymer that
can be reinforced with titanium fibers or particles. The resulting composite exhibits
excellent mechanical strength, chemical resistance, and high-temperature per-
formance. It is used in aerospace applications that require lightweight and durable
components, such as aircraft interior parts and engine components [57].

Titanium/polyphenylene sulfide (PPS) composite: PPS is a high-performance ther-
moplastic polymer that can be combined with titanium fibers or particles. The com-
posite offers good mechanical strength, chemical resistance, and dimensional stability.
It finds applications in aerospace where lightweight, strong, and corrosion-resistant
materials are needed, such as aircraft structural components and engine parts [58].

Titanium/PEI-carbon fiber (PEI-CF) composite: Carbon fiber-reinforced PEI, also
known as PEI-CF, can be further reinforced with titanium fibers or particles. This
composite exhibits high strength, stiffness, and excellent thermal stability. It is used
in materials for aerospace applications that require lightweight and high-performance
characteristics, such as aircraft panels, wing structures, and rotor blades [59].

The composition of titanium alloys with polymers provides materials with unique
mechanical properties. Titanium enhances the overall strength, stiffness, and density.
A specific property of titanium alloys can be modified by composition with a polymer
with this property. For example, PEEK is chemical-resistant, biocompatible, flexible
and exhibits high tensile strength. PEI in contrast has a higher range modulus of elas-
ticity than PEEK. The UTS of the PEI-CF composite is higher than the pure polymers
as shown in Table 2. In addition, the mechanical properties of titanium/polymer
composite materials can be manipulated by many factors such as the ratio between the
titanium alloy and the selected polymer, the bond mechanism, the method of distri-
bution, the particle size, and the effect on the interfacial strength of the titanium/
polymer composite joint.

8. Factors affecting the modification of titanium alloys

Surface pretreatments of many titanium alloys have been studied to evaluate
the effect on bond strength between the adhesive and the adherend’s surface and
to avoid cohesive failures. According to a previous study, surface pretreatments on
adhesive properties were measured by the contact angle between titanium and carbon
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fiber-reinforced plastic (CFRP). For instance, treatments of both substrate surfaces
(titanium and the CFRP composite) include UV/ozone method to increase the
surfaces’ free energy and create wetting characteristics [65].

Other factors affect the modification of titanium alloys as the following [17, 54]:

¢ Ultrasonic welding for Ti-Nylon-6 CFRTP lap joints
* Acid-picking (etching) of Ti alloy surfaces

* Anodization

* Vibratory shot peening

* Brazing process

* Heating pretreatment

¢ Alkaline degreasing

* Priming

Another surface treatment can be achieved by plasma polymerization on a tita-
nium alloy’s surface which results in stable corrosion protection and strengthens the
adhesive bonding. An example of this method was described using argon plasma
polymerization of Si-films on the Ti6AL4V substrate to study the effect of the deposi-
tion pressure on surface properties such as layer thickness and surface roughness [66].

The plasma treatment significantly affected the surface properties and bond
strength of these adhesives. The durability and mechanical properties of adhesive
joints between Ti6AL4V with polyimides such as FM-5 and PETI-5 were investi-
gated as promising materials for high-speed aircraft applications. The presence of
high thermal characteristics of polyimides promotes these types of adhesives [67].
Polyether ether ketone (PEEK) is another class of polymers that have been used with
plasma-nitrided titanium sheets owing to unique thermal and mechanical properties
that meet the requirements of aerospace applications [68].

Other unique properties of certain titanium alloys are shape memory and pseu-
doelasticity behaviors (the ability to recover the original shape after being changed
by temperature and pressure). The properties of interfacial adhesion of Ti-alloys and
the other metal or polymer composites can be enhanced. Ti-Ni alloy is an example
of these materials that have been used as smart materials and active materials in the
aerospace area [69].

Recently, a study conducted a synthesis of a strong 3-dimensional (3D) interface
configuration of matrix composite of the graphene nanoparticles-reinforced titanium
alloy (Ti6AL4V) with the adherent TiB, resulting in excellent strength and ductility [70].

9. Conclusion

In conclusion, this chapter discussed the mechanical properties and performance
of titanium-based alloys in aerospace applications. The historical background and
development of titanium alloys for aerospace were presented, highlighting the
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significance and demand for these alloys in the industry. The titanium alloys based on
equilibrium at room temperature were explored, showcasing their diverse properties
and applications.

The chapter also provides an overview of the titanium extraction process, shed-
ding light on the complex manufacturing methods involved in producing these
alloys. Several examples of titanium alloys commonly used in aerospace applications
were mentioned, emphasizing their suitability for high-strength and lightweight
structures.

Furthermore, the discussion extended to titanium aluminide intermetallic com-
pounds and their potential benefits in aerospace engineering. The unique properties
of titanium aluminide intermetallic alloys, such as high temperature resistance and
excellence strength-to-weight ratio, make them promising candidates for advanced
aerospace applications.

Lastly, the chapter touched upon the emerging field of titanium-polymer compos-
ites and hybrid materials. These innovative materials combine the desirable properties
of titanium alloys with the advantages of polymer matrices, resulting in enhance
performance and versatility.

In summary, the study of mechanical properties and performance of titanium-
based alloys in aerospace applications is crucial for advancing the field of aerospace
engineering. The continuous development utilization of these alloys, along with
the exploration of new materials and manufacturing techniques, will contribute to
the improvement of aircraft performance, fuel efficiency, and overall safety in the
aerospace industry.
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BCC centered cubic crystal
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°C celsius

g/cm’ gram/centimeter

GPa gigapascals

MPa megapascals

W/mK Watts per meter kelvin

TiCl, titanium tetra chloride

RT/BI rutile and beneficiated ilmenite
FeTiOs iron titanium oxide

Cl, chlorine

CoO carbon monoxide

CCl, carbon tetrachloride

Cco, carbon dioxide

Mg magnesium

EBM electron beam melting

SLM selective laser melting

TiAl titanium aluminide

LPT low-pressure turbine

Ti-CFRP Ti and carbon-fiber-reinforced polymer
PEEK polyetheretherketone

PEI polyetherimide

PPS polyphenylene sulfide

PEI-CF PEI-carbon fiber

CFRP carbon fiber-reinforced plastic
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Chapter 3

Galling-Free Forming of Titanium
and Titanium Alloys Using
Carbon-Supersaturated Tool

Steel Dies

Tatsuhiko Aizawa, Kenji Fuchiwaki, Takeshi Kihara
and Tomomi Shivatori

Abstract

Carbon supersaturation (CS) process was developed to prepare the CS-tool steel
dies with massive carbon solute content toward the galling-free metal forming.
The impinged carbon solutes diffused and agglomerated onto the hot spots at the
die-work interface by stress gradient during the metal forming. This in situ formed
free-carbon thin film worked as a tribofilm to reduce the friction and adhesive wear
on the die-work interface. Titanium and titanium alloys were selected as a work
material common to forging, near-net forming and fine blanking processes. The ball-
on-disc method was employed to demonstrate the significant reduction of friction
coefficient by CS-tool steels against the pure titanium ball. Upsetting process was
used to describe the galling-free forging behavior even under the higher reduction of
thickness than 50%. Pin-forming process was utilized to prove that taller pins than
designed target were extruded and their height was preserved even with increasing
the number of strokes. Fine blanking process was used to describe the integrity of
CS-punch with higher grade of titanium gears. The in situ solid lubrication by forma-
tion of free-carbon tribofilm was discussed in each metal forming. In particular, the
initial learning trial was proposed to shorten the incubation time for the free-carbon
film coverage onto the hot spots.

Keywords: galling-free forming, titanium and titanium alloys, In situ solid lubrication,
free-carbon tribofilm, upsetting, pin forming, fine blanking, high qualification of
products

1. Introduction

Titanium and titanium alloys have been widely utilized in every industry and
medical application [1]. During their metal forming, their fresh surfaces come into
contact with the die surface, resulting in severe adhesion wear or galling damage to
dies [2]. Hence, the lubrication is indispensable for their metal forming in practice.
Manufacturing of eye-glass flames and medical parts disliked the contamination of
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lubricating oils; solid lubrication provides an only way to control the contact interface
condition between the work and the dies [3, 4]. After [5], the bulk ceramic dies suf-
fered from severe adhesion of pure titanium plate to lower the limit of deep draw-
ability. The ceramic coatings, such as TiN, TiCN or TiAIN and DLC (Diamond-Like
Coating), were not free from galling, so that higher friction coefficient than 0.2 was
attained in the ball-on-disc testing [6]. As discussed in [7], the galling often occurs
during hot forming processes even at the presence of solid lubricants and ceramic
coatings under relatively small plastic strains. Among various solid lubrications,
the in situ solid lubrication methods become only a solution to reduce the friction
and wear on the die-work interface and to sustain low-frictional and wearing state
although the steps in forming.

Figure 1 compares three methods for in situ solid lubrication [8]. The chlorine-
implanted TiN and TiCN coatings had anti-galling capacity due to in situ formation
of deformable titanium oxide (TiO, for 1 < x < 2) film on the contact interface [9-11],
as depicted in Figure 1a. Tetragonal DLC (t-a:C) coating, working in the tailored
polymer lubricant, hindered the direct contact of work materials with DLC coating
by in situ synthesis of polymer layer to attain the superlubrication conditions [12], as
illustrated in Figure 1b. Using the carbon supersaturated ceramic, stainless steel and
tool steel dies, the isolated carbon film from CS-dies was in situ formed on the contact
die-work interface to lower the friction and wear [13-18].

Among three solid lubricating mechanisms, the in situ formed carbon tribofilm
works in practical metal forming, where the tool steel dies are used for dry and semi-
dry forming of titanium and titanium alloys. This in situ formation of free-carbon
tribofilms, in Figure Ic, is further explained in Figure 2.

The lower temperature plasma carburizing process [13-15] was utilized for mas-
sive carbon supersaturation in tool steel or stainless steel dies. The plasma carburized
dies at 673 K for 14.4 ks had a CS-layer with the thickness of 40 pm and the aver-
age carbon solute content of 3 mass%. Most carbon solutes occupy the octahedral
vacancy sites in the iron lattice cells to induce the lattice expansion. The lattices in
CS-layer strained in elasticity, while the neighboring cells to CS-layer plastically
strained to compensate for the strain incompatibility across the carburizing front

a)

b)

Free ©
Carbon
Film

Figure 1.

Typical in situ solid lubrication mechanisms during the metal forming even in dry or in MQL (minimum quantity
lubrication). a) In situ formation of deformable titanium oxide film (TiO, for 1 < x < 2) on the titanium base
coating to work interface, b) in situ formation of monolayer polymer film onto the t-a:C coating and c) in situ
formation of free-carbon film onto the CS-tool to work interface.
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Illustration of this in situ solid lubrication process. a) Stage-I: massive carbon supersaturation to tool steel dies, b)
stage-II: diffusion and agglomeration of isolated free-carbon solutes from CS-dies and c) stage-III: formation of
free-carbon tribofilm onto the highly stressed hot spots at the CS-tool to titanium work interface.

end. Due to this plastic straining, the original die microstructure was nano-struc-
tured to have the specific orientation to (111) or easy-to-deformation axis [19, 20]. In
local, the carbon solute occupation had disturbance by its chemical affinity among
iron/nickel and chromium, the constituent compositions in the stainless steels or tool
steels. Then, this nanostructure had two-cluster decomposition system, where the
carbon-rich cluster was neighboring to the carbon-poor cluster in the nano-struc-
tured CS-layer. The carbon solute was easy to isolate from its occupation sites and to
jump to next sites through this fine cluster boundary network by externally applied
driving force in Figure 2a [21-23].

On the true contact state between the fresh work material and the CS-dies during
metal forming, high traction was applied to the hot spots at the contact interface. This
high stress gradient induced the carbon solute jumping diffusion to the hot spots.
These attracted free-carbon solutes by stress gradients, agglomerated on the hot spots
and formed a free-carbon tribofilm to hinder the direct contact of work with CS-die
surfaces in Figure 2b. During the metal forming, this tribofilm gradually grew and
became a stable tribofilm on the CS-die to work interface in Figure 2c. As demon-
strated in [24-26], this in situ solid lubrication mechanism via CS-tools and CS-dies
played a significant role to reduce the friction, the wearing and the work hardening in
forming and shaping of titanium and titanium alloys.

In the present chapter, this in situ solid lubrication process was experimentally
described and analyzed to demonstrate its effectiveness to prevent the tools and
dies from severe galling behavior in metal forming. First, the ball-on-disc method is
employed to explain the gradual formation of the free-carbon tribofilm on the track
of CS-disc with an increase in sliding distance. Low friction and wearing state are
preserved in longer sliding distance against the pure titanium ball. In second, three
metal forming processes are employed to actually prove that low friction and wearing
state are also sustained by this in situ solid lubrication—e.g., forging, pin forming
and fine blanking. Higher reduction of thickness than 50% is attained by a single-step
upsetting process with low friction, low adhesive wear and low work hardening. A
titanium round bar is continuously free forged to have a triangular cross-section beam
within a single stroke. Taller pins than designed target are formed into the forged
titanium frame in every stroke for mass production. This tall pin height is preserved
although the extrusion steps in eye-glass frame manufacturing. A titanium gear with
high dimensional accuracy and low surface roughness is continuously yielded by
fine blanking without severe galling of titanium. High product qualification was also
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proved by dimensional comparison of products with and without carbon supersatura-
tion. The features of this approach are discussed to improve the metal forming per-
formance especially in its early stage and to extend this technology to other industrial
and medical fields.

2. Methods and materials

The plasma carburizing system is explained with comments on the processing
conditions for massive carbon supersaturation to tool steel dies. The ball-on-disc
(BOD) testing and three metal forming procedures are stated to experimentally
demonstrate the effectiveness of this in situ solid lubrication mechanism as a unique
process tribological method for metal forming of titanium and titanium alloys.

2.1 Plasma carburizing process

RF (Radio-Frequency) and DC (Direct Current) generators were used in this
plasma carburizing process to ignite and preserve the plasma-immersion conditions.
This system consisted of RF- and DC-plasma generators, the driving gas suppliers,
the evacuation unit and the EOS (Emission Optical Spectroscopy) unit for plasma
diagnosis as illustrated in Figure 3a. The hollow cathode device was employed to
keep high carbon-ion and CH-radical densities after this diagnosis and to deepen the
carbon supersaturated layer thickness [27-29]. The dipole electrodes were utilized to
ignite the RF plasma, while the DC plasma was also induced by applying the bias volt-
age to the bottom of hollow cathode. The RF-voltage and the DC-bias were constant
by +210 V and — 500 V, respectively. The carburized layer thickness was estimated to
be 40 pm in case of the plasma carburizing at 673 K for 18.0 ks by 50 Pa.

The following procedure was employed in practical operation for plasma car-
burizing. After evacuation down to the base pressure of 0.01 Pa, the argon gas was
introduced to a chamber at RT to clean the punch and die surfaces in Figure 3b via
presputtering. After increasing the process temperature up to 673 K under the argon
atmosphere, the hydrogen gas was also introduced into the argon gas with the flow
rate of 160 mL/min for argon and 20 mL/min, respectively. The total pressure was
constant by 50 Pa. After presputtering by the DC-plasmas for 1.8 ks, the methane gas

RF-Generator a)

Si0,
Window

Ar+H,+CH,
Thermo-_|\
Couple
1
.J='\
Meonitoring
by PC
Pulsed
DC-Generator
as supply
Figure 3.

Low temperature plasma carburiging system. a) Its schematic view of the ignition of plasmas in the hollow
cathode and b) overview of the whole system.
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was introduced as a carbon source into argon and hydrogen mixture gas by the flow
rate of 20 mL/min. At the specified duration of 18.0 ks, the specimen was cooled
down in the chamber under the nitrogen atmosphere before evacuation down to
atmospheric pressure. The processing temperature was in situ monitored by the ther-
mocouple, which was embedded into the base plate below the hollow cathode device.

2.2 Ball-on-disc testing

BOD tribotesting system (Tribometer; CSM, Switzerland) in the rotational
mode was utilized to describe the frictional behavior between the CS-SKD11
disc and the pure titanium ball in Figure 4. The SKD11 disc with the diameter of
60 mm and the thickness of 5 mm was prepared for carbon supersaturation. The
pure titanium ball with the diameter of 6 mm was used as a counter material. The
friction coefficient (p) was calculated by p = F/W for the measured frictional force,
F, and the applied normal load, W. The sliding velocity, V, was varied together with
W to describe the variation of the friction coefficient with increasing the sliding
distance, L, up to L = 500 m.

2.3 Metal forming procedure

CNC (Computer Numerical Control)-stamping system (Hoden Seimitsu;
Kanagawa, Japan) was employed for upsetting experiments with the use of two dif-
ferent CS-die pairs, as depicted in Figure 5.

CS-SKD11 punch and die were, respectively, fixed into the upper and lower
cassette die sets. Those two die sets were cemented to upper and lower bolsters of
CNC-stamping system with the stroke control capability. The stroke was controlled
to move down the upper bolster to the specified position for reduction of thickness in
work materials. The loading speed was constant by 10 mm/s.

Figure 6 depicts the upsetting process to infiltrate the pure titanium work into the
die cavities. Since a fresh titanium work contacts the cavity walls and die edges, this
process has a risk of severe galling with high friction. This high wearing and friction
results in shortage of pin height; the accumulated adhesion of titanium work onto
them gradually reduces the pin height and increases the applied load.

F
Frictional Force AE p|l§d
Sensor o

Ti-Ball

Rotation \"J

CSSKDM  \yoar Track

Disc

Figure 4.
Pure titanium ball to CS-SKD11 disc testing. a) Its schematic view of the rotational sliding test and b) overview of
the whole setup.
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Figures.
Schematic view and overview of the upsetting process to uniaxially compress the titanium bar by CS-punch and die.

Figure 6.
Schematic view and overview of the pin-formation process to build up the pins into the titanium alloy frame.

Figure7.
Schematic view and overview of the fine blanking process to shear the thick titanium plate and to punch out the
titanium product.

Figure 7 shows the fine blanking process to shear out the titanium plate to
bulk products under constraints and various applied loads. During this shearing
process, the fresh titanium work has a risk of galling to the punch and die surfaces.
This adhesive wear significantly reduces the punch life and lowers the product
quality.
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3. Tribology of CS-SKD11 dies

Variation of the measured friction coefficient (p) with the sliding (L) was
depicted in Figure 6 under the applied load (W) of 10 N and the sliding velocity
(V) of 0.05 m/s. Except for the initial running distance, p was preserved at 0.11 in
average. p and its deviation (Ap) decreased from 0.15 to 0.10 and from 0.05 to 0.01,
respectively. As discussed in [6], titanium debris stuck to TiN, TiCN and TiAIN
coatings, resulting in higher friction coefficient than 1.0. This severe metal sticking
was also observed on the wear track of Si-bearing DLC coating. No sticking was seen
when using the nano-laminated DLC (n-DLC) coating; p is nearly constant by 0.2.
The surface textures and tribological conditions were varied to analyze their effect on
the frictional transients in [30]. In every case, p is more than 0.18. The stable and low-
frictional state was preserved at CS-SKD11 disc against the pure titanium ball in dry.

SEM-EDX was utilized to analyze the wear-track surface of this CS-SKD 11 disc
after sliding up to L = 500 m. As shown in Figure 8, no adhesion of pure titanium
fragments was detected on this wear track except for a few TiO, debris particles at

. TiO, debris

Figure 8.
SEM-EDX analysis on the wear track of CS-disc after sliding the pure titanium ball up to L = 500 m.

0.30

TiN; TICN; TiAIN
0.25

DLC-Si

n-DLC coating

Friction coefficient, /-

Dry; W=10 N; V =50 mm/s

Figure 9.
Variation of the friction coefficient (u) with increasing the sliding distance (L) up to L = 500 m under the applied
load of 10 N and the sliding velocity of 0.05 m/s.
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Figure 10.
Effect of the sliding velocity on the transients of friction coefficient with L. the applied load was 10 N and the
sliding velocity was 0.1 m/s.

the vicinity of wear-track edges. Most of wear-track surface was covered by carbon
film. This analysis proves that low-frictional behavior in Figure 9 is attained by the

in situ formation of free-carbon tribofilm onto the interface between CS-SKD11 disc
and titanium ball. Let us consider the effect of sliding velocity on this low-frictional
behavior. Figure 10 shows the variation of friction coefficient with increasing L under
W =10 Nand V = 0.1 m/s. In the initial running, spiky increase of friction coefficient
was detected twice before L = 100 m. For L > 100 m, the stable friction advanced by

p = 0.07. This implies that a stable free-carbon tribofilm is formed after an incuba-
tion time when the insufficient coverage of free-carbon film at the hot spots induces
unstable surface conditions with high friction coefficients.

4. Upsetting of titanium and titanium alloys by CS-dies

A pure titanium round bar with the diameter of 1.0 mm was upset in dry without
any liquid lubricants by CS-punch and CS-die in the specified reduction of thickness
(r). Before upsetting, the surfaces of CS-punch and CS-die were completely polished
not to leave any surfactants. At first, this pure titanium bar was upset in a single shot
by r = 10%, 20%, 30%, 50% and 70%, respectively. Without carbon supersaturation
treatment, this reduction of thickness was significantly reduced down to 10 to 15%.

1 mm

Figure 11.
Variation of the upset pure titanium round bar with increasing the reduction of thickness (v) up to v = 70%.
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Aa shown in Figure 11, the round bar was upset to each r without adhesive wear on
the contact interface.

The width of upset bar (W,,), the contact interface width (W;) and the bulging
displacement, B, (=(W,-W;)/2) were chosen as a parameter to describe this upset-
ting behavior. After [31], B, is employed as a parameter to measure the frictional
coefficient during the uniaxial compression. When B, > 0.5, the friction coefficient
governs the plastic deformation of work and a round bar significantly bulges by itself.
On the other hand, the friction coefficient reduces when B, < 0.5 or B, ~ 0. Figure 12
shows the variation of W, W; and B, with r. W, increases with r in quadratic, while W;
increases in linear with r. When r > 50%, W; approaches W; at r = 70%, B, ~ 0.0.

This monotonous approach of Wi to Wo implies that the friction coefficient
monotonically reduces itself with r and goes down to nearly zero. Then, Bg monoto-
nously decreases with r and becomes nearly zero at r = 70%. After the regression curve
between Bg and , p is estimated to be 0.05-0.1, much lower than the friction coef-
ficient with p > 0.2 in the literature [6, 30]. This low-frictional behavior by CS-punch
and die against the titanium bar is reconsidered by using the finite element analysis
(FEA) [24]. In this inverse analysis, the friction coefficient is parametrically varied
so that the measured micro-hardness map corresponds to the plastic strain calculated
by FEA at the same reduction of thickness. Figure 13 compares the measured micro-
hardness map to the calculated plastic strain at r = 50%, assuming that the friction
coefficient is 0.05; that is, p = 0.05 at r = 50%. Let us analyze the work-die interface
using the SEM and EDX, where low friction is preserved even with increasing r. The
contact interface area expands from the center line toward the upper and lower direc-
tions with increasing r. Then, without CS, the fresh titanium work could be easily in
direct contact with the die surface to onset the galling. In this contact area, fine white
stripes are seen along this area expansion in Figure 14a. EDX was utilized to identify
the chemical component of these strips at the central region A in the contact interface.
As compared in Figure 14b, no correlation is recognized between these stripes and
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Figure 12.
Variation of the bar width (W,), the contact interface width (W,) and the bulging displacement (B,) with
increasing r.
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Figure 13.
Comparison of the experimentally measured micro-hardness map with the calculated plastic strain distribution
by FEA. a) Measured micro-hardness map and b) calculated plastic strain.
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Figure 14.

Microstructure analysis on the contact interface between the CS-punch and the titanium bar after continuously
upsetting the pure titanium bar 10 times up to v = 70%. a) SEM image on the contact interface, b) element
mapping by EDX at the region a in (a, and b) Raman spectroscopy at the region a in (a).

constituent elements of SKD11, iron and chromium. A very few stripes correspond

to the titanium and oxygen maps; the TiO, debris particle sparsely adhered to the
CS-punch surface. Almost all of white stripes in SEM images just correspond to carbon
mapping. Since no stripes were detected before upsetting, these carbon stripes must
be in situ formed on the interface. Raman spectroscopy was utilized to describe the
binding state of these carbon white stripes. Since no significant peaks were found in
the lower wave numbers in Figure 14c, the carbon was not present as a bound carbon
in the carbides. Fine D-peak at A = 1320 cm™ and G-peak at A = 1600 cm™" prove that
these stripes consist of free carbons, isolated from the CS-punch during upsetting.
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As already discussed in [9, 32], a free carbon has no possibility to isolate from
amorphous carbon layer or DLC coating at the absence of polymers and liquid
lubricants. This implies that a free carbon directly isolated from CS-SKD11 die
drives the low friction and wear condition at the hot spot in the contact interface to
titanium works.

Let us compare the upsetting behavior between pure titanium and p-phase tita-
nium alloy bars using the same CS-punch and CS-die. As suggested in [33], the pure
titanium has hcp (Hexagonal close-packed) structure, while the p-phase titanium
alloy has bee (body-centered cubic) structure. Due to a fewer number of slipping
planes, hcp-structured material is thought to have more difficulty in plastic straining
than bee-structured one. This difference is reflected in the upsetting behavior under
nearly the same low-frictional interface to CS-punch and CS-die.

The micro-hardness mapping is employed to compare the plastic straining behavior
between two bars under the same upsetting conditions as shown in Figure 15. Even
when r = 10%, the p-phase titanium alloy bar has higher micro-hardness profile than
the pure titanium bar. This reveals that the uniform plastic straining advances in
the p-phase alloy more easily than the pure titanium. In both bars, work hardening
is suppressed only at the center of bars in common since the CS-punch and CS-die
are utilized in both cases. The hardness gradient, that is, the plastic strain gradient is
much reduced even at higher reduction of thickness when using the p-phase alloy. This
implies that uniform plastic straining with lower work hardening advances in upsetting

CS-SKD11 Punch
T
Pure Titanium B-Titanium
50% ‘ Pt ? ( « )
Lmm

180 195 210 225 240 255 270 285

Figure 15.
Comparison of the micro-hardness mapping between the pure titanium and -phase titanium alloy bars, using the
same CS-punch and CS-die.
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the p-phase titanium alloy. Hence, the upsetting of -phase titanium alloy is free from
the shear localization and ductile fracture even at the high reduction of thickness.

The upsetting process is widely utilized in metal forming to imprint the die
cavity shape to an upset work under free forging situation and to shape the pins onto
the forged titanium products. Let us apply this CS-treatment to free forging punch
and die. In practical upsetting process, the die is often shaped to form the initial
round titanium bar to the deformed cross-sectional bar. In the conventional process
without carbon supersaturation treatment, the shaping stage must be divided into
several steps including the polishing and surface treatment with intermission. The
CS-treatment is expected to save those tedious steps and to make near-net shaping
from the round bar to the product in a single stroke. In the following experiment,
the initial round bar with the diameter of 3.0 mm is free forged to the triangle cross-
sectional bar within a single stroke.

The CS-punch and CS-die in Figure 16 were prepared for upsetting the round
pure titanium bar to a triangular cross-sectional bar. Figure 17 describes the variation
of bar shape with increasing r up to 45%. Through the swelling of work into the die
cavity for r < 10%, the titanium work gradually fills into the whole die cavity with
increasing r for r > 20%. Let us measure the load-stroke relationship at each reduction
of thickness. After the initial swelling for r < 10%, the load gradually increases with
contact interface area extension with r, as shown in Figure 18. This stable load-stroke
relationship proves the monotonous filling of the swelled titanium bar into a die cav-
ity to form the triangular cross-sectional bar.

Let us consider the role of CS-die on the filling process during shaping of the
round B-phase titanium alloy bar to the triangular cross-sectional bar. HT (heat
treatment) SKD11 die was used as a reference to analyze this role. The same CS-punch
was used in both shaping processes. In both cases, no difference in the plastic strain
distribution is noticed from the initial swelling step to the early stage of filling step
into a die cavity in Figure 19. Toward the final stage of filling step, the uniform
straining behavior is lost when using the HT-die, so that work hardening severely
occurs at the vicinity of CS-punch surface and HT-die. On the other hand, the p-phase
titanium work becomes free from this local work hardening and deforms with suf-
ficient uniformity in straining when using the CS-die.

Finally, let us apply this pair of CS-punch and CS-die to continuous shaping of round
p-titanium round bar to the triangular bar by shifting the CS-punch in every 20 mm.

—
&l M
DD 10.mm.~}

Figure 16.
CS-punch and CS-die for upsetting the round bar with the diameter of 3.0 mm to a triangular cross-sectional bar.
a) CS-punch and b) CS-die.
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Figure 17.
Variation of the work shape with increasing the reduction of thickness (v) up to v = 45%.
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Figure 18.
Transients of the load-stroke relations with increasing v up to r = 45%.

Figure 20 compares the initial round bar to the diameter of 3.0 mm with the continu-
ously upset bar in four times. Within a single shot in each upsetting step, the initial
round bar is successfully transformed to a long triangular bar. This demonstrates that a
round p-titanium bar is used as a feedstock to deform any cross-sectional stringer and
frame by the incremental shaping in tandem procedure.
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Figure 19.
Transients of the micro-hardness mapping in cvoss-section of p-phase alloy bars during the shaping process with
and without the use of CS-die.
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Figure 20.
An incremental shaping with r = 45% to continuously deform the round bar to a triangular cvoss-section bar by
shifting the CS-punch in each 20 mm.

5. Titanium alloy pin forming by CS-die

The titanium eye-glass frame is made of various parts, which are forged and
shaped all together in dry without lubrication [34]. A pin is a typical element to fix
the interior component to titanium frame for high qualification of product. Due to
the galling of titanium alloy to the dies in dry, this pin forming must be scheduled in
multi-steps. Each unit step consists of the heat treatment and pickling, the anodizing
and demold-coating and the upsetting. After this upsetting, the additional sub-steps
are often necessary for trimming and barreling the burs. Toward high qualification of
products, the first upset pin height has a significant influence on the final pin height
with sufficient aspect ratio after multi-step operation.
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In this titanium pin forming, the first upset pin height is employed as a parameter
to describe the superiority of workability to the CS-dies. Tall pin height is preserved
all through the pin-forming process. In particular, the intermediate steps and sub-
steps are significantly saved by using the CS-die.

A type ACD56 tool steel with the hardness of HRC57 was prepared as a die for pin
forming. A pure titanium bar with the diameter of 5 mm was used as a feedstock. A
knuckle-joint stamper (AIDA160) was utilized for upsetting with the applied load of
1200 kN.

Figure 21 compares the first upset pin height by using the normal ACD56 die and
CS-ACD56 die. The first upset pin height by the normal die is limited by 1.22 mm,
less than the targeting height of 1.35 mm in schedule. On the other hand, the first
upset height by CS-die reaches 1.68 mm, much taller than the targeting height. This
difference proves that low friction and low adhesive wear are attained by using
the CS-die just in the similar manner to the free forging process with the use of
CS-punch and CS-die.

When using the normal die, its surface was adhered by the fresh titanium frag-
ments. This galling increases the friction on the interface between the die and tita-
nium work. If the applied load were kept constant, the upset height could decrease
with increasing the number of strokes.

As expected in the above, the first upset ping height (h) gradually reduced with
N when using the normal die; e.g., h =1.22 mmatN =1, h = 1.0 mm at N = 20 and
h = 0.94 mm at N = 35. In addition to this reduction of pin height by galling, the devia-
tion of h is also enhanced with increasing N, as depicted in Figure 22. On the other
hand, h is nearly constant by h = 1.67 mm with less deviations even with increasing N.
This high workability, with indifference to N, demonstrates that in situ formed free-
carbon tribofilm significantly reduces the friction and adhesive wear on the contact
interface.

The first upset pin height is preserved to be higher than the target level, so that the
successive steps and sub-steps can be saved as pointed in Figure 23. In case that the
target height is 3 mm, the first and second steps are enough to attain the high quali-
fied products. In particular, the total processing cost might be significantly saved
since many sub-steps for heat and surface treatments and surface polishing become
unnecessary.

1.68mm

Pin-forming by normal Pin-forming by
ACDS56 tool steel die CS-ACDS56 tool steel die

Figure 21.
Comparison of the first upset pin height by the normal and CS-ACD56 dies.
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In general, the forming procedure of titanium and titanium alloy bars to the
final frame product consists of time-, energy-, labor- and cost-consuming pro-
cesses. This reduction of steps and sub-steps in the pin-forming process enables a
shortened processing time, reduced energy consumption and savings in labor cost
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Figure 22.
Variation of the first upset pin height with increasing the number of strokes, using the normal and CS-dies.
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Figure 23.
Saving the intermediate steps in the pin forming when using the CS-dies.
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Figure 24.
New pin forming with near-net forging process in the procedure from the feedstock to the glass-frame preform.

62



Galling-Free Forming of Titanium and Titanium Alloys Using Carbon-Supersaturated Tool Steel...
DOI: http://dx.doi.org/10.5772/intechopen.1004184

in other parts of the forming schedule. In addition, the distance and gap between
the designer’s product and the formed eye-grass frame can be much reduced, so
that value of eye-glass frame products is much improved by manufacturing the
designer’s model.

Figure 24 shows the revised pin-forming process with the near-net forging from
the feedstock. Under the significant surface extension of work materials, low friction
and wear state are preserved by using the CS-die.

6. Fine blanking of pure titanium plates by CS-dies

In the fine blanking, the metal, the polymer and their composite plates were
sheared under the mechanical constraint to punch out the near-net-shaped parts with
nearly full burnished surface [35]. As seen in Figure 7, various loads are also applied
to fix the work plates between the dies and the work. Then, the ductile and active
metals and alloys, such as the oxygen-free copper, the pure titanium and the stainless
steels, are easy to adhere onto the punch and die surfaces [36].

Figure 25 shows a typical adhesion of debris fragments when fine blanking the
pure titanium plate with the thickness of 2.0 mm even under lubrication. Since this
galling occurs in a single-shot blanking, an innovative tooling to suppress the direct
contact of fresh titanium work to dies is indispensable to continue the blanking pro-
cess in the continuous production of the titanium parts. The CS-YXR7 (matrix type
tool steel) punch and die are utilized to fabricate the pure titanium gears [37, 38].
The fine blanking stamper (FB-160FB; Mori Iron Works, Co., Ltd., Fukuoka, Japan)
was employed to make continuous fine blanking experiments. The CS-YXR7 punch
was machined and finished to have 12 teeth module-1.0 involute spur gear geometry
after CAD-data with the pitch circle diameter of 12.00 mm, the pressure angle of
20°, the tip circle diameter of 14.00 mm, the tip radius of 0.3 mm, the root circle
diameter of 10.00 mm and the root radius of 0.4 mm, respectively. These punch
edges were accurately finished to have double chamfers for suppressing their abra-
sive wearing.

Figure 25.
Galling of pure titanium debris fragments onto the sheared surface of YXR7 punch with the square head.
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Figure 26 depicts the sheared-out titanium gear blanks. Smooth gear surfaces
are attained by using the CS-punch and die. This proves that severe adhesion of
fresh titanium debris did not occur in this fine blanking process with the use of
CS-YXR7 punch. How about the continuous fine blanking of pure titanium work?
Figure 27 demonstrates that the series of titanium gears is yielded without severe
damages to titanium blanks by galling. To be noticed, the gear-tooth surfaces of
sheared blank at N = 1 have a fracture surface in partial. This partially fractured
surface area fraction decreases with increasing N; the blanked gear-tooth surfaces
are fully burnished at N = 50.

Once the galling occurred on the punch to work interface at the initial or interme-
diate stages in this continuous fine blanking, the fractured surface area fraction could
be gradually or steeply enhanced with increasing N. Figure 27 also reveals that the
CS-punch to titanium work interface must be solid lubricated to reduce the fractured
surface fraction by in situ formation of free-carbon tribofilm [39].

Let us investigate the surface conditions of tooth surface at the CS-YXR7 punch.
Figure 28 compares the tooth edge profile of CS-YXR7 punch at the initial stage and
after fine blanking up to 50 strokes. Very thin fragments with the thickness of clear-
ance are seen on the tooth surfaces of CS-punch after shearing at N = 50. This punch
was softly polished by the polymer brushes. Those thin fragments are cleaned and

2mm Top surface 2mm Bottom surface

Figure 26.
The sheared-out pure titanium gear blank. Droops and burrs were slightly detected on the top and bottom blank
surfaces, respectively.

Figure 27.
Continuous fine blanking of pure titanium gears up to N = 50. The gear side surface condition was improved with
increasing N.
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. Before blanking.. B After 50 strokes E . After soft brushingﬁ

Figure 28.
Comparison of a gear-tooth profile before fine blanking, after fine blanking up to N = 50, and after softly
brushing the used punch surface at N = 50.

polished away, so that the surface condition of CS-YXR7 after brushing comes back to
the initial condition, as compared in Figure 28. This proves that no galling takes place
to induce the damages to the punch surfaces.

Surface roughing process on the gear blanks is analyzed with increasing the
number of strokes. Figure 29 depicts the variation of average surface roughness (Ra)
with increasing N. Two positions were selected on the gear side surfaces at the 0 and 6
oclock angles. Ra steeply increases from 1 to 2 pm up to N = 2. For N > 2, this rough-
ness gradually decreases with N; e.g., Ra decreases from 2 pm at N = 2 to 0.6 pm at
N =50 at 0 oclock angle. This initial steep increase corresponds to the occurrence of
the fractured surface on the gear side surface as shown in Figure 27. The monotonous
decrease of Ra with N is also in agreement with the gradual decrease of fracture sur-
face area fraction with N. That is, the free-carbon tribofilm does not cover the whole
contact interface to titanium work at N = 2, so that the fresh titanium fragments are
taken away from work and deposited onto the CS-YXRY7. This surface state change

~_atéo’clockangle

Average roughness, Ra/um

05 | at 0 o’clock angle

0 10 20 30 40
Number of strokes, N /--

th
=]

Figure 29.
Variation of the shearved gear-blank surface roughness at two positions with increasing the number of strokes.
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reflects on the surface roughing of blanks. With increasing the number of strokes, the
free-carbon films agglomerate and cover the hot spots on the contact interface to be
free from galling. Then, the burnished surface area fraction increases and the surface
roughing is gradually suppressed to be less than the initial roughness level.

7. Discussion

The galling or the adhesive wear becomes one of the most difficult issues to be
overcome in the metal forming design. As reviewed in [40], four engineering items
affect this problem in a complex way; i.e., the plastic strain, the surface condition, the
flash temperature and the work material. This galling is classified into two categories:
the mechanical galling and the mechano-chemical galling.

In the former issue, the friction and wear of tools and dies can be reduced by
the surface treatment like ceramic coating or DLC coating [41], by the reduction
of surface roughness [42], or by optimal selection of lubricants [43]. However, the
latter issue is difficult or nearly impossible to be solved only by those methods. A
typical mechano-chemical galling is experienced in forging, shaping and shearing the
titanium and titanium alloy works. As reported in [43], the anodizing method played
arole to make drawing and bending the titanium sheets without galling, even in MQL
(Minimum Quantity Lubrication), since the contact area is limited to be narrow
under a little application of plastic strains.

Severe mechano-chemical galling occurs in the forming of titanium alloy eye-glass
flames, in the near-net forging of titanium feedstock to preforms or in the fine blank-
ing of titanium plates to mechanical parts. The true contact interface between work
materials and dies must be in situ lubricated in solid all through these processes. The
massively carbon supersaturated (CS) tools and dies provide a non-traditional way to
significantly reduce this type of galling in practical forming processes of titanium and
titanium alloys.

In situ formation of free-carbon tribofilm onto the hot spots in the contact inter-
face is common to every tribotesting and metal forming with the use of CS-disc,
CS-punch and CS-die, respectively. The massively supersaturated carbon in the
nano-structured layer is driven by the stress gradient to make jumping diffusion from
one octahedral vacancy sites to the other through the nano-cluster boundaries, to
isolate itself from the layer of CS-tool and to agglomerate on the hot spots [44]. Just
in the similar manner in the nucleation and growth theory in materials science [45],
an incubation time is necessary for the isolated free carbon to nucleate on the hot
spots, to agglomerate itself to a solid dot and to form the free-carbon tribofilm on the
contact interface. During this intermission, the titanium and titanium alloy work has
arisk to adhere onto the CS-tool surface in partial.

In case of the tribotesting, the sticky increase of friction coefficient was observed
at the initial stage in sliding movement of titanium ball onto CS-disc as seen in
Figures 9 and 10. In the upsetting and free forging processes, the local adhesion of
debris particles was seen on the hot spots as shown in Figure 12. At the beginning
of the pin formation, a local adhesion of titanium alloys was detected in practical
operations. The titanium adhesion was detected at the vicinity of CS-punch edge
when fine blanking the pure titanium plates. This rate-effect on the local occurrence
of adhesion could be saved by initially applying the stress gradients to the CS-tools
before actual metal forming. During this learning step, the in situ solid lubrication
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process is activated in the CS-tools. Mechanical tapping [46] provides a way to form
a thin free-carbon tribofilm onto the specified surface regions of CS-tool. Then, the
tribofilm could work from the initial contact state to titanium and titanium alloy
work materials.

The titanium alloy design stood on the optimum selection of chemical compo-
nents to modify the original hcp-structured crystallography to bee- or other struc-
tured system by phase transformation [47-49]. Although those studies were based
on the uniaxial tensile or compressive experiments, the workability of designed
titanium alloys was not evaluated properly under the multi-axial plastic straining.
As studied in [50], the friction on the tool-work interface significantly affected the
plastic strain localization and the ductile fracture in compression. The plastic strain
gradient and local work hardening also have much influence on the workability
of titanium alloys. Figures 15 and 19 demonstrate that low friction and low work
hardening are sustained even at the high reduction of thickness, using the CS-punch
and CS-die. Under this metal forming condition, the homogeneous plastic straining
advances with active slipping systems of p-phase alloys. The superiority to f-phase
alloy in plastic straining in the alloy design comes true only when using these
CS-punches and CS-dies.

Let us consider the extension of this CS-die technology to the grain-size refine-
ment and the forging of other work materials than titanium.

The grain size reduction with high crystallographic misorientations provides the
simplest way to improve the strength of titanium and titanium alloys. Among various
procedures for grain size refinement, the repeated forging process with the use of
CS-dies becomes a suitable procedure to refine the original coarse grain size before
near-net shaping.

The stress gradient to drive the isolation of carbon solute from nanostructure
is induced by traction to the CS-tool surface during the elasto-plastic deformation
of work materials. Then, the flow stress of work materials has influence on this
applied traction to contact interface. When using the soft metals such as tin, lead
or pure aluminum, this in situ solid lubrication has a risk not to be working, since
the sufficient amount of free-carbon dots is not supplied from the CS-tools. In each
material system, the initial learning process is needed to activate the in situ solid
lubrication mechanism before actual forming. Almost all the stainless steels are in
situ lubricated in solid without the initial learning step. When using AISI304 plates
in fine blanking, the AISI304 gears are punched out without adhesive wear just as
seen in Figures 26 and 27 [51]; much better burnished gear surface is attained by
CS-punch and CS-die.

The light elements, such as boron (B), carbon (C), nitrogen (N) and oxygen
(0), are possible to make massively supersaturation into various material systems,
to significantly modify the initial microstructure of punch and die materials to
nanostructures and to form a tribo-chemically synthesized surface layer. After the
theoretical study on the supersaturation process [52], the nanostructuring with
cluster formation is common to these massively interstitial solute supersaturation.
The chemical activity is different in each species of interstitial solute. In the pres-
ent study, the nanostructure of free-carbon film is synthesized from the diffusing
carbon solutes through the nano-cluster boundaries. This chemical reaction on
the contact interface of supersaturated dies to work materials is controlled by the
chemical affinity between the interstitial solutes and the constituent elements of
work materials.
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8. Conclusion

The metal forming of titanium and titanium alloy parts, members and compo-
nents for industries and medical markets has suffered from severe galling to dies by
their debris fragments and particles. In particular, long forming steps with high labor
cost and energy consumption hinder the way to advance the manufacturing process
in their precise forging, net-shaping and fine blanking. The carbon supersaturation
with high carbon solute content prevents these metal forming punches and dies from
severe adhesions, so that the titanium and titanium alloy products are formed with
high dimensional accuracy and with high surface finish.

The incremental dry forming of eye-glass titanium alloy frames required long
series of steps including the additional sub-steps such as heat treatment, surface
polishing and deburring. Five steps including these sub-steps are reduced to two steps
without any sub-steps by using the CS-punch and die. This reduction of incremental
forming steps and sub-steps significantly lowers the labor cost and energy consump-
tion. The continuous mass production of titanium gears by fine blanking is free
from intermission by adhesion of titanium work to punch and die. The lubricating
oil consumption is much reduced to MQL level. Fully burnished gear surfaces are
maintained through the whole production schedule.

In common to the above industrial applications, low friction on the contact
interface results in the reduction of applied load. Low wearing state preserved
through manufacturing proves high quality of product. Low work hardening assures
the flexibility in near-net shaping and provides the way to complex shaping by precise
forging. This advanced manufacturing by this carbon supersaturation technology
must be essential in the sustainable society with circulation economy.

Except for the initial learning stage, the metal forming performance as well as
the product quality are improved with increasing the number of strokes by using the
CS-tools. This self-lubrication by the free-carbon tribofilm from CS-tools assures
the longer tool life without change in the product quality. The incubation time for
initial learning step is reduced by the mechanical tapping or by the learning trials.
Since the isolation and diffusion of free-carbon solute from CS-dies to hot spots on
the die-work interface are driven by the stress gradient, the formation of free-carbon
tribofilm and its coverage onto hot spots is strongly dependent on the flow stress of
work materials. BOD-testing and upsetting experiments are necessary to describe
how effectively this in situ solid lubrication plays a role in each work-material system.

Massive carbon supersaturation via the low temperature plasma carburizing is
further studied to deepen the CS-layer thickness in various die materials, to control
the CS-layer distribution in depth and the hardness depth profile and to make plasma-
printing with assistance of carbon solutes.
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Chapter 4

Tailoring TiO, Films: The Path
to Superior Electrochromic
Performance
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Abstract

The present study systematically explores the impact of variations in heating
temperature and pH levels on the electrochromic features of electrodeposited TiO,
thin films. Notably, a TiO, film prepared in an acidic medium and annealed at 450°C
demonstrated exceptional EC properties. It exhibited a high transmission modulation
of 17.18%, an impressive coloration efficiency of 58.8 cm”/C, and rapid switching
kinetics. These results highlight the significance of optimizing synthesis conditions
for TiO, thin films to enhance their electrochromic performance. The findings of
this research contribute valuable insights into tailoring the electrochromic behavior
of TiO,, emphasizing the importance of pH and annealing temperature in achieving
enhanced EC properties. The identified optimal conditions for TiO, thin films open
new avenues for the development of efficient and cost-effective electrochromic mate-
rials. This research advances the understanding of TiO,’s electrochromic capabilities
and provides a promising candidate for diverse electrochromic applications, thereby
expanding the potential impact of electrochromism in various technological fields.

Keywords: TiO, films, electrodeposition, indium tin oxide (ITO) glass, pH
environment, annealing temperature

1. Introduction

Electrochromism, a fascinating energy conversion phenomenon, has captured the
attention of researchers due to its potential applications in diverse fields, including
displays, smart windows, antiglare mirrors, and encryption devices [1-4]. It involves
the adoption of innovative strategies to reduce energy consumption in buildings,
particularly through advanced window technologies, presents significant opportuni-
ties. Among these advancements, electrochromism-based smart windows have been
developed and utilized in specialized markets for several decades. These windows
possess the capability to modify their optical characteristics, such as transmittance
and reflectance, with the application of minimal voltage. This distinct feature
empowers them to effectively manage solar heat gain, contributing to the establish-
ment of a comfortable indoor environment while optimizing energy utilization
[1-4]. The applications of electrochromism-based smart windows are extensive,
ranging from automotive and mass transportation to skylights and displays [1-4].
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Importantly, the integration of these windows can result in substantial energy sav-
ings for buildings. Reports suggest potential reductions of up to 25% in heating and
cooling energy consumption, a 50% decrease in lighting energy needs, and a 30-40%
decrease in peak power demand [1-4]. Beyond their energy-efficient attributes, these
windows also afford privacy protection for occupants [1-4]. The adaptability and
demonstrated advantages of electrochromism-based smart windows emphasize their
increasing popularity and underscore their pivotal role in advancing sustainable and
energy-efficient building technologies across diverse sectors.

It involves the manipulation of electronic bands within chromic materials by an
external electric field, resulting in a discernible change in their position and intensity.
This change in electronic bands primarily arises from variations in the dipole moment
of electronic excitation, with transition polarizability responsible for shifts in inten-
sity [5]. Chromic materials are typically categorized into various assemblies: conduct-
ing polymers, small organic molecules, and inorganic metal oxides [6-8]. These EC
sources play a crucial role in modulating solar energy entering buildings, contributing
to energy conservation by minimizing heating and cooling requirements [9]. Among
these materials, TiO, has garnered significant attention owing to its non-toxic nature,
durability, price-effectiveness, high electrochemical stability, and robust oxidation
capabilities [10]. Basically, TiO, is a wide bandgap n-type semiconductor with a
lattice structure suitable for cation intercalation, leading to the creation of additional
electronic states within the material’s bandgap. These additional states influence the
material’s optical properties, enabling light absorption in the visible spectral range
[11]. TiO, is well-known for its structural polymorphism, featuring phases such as
rutile, anatase, and brookite. The control of d-electrons through doping is facilitated
by the filling of the 4 s shell, making it more favorable to place the next electron into
the 3d shell rather than the 4p shell [12, 13]. TiO, naturally exists in a combination
of crystalline and amorphous phases [14]. Notably, the amorphous phase of TiO,
(a-Ti0,) exhibits a large surface area, enhancing catalytic reaction rates and providing
opportunities for diverse doping options. Moreover, it is abundant in the environment
and can be manufactured at room temperature, eliminating the need for energy-
intensive calcination, thus reducing chemical costs and energy consumption [15]. In
the amorphous phase of TiO,, a notable characteristic is the confinement of tail states
in close proximity to the band gap, which differs from crystalline materials where tail
states are entirely spread out and not confined [14]. These unique attributes of a-TiO,
have sparked renewed interest in its potential as an alternative to the crystalline phase
[15]. Notably, a-TiO, has found applications in enhanced photocatalysis [16, 17], dye
removal from water [18], and resistive random-access memory [19].

Apart from a-TiO,, the crystal-like phases of TiO,, such as anatase and rutile,
exhibit unique structural features, chemical attributes, and optoelectronic behav-
ior that set them apart from one another [20-23]. Anatase TiO,, in particular, has
gained widespread recognition as an ideal material for EC applications, primarily
due to its open structure, conducive to ion intercalation and deintercalation, result-
ing in improved EC performance [2]. The transformation of TiO, from its natural
amorphous or poorly crystalline phases to different crystalline phases involves heat
treatment. The phase transition in the material is contingent not only on annealing
temperatures but is also squeezed by a multitude of reasons, comprising the reactivity
of metal alkoxides, the ratio of water to alkoxides, the pH of the reaction medium,
the nature of the solvent employed, and the presence of additives. These combined
variables play a crucial role in governing the structural transformation of the mate-
rial, highlighting the intricate interplay between multiple parameters in the process
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[24, 25]. Understanding and controlling these factors are essential for modifying the
material’s stuffs to meet specific application requirements, making them of signifi-
cant interest in materials science and engineering [25]. For instance, annealing plays
a considerable role in crystal phase formation. The study conducted by Hakki et al.
[26] delved into the impact of thermal heating on the crystal structure and crystalline
size of Ti0,. The research findings revealed that at a temperature of 500°C, a pure
crystalline anatase phase of TiO, was formed. However, as the heating temperature
was raised to 600°C, this anatase phase disappeared entirely, and only the rutile phase
of TiO, remained. This transition from anatase to rutile is a significant observation,

as these are two distinct crystallographic forms of TiO, with varying properties.
Furthermore, when the annealing temperature was pushed to a high level of 700°C,
the crystalline structure of the rutile phase was destroyed, resulting in TiO, being

in an amorphous, non-crystalline state. This amorphous state indicates an absence

of long-range order in the material’s atomic arrangement. The research by Kim et al.
[27] explored the influence of heating temperatures fluctuating from 350 to 750°C

on both the capacitive and oxidant-generating characteristics of TiO, Additionally,
this annealing treatment was found to alter the EC properties of TiO,, as previously
indicated in other studies [28, 29]. The pH value was identified as a crucial factor
affecting the crystal structures of TiO,, consequently impacting various properties,
including absorption, transmission, and scattering, as reported in previous research
[24, 25]. The pH of the precursor solution was detected to enhance the degree of
crystallinity, playing a pivotal role in the formation of different phases of TiO,, a
finding consistent with existing literature [30-32]. It is noteworthy that the pH level
was found to have a substantial touch on the architectural and photocatalytic features
of TiO,, underlining its importance in shaping the material’s characteristics [32]. It
was found that the TiO, films exhibited a porous structure and significant roughness
on their surfaces under lower acidic conditions. In contrast, films were very dense
and had relatively smooth surfaces under higher acidic conditions [32]. Consequently,
many methods have been adopted to fabricate TiO, films with improved EC perfor-
mance, including the sol-gel technique [33], anodization [11], doctor blade technique
[34], vapor deposition [35], hydrothermal [36], and electrochemical deposition [37].
Among them, sol-gel is particularly appealing due to its cost-efficiency and ease of
depositing uniform large-area films suitable for window applications [33]. As this
method can produce nanocrystalline TiO, films, we may expect to see improved EC
performance because of its nanocrystalline structure [33]. On the other hand, electro-
chemical deposition can also be favorable for obtaining TiO, thin films since it has low
reaction temperatures, flexible substrate selection, and easy scaling [37].

Moreover, Pat et al. [38] emphasized the synthesis of TiO, as a highly preferred
material using the linear accelerated e-beam evaporation technique to fabricate
TiO,-coated materials on ITO and FTO glass substrates. Electrochemical assessments
revealed that TiO,/ITO and TiO,/FTO exhibited coloration efficiencies of 26 cm*/C
and 6 cm’/C, accompanied by achieving AT of 10 and 8, respectively. Notably, the
TiO,-deposited layer’s optimal contact with ITO-coated glass resulted in superior CE
and porosity compared to its deposition on FTO glass. Despite employing the linear
accelerated e-beam evaporation technique for TiO, fabrication, the low AT of 28.6%
has rendered the synthesis costly and impractical for real-world applications. In 2020,
Nunes et al. [39] reported the synthesis of EC TiO, nanostructured films on gold-
coated papers using a microwave-assisted hydrothermal method at a low temperature
of 80°C. The TiO, films, particularly those produced with nitric acid, demonstrated
significant AT of (57%, 9%, and 22%) between colored and bleached states at 250, 550,
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and 850 nm, respectively, in reflectance mode. These films also exhibited high cycling
stability, enduring up to 1500 cycles without a significant loss of EC behavior. Despite
the simplicity of the hydrothermal method, the requirement for gold-coated papers as
a substrate for film deposition limits the practical applicability. The use of gold-coated
paper does not significantly enhance the EC properties, posing a constraint on the
overall effectiveness of the approach. In 2021, Eyovge et al. [40] reported the use of
co-axial electrospinning to structure non-woven webs of TiO, nanofibers loaded with
Ag, Au, and CuO nanoparticles for EC applications. The composite layers exhibited
distinct electrochromic effects: TiO, loaded with Ag displayed a black-brown color, Au
showed a dark-blue color, and CuO showed a dark-green color. Among these, the Au/
TiO, layer proved the most promising for electrochromic applications, featuring a color
modulation time of 6 seconds, transmittance modulation of 40%, coloration efficiency
of 20 cm,/C, areal capacitance of 300 F/cm?, and cyclic stability of over 1000 cycles.
Despite employing metal doping to enhance the EC properties of pristine TiO,, the
study notes that the resulting CE values and stability are not significantly improved.
This limitation underscores challenges in achieving substantial advancements even
with the introduction of metal dopants, potentially hindering the practical viability of
the approach at a commercial scale. In 2022, Almarri et al. [41] reported the synthesis
of TiO, deposited by dip coating, incorporating poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) to form TiO, + PEDOT:PSS hybrid composite
films. EC characterizations demonstrated the reversible color change of the flexible
hybrid device from dark blue to white transparent in less than 1 second, with a high in
situ transmittance modulation (AT = 70%) at 750 nm. However, a notable drawback

in the synthesis is the incorporation of organic species along with TiO, to enhance EC
performance, making the process complex and increasing synthesis costs. In 2023,
Xing et al. [42] successfully engineered defect-rich brookite TiO, nanorods (NRs) via
colloidal approach and examined their electrochromic capabilities for potential energy
storage applications. The EC characteristics of TiO, NRs, particularly those with longer
lengths, demonstrate rapid switching speeds (20 seconds for coloration and 12 seconds
for bleaching), high coloration efficiency (84.96 cm? Ctata600 nm wavelength), and
overall stability. While the CE of the produced TiO, is notably higher than reported
values in the literature, there remains a drawback in terms of the slow switching speed,
indicating a need for improvement in this aspect of the electrochromic performance.
The drawback of the mentioned synthesis lies in its complexity and potential cost
implications due to the controlled engineering of defect-rich brookite TiO, nanorods,
limiting its practical scalability for widespread applications. In 2023, Aiempanakit et al.
[43] synthesized TiO, nanotubes (TNTs) and bamboo-type TNTs structure films by
anodizing sputtered titanium (Ti) films on ITO glass, adjusting the anodization process
with varying amounts of deionized water and ethylene glycol. The EC performance was
influenced by the amorphous structure and high energy band gap (Eg) in TNTs before
annealing, with the bamboo-like structure exhibiting the best electrochromic proper-
ties, achieving AT of 12.58%. Despite utilizing the sputtering and anodization method
for the synthesis of TiO, nanotubes and bamboo-type TNTs structure, the achieved
low transmission modulation of only 12.58% renders it impractical for economic scale
applications. Additionally, the time-consuming nature of the process further adds

to its drawbacks. Additionally, the studies [26-29, 30-32, 38-43] demonstrate the
annealing effect and pH on the EC properties of TiO, deposited by different methods.
Additionally,the thickness of the TiO, film can be efficiently controlled by controlling
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Sr.  Sample Method EC properties Ref
ne Optical CE Response Stability
modulation  (cm?/C) time (sec) (cv
(AT%) ﬁ cycles)
1 TiO, Anodization — — 30 30 50 11
2 TiO, Chemical solution 14.2 798 30 30 — 28
deposition

3 TiO, Sol-gel method — — 300 300 — 33

4 TiO, Doctor blade method 68 337 2.0 5.0 — 34

5 TiO, hot filament metal oxide 67 226 13.0 54 2000 35

vapor deposition
6 TiO, electrodeposition — — — — 1500 37
7 TiO, linear accelerated e-beam 10 26 — — — 38
evaporation technique

8 TiO, hydrothermal method 9.0 — 58 71 1500 39

9 TiO, Electrospinning 5 231 9.6 10.8 1000 40

10 TiO, Colloidal approach 66.87 84.96 20 12 1000 42

11 TiO, Anodization 12.58 — — — — 43

12 TiO, electrodeposition 1718 58.33 132 210 1500 Our
work

Table1.

EC properties of TiO, reported in the literature.

the applied current voltage and deposition time [37]. The EC properties of TiO,
reported in the literature have been described in Table 1.

Nevertheless, the influences of thickness, annealing temperatures, and pH on the EC
activities of TiO, via simple electrodeposition using PG (C3HgO,) have not been exten-
sively explored. Therefore, the current investigation goals to sermon this knowledge gap
by directing an orderly examination into the effects of thickness, annealing tempera-
ture, pH on the EC properties of electrodeposited TiO,Till date, there is currently no
comprehensive study that has systematically examined the combined impact of these
parameters, including annealing temperature, and pH on the EC properties of TiO, thin
films. This research gap signifies the novelty and significance of the present study, as it
seeks to shed light on how these factors collectively influence the EC behavior of TiO,
films. Furthermore, the utilization of TTIP as a precursor and PG as both a solvent and a
binder present a promising approach for producing stable films at a reduced cost, which
is an innovative aspect of this research that contributes to the advancement of materials
synthesis and their practical applications.

2. Experimental

The experimental exploration was segmented into Two specific components:
Section A (variation in annealing tempevature), and Section B (variation in pH levels).

79



Titanium-Based Alloys — Chavacteristics and Applications

2.1 Materials

The materials utilized in the work included Titanium isopropoxide (TTIP),
C;HgO,, HCI, DDW, Ammonia (NH;), and ITO glass plates with a conductivity of 25
ohm-cm’ and dimensions of 3 x 1 cm’, employed as substrates.

2.2 Synthesis of TiO, films

In this study, TiO, films were synthesized through an electrodeposition method
on ITO glass substrates. Before commencing the synthesis process, the ITO glass
substrates underwent a rigorous cleaning procedure involving ultrasonication
in distilled water and acetone for a duration of 15 minutes. All aqueous solutions
utilized in the experiments were prepared meticulously using DDW. The primary
objective of this synthesis was to precisely tailor and optimize the fabrication
process of TiO; films, with a specific emphasis on their suitability for EC applica-
tions. The synthesis procedure was initiated with systematic variations in heating
temperatures within the range of 250-650°C (SECTION A). After comprehensive
evaluation, it was monitored that an annealing temperature of 450°C yielded
the most favorable anatase phase, resulting in the best EC application of TiO,.
Therefore, this temperature was selected for further synthesis steps. Lastly, the
pH of the precursor solution was subjected to optimization, ranging from acidic
to basic. Through experimentation, it was found that an acidic pH level of the
precursor solution facilitated optimal growth of TiO, crystals with improved EC
performance. Consequently, this pH level was chosen as the most suitable for the
synthesis process (SECTION B). The synthesis process of TiO, films commenced
by preparing a 0.05 M solution through the vigorous mixing of TTIP with PG. To
attain the target pH of 1.0, HCI was cautiously introduced in small drops to get the
clear TTIP solution. The reaction ensued as TTIP and PG formed a complex, subse-
quently undergoing hydrolysis. This chemical transformation led to the production
of TiO, and propionaldehyde, marking a critical step in the fabrication of TiO,
films. In this reaction, PG served as both a solvent and a stabilizer, preventing the
formation of unwanted byproducts (Eq. (1)).

Ti{ OCH(CH, ), |, +2CH,CH(OH)CH,0H — Ti0, + 4CH,CHO +4H,0 (1)

TiO, thin films were fabricated through the deposition process, utilizing a three-
electrode electrochemical cell configuration. In this setup, graphite assisted as the
counter electrode, an Ag/AgCl electrode was used as the reference electrode, and
ITO was employed as the working electrode. The deposition of TiO, thin films took
place at ambient room temperature, with a consistent voltage of —0.4 V applied for a
duration of 1000 seconds.

For SECTION A, after deposition, the TiO, film was dried at room temperature
and annealed at temperatures of 250°C, 450°C, and 650°C to induce crystallization,
and they were designated as T5so, Tuso, and Tes, respectively. For SECTION B, HCl and
NH,OH were used to adjust the pH of the precursor solution to pH values of 1, 6, and
10. After deposition, the TiO, film was dried at ambient temperature and annealed at
450°C to induce crystallization, and they were named T, (pH = 1), Ty (pH = 6), and
Tg (pH = 10).
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2.3 Methods

For the identification of the crystal phase and to calculate various structural
parameters of the obtained sample, XRD patterns were recorded using XPERT-
PROMPD X-ray diffractometer with uKa radiation (A = 1.5405 A) in26 range of
10-80°. The surface morphology of the synthesized products was observed using
FE-SEM (Gemini attached in EDS, Oxford, AZtecLive).). The FT-IR spectrum was
recorded in the range of 500-4000 cm™ at a resolution of 2 cm ™" using the Perkin—
Elmer 1710 spectrophotometer. The absorbance spectra were obtained using a UV-Vis
spectrophotometer (PerkinElmer, Lambda 750). The film thickness ranged from 360
to 430 nm, and was determined using a surface profiler (DEKTAK3ST, Veeco). For the
purpose of revealing the chemical characteristics, X-ray photoelectron spectroscopy
(XPS) (Thermo Fischer Scientific ESCALAB Xi+) was used. The electrochemi-
cal features like CV, CA, and EIS were performed using a three-electrode system
(Electrochemical Analyzer 608, CH Instruments), the counter Electrode (Platinum
electrode), RE (Ag/AgCl electrode) and a WE (TiO, thin film) with an electrolyte
solution containing 0.5 M LiClO,-PC.

3. Section A (variation in annealing temperature)
3.1Results and discussions
3.1.1 XRD analysis

The crystalline phase of TiO, films was studied using XRD measurements. The
TiO, material displayed a crystalline structure in both Tyso and Tyso films, evidenced
by a distinctive diffraction peak observed at 26 values of 25.3°, corresponds to
the (101) Miller index corroborating the anatase phase (JCPDS files No. 21-1272)
(Figure 1) [44, 45]. The () marked indicates substrate (ITO) peaks. It was perceived
that while the temperature amplified from 250 to 450°C, the intensity of the anatase
peak (101) was increased, implying an improvement of the crystalline structure
and hence an increase in the crystallite size [46]. Another feature prevalent in

Intensity (Arbitary unit)

10 20 30 40 50 60 70 80
2 Theta (degrees)

Figure 1.
XRD analysis of annealed TiO, films.
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Sample Nature Crystalline size (nm)
Tas0 amorphous-+crystalline 52
Tuso amorphous+crystalline 10.4
Teso amorphous —
Table 2.

Crystalline size of annealed TiOz2 films.

diffractograms is the presence of a crystalline phase along with an amorphous phase
associated with efficient ion intercalation/deintercalation, resulting in enhanced EC
performance [47]. It was found that annealing at 650°C causes anatase to revert to an
amorphous form, like in previous reports [26]. The average grain size is computed
using Scherrer’s equation. Table 2 shows the crystallite sizes calculated, which
range from 5.0 to 11 nm depending on the temperature of the thermal action. In

our scenario, we noted that the point at which crystallinity becomes apparent in the
films occurs at a minimal temperature, specifically 250°C. The variation in initia-
tion temperatures for crystallization is directly associated with the specific precur-
sor materials employed [48]. The XRD results of the TiO, film developed for EC
applications reveal the existence of anatase as well as brookite phases of TiO,, each
possessing well-established electrochromic properties [38-45]. Despite the presence
of these multiple phases, there is a clear inclination in the literature to preferentially
utilize the anatase phase of TiO; in films designed for EC applications. This prefer-
ence is rooted in the open structure of the anatase phase, which facilitates efficient
ion intercalation and deintercalation, ultimately leading to an improved overall EC
performance [2].

3.1.2 FE-SEM analysis

Figure 2 illustrates characteristic FE-SEM images of TiO, explored as a function of
temperature. A change in the annealing temperature, apart from variations in crystalline
structure observed in XRD, is also responsible for significant changes in the morphol-
ogy of TiO, film.. It can be seen that annealed TiO, displays a very cracked morphology
similar to the crack morphology of nanocrystalline Titania [49], typical of the annealed
film where cracks are formed when capillary stress exceeds the tensile stress of the
film [49]. It is also observed that cracks spread entirely throughout the film, referred
to as channeling cracks. Besides the damage, it also exhibits portions of agglomerated
points (Figure 2(d)), similar to those observed by Leftheriotis and Yianoulisa [50]. The
crack morphology observed in TiO, films facilitates the easy penetration of electrolyte
ions within the film, making the film more favorable for efficient ion diffusion during
intercalation and deintercalation [51]. The present study may conclude that the crack
morphology is obtained due to the tensile stress applied by a more viscous solvent (PG)
on TiO, nanoparticles. Additionally, TiO, films form a uniform and densely packed
structure with a proliferation in heating treatment from 250 to 650°C, implying a reduc-
tion in crack spacing and a decline in EC performance due to insufficient ion percolation.

3.1.3 FTIR analysis

Chemical bonding between Ti and O, atoms in annealed TiO, films was scruti-
nized through the utilization of FT-IR spectroscopy.
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Figure 2.
FE-SEM analysis of annealed TiO, films at (a) 250°C (b) 450°C (c) 650°C.

Distinctive vibrational modes of the synthesized TiO, material were identified
at wavenumbers of 417 cm?, 520 cm™, and 870 cm™, and these can be credited to
the stretching vibrations within the inorganic Ti~O-Ti network (Figure 3) [52, 53].
Furthermore, a band at 3350 cm™ is ascribed to the stretching vibrations associated
with hydroxyl groups (Ti-OH) originating from residual alcohol and hydroxyl groups
[52, 53]. It was noteworthy that the annealing treatment resulted in a reduction in the
intensity of the stretching vibration at 870 cm™. This phenomenon is attributed to the
existence of both the anatase and amorphous phases of TiO, with increasing annealing
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Figure 3.
FTIR analysis of annealed TiO, films.
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temperature. In its amorphous state, TiO, typically exhibits a characteristic signal around
870 cm™ [54]. The diminished intensity of the stretching vibration at 870 cm™ suggests
the existence of nanograins of the anatase phase, even within the amorphous TiO, films.
Importantly, the absence of other absorption peaks, such as those associated with organic
residues like ~-CH and —CH, stretching vibrations in the range of 1400-2900 cm™,
indicates the absence of carbon contamination in the films. These findings align with the
appearances of the anatase phase of TiO, as documented in existing literature [52, 53].

3.1.4 EC and electrochemical analysis

3.1.4.1 CV analysis

The EC investigation of annealed TiO, films was carried out through CV analysis
in the potential array spanning from —2 to 1 V, with reference to an Ag/AgCl elec-
trode, at an examination rate of 50 mV/s, as depicted in Figure 4.

During the positive cycle of CV; it was observed that the annealed TiO; films,
particularly the T, film, displayed redox peaks occurring at approximately —0.73 V,
characteristic of the anatase phase of TiO,. Notably, these redox peaks exhibited slight
shifts with increasing annealing temperature, possibly attributed to the heightened
internal diffusion resistance within the film. The CV curve of the TiO, film displays
a distinctive duck-shaped profile, closely resembling the CV curves documented
in previous literature [39, 40]. The Tyso film has demonstrated a higher current
density, which is indicated by the larger area under the CV curve. This improvement
in performance can be attributed to the increased diffusion area owing to the crack
morphology that the film offers to the electrolyte, surpassing the performance of
other films. This underscores the beneficial impact of larger electrode surface areas
on Li intercalation and deintercalation processes, aligning with the principles of the
Randles-Sevcik equation [40, 55, 56].

3.1.4.2 CA analysis

It is of paramount importance to accurately assess the period mandatory for
the anodic or cathodic current to attain a stable level following the application
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Figure 4.
CV analysis of annealed TiO, films.
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of responsive voltages, particularly when transitioning between the colored and
bleached states [57]. In our EC investigation, the amperometric i-t curve was instru-
mental in characterizing the switching kinetics of TiO, films subjected to annealing
at various temperatures. These films were immersed in a 0.5 M LiClO4-PC electrolyte
for a duration of 20 seconds, as illustrated in Figure 5. The determination of response
times for both the colored and bleached states of the TiO, films is presented in

Table 3. The switching kinetics of the coloration reaction in the Tyso film is faster than
in the Tyso and Tgso films. The quicker response of Tyso originates from its island mor-
phology, which facilitates easy and fast diffusion of ions within the film and improves
the transmittance contrast and switching speed simultaneously.

3.1.4.3 Optical analysis

The annealing treatment also affects the transmittance of TiO, films. The optical
transmittance of WO;, TiO,, and WT films was assessed using a spectrophotometer
in both their colored and bleached states within a 0.5 M LiClO4-PC electrolyte
(Figure 6). The change in optical density (AOD) was calculated using the following
equation (Eq.2) [8]:
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Figure 5.
CA analysis of annealed TiO, films.

Sample Response time(sec) %T}, %T, %AT (AOD)6300m C.E (cm?/C)
t t
Taso 4.23 5.43 83.5 70.2 133 0.063 36.41
Tuso 132 2.10 823 64.5 1718 0.010 58.83
Tes0 3.28 4.25 811 66.9 14.2 0.083 48.14
Table 3.

EC properties of annealed TiOz2 films.
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Figure 6.
The transmittance spectra of annealed TiO, films in their colored and bleached states.

Ty, and T, are the transmittance values for the bleached and colored states at
630 nm [8].

The CE, a vital parameter to probe the potential of the material as an EC material,
was calculated at 630 nm using the following relation (Eq. 3) [8]:

AODg.,,
CE, _6300m = Q6_30 (3)

Where AOD;,,,, =log % And Qi = charge intercalated.

The Tys film in the current work exhibits the highest transmission modulation
of 17.81% with CE of 58.38cm*/C at 630 nm. The main reason behind this is the
enhanced ion and electron diffusion and can be attributed to the abundance of cracks
and crevices within Tyso film. After annealing the TiO, film to a higher temperature
(650 °C), CE decreased as ions and electrons could not intercalate and de-intercalate
efficiently as the film tended to become smooth. Hence, the optimized annealing
temperature of 450 °C has been chosen for the pH series.

4. Section B (variation in pH)
4.1 Results and discussions
4.1.1 XRD analysis

The XRD statistics of TiO, films exhibited notable variations in response to
modifications in the pH of the pioneer solution. Figure 7 provides an insightful
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Figure7.
XRD records of TiO, films in different pH media.

depiction of the crystal structure and phase purity of TiO, thin films manufactured
under different pH conditions (pH 1, 6, and 10). Upon examination of the XRD pro-
files, it is evident both TA and TN films prominently display characteristic peaks of
anatase phase at 26 values of 25.3° corresponding to the (101) crystal planes (JCPDS
files No. 21-1272) [44, 45]. Notably, the peaks marked with asterisks (*) represent
the substrate (ITO) peaks. A discernible trend is observed in which the peak intensity
diminishes with increasing pH values, indicating a reduction in crystalline size. The
crystallite size of TiO, films was quantified using Scherrer’s equation (Table 4). It is
documented that the crystallite size can be effectively modulated by adjusting the pH
of the precursor solution [58]. The reduction in crystallite size with rising pH can be
ascribed to the repulsive forces operating between particles, preventing the coales-
cence of nanocrystalline entities, and impeding particle growth [59]. Furthermore,
the existence of the anatase phase in the TA film, featuring a prominent peak at
(110), signifies that the acidic environment fosters a more pronounced crystal growth
compared to other pH conditions.

4.1.2 FE-SEM analysis

Figure 8 exhibits characteristic FE-SEM images of TiO, investigated as a function
of pH of precursor solution. As can be seen, TiO, films exhibit channeling cracks,
which are characterized by island-like crack patterns. It was observed that islands at
higher pH have much larger sizes than islands at lower pH. As established by numer-
ous scientific investigations, the surface charge of TiO; is intrinsically induced by

Sample Nature Crystalline size (nm)
Ta amorphous-+crystalline 10.4
Ty amorphous+crystalline 35
Ts amorphous —
Table 4.

Crystalline size of TiO, films in different pH media.
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Figure 8.
FE-SEM analysis of TiO, films in different pH media.

variations in pH [30]. Under acidic conditions, the presence of a robust repulsive
charge among TiO, particles diminishes the likelihood of coalescence. This phenom-
enon results in the creation of a more stable sol, ultimately leading to the development
of cracks with larger dimensions. These pronounced cracks, in turn, facilitate the
growth process [30]. According to FE-SEM images (Figure 8), growth rate of TiO,
decreases as pH increases from acidic to basic. The crack morphology observed in

TA enables the easy penetration of electrolyte ions within the film, making the film
more favorable for efficient ion diffusion during intercalation and deintercalation, as
confirmed by electrochemical analysis [49-51].

4.1.3 FTIR analysis

FTIR stands as a practical and indispensable technique for the recognition of
functional groups present in prepared samples.

Across the pH range from acidic to basic, the FTIR spectra reveal distinctive
vibrational modes associated with the synthesized TiO, material, specifically at
wavenumbers of 404 cm™, 546 cm™), and 799 cm ™! (Figure 9). These vibrational
modes can be ascribed to the stretching vibrations inherent to the inorganic Ti-O-Ti
network [52, 53]. Additionally, the presences of a characteristic peak at 1324 cm™*
is noteworthy, and its broadness is more pronounced at higher pH levels. This peak
can be accredited to both C-H bending and C-O stretching modes of vibration.
Furthermore, a band at 3451 cm™ is ascribed to the stretching vibrations associated
with hydroxyl groups (Ti-OH) originating from residual alcohol and hydroxyl groups
[52, 53]. These observations align with the characteristics of the anatase phase of
TiO,, as reported in the existing literature [52, 53].
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Figure 9.
FTIR analysis of TiO, films synthesized in different pH media.

4.1.4 XPS analysis

The investigation utilized XPS to explore the elemental composition and chemical
states of TiO, across various pH conditions, as depicted in Figure 10(a—f).

Analysis of the XPS spectrum of TiO, films (Figure 10) revealed the exclusive
presence of titanium (Ti) and oxygen (O) elements. In the T, sample (Figure10(a)),
distinctive peaks were identified at binding energies (BE) of 458.5 eV and 464.2 eV.
Similarly, the Ty sample (Figure 10(c)), exhibited notable peaks at BE 458.7 eV
and 464.3 eV, while the T sample (Figure 10(e)), displayed peaks at BE 458.9 eV
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Figure 10.

XPS analysis of (a-b) Ty (c-d) Ty (e-f) T films.
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and 464.8 eV. These peaks denote the presence of Ti2p;, and Ti2p,,, distinctly
characteristic of Ti** ions incorporated within the TiO, lattice [60, 61]. Moreover, the
computed difference in BE between Ti2p;/; and Ti2p;, (ABE = Ti2p;); - Ti2py,) for
the T, sample was approximately 5.7 [60, 61]. Similarly, for the Ty sample, ABE was
around 5.6, and for the Ty sample, it was about 5.5, consistent with the characteristic
Ti**-0 bonds in TiO, [60, 61]. Additionally, examination of the O spectra in the Ty
sample (Figure 10(b)), revealed a singular signal at BE 530.4 eV, while the TN sample
(Figure 10(d)), displayed a peak centered at BE 530.5 eV, and T exhibited a signal at
BE 530.8 eV (Figure 10(f)). These signals are attributed to lattice oxygen (O) within
the Ti-O bond. The calculated ABE between Ti,, and Oy was 71.9 for Ty, 71.8 for Ty,
and 71.9 for Ty samples, indicating a proximity to the anatase phase (71.4 eV). These
findings are consistent with the existing literature [60, 61].

4.1.5 EC and electrochemical properties
4.1.5.1 CV analysis

The electrochemical assessment of the TiO, films was conventionally conducted
through CV, operating within a potential range encompassing the 0.5 M LiCIO4-PC
electrolyte. As presented in Figure 11, the CVs were systematically scanned within a
potential span extending from —2 to 1.0 V at a scan rate of 50 mV/s, with reference
to Ag/AgCl electrodes. For metal oxides such as Ti0,, the process of ion intercalation
corresponds to optical coloration, while deintercalation is linked to the bleaching
process, both of which are extracted in terms of the diffusion coefficient (D) [62]. It
can be quantified through the utilization of the Randles-Sevcik equation [Eq. (4)].

n3
-—D1 1

ip=2.72x 1osTc07 4)

Where D is the diffusion coefficient of Li + ions; v, scan rate (0.05 V/s); CO, con-
centration of active ions in the solution (0.5); n, number of electrons (it is assumed to

g 0.0} |
o |
: |
— —0.4 |
z |
: |
2 038 |
E !
= :
E-1.2 ;
S . |
-2 -1 0 1|
Potential (V vs Ag/AgCl) |

Figure 11.
CV analysis of TiO, films synthesized in different pH media.
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Sample Ip(A) Diffusion coefficient (cm?*/s)
Ta 0.0032 1.743*10°®
Ty 0.0012 1.568*107°
Ty 0.0005 27231071
Tables.

Diffusion coefficients of TiO, films in different pH media.

be 1) and ip is the peak current density [62]. The diffusion coefficients are calculated
for different pH media and are presented in Table 5.

We have noticed that the current density, represented by the area under the
curve, for the Ty electrode exceeds that of both Ty and Ty electrodes at a scan rate
of 50 mV/s. This disparity can be attributed to the larger diffusion area available
for the acidic medium, resulting in a more effective interaction with the electrolyte
compared to the basic and neutral states. Additionally, it is evident that the redox
peaks of the TiO, films exhibit slight shifts towards higher potentials as the pH
value increases. This phenomenon is likely associated with an escalation in the
internal diffusion resistance within the film [35]. It is noteworthy that in an acidic
environment with a pH of 1, the TiO, film demonstrates an expanded surface area,
which enables the accommodation of a large number of active sites for the interca-
lation and de-intercalation of Li* ions. This characteristic is particularly advanta-
geous in EC applications.

4.1.5.2 CA analysis

The assessment of the duration vital for the anodic or cathodic current to reach
a stable state is a critical parameter, especially when reactive voltages are applied
to transition between the colored and bleached states, as it directly impacts the
reliability and effectiveness of EC films [57]. In our EC investigation, we employed
amperometric i-t curves to assess the response time of TiO, films under varying
pH conditions, with a dwell time of 20 seconds ina 0.5 M LiClO4-PC electrolyte
(Figure 12). The calculated response times for achieving both the colored and de-
colored states of the TiO, films are presented in Table 6. Our observations indicate
that at lower pH values, characterized by a higher content of H+ ions, a substantial
number of small nuclei are produced, possessing a notably enlarged active surface
area [32]. In the current study, we found that the switching kinetics governing the
coloration reaction in the T} film are faster in comparison to the Ty and T¢ films.
This boosted reactivity can be credited to the amplified insertion of H" ions at
pH =1 [32]. This effect is closely associated with the presence of a larger active
specific superficial area and the distinctive morphology inherent to crystalline
TiO, nanostructures. In this investigation, the observed switching speeds, particu-
larly the bleaching time of 2.10 seconds, were marginally faster compared to values
reported in previous studies (Table 1) [11, 28, 33-43]. Notably, these switching
speeds are better than those documented in earlier literature [11, 28, 33-43]. The
enhanced switching speed can be ascribed to the island-like morphology illustrated
in Figure 5. This morphology facilitates the swift and effortless diffusion of ions
within the film, leading to simultaneous improvements in transmittance contrast
and switching speed.
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Figure 12.
CA analysis of TiO, films synthesized in different pH media.

Sample Response time %T}, %T, A%T (AOD)g30nm CE (cm?/C)
(sec)
t t
Ta 1.32 2.10 823 64.5 1718 0.010 58.38
Tn 2,66 320 823 70.8 115 0.052 31.07
T 3.78 4.04 831 75.8 73 0.039 29.35
Table 6.

EC properties of TiO, films in diffevent pH media.

4.1.5.3 Optical analysis

In order to estimate the effect of pH on EC response time, 95% of maximum
optical contrast at 630 nm was considered. The study examined the transmittance
of TiO, films in both their colored and bleached states as depicted in Figure 13. To
quantify the change in AOD, Eq. (2) was employed. Furthermore, the efficiency of
the coloration process, denoted as CE and considered a crucial factor in assessing
the material’s suitability for EC applications, was determined at a wavelength of
630 nm using Eq. (3). The investigation revealed a noticeable reduction in AOD
as the pH increased, consequently leading to a decline in the CE of the TiO, films.
Notably, within the scope of the present work, the TA film exhibited the most
substantial optical density, reaching 0.065 at 630 nm when transitioning between
the bleached and colored states. This heightened AOD is attributed to the crystal-
line nature of the T4 nanostructures, which possess an extensive active surface area
and a favorable crack morphology. As a result, the acidic medium is established
as advantageous for the development of the anatase phase, thereby enhancing the
EC properties, particularly the noteworthy improvement in CE compared to other
crystalline systems [51]. In the present study, the T, film demonstrates the highest
percentage change in transmittance modulation of 17.18%, coupled with a remark-
able CE charge value of 58.38 cm”/C at a wavelength of 630 nm. Additionally, the
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Figure 13.

The transmittance spectva of the TiO, films in their colored and bleached states.

CE value for the Ty film surpasses those documented in previous literature [28, 34,
38, 40], reaching levels comparable to CE values attained through alternative
methodologies [42].

Consequently, the crystalline TiO, film produced in this study holds significant
potential for application in energy-efficient smart windows, owing to its swift-
switching response and commendable CE. The EC parameters of the synthesized TiO,
films are comprehensively outlined in Table 6.

4.1.5.4 Stability

In the realm of EC materials, assessing stability is a pivotal criterion for evaluating
their overall performance and suitability for various applications. In a current study,
we undertook comprehensive stability testing on a TiO, film, employing a 0.5 M
LiClO4-PC electrolyte. The testing was carried out over a defined potential range of
—2.0 to +1.0 V versus an Ag/AgCl (Figure 14) [51]. The results of our investigation
revealed a remarkable outcome: the TiO, film exhibited a level of stability that greatly
surpassed expectations. Specifically, it demonstrated an impressive capacity to endure
approximately 1500 charge and discharge cycles without significant deterioration or
loss of functionality. This achievement exceeds the performance documented in exist-
ing literature for TiO, films, as reported in literature [11, 40, 42], and is on par with
the stability attained through alternative methods [37, 39]. This enhanced stability
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Figure 14.
CVs recorded for Ty film in 0.5 M LiClO,-PC electrolyte.

underscores the potential of the TiO, film as a promising candidate for various EC
applications, where long-lasting performance and durability are key prerequisites.
These findings contribute to the growing body of knowledge in the field of EC
materials, offering exciting possibilities for their practical implementation in next-
generation technologies.

5. Conclusions

This study has significantly advanced our understanding by systematically
investigating the influence of film thickness, annealing temperature, and pH on the
EC properties of electrodeposited TiO, thin films. Utilizing simple electrodeposition
method, we successfully fabricated TiO, films on ITO glass, catering to potential
applications in smart windows. Our comprehensive examination of synthesis param-
eters has unveiled optimal conditions that yield exceptional EC performance. In
particular, a TiO; film prepared in an acidic environment and annealed at 450°C dem-
onstrated outstanding attributes. The structural and morphological analysis indicates
the emergence of the anatase phase, characterized by island-like crack morphology.
This structural configuration proves conducive to the efficient diffusion of ions and
electrons, thereby enhancing the EC features of the fabricated TiO, films. The films
exhibited a substantial AT of 17.18%, a high CE of 58.8 cm?/C, and swift switching
kinetics. These numerical results underscore the critical importance of precise control
over film preparation parameters. The obtained data not only enhances the scientific
understanding of TiO,’s EC behavior but also provide a solid foundation for future
research and development in the field, emphasizing the significance of optimized
synthesis conditions for achieving superior electrochromic performance in TiO, thin
films.
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Abstract

Nickel-titanium alloys are the most common shape memory alloys (SMA) widely
used in dentistry. The attractive properties of Ni-Ti BioSMAs (shape memory effect,
superelasticity, good corrosion, wear resistance, and good biocompatibility) make
them highly desirable candidates for the design of implants, prosthetic components,
orthodontic wires, and endodontic files. The aim of this chapter is to present the
advantages of Ni-Ti alloy in dentistry through a selection of optimal chemical com-
position and various surface treatments (mechanical polishing, electrochemical
polishing, chemical etching in acid solutions, heat treatment). The osteoconductivity
of the Ni-Ti alloy on human bone cells and the anticorrosive and antibacterial effects
of nanocoating orthodontic wires were tested. The results on human bone cells
suggested good adhesion and proliferation of osteoblast-like cells to nickel-titanium
surfaces, which could improve osseointegration of the potential dental implants. A
study of magnetron sputtering method (MS) with TiN-Cu-nanocoatings on orth-
odontic archwires showed favorable results in corrosion resistance and antibacterial
properties. Future improvement of mechanical properties is focused on applying
various methods of surface modifications, especially applying coatings with antibac-
terial properties.

Keywords: nickel-titanium alloy, dental implants, endodontic files, orthodontic wire,
corrosion properties, antibacterial properties

1. Introduction

Nickel-titanium is the only SMA with valuable biomedical applications among
the different SMAs. Properties of nitinol that suit its application in dentistry are good
biocompatibility, corrosion resistance, superelasticity, and fatigue resistance. This
biomaterial is widely used in all fields of dentistry: prosthetics, orthodontics, and
endodontics.
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Even though Ni-Ti medical devices were first introduced in the early 70s, it
passed 20 years since that discovery and wider commercial use was established
[1]. During the 80s, among various experimental efforts, the scientific community
was full of skepticism about the biological safety of these alloys, considering the
fact that equiatomic nickel-titanium alloys consist of around 50 weight percent of
nickel. At that time, nickel sensitivity, toxicity, and carcinogenicity were widely
discussed [2].

With further understanding and improvement of the technological production
processes and the corrosion resistance of these alloys, a more comprehensive com-
mercial application began. Yet, many studies conducted during the mid-1990s indi-
cated good biocompatibility, thanks to encouraging findings of corrosion resistance
of nitinol equiatomic or near equiatomic alloy. The same decade was known for the
advent of nitinol stent [3, 4]. It was reported that formation of the protective surface
layer could prevent nickel ion release [5]. The nickel-free zone within the upper
surface and the presence of homogenous titanium oxide are the main factors defining
good biocompatibility of this alloy.

Besides inevitable biological safety, any material considered for biomedical use
must possess biofunctional properties, also known as biomechanical compatibility
with the surrounding environment in the human body. Two unique functional prop-
erties, pseudoelasticity and shape memory effect, are considered to be responsible for
this alloy’s biomechanical compatibility. Also, favorable properties are compressive
strength (higher than human bone) and elastic modulus (almost similar to osseous
tissue) [6].

Due to thermoelastic martensitic transformation, this alloy can adapt to the condi-
tions of the environment. Crystal state defines the physical properties of the material.
The austenitic form is rigid, contrary to the ductile martensitic, which is recognized
as a distinctive feature, i.e., the alloy’s capability to be adjusted to the desired applica-
tion. Phase transformations are characterized by diffusion-less, coordinated move-
ment of the atoms [7]. It occurs while receiving or releasing minimum energy for a
given temperature or mechanical load. This property of the Ni-Ti alloy enables its
applications in orthodontics and endodontics.

Bearing in mind that the functional properties of these alloys are sensitive and
highly dependent on chemical composition changes, the fabrication of this device
for biomedical use must fulfill requirements based on Ni/Ti ratio. Consequently,
by changing the alloy composition to 0.1%, the transformation temperature can be
changed to 10°C [8]. More precisely, higher Ti content increases the transformation
temperature. Oppositely, increasing the Ni content by 1%, Ms temperature decreases
significantly, at a rate of about 100°C [9]. Also, these minor changes in composition
make considerable changes in performance characteristics. Titanium-rich alloys
are known for their excellent shape recovery (i.e., thermal phase transformation
phenomenon).

In contrast, nickel-rich Ni-Ti alloys gained attention for their superelastic
behavior (i.e., stress-triggered phase transformation), which is why most Ni-Ti
biomedical applications rely on this feature. Moreover, higher nickel content has
been reported to improve mechanical properties [10], and yield strength is the
most important for biomedical purposes. The addition of heavy metals, like nickel,
can reduce grain size during solidification. Besides improving mechanical proper-
ties, grain refining enhances surface characteristics and consequently improves
tear resistance.
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2. Features of Ni-Ti alloys
2.1 Shape memory effect

This unique property was discovered in the early 60s by Buehler and his co-work-
ers at the U.S. Naval Ordnance Laboratory. This feature is recognized as the ability of
a material to transform its macroscopic shape upon temperature changes. Depending
on the reversibility, the shape memory phenomenon can exist as a one-way or two-
way SME. If the alloy is permanently mechanically deformed at low temperatures
(cold state), it returns to its original shape upon heating [11]. In this one-way phe-
nomenon, the material can be deformed to its original shape upon heating. However,
the two-way shape memory effect is characterized by reversible transformations from
low to high temperatures. TWSME is not an ordinary material property, as alloy must
undergo specific training to obtain this property [12].

In both cases, OWSME or TWSME alloy starts to deform below the martensite
start temperature, Ms.

2.2 Superelasticity (pseudoelasticity)

The pseudoelastic feature of nitinol was discovered in the early 1970s and represented
materials’ properties to reach elastic deformation up to 8% [6]. Even though the term
superelastic is commonly used in literature, the pseudoelastic phenomenon is more con-
venient when explaining this functional property. When the material is exposed to stress
at temperatures above Af, nonlinear deformation without residual strain is developed.

Figure 1a represents a typical stress—strain diagram for conventional metallic
materials, and it is visible that upon loading, stress increases linearly. Contrary to this
conventional behavior, the stress-strain diagram for pseudoelastic Ni-Ti alloy is shown
in Figure 1b. The interval from 0 to A represents behavior when stress increases

Plastic
deformation

Detwinned
martensite
(monoclinic)

Stress plateau c
Jorward transformation

G Trreversible c
transformation

0 £ 0 £
(a) (b)

Figure 1.

Sthess—stmin diagram: (a) typical curve for conventional metallic materials, A-Linear elasticity, B-Elastic limit,
CYield point, C’-Fracture point; (b) Ni-Ti alloy with inverse transformation behavior, that is, “flag” of a
diagram, A-Austenite phase, B-Martensite twinned phase, C-C’-Non-linear deformation i.e. non-linear behavior
of stress and strain, C’-Martensite detwinned phase.
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linearly with a strain upon loading. Point B is the yield point. The interval from C to
C’ is aloading plateau (i.e., stress plateau) where large strains are developed with a
slight stress increase. At point C, the Ni-Ti alloy can reach an 8% strain. Concurrently,
the structure lattice (point C’) transforms in stress-induced martensite (monoclinic
crystal lattice), and the material possesses that crystallographic form until the stress is
removed. After unloading, it reverts into parent austenite because the inverse trans-
formation occurs. The strain is recovered at the lower point of the unloading plateau,
and the material exhibits a body-centered cubic lattice (austenite phase). In conclu-
sion, the uniquenesses of the pseudoelastic Ni-Ti alloy diagram is a hysteresis loop
(also known as a stress-strain flag), and the size of this loop can vary regarding the
variation in chemical composition or thermomechanical treatment of the material.

2.3 Corrosion resistance

In terms of a wide array of medical applications, the corrosion resistance of nitinol
medical devices is a crucial factor in defining their biocompatibility. Corrosion of
nickel-titanium alloys is a contextual phenomenon (Figure 2), depending on surface
treatments and the nature of the environment [4]. The investigation of the influence
of pH change on corrosion is well documented. These alloys are corrosion-resistant in
pH-neutral conditions [13].

Nickel-titanium alloys are known for their passivization state. Still, in order to
explain the overall mechanisms of corrosion resistance of nitinol alloy, the most
important fact is that the human body presents very challenging surroundings. The
reason for that is the presence of dissolved oxygen, chlorides, and changes in pH lev-
els (acid-base disbalance). Moreover, different parts of the human body vary signifi-
cantly in oxygen concentrations and pH values. Various studies have demonstrated
lower corrosion resistance of these alloys in acidic solutions and chloride-containing
environments [14-16]. In general, it is well documented that the corrosion potential
increases as the pH value decreases [17]. Also, an increase in the environment tem-
perature decreases surfaces’ ability to repassivate.

On the contrary, Montero-Ocampo and his co-workers reported the beneficial
effects of heat treatment (annealing) on corrosion resistance [6]. Results of their
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Figure 2.
Corrosion dependent variables.
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study showed that microstructure evolution generated corrosion density hysteresis of
almost zero during thermomechanical processing and a pitting potential of >1 [18].

According to the attack mechanism, Ni-Ti devices are more prone to localized
forms of corrosion and pitting. When exposed to aggressive anionic species, local
breakdown occurs [19, 20]. The localized surface area becomes anodic, while the rest
of the alloy surface is cathodic (Figure 3). Further, pit propagation is driven by an
autocatalytic process, which means that once the aggressive anion penetrates the sur-
face, the surroundings become depleted in oxygen [21, 22]. Pits grow in the direction
of gravity, producing an excess of positive charges inside the pit. These conditions
initiate more migration of anions into the localized defect, causing its propagation.

Numerous studies point out chloride ions as one of the most aggressive agents
responsible for the degradation of passive alloys, such as nickel-titanium, from the
aspect of the individual effect of elements within corrosion compounds. The reason
for this is, above all, the small size of this molecule that allows it to penetrate more
easily into the surface oxide layer. In addition, the absorption of Cl” ions is easy as it
has a negative charge on the positively charged oxide layer [23, 24]. After the initial
penetration of chloride into the surface layer, further outcomes can go in two direc-
tions, repassivation and complete or partial recovery, or further propagation.

The possibility of repassivation, that is, the ability of the oxide layer to perform
self-healing after surface damage, is crucial for its long-term stability. This ability
depends on the quality of the oxide film. The homogeneity of the oxide will ensure
continuity and prevent metal leakage ions. Otherwise, the inhomogeneous oxide on
the surface will allow the accumulation of hydrogen ions inside the initially formed
crack, which creates a more positive potential value (Figure 3).

2.4 Surface chemical stability

The surface characteristics of Ni-Ti alloy are highly dependent on the preparation
method. Literature-based evidence is coherent about the statement that the Ni/Ti
ratio on the surface can vary significantly [25]. Also, during exposure to the corrosive
environment, the thickness of the oxide on the surface of the nickel-titanium alloy can
be in a wide range of nanometer scale, from 4 to 3500 nm [26]. Several studies have
analyzed the oxide layer growth potential on the sample’s surface. Results showed that
untreated samples developed a thicker oxide on the surface (120-340 nm), while on
mechanically polished or etched samples, the film was up to 10 times thinner (11-16 nm)
[27]. However, the protective role of the surface oxide layer against corrosive agents is

+Electrolyite

*Passive oxide
layer

*Alloy..

Figure 3.
Mechanism of pitting corrosion in Cl™-containing environment.

107



Titanium-Based Alloys — Chavacteristics and Applications

determined by the ability of the alloy to develop a homogeneous and compact oxide. The
integrity of this layer is much more important than its thickness [28].

To date, various surface treatments have been investigated. The most common
are traditional methods, which include mechanical polishing, electrochemical
polishing, chemical etching in acid solutions, and heat treatment (treatment in an
autoclave) [29]. In addition, there are plasma ion implantation methods and bioactive
coatings formation [25].

Untreated samples develop a surface layer of oxygen, carbon, titanium oxide, and
small amounts of nickel. Conventional preparation, such as mechanical polishing, can
increase titanium concentrations up to 5 times [4].

Also, polished surfaces consist of a combination of titanium, titanium oxide, a
small amount of nickel oxide, and elemental nickel. In contrast, the oxygen concen-
tration is significantly lower on chemically etched surfaces. Previous studies [30, 31]
indicated multiple advantages of polishing over chemical etching. It was concluded
that etching with various acids can create pitting defects up to 8 pm deep. Such rough-
ness can favor local corrosion.

Besides, if the alloy is autoclaved in water, the titanium ratio increases 20 to 30
times more than nickel. As the immersion duration increases, more Ti develops on the
surface. Consequently, nickel concentrations decrease [4].

The process of spontaneous formation of transition metal oxides is measured by
the Gibbs free energy [32]. The more significant presence of Ti oxide on the surface
of nickel-titanium alloys is explained by its formation requiring four times less energy
than Ni oxide.

Given that iz vivo implantation is accompanied by severe environmental factors (body
fluids- blood, saliva, acid-base imbalance, body salts, etc.), the surface structure may
differ significantly from that in vitro. In line with that, Hanawa and his co-workers [33]
showed that nitinol devices implanted in human bone develop a thin calcium phosphate
(Ca/P) layer in combination with titanium oxide. Results of further investigations
confirmed that this layer is considered responsible for nitinol’s good biocompatibility.

3. Application of Ni-Ti alloy in dentistry
3.1 Application of Ni-Ti alloy in prosthodontics

To join the advantages and overcome the limitations of the screw and cement-retained
prosthetic components, a new retention system based on the two-way shape memory
effect (TWSME) has been developed lately, etc. nitinol sleeve attachment component.

To be able to solve the problem of inadequate dental implant position and to
achieve adequate angulation of the superstructure in implant-prosthodontics, nickel-
titanium was used for the first time to manufacture a memory abutment in the 90s of
the last century (Dyna memory abutment) [34]. But, this abutment was compatible
only with Dyna implants. Due to limited application and high production costs, this
system did not achieve wide commercial use.

Contemporary product design (Rodo abutment, Smileloc® Abutment System,
Nitinol sleeve) and machine-precise components lead to widespread application.
This component is compatible with different implant systems (Straumann, Neodent,
Nobel Biocare, Biomet, and Biohorizons). The transition to the Rodo abutment
(Smileloc® Abutment System) led to the appearance of a slightly more advanced
abutment system with a memory shape (Figure 4). As part of a crown on implants,
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Figure 4.
Two-way shape memory mechanism of nitinol abutment sleeve.

a nitinol sleeve over the abutment has recently been used as an alternative to screw-
retained or cement-retained crowns to overcome technical and biological complica-
tions in implant prosthetics. This system, familiar to clinicians for the last 10 years,

is characterized by a retention nitinol component placed between the implant super-
structure and the crown. The nitinol component is the precision-machined sleeve
[35]. The retention component can persist in two forms, i.e., austenite cubic structure
(at high temperatures) and martensitic body-centered tetragonal crystal structure (at
low temperatures). Figure 4 represents the working principle of the shape memory
alloy sleeve. The temperature change leads to changes within the crystal lattice result-
ing in a macroscopic change in the shape of the component from an “unlocked” to a
“locked” form.

According to the data from X-ray images taken after 6 months of follow-up,
crowns retained on the nitinol sleeve were kept in the same position without any res-
toration movement [36]. Although these results suggested stable retention, evidence
of long-term clinical studies is needed to evaluate optimal retention force, especially
in pro arch implant prosthodontics restorations.

When martensite form is heated, it begins to change into austenite (Figure 4). The
temperature at which this phenomenon starts is called austenite start temperature
(As). The temperature at which this phenomenon is complete is called austenite finish
temperature (Af). When the austenite form of the sleeve is cooled, it begins to change
into martensite. The temperature at which this phenomenon starts is called martens-
ite start temperature (Ms). The temperature at which martensite is again completely
reverted is called martensite finish temperature (Mf). Hysteresis is generally defined
as the difference between the temperatures at which the material is 50% transformed
to austenite upon heating and 50% transformed to martensite upon cooling. This
difference can be up to 20-30°C [37].

The uniqueness of nickel-titanium alloy was used to develop a second type of
abutment, the EZ Crown system. Even though this abutment consists of a nitinol
component, its retention is based on features different from the shape memory sleeve
abutment.
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Namely, the superstructure of the EZ Crown internal component (attachment
system) consists of a nitinol retention spring, the zirconia ball, and the cylindrical
suprastructure (Figure 5) [39].

In this complex configuration, the nitinol spring is in a martensitic stabilized con-
figuration, meaning that the product will not develop either pseudoelasticity or the
shape memory effect. As seen from Figure 5, Zr balls are positioned into the undercut
region of the abutment retention groove.

Once the Ni-Ti is placed over the Zr ball, it develops a stable retention force.

Thanks to the low modulus of elasticity and good springback capacity of the
martensitic stabilized nickel-titanium component, the nitinol spring will provide a
continuous force on the zirconia ball [40].

The first dental Ni-Ti implants were introduced in the 80s of the last century [41].

Important properties of the metallic biomaterials are that they exhibit similar
elastic deformation behavior as local tissue in human environment. It is known that
elastic deformation of Co-Cr alloys and stainless steel is limited to 1%. Contrary,
human osseous tissue can be elastically deformed up to 10% strein. Nitinol is only
commercially available metallic material that can behave in a similar way when
exposed to mechanical deformation.

Regarding the desired properties of the materials for implant manufacture, prefer-
ence should be given to alloys with a high damping capacity and a low modulus of
elasticity. High damping capacity is the desired property when it comes to orthopedic
materials. This feature represents materials’ ability to absorb and evenly transfer
mechanical forces, eliminating sudden shocks and oscillations.

Thanks to good flexibility, nitinol alloy can convert accepted mechanical energy
into thermal energy, making the implant resistant to shocks caused by external load-
ing. Therefore, metallic materials with high damping capacity values will resultin a
well-balanced stress-strain ratio within the alloy [42].

Regarding the modulus of elasticity, the desired property of the alloys is that these
values should be as low as possible and close to those of Young’s modulus of bone. The
Ti6Al4V titanium alloy used for making implants has a modulus of elasticity of 110 GPa,
and for pure titanium, that value is 116 GPa. The Co-Cr alloy has a modulus of elasticity

Crown

Zirconia ball -

Nickel-Titanium Attachment
spring J components
Retention groove

Abutment

Implant

Figure 5.
Retention system of EZ crown [38].
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of 210-235 GPa, and the nickel-titanium is 80 GPa for the austenitic and 30 GPa for the
martensitic form of the alloy. Young’s modulus for human bone is 20 GPa [43].

If the material’s physical properties for making implants are not aligned with the
purpose of these devices, it can lead to technical and biological complications. The
low damping capacity of the alloy more often leads to problems with the implant itself
(fracture), and differences in the values of the modulus of elasticity of the material
for making the implant and the surrounding bone can develop unfavorable effects on
the supporting tissue and decrease bone density [38].

Regarding the mechanical properties of Ni-Ti, this material is biomechanically
compatible with the surrounding environment. In comparison to Ti-base implants,
it was reported that Ni-Ti alloy exhibits higher biomechanical compatibility with
human bone under extension flexion in the sagittal plane [11].

Lately, in bioengineering science, considerable efforts have been made to develop
devices that mimic the natural human environment. Additive manufacturing enables
the production of devices with desired porosity. This design is suitable for the produc-
tion of scaffolds as a porous matrix allows for osteoblasts to grow.

However, data in the literature indicate the importance of precise defining the size
and distribution of these pores because, in the case of the presence of irregular porosity
of the material, the strength could be because, with the increase in pores, the sensitivity
of the metal structure to cracks propagation also increase. The suggested application
requires far more preclinical and clinical investigation of the osteoconductivity of Ni-Ti.

3.1.1 Experimental procedure

The aim was to evaluate osteoblast-like cell adhesion and proliferation in the pres-
ence of Ni-Ti alloy.

The study was carried out in accordance with the Declaration of Helsinki and
approved by the Institutional Ethics Committee (School of Dental Medicine,
University of Belgrade, approval no. 36/7).

Ni-Ti alloy was produced by a standard casting process, i.e. vacuum remelting.

To be able to obtain sample dimensions for experimental testing, electro-erosion
cutting was performed. The final experimental sample dimensions were 2r = 11 mm,
thickness 1.7 mm, n = 5. Round-over glass with the same dimensions as Ni-Ti samples
served as control. All of the samples were cleaned with acetone, alcohol, and deion-
ized water for 90 seconds, blow-dried, sterilized with UV-C light for 1 hour, and
transferred to a culture flask with 12 wells.

3.1.1.1 Cell culture

Osteoblast-like cells ([MG-63] ATCC® CRL-1427™, USA) were incubated
under strictly controlled conditions (at 37°C in a humidified 5% CO, atmosphere)
in a complete growth medium (Dulbecco’s modified Eagle’s medium (DMEM) with
4 mM L-glutamine, 10% Foetal bovine serum (FBS), and 1% ABAM, Sigma-Aldrich,
Steinheim, Germany), and passaged every 3 days.

3.1.1.2 Adhesion pattern and cell viability

For the assessment of biocompatibility after direct exposure, osteoblast-like cells
were seeded into each well at a density of 2 x 104 cells cm >, Human bone cells were
plated on Ni-Ti samples and control cover glass. The incubation period was 24 h.
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The number and the viability of attached osteoblast-like cells were evaluated using
differential staining. In order to remove partially attached cells, the samples were
washed with Phosphate-Buffered Saline. Then, samples were stained with 2 pg/mL
Hoechst 33342 dye for 20 min, which bound to the DNA of live cells. The number of
viable cells was assessed by emission of blue fluorescence and counted using Image]J
(NIH).

3.1.1.3 Preparation for scanning electron microscopy

After incubation, samples with attached cells were fixed, contrasted and sub-
merged into 2.5% glutaraldehyde (SPI Supplies, West Chester, PA, USA) and 0.4%
paraformaldehyde (Merck KGaA, Darmstadt, Germany) in 1 M Na-phosphate
buffer (NaH2P0O4-2H20 and Na2HPO4-2H20; Merck KGaA, Darmstadt,
Germany). Samples were gold-dusted using a Precision Etching Coating System
(682 PECS, Gatan, Pleasanton, USA). The morphology and the attachment pattern
of osteoblast-like cells were examined using a scanning electron microscope (JOEL
JSM-6500F).

3.1.2 Results
3.1.2.1 Cell attachment and proliferation in the presence of Ni-Ti

The cell cultures showed that the cells had grown very close to the Ni-Ti surfaces
(Figure 6). The shape of the attached cells was predominately elongated, with clearly
visible large cell extensions suggesting good adhesion. Cells with membrane out-
growths predominate (pseudopodia and philopodia).

The results of fluorescence microscopy showed that after 24 h of exposure, tested
Ni-Ti samples used were not cytotoxic, as the density of attached cells was almost
comparable to the control indicating normal cell growth, and the results of staining
cells with propidium iodide showed that the viability of attached cells in all samples
was higher than 95% (98.6 + 0.5% in control; 96.6 + 0, 1% in Ni-Ti (Figure 7).

This study conducted on human bone cells suggested good susceptibility of
osteoblast-like cells to nickel-titanium surfaces.

150 X100

Figure 6.
Scanning electron microscopy of osteoblast-like cells cultured on Ni-Ti after 24 h.
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Figure 7.
Mean number of viable attached cells after 24 h.

3.2 Application of Ni-Ti alloy in orthodontics

In dentistry, the Ni-Ti alloy has the widest application for the production of orth-
odontic wires. In modern orthodontics, the choice of materials plays a significant role
in achieving optimal outcomes. Among these materials, Ni-Ti archwires have gained
prominence due to their unique mechanical properties.

Since they were originally introduced, the development of orthodontic archwires
has continued, enhancing their properties in a range of clinical settings. The orth-
odontic archwires exert gentle and continual forces on teeth, which leads to tooth
repositioning. When a force is applied over several weeks to months, the orthodontic
archwire elastic properties of the archwire are needed. Furthermore, distinct orth-
odontic archwires are required for different stages of the orthodontic treatment. Due
to their unique properties—the shape memory effect and superelasticity, Ni-Ti arch-
wires can effectively correct the misalignment of teeth, which is extremely important
in the initial phase of orthodontic treatment (leveling and alignment). When the
force is transferred to the bone, the bone responds with resorption and apposition,
allowing the tooth movement (Figure 8) [44].

Due to superelasticity, on unloading, Ni-Ti archwires may return to their original
shape before loading. It is possible for the alloy to be deformed until 7-8% strain,
which is almost forty times the capacity of the stainless steel wire. The loading leads
to periodontal ligament deformation, and mobilization begins at a plateau of light
forces recognized to provide the best biological tooth movement while the crystalline
structure of the Ni-Ti alloy reverts to its initial configuration [45].

Since Ni-T1 alloy is a material with a shape memory effect, it has the property to
“remember” its original shape after being elastically or pseudoplastically deformed by
increasing its temperature. This effect results from thermoelastic martensitic trans-
formation, where a body-centered cubic phase (austenitic phase) transforms into an
orthorhombic or monoclinic martensite phase [46]. Therefore, in orthodontics, when
the orthodontic archwire is deformed, it aligns and moves the teeth by returning to
their natural shape. The stress remains almost at a constant level during the range of
archwire activation, generating a low level of force, producing a good response from
surrounding tissues, more comfort for the patient, and more physiological tooth
movement. High orthodontic forces can produce root resorption, which is undesir-
able because it can affect the tooth’s long-term viability [47]. Apart from using Ni-Ti
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Figure 8.
The initial phase of orthodontic treatment (leveling and alignment) with Ni-Ti 0.012 inch archwire. Due to its
superelastic properties, this archwire can tolerate a great degree of teeth misalignment.

alloys in archwires, they can be used in open coil springs, as well as closing loops.
NiTi retraction loops for canine distalization are not widely used in everyday practice
since their forming is not as easy as with other alloys. Open coil springs are used most
often for molar distalization, space opening, or tooth uprighting, delivering light

and continuous forces. However, these forces are very often below the optimal range,
so the authors advise more activation of the Ni-Ti coils to take greater advantage of
their superelastic properties [48]. The effectiveness of space closure with Ni-Ti coils
compared to elastomeric chains is likely to be similar in clinical investigation [49].
However, the moderate quality evidence of a metanalysis suggests a faster space clo-
sure with Ni-Ti closing springs compared to elastomeric chains [50]. Force degrada-
tion of both elastomeric chains and Ni-Ti coils was noticed and should be considered
by clinicians when choosing the manner of space closure [50].

Fixed appliances consist of orthodontic brackets, which are bonded to labial or lin-
gual and orthodontic archwires, placed into the slots of orthodontic brackets to exert
a force on the teeth. Therefore, oral hygiene is compromised due to greater adhesion
of plaque and bacteria, and the risk of enamel decay and gingivitis is increased during
the orthodontic treatment [51, 52]. Since silver nanoparticles are known for their
antibacterial properties in numerous studies [53, 54], it is possible to design a bac-
tericide archwire to help with dental plaque control. The electrodeposition of silver
nanoparticles onto Ni-Ti orthodontic archwires can significantly reduce oral bacteria
in bacterial culture by more than 90% without changing their calorimetric and
mechanical properties and release of nickel; however, further clinical investigation of
these findings is needed to prove these results [55].

The conventional Ni-Ti archwire shows a homogenous composition along its
length. Functionally graded Ni-Ti shows varying composition along its length, allow-
ing for tailored mechanical properties at different segments of the wire, which can
provide customized force levels required for different teeth. The manufacturing of
functionally graded Ni-Ti wires involves various methods. Microstructurally graded
Ni-Ti can be created by variations in heat treatment conditions (annealing or aging
temperature) along the length of the Ni-Ti wire or Ni-Ti plates across their thickness.
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Compositionally graded Ni-Ti has a variation in composition (contents of Ni and Ti)
within the body of the alloy. Also, the structure geometry can be purposely graded in
the case of geometrically graded Ni-Ti archwires [56].

Also, two major problems in using NitTi alloys in orthodontics - friction and
corrosion which lead to Ni-Ti release and mechanical weakening, can be encountered
with different surface modifications of the archwire [57]. The results of a clinical
study revealed that TiO, coating on the archwire surface decreased the surface rough-
ness and adhesion of Streptococcus mutans. However, the advantage of coated archwire
on surface roughness was lost after 1 month [58].

Future investigation should be focused on enhancing mechanical properties
using different methods of surface modifications, preferably creating a coating with
antibacterial properties.

3.2.1 Magnetron sputtering method

The Magnetron sputtering (MS) method is a state-of-the-art coating technology
that relies on physical vapor deposition (PVD) in vacuum conditions [59]. MS enables
rapid deposition of diverse metal/alloy coatings on the surface of various materials
with improved adhesion, high purity of the obtained films and excellent coverage of
the substrate features [60]. Overall, the use of this outstanding technology provides
very high hardness, abrasion resistance, fine microstructure, as well as long-term
chemical, thermal, and environmental stability, which is essential for materials sus-
tainability and safe clinical use [59]. By applying MS, modification of the material’s
surface in single-layer, multilayer, or graded thin-layer coatings for obtaining systems
with superior functional characteristics could be achieved.

In order to improve the properties of the Ni-Ti alloy in dentistry, this MS method
was applied with protective coatings onto orthodontic archwires. The greatest chal-
lenge for safe orthodontic treatment is corrosion, chemically or microbiologically
induced, resulting in the release of nickel (Ni). The aim of this investigation was
to enhance resistance to corrosion and introduce antibacterial properties to Ni-Ti
orthodontic archwires by coating them with copper (Cu) doper titanium nitride
(TiN-Cu). Using cathodic arc evaporation (CAE), Ni-Ti archwires were coated with
TiN-Cu and direct current magnetron sputtering (DC-MS). The morphology of
the sample has been examined using field emission scanning electron microscopy
(FESEM) whereas chemical composition was analyzed using energy-dispersive X-ray
spectroscopy (EDS), X-ray diffraction (XRD) and Fourier transformed infrared
spectroscopy (FTIR). To estimate the ion release, inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) was used. The biocompatibility of samples
was examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay. Antibacterial activity was tested for Streptococcus mutans and
Streptococcus mitis.

The physicochemical characterization results showed that the coatings with the
presence of TiN phase and incorporated Cu were well-designed. Such topography
encourages corrosion resistance and consequently increases biocompatibility due to
decreased surface roughness. EDS spectrum demonstrated the existence of Cu, Ti,
and N in these samples, whereas XRD and FTIR analyses showed the presence of the
TiN phase with incorporated Cu, indicating that the desired phases were obtained.
TiN-Cu nanocoated archwires demonstrated a significantly reduced Ni release
(p < 0.05). The 28-day eluates of TiN-Cu-nanocoated archwires had the highest
relative cell viability (p < 0.05). Antibacterial tests showed a significant decrease in
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Streptococcus mutans and Streptococcus mitis counts, regarding TiN-Cu-nanocoated
archwires. In contrast, TiN coatings showed no reduction in Streptococcus mutans,
indicating the importance of copper in the obtained results.

The most notable decrease in concentrations of Streptococcus mitis was found in
the case of TiN-Cu-coated archwires (p < 0.05) (Table 1). Considering antibacterial
tests and biocompatibility, TiN-Cu-nanocoated archwires may be a promising candi-
date for further clinical research [61].

3.3 Application of Ni-Ti alloy in endodontics

Thanks to the high flexibility of the alloy, nickel-titanium endodontic instruments
represent the gold standard in root canal therapy. In order to ensure the possibility
of simultaneous cleaning and shaping of complex morphology of the canal, the alloy
must possess the property of superelasticity, and the characteristic unique only for
binary alloys with a higher proportion of nickel (56 wt.%) compared to titanium
(44 wt.%) [62]. Good flexibility and the possibility to be elastically deformed up to
8% are the main characteristics of endodontic instruments. Those properties ensure
high fatigue resistance of endodontic files, thus preventing instrument breakage
during the mechanical shaping of the root canal. Compared to stainless steel and
cobalt alloys, good mechanical properties, favorable axial and torsional resistance,
and lower values of the elastic modulus are all very important in the shaping of the
root canal [14].

A big problem in endodontics is cleaning and shaping of the narrow and curved
root canals. The intricate interplay of temperature, heating duration, and cooling
rates during alloy production has been established to influence the superelasticity
and shape memory of Ni-Ti files [63]. The application of heat treatment preserves the
crystallographic structure of the alloy, imparting endodontic files with heightened
flexibility and resistance to fractures [64].

Ni-Ti endodontic files predominantly exhibit either an austenitic phase (conven-
tional Ni-Ti, M-wire, R-phase) or a martensitic phase (controlled memory (CM) wire,
gold, and blue heat-treated Ni-Ti alloys) [45]. Specialized heat treatment has led to
the development of superelastic alloys with a stable martensitic phase, showcasing
a lower modulus of elasticity (30-40 GPa) compared to austenitic (80-90 GPa).
Furthermore, the modulus in the R-phase is lower than in martensite [65]. The
martensitic phase, with its double-phase structure reorientation, offers superior
resistance to cyclic fatigue compared to austenitic phases [65, 66].

The production of conventional Ni-Ti wires involves a cold drawing process,
yielding a microstructure that incorporates martensite residues within the austenitic
matrix. To reduce internal stresses and drawbacks associated with the rearrangement
of the crystal grid, a crucial step involves subjecting the alloy to heat treatment within

Streptococcus mutans Streptococcus mitis
TiN-Cu Ni-Ti SS TiN-Cu- Ni-Ti SS
Nanocoated Archwires Archwires Nanocoated Archwires Archwires
Archwires Archwires
Log 419 +0.22 429+ 0.24 5.87+1.10 3.08 £ 0.99 375+ 0.82 5.54 + 0.60
CFU +SD
Table 1.

Final bacterial count for Streptococcus mutans and Streptococcus mitis.
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the temperature range of 450-550°C [67]. Heat treatment enables endodontic files to
be more resistant to breakage during root canal treatment.

Specific surface treatments play a pivotal role in enhancing the physical and
mechanical properties of endodontic files. These treatments, such as electropolishing,
electric discharge machining, ionic implementation, cryogenic treatment, and nitrid-
ing, contribute to the overall performance and longevity of endodontic files [14, 63].

Electropolishing is an electrochemical process for surface finishing Ni-Ti files.
This method removes surface irregularities by dissolving metal ions in an electrolyte
bath, creating a thin passive layer that enhances resistance to cyclic fatigue, torsional
load, and corrosion [63-65]. RaCe systems and EndoSequence files are examples of
electropolished files, offering improved cutting, reduced screwing inside the canal,
and enhanced apical penetration [63].

In the ever-evolving landscape of endodontics, Electric Discharge Machining
(EDM) technology has emerged as a transformative force, offering a non-contact
thermal erosion process to produce electrically conductive materials. This cutting-
edge method involves controlled electrical discharge in the presence of an insulating
fluid, presenting a revolutionary approach to shaping Ni-Ti alloys. EDM technology,
represented by systems like Hyflex EDM and Neoniti, stands at the forefront of
endodontic innovation. These systems showcase not only enhanced durability and
performance but also a commitment to precision and efficiency in root canal pro-
cedures. As endodontics continues to advance, EDM technology promises to play a
pivotal role in shaping the future of root canal treatments.

In the late 1980s, ion implantation in plasma emerged as a groundbreaking
technique. Applying a highly negative pulsating voltage to the plasma-submerged file
in a vacuum chamber allowed ions (argon, boron, and nitrogen) to penetrate the file’s
surface without compromising its superelastic properties. Studies have demonstrated
that ionic nitrogen implantation improves resistance to cyclic fatigue and enhances
cutting efficiency, leading to improved wear resistance [63].

The immersion sol-gel method provides another avenue for enhancing file sur-
faces. By coating endodontic files with a protective layer of flexible TiO, through this
method, a surface porous oxide film is formed. This film increases the stability of the
surface layers, offering protection against corrosion [68].

The thermal nitriding method introduces titanium nitride (TiN) to the file’s
surface, consisting of a thin outer layer of TiN and a thicker inner layer of Ti,Ni.

This process significantly increases corrosion resistance, particularly in contact with
sodium hypochlorite (NaOCI) which is used as an irrigant [68, 69].

Endodontic files subjected to these advanced surface treatments exhibit greater
resistance to corrosive defects and improved overall performance. While some debate
exists regarding the impact of file design versus finishing on cyclic fatigue resistance,
it is evident that these surface treatments contribute significantly to the evolution of
endodontic technology [69, 70].

4, Conclusion

Thanks to its biocompatibility, corrosion resistance, superelasticity, and fatigue
resistance, Ni-Ti alloys are widely used in all areas of dentistry: prosthetics, ortho-
dontics, and endodontics. The favorable characteristics include high compressive
strength, similar to human bone, as well as an elasticity modulus nearly equivalent
to bone tissue. These attributes are essential for the fabrication of dental implants.
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Pseudoelasticity and shape memory effect are responsible for biomechanical compat-
ibility. Thanks to its mechanical, antibacterial, and anticorrosive effect, this alloy

is very successfully used for the production of orthodontic wires. Nickel-rich Ni-Ti
alloys have attracted attention due to the possibility of stress-induced phase transfor-
mation, which is why most endodontic files rely on this feature. As technology moves
forward, the integration of advanced surface treatments promises to further improve
the efficiency and longevity of dental supplies, ultimately benefiting dental medicine
as a whole.
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Chapter 6

Titanium-Based Alloys:
Classification and Diverse
Applications

Nada H.A. Besisa and Takeaki Yajima

Abstract

Titanium-based alloys have emerged as pivotal materials across numerous
industries due to their exceptional properties, including high strength-to-weight
ratios, corrosion resistance, and biocompatibility. This chapter provides a compre-
hensive overview of the classification and diverse applications of titanium-based
alloys, spanning aerospace, medical implants, automotive engineering, and beyond.
Through case studies and technological advancements, the chapter elucidates the
remarkable history of titanium alloys and their contributions to innovation, sustain-
ability, and enhanced performance in various sectors. Special attention is given to
Ti-6Al-4V, a widely utilized alloy renowned for its unique properties. Overall, this
chapter offers insights into the widespread influence and promising future prospects
of titanium-based alloys in shaping modern technological landscapes.

Keywords: biomaterials, aerospace, industries, construction, automobile

1. Introduction

Titanium, a versatile and robust metal, has been a cornerstone in various indus-
tries for over two centuries since its discovery by British mineralogist William Gregor
in 1791. The development of Ti-6Al-4V, one of its most popular alloys, occurred
successfully in the 1940s. Renowned for its exceptional properties such as high
corrosion resistance, remarkable strength-to-weight ratio, and biocompatibility,
titanium, and its alloys have found widespread applications across sectors ranging
from aerospace to medical, chemical processing, offshore and marine engineering,
power generation, medicine, transportation, architecture, and consumer goods
[1-4]. With a density approximately 60% lower than that of steel and superalloys,
titanium exhibits remarkable lightweight properties. In addition to their remarkable
resistance to corrosion, titanium and its alloys exhibit exceptional properties such as
high fracture toughness, high-temperature strength, and an impressive strength-to-
weight ratio [1]. Titanium alloys, despite being 45% lighter than standard low-carbon
steels, surpass them in strength. They are only 60% heavier but twice as strong as
soft aluminum alloys. Moreover, through alloying and deformation processing of
Ti-alloys, substantial enhancements in strength can be achieved [1]. In this chapter,
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we will delve into the classification of titanium-based alloys, which is determined by
both chemical composition and thermomechanical processing [2].

In addition, we will explore their diverse applications in detail, highlighting key
examples and considerations.

2. Classification of titanium-based alloys

Titanium is available as commercially pure and as alloys. Pure titanium, in its
elemental form, exhibits characteristics such as low thermal conductivity, relatively
low density and elastic modulus, moderate strength, excellent corrosion resistance
in diverse environments, and high reactivity with various elements. Table 1 provides
a comparison of selected properties [2] of titanium with those of competing metals,
where titanium shows outstanding properties among others. The microstructure
and properties of these alloys are influenced by factors such as chemical composi-
tion and thermomechanical processing. At low temperatures, pure titanium adopts a
hexagonal close-packed structure (hcp), known as a-titanium. However, at elevated
temperatures, it transitions to a body-centered cubic (bcc) structure, referred to as
p-titanium. Figure 1 shows the atomic unit cells of these structures. The p-transus
temperature for pure titanium is approximately 882°C [5], which can vary with
the presence of incorporated impurities [6]. The coexistence of these two crystal
structures forms the basis for the diverse range of properties observed in titanium
alloys. The alloying elements utilized in titanium alloys are categorized as neutral,

Ti Al Ni Fe
Density, g/cm’ 4.5 27 89 79
Melting point, °C 1670 660 1455 1538
Thermal conductivity, W/mK 15-22 221-247 72-92 68-80
Elastic modulus, GPa 115 72 200 215
Reactivity with oxygen High+ High Low Low
Corrosion resistance High+ High Medium Low
Cost High+ High High Low

Table1.
Physical properties of titanium and other selected contestant materials.

B-phase (BCC) a-phase (HCP)

Figure 1.
The crystalline structure and phase transformation of elemental titanium.

126



Titanium-Based Alloys: Classification and Diverse Applications
DOI: http://dx.doi.org/10.5772/intechopen.1005269

o-Stabilizer p-Stabilizer Neutral
p-Eutectoid B-Isomorphous
Al (0] N C Mo v Fe Cr Mn H Ni Sn Zr
Substitutional o o o o o
Interstitial 0 o o o o o o 0

Table 2.
Alloying elements used in titanium-based alloys.

a-stabilizers, or f-stabilizers [5-7] based on their impact on stabilizing o or f phases
(as shown in Table 2). This table also delineates the position of the alloying ele-
ment within the lattice crystal, which can be either interstitial or substitutional.
a-stabilizers elevate the f-transus temperature, whereas p-stabilizers decrease it.
Neutral elements exert minimal influence on the p-transus temperature. f-Stabilizers
are further classified into p-isomorphous and p-eutectoid elements. The former
promotes f} phase stability across all alloy compositions, while the latter induces
eutectoid transformations of the § phase [2]. Notably, aluminum serves as the pri-
mary a-stabilizer, while molybdenum ranks among the principal f-stabilizers. The
a-stabilizers and their relative efficacy in stabilizing the a phase are quantified in
terms of aluminum equivalence, with molybdenum holding similar significance for
the p phase [8].

According to their metallurgical structure, titanium-based alloys can be catego-
rized into three main groups: alpha (a), alpha-beta (a-p), and beta (f). In addition,
titanium-based alloys are subdivided into near alpha and metastable beta alloys (see
Table 3) [1, 2]. Alpha alloys are primarily composed of a-phase structures, which
include both pure titanium and alloys infused with a-stabilizers like aluminum and
tin. These alloys are frequently utilized in aerospace applications due to their distinct

Category Examples

Alpha alloys Commercially pure titanium—ASTM Grades 1, 2, 3, and 4
Ti/Pd alloys—ASTM Grades 7 and 11
Ti-2Cu

Near alpha alloys Ti-8Al-1Mo-1V

Ti-6Al-5Zr-0.5Mo-0.2Si-IMI 685
Ti-6Al-4Zr-3Sn-2Mo-0.08Si
Ti-5.5A1-3Zr-3.5Sn-0.3Mo-1Nb-0.3Si-IMI 829

Alpha-Beta alloys Ti-6Al-4V
Ti-6A1-6V-2Sn
Ti-4Al-4Mo-4Sn-0.55i
Ti-6Al-2Sn-4Zr-6Mo

Beta alloys Ti-13V-11Cr-3Al
T-13V-11Cr-3Al
Ti-11.5Mo-6Zr-4.55n

Metastable beta alloys Ti-3A1-8V-6Cr-4Mo-4Zr-Beta C
Ti-6V-6Mo-5.7Fe-2.7A1-TIMETAL 125
Ti-15V-3Cr-3Sn-3Al

Table 3.
Classification of titanium-based alloys with examples.
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characteristics, which balance strength and formability [9]. Notable examples of
alpha alloys include ASTM Grades 1-4 and Ti/Pd alloys (ASTM Grades 7 and 11).
Near alpha alloys exhibit a predominant a-phase with limited -stabilizers, striking
a balance between strength and formability, making them adaptable for various
applications [10].

Alpha-beta alloys maintain an equilibrium between a and f phases, offering a
blend of strength, ductility, and heat resistance that finds extensive usage across
diverse industries [9]. Examples of alpha-beta alloys include the popular Ti-6Al-4V
and Ti-6Al-6V-2Sn, known for their exceptional properties and widespread avail-
ability. Beta alloys are primarily composed of the f§ phase and are characterized by
elements such as vanadium and molybdenum [11]. These alloys prioritize ductility
over mechanical strength compared to alpha-beta alloys and find applications in
specialized industries. Notable examples include Ti-13V-11Cr-3Al and Ti-11.5Mo-
6Zr-4.55n. Beta metastable alloys, or near beta alloys, are chiefly composed of p
phases with restricted a-stabilizers, prioritizing ductility over mechanical strength
compared to a-beta alloys [12]. Moreover, Nitinol, although technically classified
as a nickel-titanium intermetallic, is included among titanium alloys due to its
widespread application in biomedical fields despite its high nickel content [13].
However, as it is an intermetallic rather than a traditional alloy, it will not be
extensively discussed in this chapter. Additionally, Table 3 presents examples of
alloys with varying chemical compositions, highlighting both underutilized and
highly sought-after alloys like Ti-6A1-4V, renowned for its unique properties and
significant demand across numerous industries. Understanding the classification
and characteristics of these alloys is essential for selecting the appropriate material
for specific industrial needs.

3. Applications of titanium-based alloys

Among the categories of titanium-based alloys, the « + p alloys hold the largest share
at 70% in the US market. Globally, Ti-6Al-4V constitutes over 50% of titanium alloy
consumption, while commercially pure titanium accounts for approximately 20-30%
[5]. Although there are more than 100 known titanium alloys, only 20-30 have attained
commercial status. Recently, there has been growing interest in titanium aluminides,
particularly y(TiAl)-based alloys, for aerospace and automotive applications.

Titanium and its alloys find extensive use across various industries, with selection
criteria often based on corrosion resistance or strength requirements. Biocompatibility
is also a critical consideration for biomedical implant applications. Commercially pure
Ti (ASTM Grades 1-4) is commonly employed for corrosion-resistant applications
due to its good corrosion resistance but relatively low strength. Grades 7, 8, and 11 are
utilized for specific corrosion resistance needs. In the medical field, Grade 2 is preferred
for low-strength applications, while Grade 5 (Ti-6Al-4V) is chosen for higher strength
requirements [14]. For applications demanding high strength, titanium alloys like
Ti-6Al1-4V, Ti-8Al-1Mo-1V, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-6V-2Sn, and Ti-10V-2Fe-3Al
are utilized. Among these, Ti-6Al-4V stands out due to its unique combination of
properties, workability, widespread production experience, and commercial availability.
Consequently, it has become the benchmark against which other titanium alloys are
compared when selecting for specific applications [14]. Let us explore some of the key
applications of titanium-based alloys in detail:
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3.1 Applications of titanium-based alloys in aerospace Industry

Titanium-based alloys have garnered significant attention and application in the
major field of aerospace industry due to their exceptional properties, where their
lightweight yet strong characteristics are highly valued, making them a preferred
choice for various critical components. From structural components to jet engine
parts and spacecraft components, these alloys contribute to enhanced performance,
efficiency, and reliability in aerospace applications. This section explores the diverse
applications of titanium alloys within aerospace, focusing on their structural, engine,
fastener, and spacecraft applications [15, 16].

3.1.1 Structural components

Titanium alloys, notably Ti-6Al-4V, are extensively used in aerospace for struc-
tural components. Their high strength-to-weight ratio and corrosion resistance make
them ideal for airframe structures, landing gear components, and other critical load-
bearing parts in aircraft [17].

3.1.2 Jet engine components

In the realm of jet engines, titanium-based alloys find indispensable use. Their
ability to withstand high temperatures and aggressive environments makes them suit-
able for turbine blades, discs, and casings, contributing to increased efficiency and
reliability of jet engines [18].

3.1.3 Aerospace fasteners

Titanium alloys are extensively employed in aerospace fasteners due to their high
strength, low weight, and excellent corrosion resistance. These alloys play a crucial
role in securing critical components while minimizing overall weight, enhancing fuel
efficiency, and ensuring structural integrity [19].

3.1.4 Spacecraft and satellite components

The lightweight nature and durability of titanium-based alloys make them indis-
pensable in spacecraft and satellite construction. From structural components to
thermal shields and satellite frames, these alloys ensure reliability and endurance in
the harsh conditions of space [20].

The unique combination of properties possessed by titanium-based alloys has
positioned them as vital materials in the aerospace industry. Their contributions
to structural integrity, engine efficiency, fastening systems, and space exploration
continue to drive advancements in aerospace technology [21].

Table 4 outlines various applications of titanium materials in aerospace,
highlighting their advantages over aluminum alloys in terms of higher strength
leading to weight savings. Titanium alloys are often substituted for aluminum
alloys in areas where operational temperatures exceed the limits of aluminum.
These areas include nacelles, auxiliary power units, and wing anti-icing systems.
For instance, landing gear beams on aircraft like the Boeing 747 and 757 demon-
strate the challenge of volume constraints, which can be addressed by utilizing
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Material Application

Commercially pure titanium Airframe structure Floors

Ti-6Al-4V Windows frames

Ti-10V-2Fe-3Al; Ti-6-6-2 Landing gear

Ti-3A1-2.5V Hydraulic tubing

Ti-15V-3Cr-3Sn-3Al Springs

Ti-6Al-4V; Ti-6-2-4-2S Gas turbine engines Compressor disc
Compressor blades
Fan discs and blades

Ti-35V-15Cr Compressor stators

TIMETAL21S Nozzle assembly

Table 4.

Applications of selected titanium-based alloys in the aerospace industry.

titanium alloys despite their higher cost compared to aluminum. Titanium’s corro-
sion resistance obviates the need for painting in most cases, except when galvanic
corrosion risk arises from contact with aluminum or low alloy steel components.
For structures exposed to highly corrosive environments, such as the floor sup-
port under kitchens and lavatories, titanium ensures better structural durability.
Some examples of commonly used titanium-based alloys in airframe structure
such as floors, windows frames, landing gears and springs are: commercially pure
titanium, Ti-6Al-4V, Ti-10V-2Fe-3Al, Ti-6-6-2, and Ti-15V-3Cr-3Sn-3Al. On the
other hand, Ti-6Al-4V, Ti-6-2-4-2S, Ti-35V-15Cr, and TIMETAL21S are commonly
used in parts of gas turbine engines such as compressor discs, compressor blades,
fan discs and blades, compressor stators, and nozzle assembly. Moreover, Table 5
provides further details on the application of titanium materials in aerospace,
categorized by alloy type, reinforcing the versatility and importance of titanium in
this industry.

3.2 Applications of titanium-based alloys in medical devices and implants

In comparison to conventional stainless steel and Co-Cr alloys, the biocompatibil-
ity and corrosion resistance of titanium alloys make them ideal for medical implants
and devices. Orthopedic implants like joint replacements, bone plates, and dental
implants often use titanium alloys due to their ability to integrate well with human
tissues and withstand the body’s harsh physiological environment [22, 23]. Utilizing
abroad spectrum of available alloys, the biomedical industry predominantly relies on
commercially pure titanium Grade 2 and Ti-6A1-4V Grade 5 for over 95% of titanium
biomedical devices. Additionally, ELI (extra-low interstitials) alloys are prevalent in
biomedical applications, boasting a chemical composition akin to the aforementioned
alloys but with significantly reduced interstitial element levels. The diminished pres-
ence of interstitial elements, namely oxygen, nitrogen, hydrogen, and boron, within
the alloy confers advantageous enhancements in material ductility and fracture
toughness [24]. Various titanium alloys are employed in biomedical devices based
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Alloy type

Application

o Alloy

Commercially pure titanium

The annealed conditions for floor support structure in the areas
of galley and lavatories.

Brackets and clips.

Pipes/tubes in the lavatory system.

Ducting for the anti-icing.

Environmental control systems at temperatures up to 230°C.

Ti-5-2.5 The hydrogen side of the high-pressure fuel turbo-pump of the
space shuttle.
The annealed condition for cryogenic applications.
Ti-6-2-4-2S Parts of gas turbine engine at temperatures up to 540°C.

Timetal-I1100 (Ti-6Al-2.8Sr-
4Zr-0.4Mo-0.4Si)

Allison gas turbine engines, at temperatures up to 600°C.

Ti-3A1-2.5V High pressure hydraulic lines.
Fabrication of honeycomb core.
Ti-8-1-1 Fan blades for military engines.
Tear straps on commercial airframes.
o+ P Ti-6Al-4V Static and rotating components of gas turbine engines covering
Alloy all sections of aircraft.
The floor support structure in galleys and lavatory areas.
Ti-6-2-4-6 Moderate temperatures applications up to 315°C.
Military engines, for example F-119 and F-100.
Ti-5A1-2Sn-2Zr-4Mo-4Cr Fan and compressor discs below 400°C.
B Alloy Ti-6Al-2Sn-2Zr-2Mo-2Cr + Si The Lockheed/Boeing F-22 program is as moderate strength-
(Ti-6-22-22) damage tolerant alloy.
Ti-13V-11Cr-3Al (Ti-13-11-3) Wing and body skins, bulkheads, rivets, frames, ribs, and
landing gears of SR-71 airplane.
Ti-10-2-3 The entire main landing gear of the 777.
Ti-15-3 Springs from flat products, such as clock-type springs.
Strip is its primary product form.
Alloy C Exhaust structure and cast compressor components of F-119
engine that powers the Lockheed/Boeing F-22.
Table 5.

Applications of selected titanium-based alloys in the aerospace industry based on alloy type.

on their specific function, size, shape, and anatomical location. This section will
delve into the diverse biomedical applications, with a comprehensive list provided in
Table 6 [25-31].

3.2.1 Cardiovascular devices

Titanium alloys are also employed in cardiovascular devices such as stents, pace-
maker cases, and heart valve components. Their biocompatibility and resistance to

corrosion in bodily fluids make them suitable for these critical applications within the
cardiovascular system [32]. Titanium and its alloys are integral to the advancement of
cardiovascular devices, playing a pivotal role in enhancing patient outcomes for heart
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Material Application

Cardiovascular devices (heart connectors, valves,

jall itani Ti-6Al-4V, Ti-6Al-
Commercially pure titanium, Ti-6 V, Ti-6 catheters, implantable defibrillators, ventricular assist

7Nb, Ti-15Mo, Nitinol

devices)
Commercially pure titanium, Ti-6Al-4V, Ti-6Al- Orthopedic implants (hip and knee joints, meshes, bone
7Nb, Ti-15Mo, Ti-13Nb-13Zr, Nitinol substitute, fixation devices)
Commercially pure titanium (grades 1, 2, 3, and Dental implants (braces, bridges, fixation devices,
4), Ti-6Al-4V, —titanium, Ti, Nitinol abutments)

trauma devices (screws, plates, nails, nodes)

Commercially pure titanium, Ti-6Al-4V,
Ti-6Al-7Nb Soft tissue implants (breast reconstruction meshes,

hernia meshes, fixation devices)

Table 6.
Medical applications of some titanium-based alloys.

and vascular conditions. These alloys exhibit properties that make them highly suit-
able for devices aimed at restoring normal blood flow, improving cardiac function,
and providing structural support [9].

In cardiovascular applications, titanium alloys are utilized in various devices,
including coronary and peripheral vascular stents, which are employed to open
narrowed or blocked arteries, thus restoring blood flow and preventing complica-
tions like heart attacks. Additionally, titanium alloys are used in artificial mechanical
heart valves, replacing damaged tissue to ensure proper blood flow through the heart
chambers.

The biocompatibility and corrosion resistance of titanium makes it an ideal mate-
rial for enclosures housing pacemakers and implantable cardioverter-defibrillators
(ICDs), safeguarding sensitive electronics from the harsh biological environment
and external electromagnetic interferences. Unlike materials used in other medical
devices, the choice of titanium for pacemakers and defibrillators is primarily driven
by its chemical resistance and insulation capabilities rather than mechanical strength.
Titanium can also be employed for electrode tips in these devices [33].

The mechanical properties of titanium alloys are crucial for cardiovascular appli-
cations, particularly in stents and mechanical heart valves. Stents, which maintain the
openness of narrowed or blocked blood vessels, are typically made from metals such
as titanium, stainless steel, platinum-iridium alloys, tantalum, and cobalt-chromium
alloys. To prevent restenosis, stents are often coated with hard and anti-adhesive
layers like titanium oxide and titanium nitride [9, 34].

Similarly, heart valves, subjected to mechanical loads, are coated with anti-adher-
ent layers to prevent cellular adhesion and obstruction. Titanium alloys like Ti-6Al-4V,
commercially pure titanium (Grade 2), and Nitinol find application in cardiovascular
devices due to their mechanical strength, corrosion resistance, biocompatibility, and
unique properties such as shape memory and super elasticity [9, 35, 36].

3.2.2 Orthopedic implants

Titanium and its alloys are instrumental in addressing the intricate requirements
of musculoskeletal devices, ranging from joint replacements to fixation components
[9, 37]. These materials have revolutionized the development of implants, seamlessly
integrating with bone and significantly enhancing mobility, function, and overall
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quality of life for countless patients [28, 38]. Notably, titanium’s remarkable strength
enables the fabrication of durable implants capable of withstanding physiological
loads, ensuring stability and longevity in orthopedic settings.

While cobalt-chromium alloys have historically achieved similar outcomes in
orthopedics, titanium offers two critical advantages: easier osseointegration and a
higher strength-to-weight ratio, resulting in lighter implants [9]. Although titanium is
utilized in various joint implants, it is never used as an articulating component due to
limitations in wear and tribo-corrosion resistance. Instead, titanium excels as a mate-
rial for load-bearing components, such as femoral stems and acetabular cups in hip
replacements, providing essential stability and support to transfer mechanical loads
to surrounding bone [9].

Beyond joint prostheses, titanium finds application in nonarticulating bone
implants like ribcages, skull implants, spinal cages, and bone scaffolds, where
minimal risk of tribological damage exists [39, 40]. These fixed devices benefit from
titanium’ longevity and reliability, as they lack moving parts or surfaces in contact,
reducing wear, friction-induced debris, and corrosion.

Several titanium alloys are approved for orthopedic use, including Ti-6A1-4V,
Ti-6Al-7Nb, Ti-15Mo, Ti-13Nb-13Zr, and commercially pure titanium [9]. Each
alloy offers unique properties suited for specific applications, such as load-bearing
implants, spinal implants, bone screws, and fixation devices. Despite concerns
like ion release and stress shielding, titanium alloys have demonstrated remark-
able clinical success, with some implants lasting over three decades in challenging
environments.

3.2.3 Dental prosthetics

The biocompatibility and corrosion resistance of titanium-based alloys makes
them ideal for dental implants and prosthetics. These alloys are used in dental
implants, crowns, bridges, and orthodontic appliances, offering durability and
compatibility with oral tissues [41]. The utilization of titanium has brought about
a transformative impact on both dental implants and orthodontic braces, leading
to significant enhancements in patient outcomes and comfort [42]. Dr. Per-Ingvar
Branemark’s discovery of osseointegration, the direct bonding between bone and
titanium surfaces, laid the foundation for titanium’s widespread use in dentistry and
orthodontics [9].

Dental implants, particularly titanium posts, have become the preferred method
for replacing missing teeth. Surgically placed into the jawbone, these posts gradually
integrate with surrounding bone tissue, providing a stable foundation for prosthetic
teeth. Dental implants not only restore chewing and speech functions but also prevent
bone loss, preserving facial structure and overall oral health [43].

In orthodontics, titanium alloys are instrumental in creating braces, wires, and
other devices due to their exceptional strength-to-weight ratio and corrosion resis-
tance. These properties enable the application of controlled forces to move teeth into
proper alignment, leading to effective and predictable outcomes [25].

The oral environment poses unique challenges for dental implants and orthodontic
devices, including pH fluctuations and bacterial colonization. Titanium’s corrosion
resistance and biocompatibility are critical in combating these challenges, ensuring
the longevity and stability of dental devices.

Long-term clinical studies affirm the success of titanium-based dental devices,
with impressive survival rates exceeding 95% over 10 years [26, 27]. The most
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common titanium alloys in dentistry include p-titanium alloys, Ti-6Al-4V, commer-
cially pure titanium, and Nitinol, each catering to specific dental applications ranging
from wires and brackets to bone plates and orthodontic archwires [9].

3.2.4 Surgical and trauma instruments

The strength, durability, and corrosion resistance of titanium alloys make
them ideal for surgical instruments. These instruments include forceps, retractors,
and scalpels, benefiting from the lightweight yet robust nature of titanium-based
materials [44].

The most used titanium materials in surgical devices are mainly Ti-6Al-4V and
commercially pure titanium, where the latter was considered to be the best biocompat-
ible metallic material due to its surface properties enabling the spontaneous build-up of
stable and inert oxide layer [45, 46]. Trauma devices, including bone plates, screws, and
intramedullary nails, necessitate materials capable of withstanding significant mechani-
cal stresses within the human body, often surpassing those experienced by orthopedic
implants. Titanium, alongside cobalt-chromium and stainless steel, is commonly used in
trauma devices despite being less mechanically robust, particularly under cyclic fatigue
conditions [9]. Research suggests that titanium implants may have higher failure rates
due to fracture compared to stainless steel alternatives, but they offer superior biological
properties and lower infection risks [47]. However, the design of titanium implants must
carefully consider anatomical location, as titanium’s softness can lead to the production
of cytotoxic particulates through abrasive wear [9, 48, 49].

In screw designs, while thread fractures are rare, shaft fractures are relatively
common, indicating weaker forces at the thread-bone interface compared to bending
stresses on the shaft [50]. Additionally, the stress distribution differs significantly
between locking and conventional plates. Locking plates, which anchor screws
directly to the plate, offer enhanced stability but may increase mechanical stress on
both bone and device, potentially leading to tissue damage [51, 52]. Despite these
considerations, titanium alloys such as Ti-6Al-4V, Ti-6Al-7Nb, and commercially pure
titanium remain the primary choices for trauma devices.

3.2.5 Challenges and considerations

However, Ti-6Al-4V offers excellent properties for many applications. Its relatively
poor wear resistance makes it unsuitable for bearing surface applications without
surface treatments [45].

Recent research has indicated that the elastic behavior of « + f titanium alloys like
Ti-6Al-4V may not be ideal for orthopedic applications due to their mismatch with
the elastic modulus of cortical bone [2]. This can lead to inadequate load transfer to
the adjacent bone and subsequent degradation [53]. Furthermore, the presence of
toxic elements like vanadium (V) and aluminum (Al) in Ti-6Al-4V alloy has raised
concerns about biocompatibility. As a result, vanadium-free alloys such as Ti-6Al-7Nb
and Ti-5A1-2.5Fe have been developed, offering improved biocompatibility, higher
fatigue strength, and lower elastic modulus [45].

Efforts to develop alloys completely free of toxic elements have led to the creation
of alloys like Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe, and Ti-29Nb-13Ta-4.6Zr [54]. Authors
suggest that suitable heat treatment and the addition of biocompatible alloying
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elements such as niobium (Nb), tantalum (Ta), and zirconium (Zr) to titanium are
essential for achieving titanium alloys with optimal mechanical properties, including
low elastic modulus and excellent biocompatibility [53, 55].

The versatility and biocompatibility of titanium-based alloys continue to drive
innovation in medical device manufacturing. Ongoing research focuses on enhancing
surface modifications and biodegradability and integrating advanced technologies
to further improve the performance of these materials in medical applications [56].
To address certain challenges associated with conventional titanium alloys, Haase
etal. [57] have developed two novel alloys, Ti-0.440-0.5Fe-0.08C-0.4Si-0.1Au and
Ti-0.440-0.5Fe-0.08C-2.0Mo, characterized by medium to high strength. Notably,
these alloys exclusively incorporate elements either found naturally in the human
body or known to be biocompatible. Their study demonstrated exceptional mechani-
cal properties, suggesting their potential as viable alternatives to Ti-6Al-4V for
medical applications.

Titanium-based alloys have revolutionized the medical field, offering a unique
combination of biocompatibility, strength, and corrosion resistance. Their applica-
tions in orthopedic implants, dental prosthetics, cardiovascular devices, and surgical
instruments continue to improve patient outcomes and drive advancements in medi-

cal technology [23].
3.3 Applications of titanium-based alloys in automotive and marine applications

In the automotive industry, titanium alloys are used in exhaust systems, engine
components, and other parts where high-temperature resistance, strength, and corro-
sion resistance are crucial. Similarly, in marine applications, titanium alloys’ resis-
tance to corrosion in saltwater environments makes them suitable for components

such as propeller shafts and hulls [58, 59].
3.3.1 Lightweight components

Titanium-based alloys contribute to reducing vehicle weight in both automotive
and marine applications. Components such as valves, connecting rods, and exhaust
systems benefit from the high strength-to-weight ratio of titanium alloys, enhancing
performance and fuel efficiency [60].

3.3.2 Engine systems

In high-performance engines, titanium alloys are used in valve systems due to their
excellent heat resistance, corrosion resistance, and strength at elevated temperatures.
Titanium valves offer improved engine performance, reliability, and durability,
especially in racing and high-end automotive and marine engines [61]. Ti-6Al-4V,
Y(TiAl), Grade 2, and Ti-6Al-2S-4Zr-2Mo-0.1Si are commonly used alloys in parts of
the engine [2, 61].

3.3.3 Corrosion-vesistant parts

Titanium-based alloys are employed in marine environments for their exceptional
corrosion resistance. Components exposed to saltwater, such as propeller shafts,
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hulls, and fasteners, benefit from the anti-corrosive properties of titanium alloys,
extending their lifespan in marine applications [62].

3.3.4 Suspension systems

In automotive applications, titanium alloys such as Ti-6Al-4V, and Ti-6.8Mo-
4.5Fe-1.5Al are utilized in suspension systems due to their high strength and corro-
sion resistance. Suspension components made from these alloys offer durability and
enhanced performance under various road conditions [63].

3.3.5 Challenges and considerations

Titanium-based alloys play a pivotal role in automotive and marine applications,
offering a balance of strength, corrosion resistance, and lightweight properties.
Their use in lightweight components, engine systems, corrosion-resistant parts, and
suspension systems contributes to improved performance, efficiency, and durabil-
ity in vehicles and marine vessels [60]. However, the high cost of titanium alloys
has historically limited their use in automobiles to racing and specialized vehicles,
despite the automotive industry’s interest in their lightweight properties, fuel effi-
ciency, and performance benefits. On the other hand, in recent years, there has been
a growing adoption of titanium and its alloys for various automobile components
(see Table 7) [2, 64]. A significant number of titanium intake valves, primarily made
of Ti-6Al-4V alloy, have been installed in many cars and motorcycles [64]. Surface
treatment has been a key challenge, with efforts focused on improving wear resistance
through methods such as TiN coating, Mo thermal spray coating, and Cr plating [2].
These treatments, however, are costly and not always effective for prolonged wear
resistance. As an alternative, an oxidizing treatment has been developed to enhance
hardness by forming a thick, hardened layer through the diffusion of concentrated
oxygen into the titanium surface layer.

For exhaust valves, which endure high temperatures, the heat-resistant alloy
Ti-6Al-2Sn-4Zr-2Mo-0.1Si (6242S) is commonly used. However, for mass-produced

Material Application
Ti-6Al-4V Engine Intake valve
Connecting rods
Outlet valves
y(TiAl) Turbocharger rotors
Outlet valve
Grade 2 Exhaust system
Outlet valve
Ti-6Al-2S-4Zr-2Mo-0.1Si Outlet valve
Ti-6Al-4V Frame structure Body
Armor
Suspension springs
Commercially pure titanium (Grade 4) Body
Ti-6.8Mo-4.5Fe-1.5Al Suspension springs
Table 7.

Automotive applications of some titanium-based alloys.
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motorcycles subjected to even higher temperatures for extended periods, research
has explored the application of TIMETAL@1100 (Ti-6Al-2.7Sn-4Zr-0.4Mo-0.45Si),
one of the most heat-resistant titanium alloys available. It was found that this alloy’s
service temperature aligns with the requirements for motorcycle exhaust valves [2].

Table 8 outlines the adoption of titanium alloys by automakers in their industries,
with weight reduction being a primary focus and benefit. Automobile manufacturers
like Mitsubishi, Honda Motors, Toyota, and Nissan Motors adapted titanium alloys
such as Ti-22V-4Al, Ti-6Al-4V, Ti-6Al-2S-4Zr-2Mo-Si, Ti-3Al-2.5V+REM, Ti-Al-Zr-
Sn-Nb-Mo-Si/TiB, Ti-6Al-4V/TiB, and Ti-4.5Fe-6.8Mo-1.5Al that were introduced
beginning in 1989 [64]. Ongoing research is also investigating new alloys for auto-
mobile parts, including Super-TIX, Super-TIX51AF (Ti-5%Al-1%Fe), Super-TTX800
(Ti-1%Fe-0.35%0-0.01%N), and TIMETAL@LCB (Ti-4.5Fe-6.8Mo-1.5Al), among
others [64].

3.4 Applications of titanium-based alloys in sports equipment and consumer

goods

The high strength-to-weight ratio of titanium alloys makes them attractive for
sporting equipment like bicycle frames, golf clubs, and tennis rackets. Additionally,
due to their esthetic appeal, corrosion resistance, and durability, titanium alloys are
utilized in luxury goods such as watches, jewelry, and eyewear [65, 66].

3.4.1 Sports equipment

Titanium-based alloys offer a unique combination of strength and light-
ness, improving performance and endurance in sports gear. Titanium frames in
bicycles, for example, provide high strength while maintaining a lightweight struc-
ture, enhancing maneuverability and speed [67]. The utilization of titanium in sports
equipment has advanced significantly, ranging from early tennis and badminton
rackets to modern golf heads, handles, racing bicycles, and even racing cars, marking
anotable progression in the comprehension of titanium’ capabilities [67].

In golf, titanium’s lightweight and high strength properties have allowed for the
creation of larger club heads without increasing overall weight, resulting in improved
performance and distance for golfers. Innovative titanium alloys, such as those

Material Producer Application
Ti-22V-4Al Mitsubishi AMG engine retainers of the Gallant 1
Ti-6Al-4V Nissan Motor: Engine inlet and exhaust valves for the CIMA
Ti-6A1-25-4Zr-2Mo-Si sean Totors
Ti-3A1-2.5V + REM Honda Motors Connecting rods of sport car NSX
Ti-Al-Zr-Sn-Nb-Mo-Si/TiB . .
Ti-6AL4V/TiB Toyota Intake and exhaust engine valves in the Altezza
Ti-4.5Fe-6.8Mo-1.5Al Volkswagen Suspension spring of Lupo FS
. Kawasaki Muffler of the large sports-type motorcycle ZX-9

Titanium alloys General Motors Dual mufflers of the Corvette Z06

Table 8.

Automotive applications and producers of some titanium-based alloys.
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developed by Nippon Kokan KK, offer enhanced durability for golf head surfaces,
contributing to their popularity in the market.

In tennis and badminton, the incorporation of titanium components, such as pure
titanium nets and super-elastic titanium-nickel alloy handles, has bolstered racket
performance, leading to increased hitting power and user satisfaction. Additionally,
ongoing research into titanium fiber materials aims to leverage titanium’s rebound
force to further enhance racket effectiveness [68].

Racing bicycles benefit from titanium’s lightness and strength, with titanium com-
ponents reducing weight and wind resistance. Titanium bicycle frames, composed of
industrial pure titanium tubes and sport-grade titanium alloys, have gained popular-
ity among cyclists worldwide, especially in high-end bicycle sports [68].

In the realm of racing cars, titanium’s exceptional physical and mechanical
properties have led to its widespread use in various components, including bolts,
connecting rods, exhaust pipes, and brakes. The application of titanium contrib-
utes to reduced vehicle weight, lower fuel consumption, and improved environ-
mental impact, showcasing titanium’s versatility and effectiveness in automotive
engineering [68].

Furthermore, titanium finds applications in mountaineering and skiing equip-
ment, where its lightweight and robust characteristics make it ideal for items such
as mountaineering sticks, spikes, ski poles, and ice skates. Titanium’s use extends to
fencing gear, fishing equipment, rowing parts, and track and field athletics spikes,
highlighting its versatility across a diverse range of sporting goods [67, 68].

3.4.2 Watches and jewelry

Titanium-based alloys are increasingly popular in watchmaking and jewelry due
to their durability, corrosion resistance, and hypoallergenic properties. Watches made
from titanium alloys are lightweight, scratch-resistant, and highly robust. In jewelry,
titanium alloys offer a modern esthetic, durability, and resistance to tarnishing,
appealing to consumers seeking high-quality and long-lasting pieces [69].

3.4.3 Eyewear and fashion accessories

In the realm of fashion accessories, titanium-based alloys find application in
eyewear frames and fashion accessories like wallets, belt buckles, and phone cases.
The strength and lightweight nature of these alloys contribute to comfortable
and durable products, appealing to consumers looking for stylish yet functional
accessories [70].

3.4.4 Consumer goods

Titanium-based alloys are also employed in various consumer goods, including
camping equipment, cookware, and electronic devices. The corrosion resistance, heat
resistance, and lightweight properties of these alloys contribute to durable and high-
performance consumer products [71].

Titanium-based alloys have found diverse applications in sports equipment and
consumer goods, offering a balance of strength, durability, and lightweight proper-
ties. Their use in sports gear, watches, jewelry, fashion accessories, and various
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consumer products continues to drive innovation and cater to consumer demands for
high-performance and long-lasting products [67].

3.5 Applications of titanium-based alloys in construction

Titanium-based alloys have emerged as innovative materials in the construction
industry due to their unique properties, offering durability, corrosion resistance, and
strength. This chapter explores the diverse applications of titanium alloys in construc-
tion, focusing on architectural structures, infrastructure, and specialty applications.

3.5.1 Architectural structures

Titanium-based alloys find application in architectural structures due to their
esthetic appeal, durability, and corrosion resistance. The lightweight nature of these
alloys allows for innovative and unique designs in buildings, facades, and artistic
installations [72].

3.5.2 Infrastructure

In infrastructure projects, titanium-based alloys are utilized in bridge compo-
nents, reinforcing bars, and cladding due to their corrosion resistance and long-term
durability. These alloys contribute to extending the lifespan of structures exposed to
harsh environmental conditions [73].

3.5.3 Specialty applications

Titanium alloys are used in specialty construction applications such as roof-
ing materials, high-performance coatings, and seismic reinforcement due to their
strength, lightness, and corrosion resistance. These applications contribute to
enhanced structural integrity and longevity [74].

3.5.4 Sustainable construction

The use of titanium-based alloys in construction aligns with sustainability goals
due to their recyclability, longevity, and resistance to corrosion. Their contribution
to reducing maintenance and replacement needs aligns with sustainable construction
practices [75].

Titanium-based alloys offer unique advantages in the construction industry, con-
tributing to innovative architectural designs, resilient infrastructure, and specialty
applications. Their properties of strength, corrosion resistance, and sustainability
continue to drive their adoption in various construction projects [72].

4. Conclusion

Titanium-based alloys offer a wide range of applications across industries, driven
by their unique combination of properties such as strength, lightweight, corrosion
resistance, and biocompatibility. This chapter has provided a thorough examination
of titanium-based alloys, showcasing their classification and extensive applications.
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The chapter contains collected and organized information from the most recent stud-
ies. By categorizing these alloys based on their metallurgical structure and alloying
elements into three main groups (alpha, beta, and alpha-beta alloys) and two sub-
categories (near alpha and meta-stable beta alloys), engineers and researchers have
unlocked a multitude of possibilities for their utilization across diverse industries.
From aerospace to medical, automotive, sports, and construction, titanium alloys
continue to revolutionize various sectors, contributing to advancements in technol-
ogy, healthcare, and infrastructure. As research and development efforts continue to
advance, titanium-based alloys are expected to play an increasingly significant role in
shaping the future of engineering and materials science. With ongoing optimization
of their properties and exploration of new applications, these alloys hold immense
promise for driving innovation and revolutionizing industries worldwide.
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Chapter7

Mechanical and Microstructural
Characterization of the Ti-6Al-4V
Alloy Processed by Additive
Manufacturing for Overdenture
Prosthesis

Mariana Correa Rossi, Angel Vicente Escuder,
Ruben Agustin Panadero, Miguel Gomez Pdlo, Pedro Perialver
and Vicente Amigd Borrds

Abstract

The main objective of this work is to show the capabilities of additive manufac-
turing to obtain arches and overdentures from titanium alloys. Overdentures are
obtained mainly by subtractive techniques in both titanium alloys and Co-Cr-Mo.
Obtaining these overdentures in Ti-6Al-4V, with better biocompatibility than Co
alloys, by additive manufacturing (AM), by both laser and electron beam techniques,
is of increasing interest. However, adequate mechanical and microstructural char-
acterization is necessary to bring them closer to the alloys obtained by forging and
machining. Parts obtained by selective laser melting (SLM) have been developed,
which show mechanical properties like those of casting and plastic deformation,
although their plasticity decreases significantly. Its lamellar microstructure can be
modified by thermal treatments that improve the plasticity of AM alloys, which
currently present a deformation slightly lower than that required by the American
Society for Testing and Materials (ASTM) F2924-2021 standard. Therefore, there is
aneed to improve this property through appropriate thermal treatments. Its lamellar
microstructure can be modified through heat treatments that can improve the plastic-
ity of MA alloys, which currently have a deformation slightly lower than that required
by the ASTM F2924-2021 standard. Hence, there is a need to improve this property
through thermal treatments.

Keywords: overdenture prosthesis, additive manufacturing, selective laser melting,
microstructure, small punch, mechanical properties, EBSD
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1. Introduction

Additive manufacturing (AM) or 3D printing, is a recent technique that makes it
possible to produce low-cost materials in a short time, using computer-aided design
CAD, 3D Slash, 3DPrinterOS, FreeCAD, Fusion 360, or TinkerCAD prototypes that
can be transformed into 3D objects, which are built layer by layer [1, 2] or scans of a
real object, based on the tissue of the host [3]. In this field, there are several technolo-
gies capable of using these complex materials in engineering, medicine, aerospace,
automotive, construction, and dentistry.

The American Society for Testing and Materials (ASTM) defines AM as the “pro-
cess of joining materials to make parts from 3D model data, usually layer upon layer”
[4]. More specifically, in the biomedical area, AM techniques have been used to create
solid or porous metallic implants, through different methods of AM. The conventional
manufacturing methods present some disadvantages in terms of machining, standard
sizes and make it difficult to obtain porous structures that facilitate osseointegration
process, which is the mechanical stability of the metal within the bone tissue.

The complex parts must efficiently serve as excellent biocompatibility, biofunc-
tionality, good hardness, low elastic modulus, low susceptibility to corrosion, wear
resistance, and fatigue strength [5]. One of their main applications has been the
manufacture of personalized medical implants using computerized tomography
scans of a patient’s affected region [6]. This device is quite difficult to obtain through
conventional methods such as computer numerical control (CNC) machining. This
is why this technique is being widely used in different areas. During fabrication, it
includes various near-net shaping routes capable of manufacturing 3D geometries
directly from raw materials, demanding little follow-on post-processing [7].

In addition to powders, wire-type materials can also be used as feedstock materi-
als, and wire-based AM methods such as wire arc additive manufacturing are gaining
significant attention in the additive manufacturing of (a + §) Ti6Al4V alloys [8].

The common feature of these AM processes is the use of geometrical data, which is
sliced into layers with a defined thickness depending on the application. Following
the sliced pattern, a focused, high-power laser or electron beam scans and melts the
pioneer powders, producing a molten pool. As the heating source moves away, the
molten pool cools down faster and solidifies to form a track bead. This procedure is
continual until a final geometry is completed.

Newly, AM technique uses titanium alloys to produce custom-made implants for
hip joints and dental prosthesis [9, 10], which is the subject of this chapter. The main
AM technique used nowadays to create complex geometric implants is powder bed
fusion (PBF). The PBF technique employs a high-energy source that selectively melts
abed of powdered material (preferably metallic materials) layer by layer. The PBF
technique can be separated into two procedures depending on the type of energy
source used [11]. Figure 1 indicates a schematic procedure of the PBF technique,
which is formed by two fabrication routes: electron beam melting (EBM) and selec-
tive beam melting (SLM).

The first one is called electron beam melting (EBM), which uses an electron beam,
Figure 2. The EBM was proposed and commercialized first by Arcam AB in 2001 [12].
The EBM is also a powder bed fusion process, but its heating source is an electron
beam instead of a laser beam. Because of the special working nature of electron beam,
EBM builds parts in a high-vacuum environment of 10™* mbar or greater, provid-
ing an ideal contamination-free environment for manufacturing reactive materials
(such as titanium) that have a high affinity to oxygen and nitrogen. Additionally,
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Figure 1.
Schematic procedures of selective laser melting and electron beam melting used for fabrication of complex parts by
powder bed fusion technique.
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Figure 2.
Schematic procedures of electron beam melting used for fabrication of complex parts.
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this technique can generate a faster build rate due to its superior energy input and
fast scan speed [13]. The high build temperature of 600-750°C also leads to different
manufacturing features.

Besides, the EBM method offers the advantage of manufacturing prostheses with
open-cell structures (lattice structures) to obtain properties like those of a bone (e.g.,
low elastic modulus). For instance, some works have been showed that EBM technol-
ogy can produce porous of (a + p) Ti4Al6V alloy with a compression strength and a
Young’s modulus compatible with those of a natural bone (1.03-17.5 GPa) [14-17].
This technique uses a high-intensity energy source (a fiber laser). To fabricate the
parts, a layer of material powder with a thickness varying between 0 and 100 mm
is spread over the table. Then, the recoating blade distributes the powder across the
build table that was preheated.

Subsequently, the laser selectively melts the powder layer based on the CAD
model [18]. The parts produced by means of this technique are built in two steps.
First, the contour of the part is built, and then, the powder inside the contour is
melted until the complete part is obtained [19]. For the EBM process, the tem-
perature in the molten pool was estimated to reach 2700°C [20]. Price et al. [21]
conducted a specific study using thermography and measured a temperature of
2500°C in the molten pool. Al-Bermani et al. [22] calculated the cooling rate of an
EBM-fabricated Ti6Al4V bead on a stainless-steel substrate and obtained a cooling
rate between 103 and 105 K/s. Antonysamy et al. [23] also obtained a cooling rate in
the order of 10* s through simulation.

The second technique that PBF includes is selective laser melting (SLM), Figure 3,
which employs a high-power laser [19]. It involves melting a powder bed using an
electron beam as the energy source, and the whole process is carried out in a vacuum
chamber [24]. Arcam AB, a Swiss brand founded in 1997 and later acquired by GE
Additive in 2017, is currently the leader in EBM prototyping, with both compa-
nies being pioneers in this technique [12]. The SLM process started in 1995 at the
Fraunhofer Institute ILT [25]. In SLM, metallic powders are uniformly spread on the
building platform by rake instead of being blown out from nozzles. A focused laser
beam scans the surface according to the prescribed path and selectively melts the
powders in this layer, after which a new layer of powders is spread after lowering the
building platform to the distance of the layer thickness. The layer height of SLM is
on a scale of tens of microns, which is much thinner than that of EBM products [26].
The non-melted powders are left in the powder bed to support the subsequent layers.
Powders surrounding the deposited parts are affected by the thermal process and
cannot be reused due to the change in physical properties.

Besides being employed to manufacture customized dental implants [27], complex
biomedical structures [28], and porous parts (e.g., bone substitutes) [29], this method
has shown promising results in hip arthroplasty (particularly resurfacing hip arthro-
plasty [RHA]) [30]. However, in laser technology, materials melt while the parts are
at relatively low temperatures, which may induce residual stresses that can cause the
components in service to fail. To reduce the effects of excessive stress, some important
factors to consider include implant’s rigidity, as well as implant-bone fit and adhesion.

Like SLM, the components fabricated using EBM are also surrounded by partly
melted metallic powders, and thus, conduction dominates the heat transfer in the
EBM process. Heat loss via radiation also plays a role but can be neglected as com-
pared to conduction. Due to the highly concentrated energy source and extremely
short interaction time, a high temperature and cooling rate will be produced in the
molten pool.
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Figure 3.
Schematic procedures of selective laser melting used for fabrication of complex parts.

Yadroitsev et al. [31] reported a maximum temperature of about 2710 K in the
Ti6Al4V molten :POOI created by SLM, which also produces a cooling rate in the range
of about 104-10" K/s [32]. To precisely understand the thermal behavior of AM
processes, the authors’ group developed a laser direct deposition model to analyze
the temperature history for a three-track laser directly deposited Ti6A14V. The model
considers laser-powder interaction, mass addition, heat transfer, and fluid dynamics
in the molten pool occurring in the laser direct deposition process.

Actual deposition parameters and temperature-dependent material properties
were used as inputs in the model. The extracted free surface, molten pool, and heat-
affected zone boundaries that are superposed on the experimental micrograph, which
show an excellent agreement. The temporal and spatial temperature fields in the
molten pool generated at 11 different locations along the dashed line on the micro-
graph are also shown. A maximum temperature of approximately 2600 K is generated
in the molten pool, and it decreases to room temperature within about 0.25 s as the
laser beam moves away.

The average cooling rate in the molten pool is about 10* K/s, and even in the
heat-affected zone, an average cooling rate of about 5 x 10° K/s is still obtained. As
the laser scan speed for this deposition is 15 mm/s, even for scanning a small layer
of 1 cm?, the temperature has dropped to near room temperature before the laser
travels back to the same location for the subsequent layer. Stevens et al. [33] have
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studied binder jetting of Ti-6Al-4V alloy and showed that the sintered density at
the edges and regions with significant topological curvature is lower and higher
than in the other areas, respectively. The microstructural heterogeneity is ascribed
to the powder-binder interactions during printing. Dilip et al. [34] have studied the
feasibility of TiAl fabrication by binder jetting of Ti-6Al-4V/Al powder mixture
followed by reactive sintering. They have demonstrated the formation of TiAl with
various other intermediate phases.

Titanium and its alloys are used in biomedical implants due to their excellent
biological performance, such as biocompatibility (non-toxic and low allergenic
properties) and osseointegration [35]. It is pertinent to point out that the Ti system
is complex; hence, the properties of Ti alloys greatly vary with the chemical com-
position, level of impurities, phase constitution, grain size, etc. [36]. Nevertheless,
demands for orthopedic implants (artificial knees, hip joints, elbows, bone plates, and
screws for fracture fixation), as well as dental implants (removable prostheses, maxil-
lofacial prostheses, and supporting materials), are increasing.

According to ISO 5832 standards, 26 groups of titanium alloys have been used
in biomedical applications; among them, Ti6Al4V (grade 5) is the most used [2].
This grade is heat treatable with decent combination of properties and fabricability.
The remarkable biocompatibility of titanium alloys makes them ideal candidates to
replace hard tissues and implant them in the body. This chapter will describe and
discuss the Ti64 Gd23 fabricated by powder by fusion (PBF), as well as the influence
of the process on the mechanical and electrochemical properties.

2. A brief description of Ti-6A1-4V powders and its process of fabrication
by PBD and its characterization

The powder used was LPW Ti64 Gd23, supplied by LPW Technology Ltd.,
in accordance with the ASTM B348/B348M-19 standard [37]. Figure 4A,B indi-
cate the morphology of the Ti64 powder and its granulometry, which presents
many of it of size 40 pm with a collection of tiny satellites and some agglomerate
(Figure 4A), as can be seen in the size distribution of Figure 4B. In this granu-
lometric distribution, a small peak is observed corresponding to a small volume
fraction of about 10 pm, resulting in values of d(0.1) = 25.6 pm, d(0.5) = 38.1 pm,
and d(0.9) = 103.2 pm.

0.1 1 10 100 1000 3000
Particle Size (um)

Figure 4.
(A) Secondary electron (SE) image of the powder used in printing components (green arrows indicate small
satellites and yellow arrows irvegular melts) and (B) granulometric distribution of the powder.
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Dimensions of the tensile specimen obtained in the X/Y and Z axes.

The test specimens have been obtained by the PBF process using a Trumpf
TruPrint 1000 equipment from TRUMPF Laser- und Systemtechnik GmbH, operat-
ing with 200 W TRUMPF fiber lasers (wavelength: 1.070 nm), in an argon atmo-
sphere and a scanning speed of 70 mm/s. The thickness of the layers has been 20 pm.
Tensile specimens have been obtained in the Ti-6Al-4V ELI (Extra Low Interstitial)
with PBF. The tensile tests are carried out in accordance with ASTM E8/ESM-22 [38],
with the dimensions indicated in Figure 5. The compression tests have been carried
out in accordance with the ASTM E9-18 standard [39] in cylinders obtained in the Z
axis with a diameter of 13 mm and heights of 25 mm, with a ratio of 2.0 and 38 mm
for a ratio of 3.0.

The structural analysis has been carried out using the Bruker D2Phaser X-ray
equipment, using copper Ko radiation (1.5406 A) at 30 kV and 15 mA, at a 20 angle
between 20° and 90°, with a step of 0.02° and a scanning speed of 0.0025°s™". The
analysis of the results was carried out using the Rietveld method with the Materials
Analysis Using Diffraction (MAUD) software version 2.9993. The microstructure was
studied, after its metallographic preparation, using a NIKON LV100 optical micro-
scope and a Zeiss Ultra 55 field emission scanning microscope (FE-SEM) equipped
with X-ray spectroscopy (EDS) microanalysis from Oxford Instruments Ltda. To
reveal the microstructure, it has been etching the surface polished using Kroll’s
reagent (HNO; 6 mL, HF 3 mL, 100 mL distilled water).

Elastic modulus (E) was measured using the impulse excitation technique (IET,
ATCP-Sonelastic®). The ATCP software Sonelastic 3.0 was used to analyze the data.
Tensile test was performed on samples with a calibrated geometry following the
ASTM standard. A Shimadzu universal testing machine model, Autograph GX Plus
100 kN was used with an optical extensometer, at a crosshead speed of 0.5 mm-min™".
The compression tests were carried out on an Ibertest MEH 2000 kN universal testing
machine. The hardness has been determined using a Centaur HD9-45 durometer on
the HR15T superficial Rockwell scale, applying 147 N for 15 seconds. The microhard-
ness scans were carried out in a Shimadzu HMV microhardness tester with an applied
load of 2.94 N g and an application time of 15 s.

Corrosion tests were performed by potentiostat AUTOLAB PGSTAT204 with
a three-electrode cell configuration (Ag/AgCl electrode, platinum wire, and the
investigated alloy) at 37°C and a scanning rate [40]. The Ringer—Hartmann solution
(NaCl5.97 g/L, KCl 0.37 g/L, CaCl, 0.22 g/L, Na lactate 3.25 g/L, pH 6.5) was used
as the electrolytes [41]. Electrochemical impedance spectroscopy (EIS) measure-
ments, from 10 mHz to 100 kHz, were fitted by the ZView program (version 3.5a from
Scribner Associates Inc., USA) for two-layer equivalent circuit simulation.
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3. Physical, geometrical, and structural properties of powders and pieces
obtained by PBF

The properties of the alloy obtained by additive manufacturing are comparable to
those of the forging alloy, according to the ASTM F3001-14 (2021) standard [42]. The
general density of the forging Ti-6A1-4V ELI alloy is 4.43 g cm™. The determination
of the densities obtained in the analyzed samples is shown in Table 1.

As shown in the table, the 3D printed material has a slightly lower density than
the wrought alloy, so it can finally incorporate up to 1.3% porosity. This can affect
the mechanical properties, but above all, it can also affect its plasticity and fatigue
resistance. This porosity is somewhat higher than that described by Dong et al. using
powder modification through mechanical alloying and printing by selective laser
melting (SLM) [43].

The X-ray diffraction is similar for both the powder and the forging material and
the additive manufacturing material (see Figure 6). The diffraction angles are practi-
cally the same, although with a different intensity. While for the starting powder, the
B-Ti phase is practically negligible, and the highest intensities occur in the (101) o-Ti
plane, in additive manufacturing, the (200) p-Ti angle and the maximum intensity

Alloy and process Open porosity Close porosity Archimedes density Relative density
(%) (%) (gem™) (%)
Ti-6al-4V ELI forge — — 4432+ 0.008
Ti-6Al-4V AM 0.20 £ 0.08 1.96 + 0.41 4.412 + 0.020 98.70 + 0.44
cylinder piece
Table1.

Densities obtained in Ti-6Al-4V ELI alloys from forging and additive manufacturing samples.
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X-ray diffraction patterns of Ti-6Al-4V ELI alloy from the powders, forging and additive manufacturing pieces.
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peaks correspond to the o-Ti phase to the (101) (102) (110) planes. However, the
forging material presents its maximum intensity in the plane (101) corresponding
to the a-Ti phase, next to the plane (100) of the same phase. However, works such
as those of Dong et al. [43] use SLM to observe the most intense peaks at (100) and
(101), more like the peak intensity of wrought Ti-6Al-4V. However, this depends on
the orientation of the laser during printing and the direction of growth of the layers.
In our case, there are notable differences in the intensity of the peaks corresponding
to each family of planes, which are more similar to the powder used in the process.
The hardness obtained in the pieces for the tensile test manufactured in the
Z-direction has presented an average of 74.1 + 5.8 HR15T, equivalent to 98.2 + 8.0 HV.
For the specimens manufactured in the X/Y direction, the hardness obtained was
791 £ 1.7 HR15T equivalent to 118.0 + 6.9 HV. However, the hardness obtained in the
first layers obtained was 51.7 HR15T (43.2 HV). This macroscopic hardness contrasts
with the results of the microhardness scans, expressed on the Vickers (HV) scale, which
are shown in Table 2, both in its radial and longitudinal directions. Figure 7 presents
the evolution of the measurements carried out along the diameter and longitudinally
to the central axis of the specimens obtained in the direction of the Z axis. The average
value obtained similarly in both axes is represented in solid lines, 353 + 6 HV (longitu-
dinal) and 347 + 7 HV (radial), and very similar to that of the forge.

Process Hardness HR15T Microhardness HV Elastic Moduli E (GPa)
Ti-6al-4V ELI forge 89+1 358 +2HV 110 1
Ti-6Al-4V AM Z axis 74+ 6 347 + 7HV 104 +2
Ti-6Al-4V AM X/Y axis 79 £2 353+ 6 HV 901

Table 2.

Hardness, microhardness, and elastic modulus for the forged Ti-6Al-4V alloy and that obtained by additive
manufacturing.
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Representation of the microhavdness scans, both in the radial (X/Y axes) and longitudinal (Z axis) divections.
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The elastic modulus obtained by the Sonelastic® method has been carried out
both in the tensile samples, whose results are collected in Table 2, as in the cylindri-
cal samples with a height of 38 mm, whose final average is 118 + 2 GPa. There are
real differences between the wrought alloy and the printed one with lower moduli,
most likely due to the microstructural modification in the form of sheets and the
porosity present. However, in the cylindrical pieces, there is a greater modulus that
is very similar to that found during the tensile tests, as shown in Table 3. The results
finally obtained depend greatly on the printing direction but also on the method of
determining the elastic modulus, while in Sonelastic, the lowest value is obtained
in the X/Y direction, with 90 GPa in the tensile test this elastic modulus increases
to 117 GPa. However, in the Z-direction, both methods present values of 104 GPa,
although in the case of the tensile test, the standard deviation is very high, approxi-
mately 27 GPa.

The tensile test was carried out in both the X/Y and Z positions. Table 3 shows the
results obtained in the X/Y position, in which the tensile elastic modulus is expressed
in GPa, the limit elastic in MPa, the elastic deformation in %, the maximum resistance
in MPa, and the maximum deformation in %. In this test, the deformation has been
determined using a high-precision optical extensometer, so the final deformation
corresponds perfectly to the real deformation.

Sample Elastic modulus YS Elastic def. UTS Def. Max.
(GPa) (MPa) (%) (MPa) (%)
Ti-6Al-4V AM (X/Y 117 +9 942 + 38 10 1020 + 46 10
axis)
Ti-6Al-4V AM (Z 104 + 27 974 + 27 10 1100 £ 17 6+1
axis)
Table 3.

Results obtained in the tensile tests in the manufactuving X/Y and Z positions.
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Figure 8.
Stress—strain diagram for the additive manufacturing samples in directions X/Y and Z.
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As seen in Table 3, the mechanical properties are similar in the different direc-
tions, but the elasticity in this case is much higher, with deformation averages of
6% for position Z compared to 1% for position X/Y. Figure 8 indicates the curves of
stress—strain of the samples manufactured in both directions with a clear difference
in the plastic behavior of the material. UTS is slightly lower than those obtained by
Rafi et al. [44] of 1219 + 20 MPa or the 1246 + 143 MPa obtained by Wysocki et al.
[26] and a lower yield strength. The measurement of the elongation (%) at the end
of the breakage of the specimens, although with less precision than extensometer,
has provided comparable results in any case. For the samples processed in X/Y,
the average was 3 + 0.4%, while, for the samples processed in Z, the average was
7 + 0.4%. Considering the characteristics required by the ASTM F3001-14 standard
[43], for class F, it more than meets the resistant properties, but not the elongation
in the Z-direction. However, the maximum deformation reported by Wysocki et al.
[26] is 3.2 + 0.5% for the X/Y direction and 1.4 + 0.5 in the Z-direction. In our tests,
optical extensometry yields a plastic strain in the Z direction of 6 + 1% higher than
that reported by Wysocki et al. and of the order of that indicated by Rafi et al. [44]
of 4.9 + 0.6% in the built vertical direction. Much of these strain values are collected
by Ngyuyen et al. [45] in their review carried out on additive manufacturing of
Ti-6Al-4V alloy.

This lack of plastic deformation is mainly due to the defects that can occur
between the laser fusion layers, as can be seen in Figures 9A,B and 10A,B, in which a
lack of fusion is observed in some areas.

The lack of plastic deformation is mainly due to defects that can occur between the
layers fused by the laser. In Figure 11A,B, some of the most defined trajectories of the
superposition of the fusion layers are represented with a dashed line, although they
do not correspond to each one of them as they are much thinner.

The results obtained in the compression tests of the additive manufacturing
samples, with a D/H ratio of 3.0, present a yield strength of 838 + 85 MPa, with an
elastic deformation of 1.95 + 0.07%, somewhat higher than those obtained with
traction. However, it has not been possible to determine the ultimate compressive
strength (UTS), but the stress when deformation was 0.03 mm/mm, corresponding
to a displacement of 1.14 mm of 953 + 54 MPa. For the samples with D/H ratio = 2.0,
ayield strength of 925 MPa, an elastic deformation of 2.4%, and a stress when the
deformation was 3%, corresponding to a displacement of 0.75 mm of 1004 MPa, have
been obtained.

Figure 9.
Fractographies of the tensile fracture of the sample obtained by additive manufacturing in the X/Y direction. (A)
General appearance of the fracture. (B) Detail of ductility with the formation of dimples.
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Figure 10.
Fractographies of the tensile fracture of the sample obtained by additive manufacturing in the Z-direction. (A)
General appearance of the fracture. (B) Detail of the formation of ductile failure dimples.

Figure 11.
(A) Infused material and cracking between layers in the X/Y divection. (B) Indications of crack paths between
fusion layers in the X/Y direction.

The microstructure observed by optical microscopy, after etching with the Kroll
solution, is shown in Figure 12. For the samples manufactured in the X/Y direc-
tion, in which some important defects originating from the fusion of the layers
are observed. Mainly infused particles and small pores located between the fusion
layers. Figure 13 shows the microstructure of the printed samples in the Z-direction.
This clearly shows the formation of the different fusion layers and how the lamellar
microstructure originates through the layers, creating large grains corresponding to
the p phase generated at high temperature.

However, the microstructure is much better appreciated after immersion corrosion
tests. Figure 14A-D shows an important degradation located mainly in the a-Ti phase,
especially when the magnification is higher. The microstructure of the formed alloy is
mainly composed of equiaxed o« phase grains with randomly positioned fine f§ phase
grains. In the additive manufacturing samples, the formation of lamellar a + p grains
is observed, with a strong presence of « phase at the grain boundary. This different
distribution of the phases is what differentiates the behavior of the alloy depending on
its production process. These microstructural differences are also observed when their
microstructure and crystalline orientation are analyzed by backscattered electron dif-
fraction. Figure 15A-D shows the far scattered diffraction (FSD) image. Figure 15A
represents the band contrast, showing the morphology of the grains and the phase
contrast. The distribution of the phases is indicated in Figure 15B. The inverse pole
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Figure 12.
Optical microscopy image of the microstructure of the Ti-6Al-4V alloy, obtained by additive manufacturing and
printed in the X/Y direction.

Jm

Figure 13.
Optical microscopy image of the microstructure of the Ti-6Al-4V alloy, obtained by additive manufacturing
printed in the Z-direction.

figure (IPF) is indicated in Figure 15C. In Figure 15D shows a slight texture in the
(1010) plane. However, in AM Ti-6Al1-4V, Figure 16A-D, at the magnification used,
the size of the § phase grains obtained during solidification is not appreciated, and
only the distribution of « phase sheets are appreciated, in which observe the formation
of these sheets at angles of 60° or 120°, forming a Widmanstdtten microstructure.
Although a defined texture cannot be seen clearly, the orientation of these sheets bears
no resemblance to the alloy obtained by forging. Therefore, the resistance and plastic-
ity properties can be different between both types of alloys. This microstructure is
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Figure 14.
Microstructure after immersion corrosion in Ringer-Hartmann electvolyte: (A) and (B) forged Ti-6Al-4V; (C)

and (D) AM Ti-6Al-4V.

Figure 15.

Microstructure of forging Ti-6Al-4V ELI: (A) far scattered diffraction image. (B) Map of phase distribution (red
represents the a-phase and the blue represents the f-phase). (C) Inverse pole figure map. (D) Pole figure in plans
(0001) and (1010).
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Figure 16.
Microstructure of AM Ti-6Al-4V ELI: (A) far scattered diffraction image. (B) Map of phase distribution. (C)
Inverse pole figure map. (D) Pole figure in plans (0001) and (1010).

more like that obtained by EBM [26, 44] than that obtained by these same authors by
SLM, whose main microstructure is « martensite.

Corrosion resistance also presents differences between wrought and AM alloys.
The potentiodynamic polarization curves, Figure 17, show great similarity between
the CP-Ti samples and the wrought Ti-6Al-4V EII alloy. However, the response of the
additive manufacturing alloy, even presenting a more anodic potential and a lower
passivation intensity than the two standard materials, shows a breakdown at a poten-
tial of 1.2 V and significantly increasing passivation intensity up to the end of the test.
This could indicate that the rupture of the TiO, oxide layer initially formed. Although
it could subsequently form again, limiting the current flow. The results of the corrosion
parameters are shown in Table 4, which summarizes the open circuit potential (Egcp),
with the corrosion potential (E.,), the current density (icy,) obtained by the Tafel
extrapolation method [46], the anodic (b,,) and cathodic (b.,:) Tafel constants, the
polarization resistance (R;), and finally the corrosion rate (C;) expressed in pm-year'l.

The Nyquist diagrams of the experiments carried out on Ti-6Al-4V AM and
wrought Ti-6Al-4V ELI, together with the Ti CP, are shown in Figure 18. These
diagrams have a semicircular arc shape, characteristic of passive metals, with impor-
tant differences in them, finding the behavior of the AM alloy superior to CP-Ti
but slightly inferior to wrought Ti-6Al-4V ELI alloy due to the greater length of the
semicircle of this last alloy is associated with a greater resistance R;,

In the Bode diagrams, Figure 19, a similar behavior also occurs with a phase angle
close to 80°, which indicates a mainly capacitive behavior, although especially at low
and medium frequencies. The impedance modulus is practically the same for the three
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Figure 17.
Potentiodynamic polarization curves of the Ti-6Al-4V AM alloy in Ringer—Hartmann artificial saliva solution,
and of CP-Ti and the wrought alloy.

SamPle Eocp Ecorr icorr (A'cm_z) ban bcat Rp C, (Hm'Year_l)
V) V) (kQ-cm?)
Ti-6Al-4V AM —-0.08 -0.03 1.70 x 107 0.12 0.12 361 1.68
CPTi -0.24 -0.25 537x107® 0.10 011 109 4.59
wrought —-0.02 -0.18 147 x 1077 0.11 0.12 231 1.25
Ti-6A1-4V ELI
Table 4.

Kinetics pavameters obtained from the potentiodynamic polarization curves in the Ti-6Al-4V AM alloy, CP-Ti
and the wrought Ti-6Al-4V ELI alloy.

materials, but the phase angle is slightly lower in Ti-6Al-4V AM, which would indicate
a lower resistance, although it is quite like CP-Ti.

The results were compared with an equivalent double-layer circuit, using ZView
software (version 3.5f), considering the non-ideal behavior with the electrolyte
resistance (R;), charge transfer resistance (R.), film resistance (Rgjm), and double-
layer polarization resistance (CPE;,) and film’s (CPEgy,). This circuit has been used
by other authors, representing the equivalent circuit that best adapts to the composite
corrosion mechanism [47]. In the same way, we can analyze the CPE exponents (ng
and ngy) related to the capacities of the dense layer (Cy;) and the porous layer (Cgirn)
[48]. These results are shown in Table 5 for the three alloys analyzed, Ti-6Al-4V AM,
CP-Ti, and wrought Ti-6Al-4V ELI.
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Figure 18.

Nyquist diagrams of the Ti-6Al-4V AM alloy in Ringer—Hartmann artificial saliva solution, and of CP-Ti and
wrought Ti-6Al-4V ELI alloy.
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Figure 19.

Bode diagrams (modulus and phase) as a function of frequency for Ti-6Al-4V AM, CP-Ti, and wrought
Ti-6Al-4V ELI alloy.

Sample R CPEy (nF/ ng R CPEgim (WF/  ngiy Reim
(Q-cm?) cm?) (kQ-cm?) cm?) (kQ-cm?)
Ti-6Al-4V AM 46 26 0.85 146 17 0.38 1100
CP-Ti 89 21 0.94 0.13 9 093 1380
Wrought 100 54 0.51 8.06 16 091 1190
Ti-6Al-4V
Tables.

Parameters obtained by electrochemical impedance spectrometry (EIS) in Ti-6Al-4V AM, Ti CP and wrought
Ti-6Al-4V ELI alloys.
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The values obtained for R; are similar in all samples, also considering the obstacle
of standardizing the resistivity of the electrolyte in the different tests. The charge
transfer resistance is always lower than that of the film (Rgiym), which is related to
the internal oxide layer as it is much more protective than the porous external layer
[49]. However, the ng and ngy, exponents were approximately 1 for CP-Ti. For the
Ti-6Al-4V alloy, the ng exponent was 0.51 for the wrought alloy and the ng,,, of 0.38
for the AM alloy. Besides that, together with higher R, it ensures better behavior
against corrosion compared to the CP-Ti. The fits obtained had a x” in the order of
1073, which would indicate that the selected equivalent circuit is representative of the
oxide layers formed in these alloys [49].

4. Discussion

Additive manufacturing offers excellent opportunities in the biomedical sec-
tor [50]. The selective laser melting (SLM) or direct metal laser sintering (DMLS)
technology also offers great versatility and greater ease than other powder bed fusion
(PBF) processes, such as electron beam melting (EBM) [51]. The obstacle of machin-
ing titanium alloys, as well as the residual stresses that they can accumulate, makes
AM a perfectly applicable technology in different sectors mainly in the biomedical
sector [52], where the customization of products is found. This is mostly justified,
mainly in maxillofacial surgery or implant-supported prostheses [53]. The micro-
structure formed is basically laminar in practically all cases, with the formation of «
phase at the grain boundary of solidification p phase. These p grains are large as they
remain at high temperatures for some time in PBF processes [54]. From the grain
boundary, the formation of the a phase begins in sheets with a Widmastaetten-type
microstructure, Figure 14. However, the crystal structure is only modified by the
cooling direction of the sample, which in our case enhances the (101) (102) and (110)
planes, Figure 6.

The formation of the microstructure in PBF processes can originate, especially
in laser-assisted processes, SLM or DMLS, metallurgical transformations to the
martensite o’ Although this phase presents laminar a phase (HCP) microstructure,
the mechanical properties obtained after the AM process are very similar to those
presented by wrought Ti-61-4V ELI alloy. However, the main difference is the ductil-
ity of the material, since it is decreased compared to the commercial forged alloy.
However, it depends on the direction of the effort depending on the growth of the
layers, Table 3. Similar results have been obtained in the works of Shunmugavel et al.
[55], who, after a vacuum thermal treatment at 750°C obtained ductility properties
that were also lower in the transverse direction, although in this case somewhat higher
than those obtained after AM. In addition, a preferential formation of the primary
p-phase can be available, as analyzed by Wei et al. using multi-laser and analyz-
ing the mechanical properties of overlap regions. The transformation to o’ phase is
evident from the energy in the melting and cooling of the different layers [56]. The
effect of energy in the process is analyzed by Cepeda-Jiménez et al. with a columnar
formation of the B-phase prior to the a-o’ transformation [57]. The application of a
sub-p-transus heat treatment, the o phase is stabilized, with somewhat lower fre-
quency at misorientation angles of 60°. Infusion defects are analyzed by Andani etal.,
who evaluate the spatter formation in the SLM process using multi-laser technology
and conclude that most of the particle shape of the spatter is spherical and that this
can significantly affect the fatigue properties of the components [58]. In fact, when
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determining their mechanical properties, a decreased elongation is present, especially
when two-laser melting is used.

The microstructure conditions formed obviously affect the mechanical properties,
which are also affected by external parameters such as surface roughness and possible
internal defects in the material. These mechanical properties depend critically on the
posterior heat treatment used. Although in all cases, the resistance decreases slightly,
as the formation of the phase o phase stabilizes. At the same time, it is true that the
longitudinal and transversal properties are getting closer together. Nevertheless, the
biggest influence is on ductility, which decreases greatly when the load is applied per-
pendicular to the melting of the layers, i.e., in the Z-direction. Therefore, the stability
of the a phase, simultaneously with the growth of the thickness of the « phase lamel-
lae, promotes an increase in the ductility of the component [58], especially in the
Z-direction. Rafi et al. [59] report only 5% elongations in both directions after heat
treatment at 650°C for 4 hours Ar. Simonelli, Tse, and Tuck [60] obtain elongations
higher than 10% with a treatment with N, at 730°C for 2 hours, while with an anneal-
ing treatment at 843°C for 2 hours and furnace cooling, Brandl, Leyens, and Palm
[61] obtain elongations of 17% in the longitudinal direction and 15% in the transverse
direction. However, it is true that in this case, the yield strength is 810-840 MPa and
UTS between 860 and 920 MPa. Zhang et al. [11] obtain elongations higher than 20%
when, after obtaining by L-PBF a phase distribution o’ + (a + ), they subject the
material to a sub-p-transus heat treatment at 950°C for 2 h, with subsequent cooling
in air or in the furnace. However, one of the fundamental problems of AM is the lower
reliability of the product due to the possible internal defects that can occur in the
material. The differential melting at some points of the different layers usually gener-
ates irregular pores, Figure 11, or by microporosities derived from Ar absorption,
although in this case, the pores are micrometric in size and rounded.

The elastic modulus obtained by impulse excitation technique in the cylindrical
sheets is like that determined in the tensile tests in the X/Y direction, around 117 GPa,
while in the Z-direction, it decreases to 104 GPa. The yield strength and maximum
load exceed the minimum established by the ASTM standard, and the hardening
index (YS/UTS) is 0.92 in the X/Y direction. For the Z-direction, use the YS/UTS. The
microhardness does not present appreciable differences in both directions and with
the wrought alloy, less than 2%.

However, the greatest difference is found in the plastic deformation where in the
Z-direction, an elongation greater than 6% is obtained, as indicated in the ASTM
F3001-14 standard. However, in the X/Y direction, a loss of 79% of the elongation
with respect to Z is obtained, which is being far from the minimum indicated in the
standard. This effect is seen in fractography where the influence on the fracture of
the orientation of the layers and the influence of internal defects in the material are
observed. Therefore, one of the biggest differences with wrought alloy is the greater
difference in the results, which is expressed by high standard deviations, somewhat
higher in the X/Y direction than in the Z-direction. Surface roughness also has an
important effect on the resistant properties of the parts, which, jointly with possible
internal defects, provide higher standard deviations than in wrought parts. This is
one of the limitations of the technique in biomedical and especially aeronautical
applications. A preliminary determination of the roughness obtained, using white
light profilometry, has provided a R, value of around 48 pm. This roughness and
possible internal defects play a fundamental role in fatigue resistance and, hence,
there is need to determine the number, shape, and size of these defects [62] and try to
minimize them through thermal post-treatments or by hot isostatic pressing (HIP).
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Thermal treatments, as already indicated, have a secondary effect on grain growth in
the p phase and thickening of the microstructural lamellae in the « phase, but they
can improve the ductility, which is necessary in these cases, by closing the internal
pores, as gas porosity and other small fusion defects. Leuders et al. [63, 64] analyze
the effect of ductility on the fatigue resistance of Ti-6Al-4V processed by SLM. In this
sense, it is essential to evaluate the differences in microstructure in both static and
dynamic properties. Greitemeier et al. [65] compare the fatigue resistance between
electron beam melting (EBM) and direct metal laser sintering (DMLS), reducing the
surface roughness, which possibly increases the fatigue resistance in both cases, with
values close to 550 MPa for DMLS and 260 MPa for EBM, after 10 cycles.

The chemical and electrochemical behavior is also similar between the alloys
obtained in both processes, wrought and AM. In immersion tests, small pits appear
mainly in the a phase. On the other hand, due to the different equiaxial micro-
structure grains in one case and laminar in AM, the contact surface between the
and B phases is higher in AM, and therefore, the release of Ti ions is slightly higher.
However, in its electrochemical behavior, the AM alloy has a lower E,,, than both
the wrought alloy and CP-T1, with great similarity in terms of i..,, and resistance to
polarization R;,. Despite this, while wrought alloys present passivation potentials
that extend beyond 3 V, the AM alloy presents a breakdown potential at 1.2 V,
although it subsequently passivates again with higher passivation intensity values.
In any case, a similar passive TiO, layer is developed in all cases that must be more
widely studied. In any case, the potentiodynamic tests present variability in the
three samples tested for each material. Thus, the value of the corrosion ratio is very
similar for the two alloys Ti-6Al-4V ELI wrought and AM. In the electrochemical
impedance spectrometry tests, it is observed that in the Niquist diagrams, the AM
alloy is between the CP-Ti and the wrought alloy, but with similar behaviors. In the
Bode diagrams, all the alloys show similar behaviors. The phase angles are around
80°, although in the case of the wrought alloy, it moves to low frequencies. With the
results, an equivalent double-layer circuit has been obtained, the internal compact
and the external porous, also used by other authors [44, 49, 66-68] with varying
success. With the circuit and once the different resistive and capacitive components
have been obtained, it is important to determine the CPE exponent, since an expo-
nent greater than 0.8 confers a merely capacitive character and with values less than
or close to 0.5 a diffusive character. As seen in the results table, very similar values
are presented between the three alloys studied, and the AM alloy, it has a somewhat
higher charge transfer resistance R, although much lower than the resistance Ry,
where the exponent ng,, remains at 0.38.

5. Conclusions

The additively manufactured Ti-6A1-4V alloy has mechanical properties like
the Ti-6Al-4V ELI wrought alloy. Its elastic modulus (104-90 GPa compared to
110 GPa for Ti-6Al-4V ELI), microhardness (347-353 HV compared to 358 HV
for wrought alloy), yield strength (943-974 MPa), and maximum tensile strength
(1020-1100 MPa) differ very little and, after some heat treatments, are even higher in
the AM alloy.

Ductility, however, is limited and although the standards reduce the minimum
ductility for AM alloys, these are not achieved when manufacturing is carried out in
some specific directions, X/Y, since the maximum deformation is only 1.5%.
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The microstructure is completely different, and the AM is very similar to that of
casting, as it develops large p phase grains that, in their allotropic transformation like
the Widmanstitten type a phase, but far from the microstructure of equiaxial grains
in the wrought mill annealing alloy.

The X-ray diffraction indicates a distribution of similar phases in wrought and AM
alloys, but with differences in textures that depend on the direction of growth of the
layers but do not affect the mechanical properties except ductility.

The corrosion resistance is similar between AM and wrought Ti-6A1-4V alloy
with very similar behavior and a similar corrosion ratio (1.68 pm-year" for AM alloy
compared to 1.25 pm-year™" for wrought alloy).

Therefore, no significant differences have been found in the behavior of AM alloys
obtained from 3D printing, except for their microstructure that can hardly be modi-
fied, and the ductility derived from the manufacturing direction, internal defects,
and surface roughness mainly. This makes the technique widely used in the manufac-
ture of personalized parts in the biomedical sector, and possibly through subsequent
heat treatments or hot isostatic processes, the reliability of the material is improved.
In that case, its application in both overdentures and maxillofacial surgery, which
require customization for each patient, can offer important advantages.
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Chapter 8

Residual Stress Analysis of Laser
Cladded Commercially Pure Grade
Titanium Alloy Plates

Tankiso Lawrence Ngake and Kadephi Vuyolwethu Mjali

Abstract

The aim of this study was to determine the influence of laser power on the
microstructure, hardness, and residual stresses of laser-cladded titanium alloy. Laser
powers of 600, 800, and 1000 W were varied while keeping other processing param-
eters constant. Microhardness and microstructure measurements were conducted
using a Vickers microhardness tester and an optical microscope, respectively. Residual
stresses were determined using an X-ray diffractometer (XRD). The results obtained
revealed a non-linear relationship between microhardness and increasing laser power.
Microstructural analysis indicated a transformation from all « grains to o' martensite
in the cladded zone, observed across all laser powers. Residual stress measurements
showed a consistent tensile trend, decreasing with increasing laser power. The issue of
increasing tensile residual stress can be mitigated by adjusting the laser power with
minimal impact on the microstructure. These findings highlight the significant influ-
ence of processing parameters on surface properties, suggesting the potential for
optimizing laser cladding parameters to enhance material corrosion and abrasion
resistance properties.

Keywords: titanium, laser cladding, residual stress, microstructure, microhardness

1. Introduction

Titanium (Ti) and its alloys are widely used in the biomedical, automotive, and
aerospace industries [1, 2]. Their extensive use is mostly due to their superior
mechanical and biocompatibility qualities. Ti exists in multiple crystallographic forms.
At room temperature, Ti exists in the form of a hexagonal close-packed (hcp) crystal
structure, also referred to as the “alpha” («) phase. At 883°C, the Ti crystal structure
transforms to body-centered cubic (bcc), which is called the “beta” (B) phase.
Alloying elements are generally classified as « or f stabilizers. Alpha stabilizers
increase the temperature at which the o phase is stable, whereas the beta stabilizers
stabilize the § phase at lower temperatures. Aluminum and oxygen are examples of
a-stabilizers, while common p-stabilizers include vanadium and molybdenum. Ti
alloys are classified into three groups: a, p, and a + p alloys. Alpha alloys consist of all-«
microstructure. A beta alloy is one in which the § phase does not undergo martensitic
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breakdown when a small amount of the material is quenched into freezing water
above its p transus. The a + p alloys are made up of a mixture of o and p phases, which
are stable at room temperature [3].

The microstructure of Ti alloys is strongly influenced by the processing history and
surface treatment [4]. Commercially pure (CP) Ti is a single-phase («) material, with
its properties are controlled by chemistry (interstitial impurity elements) and grain
size. CP Ti is divided into four grades according to its strength and permitted levels of
impurity elements (iron, carbon, nitrogen, and oxygen). CP grade 2 Ti is widely used
in chemical industries due of its outstanding corrosion resistance and good strength
[5]. However, there is a need to enhance the properties of CP grade 2 Ti to broaden its
applications in the aerospace industry. The material property requirements in the
aerospace industry include good strength for fatigue life, which ultimately reduces the
likelihood of cracking during high-speed cyclic operations. The presence of tensile
residual stresses (TRS) during operations is the primary cause of cracks, as they
initiate cracks on the material’s surface [6].

Researchers utilize surface modification techniques to address the material’s draw-
backs in various applications. Techniques such as short peening, heat treatment, laser
peening, and laser cladding are common surface modification methods used by
researchers. Laser cladding, also known as laser metal deposition (LMD) or laser
cladding deposition, is a cutting-edge material processing technique that employs a
high-energy laser beam to melt and fuse metallic or composite powders onto a sub-
strate. This technology has found applications in various industries, including
manufacturing, aerospace, automotive, and medical, due to its ability to enhance
surface properties, repair components, and create complex geometries with precision.
During laser cladding, a focused laser beam is utilized to melt the surface of the
substrate or a previously deposited layer. The metallic or composite powders are then
injected into the molten pool, where they melt and fuse with the substrate, forming a
new layer [7, 8]. Commonly used materials include alloys, tool steels, and superalloys.
Laser cladding allows for precise control over the heat input, minimizing thermal
distortion and ensuring a fine microstructure. Furthermore, the localized nature of the
process reduces the impact on the surrounding material, preventing thermal damage
to the substrate. It can be employed for various applications, including coating,
repairing damaged components, and building up material layer by layer for additive
manufacturing.

During laser cladding, several aspects must be taken into consideration, such as
ensuring compatibility between the substrate and the clad material, and fine-tuning
process parameters, including laser power, scanning speed, and powder flow rate, to
achieve optimal results. Variations in these parameters lead to changes in the general
shape of the tracks and in the microstructure. Researchers have demonstrated how
variations in the cladding parameters affect the microstructure and corrosion resis-
tance of the material. Zhang et al. [9] showed that an increase in laser power increases
the grain size of the coating, and decreases the density. Gao et al. [10] investigated the
effect of changes in the scanning speed on corrosion resistance. Their results indicate
that an increase in the scanning speed leads to a thinner coating thickness, resulting in
surface cracks, and decreased corrosion resistance. However, not much research has
focused on the effects of changes in cladding parameters on the induced residual
stresses of materials.

The stresses that remain in a component after processing and after all externally
imposed loads have been eliminated are known as residual stresses [11]. These stresses
can result from various processes such as manufacturing, welding, machining, and
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heat treatment. Understanding residual stresses is crucial because they can signifi-
cantly affect the mechanical properties and performance of materials. In titanium and
titanium alloys, there are numerous sources of residual stresses. Rapid cooling or
uneven cooling during manufacturing processes can lead to non-uniform thermal
contractions, resulting in residual stresses. Titanium and its alloys may undergo phase
transformations during heat treatment, welding, or cooling, leading to volume
changes and the development of residual stresses. Mechanical processes such as forg-
ing, rolling, or extrusion can induce plastic deformation and generate residual stresses
in the material. Moreover, localized heating and cooling during welding can introduce
significant residual stresses, particularly near the weld region [12-14]. Residual
stresses can influence the mechanical properties of titanium alloys by affecting factors
such as fatigue strength, fracture toughness, and corrosion resistance. Residual
stresses extend the fatigue life of components by suppressing crack initiation and
propagation [15]. Induced residual stresses can be both beneficial and harmful to
structural integrity. Wang et al. [16] deliberately induced compressive residual
stresses (CRSes) by shot peening to exploit the positive benefits of CRS. However, the
presence of tensile residual stresses (TRSes) leads to detrimental effects such as stress
corrosion effects and inconsistencies in component precision, which must be avoided.

CRS is crucial for increasing the material’s fatigue strength. As the laser beam
intensity increases, the surface heats up, causing tension to transition from stretching
to compression. Conversely, the remelted zone contracts, and tensile stresses develop
due to cooling following laser treatment, potentially leading to the fracture of brittle
materials [17]. In this study, the effects of variation in the laser power during the laser
cladding process on both the microstructure and induced residual stresses of the
cladded CP grade 2 Ti alloy are investigated. The CP grade 2 Ti was coated with the Ti-
6Al-4 V alloy, which is an « + f alloy characterized by low density and excellent
corrosion resistance.

Residual stress can be measured by the X-ray diffraction (XRD) technique. Mea-
suring residual stress using X-ray diffraction (XRD) involves analyzing crystal lattice
distortions caused by internal stresses within a material. One commonly used method
for this purpose is the sin®y method, also known as the sin*y technique or sin’y
analysis. This method utilizes the relationship between the diffraction angle, lattice
strain, and residual stress in a crystalline material. The basis of XRD is Bragg’s Law,
which relates the angle of incidence () of X-rays on a crystal lattice to the interplanar
spacing (4) and the wavelength ()) of the X-rays: 24 sin @ = nA, where 7 is the order of
diffraction. Residual stresses within a material cause lattice strain, leading to distor-
tion in the crystal lattice. The lattice spacing (d) is modified, which affects the
diffraction pattern. The lattice strain () is related to the change in the lattice spacing
(Ad) by e = Ad/d. The sin®y method is based on the relationship between the orien-
tation of the crystal lattice planes relative to the incident X-ray beam and the resulting
diffraction peak position. The angle  is the angle between the normal to the crystal
lattice planes and the direction of the incident X-ray beam. The sin’y term is intro-
duced to account for the arbitrary orientation of the crystal lattice. The stress (c) can
be determined from the lattice strain using Hooke’s Law: 6 = Ee, where E is the elastic
modulus of the material. For a polycrystalline material, the relationship between
stress, lattice strain, and the XRD diffraction angle (260) is given by the sin2\|1 Eq. (1):

1—cos20 1 [od\* E(1+v)
nty =~ BT _~ (% nto—— Y 1
Y T I o520 2d (69) o 2(1—1/)6 M
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Previous research has shown the influence of surface modification techniques on
the material’s microstructure but little on the appearance of residual stresses. Addi-
tionally, most researchers have focused on heat treatment as a surface modification
technique, with minimal attention given to laser cladding and its influence on the
material’s residual stresses. Therefore, the aim of this research is to analyze the influ-
ence of laser cladding on selected properties of the obtained surface layers for samples
made of titanium and titanium alloy Ti-6Al-4V. The laser power was varied and the
properties of the resulting samples were compared.

2. Experimental setup
2.1 Materials

The substrate material used in this study is a commercially pure titanium
(grade 2) alloy with dimensions of 100 mm x 200 mm X 3 mm. Commercial pure
titanium contains 99.0-99.5 wt.% titanium, with the main impurities being iron,
carbon, nitrogen, oxygen, and hydrogen [18]. Ti-6Al-4V powder is used as the
clad material, and the chemical composition of the powder is summarized in
Table 1 [20].

2.2 Laser cladding

Before cladding, the samples were sandblasted with 200-300 micron glass beads to
remove contaminants on the surface, improve surface adhesion, and increase radia-
tion absorption. The laser source used in this study was a Nd:YAG diode laser.

A constant laser beam spot size of 2.5 mm was used with a laser power range of
600-1000 W to investigate the effect of the laser power. A total of 15 cladding
tracks were made, covering a cladding area of 2700 mm?, as shown in Figure 1.
Overlapping coating was achieved with a 50% overlap. The scanning speed, powder
flow, and gas flow rate were kept constant at 1.5 m/min, 2.5 rpm, and 3.5 l/min,
respectively. These settings were found to be the most efficient for the cladding of
titanium alloy [19].

The laser cladding process parameters are summarized in Table 2. The specific
heat input was calculated using Eq. (1) from [21]. The laser interaction time (which is
described as the amount of time the laser is in contact with the material) was kept
constant at 0.1 s, which was calculated from Eq. (2) below.

p

where H; is the specific heat input, P is the power in watt, v is the scanning speed
in mm/s, and D is the beam diameter (also known as the spot size).

Element N, H, C 0, Fe v Al Ti
Wt.% <0.05 <0.015 <0.08 <0.2 <0.25 3.5-45 5.5-6.76 Balance
Table 1.

Chemical composition of Ti6€Al4V [19].
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Figure 1.
CP grade 2 titanium after laser cladding. The samples were cladded at laser powers of (a) 600 W, (b) 8oo W,
and (c) 1000 W.

Sample Laser Spot size  Scanning speed Powder flow Gas flow Specific heat
power (W) (mm) (m/min) (rpm) (1/min) input (J mm?)
Tiso0 600 2.5 1.5 2.5 3.5 9.6
Tigoo 800 2.5 1.5 2.5 3.5 12.8
Ti1000 1000 2.5 15 2.5 3.5 16
Table 2.

Laser cladding experimental parameters.

R= 3)

D
v

where R is the interaction time in seconds, v is the scanning speed in mm/s and D is
the beam diameter.

2.3 Microstructure analyses

The samples were first cut using the Struers Labotom-5 cutting machine to the
desired size. Subsequently, they were then mounted using the Automatic Mounting
Press (AMP) 50 at a temperature of 180°C, with a keep time of 580 s, and a cooling
temperature of 40°C. Grinding was then performed at a force of 25 N at 300 RPM,
using 800, 1200, and 2400 SiC-bonded grinding papers. Polishing was carried out
using an MD-Chem polishing disk with a 0.4 pm colloidal silica suspension. The
samples were etched in Kroll’s reagent for 10 s. The microstructure was determined
using a Leica DMI5S000M optical microscope (Figure 2), with varying the magnifica-
tions to obtain clear image of the microstructure.

2.4 Microhardness

The samples used for microstructure analysis were also utilized for microhardness
testing. The microhardness of the samples was determined using the Zwick-Roell
ZHVp micro-hardness tester, as depicted in Figure 3, with a testing force of 300 gf
and a dwell time of 10 s. Hardness tests were performed horizontally across the
substrate zone to assess the effects of cladding on the substrate.
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'.\?!/

Figure 2.
Leica DMI5000 optical microscope (courtesy of Leica).

Figure 3.
Zwick-Roell ZHVyu micro-hardness tester.

2.5 Residual stress measurements

The residual stress measurements were carried out using Proto iX-ray diffraction
and the sin2y method [22]. XRD is a non-destructive technique that allows for stress
analysis without altering the material. The sin2y method utilizes the planes d,; of
the crystal lattice to measure the change in d-spacing (Ad). The strain is then deter-
mined from Ad, which is subsequently used to calculate the stress. XRD scans are
performed at various angles to obtain diffraction peaks. The sin’y method involves
measuring the diffraction peak positions for different orientations of the crystal lat-
tice. The sin”y equation is then used to fit the experimental data, and the residual
stress was calculated by solving for ¢ in Eq. (4).

E dy —dy
= 4
o (14 v)siny [ dn } -

where o is the stress in the direction of ¢, E is the Young’s modulus, v is the
Poisson’s ratio, y is the tilt angle, d,, is the d-spacing at tilt angle and 4, is the stress-
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90° direction

7 0° direction

Figure 4.
Tri-axial measurement orientation setup (0°, 45° and 90°) shown on the parent material.

Method siny
X-ray source Cu_K-Alpha
Wavelength 1542 &
Filter Ni
Plane (hkl) {213}
1/2S, 11.89 x 10~° MPa !
Si 2.83 x 10 *MPa™"
Voltage 25kV
Current 4 mA
d-spacing 0.815
Bragg’s angle 142

Table 3.

X-ray diffraction parameters for residual stress measurements.

free d-spacing. A Cu_K-Alpha tube with a wavelength of 1.5418 A was selected to
obtain diffraction peaks from the {213} crystallographic planes of the alpha phase. The
instrumental voltage and current were set at 25 kV and 4 mA, respectively. The
residual stress measurements were taken from three different angles of rotation

(phi (¢)) (as shown in Figure 4), 0°, 45° and 90° respectively. The Bragg angle was
142°. Table 3 summarizes the X-ray diffraction parameters used in the stress
measurements.

3. Results and discussion
3.1 Laser cladding processing parameters

Several laser cladding parameters must be considered for successful cladding as
outlined in Section 3 of this paper. Among these parameters, power and energy
density play crucial roles in determining the power transferred to the material and the
energy absorbed by it. Table 4 presents the power density, calculated as the ratio of

179



Titanium-Based Alloys — Characteristics and Applications

power to the cross-sectional area of the laser beam, and the energy density, which
measures the energy absorbed by the treated material. The power density is deter-
mined by the formula I = P/A, where I represent intensity in W/cm?, P is the laser
power in W, and A is the cross-section area of the beam [23]. Additionally, the energy
density is given by Eq. (5) [24].

E=PR/A 5)

The power density increases with the laser power, assuming the area of the laser
beam remains constant. The power intensity rises by 25% from 600 W to 800 W and
by 20% from 800 W to 1000 W. The percentage difference between 600 and 800 W,
as well as between 800 and 1000 W, decreases as the laser power increases. The
presence of the interaction time (R) in the energy density equation contributes to the
main difference compared with power density equation. Both density variables
depend on the laser parameters employed during cladding. Results in Table 4 indicate
that the energy density is 10 times less than the power density due to the short
interaction time of 0.1 s. The percentage increase in energy density with laser power
mirrors to the change observed in the power density values. Overall, the three laser
powers under the investigation yielded a good metallurgical bond between the sub-
strate and the cladding material. The influence of the laser power on the mechanical
properties of the samples are discussed in the next section of results.

3.2 Microstructure

Figure 5 presents the results obtained through optical microscopic examination at
10 x magnification. The microstructure of the substrate (CP Ti grade 2) is shown in
Figure 5(a) revealing the dominance of the hexagonal o phase on the CP Ti, as
expected, with small « grains. The small o grains result from temperature adjustments
(typically around 700-750°C) during the recrystallization treatment when forming
CP Ti [24]. Figure 5(b)—(d) illustrate the microstructure of the laser-clad samples,
where the laser-clad coatings are divided into three zones: the clad zone (CZ), the
interface zone (IZ), and the heat-affected zone (HAZ). A robust metallurgical bond is
observed between the clad zone and the substrate base material.

Figure 5 shows that the crystal morphology of the cladded samples changed dra-
matically compared with the initial microstructure due to solid phase transformation.
At lower laser power (600 W), as shown in Figure 5(b), the clad layer appears to have
a uniform distribution of particles and is free of pores. However, gas pores and cracks
are noticeable, especially in the IZ and CZ, at laser powers of 800 and 1000 W
(Figure 5(c) and (d)). This may be attributed to the high laser power, which results in
excessive heat absorption, leading to material evaporation. This issue can be addressed
by adjusting the power flow rate with laser power [25]. Moreover, the HAZ consist of

Laser power Power density Energy density Power, energy density increase
(W) (W/em?) (J/em?) (%)
600 122231 1222.3 —
800 16297.5 1629.7 25
1000 20371.8 2037.2 20
Table 4.

Laser processing energy parameters.
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Figure 5.
Microstructures of (a) parent Ti, (b) Tisoo sample, (c) Tigoo, (4) Tii000 with 10 x magnification. (b)—(d) show
the junction of the clad area and the substrate, clad zone (CZ), interface zone (I1Z), and substrate zone (SZ).

a dual-phase microstructure with o grains (represented by light color) and
intergranular p grains (in black color). The number and density of intergranular
grains increases with increasing laser power. According to [26], the microstructure for
HAZ ranged from fine to coarse globular alpha structure as the laser power is
increased. However, unlike in this current where pure titanium was used as a sub-
strate, they used Ti alloy as the substrate.

Furthermore, the martensitic transformation is clearly evident in the clad samples
compared with the parent sample. The martensitic transformation results in the for-
mation of a hexagonal martensite crystal structure (o) with lath martensite. Studies
by [26, 27] show that increasing laser power lead to a deeper melt, which result in
much thicker martensite laths. In Figure 5, the same phenomenon is observed, where
Tigoo indicate much fine martensite than the Tiggo and Tij000, respectively.

3.3 Microhardness

During the cladding process, all parameters remained constant except for the laser
power, which varied to assess its impact on the microhardness of the clad material. It
is noteworthy that the microhardness of the clad samples was measured in the sub-
strate zone, rather than the clad zone, to evaluate the influence of cladding on the
substrate. The microhardness on the substrate was reduced by up to 11.6% as a result
of cladding process when compared to the parent material. According to [28], the
microhardness of the substrate is 30.4% less than that of the coating due to difference
in the grain size of the microstructure. The average microhardness of the clad samples
is summarized in Table 5 and compared with that of the parent sample. Overall, the
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Microhardness profiles of the cladded samples (with different laser power) versus the depth of the surface.

microhardness of the parent material was higher than that of the clad samples, pri-
marily due to the fact that the microhardness were measured in the substrate zone
instead of the clad zone.

Figure 6 illustrates the microhardness depth profile of the clad samples and the
parent material. The microhardness distribution across the surface depth generally
increases with an increasing depth. The parent material consistently exhibits higher
microhardness values across all depth levels, whereas the clad samples display fluctu-
ations with increasing depth values. The microhardness distribution fluctuates across
the surface depth, with the fluctuations ranging between 1 and 52 HV. Ti;g9¢ fluctu-
ates less among the three cladded samples, with the highest fluctuation of up to 19 HV
across the depth. Tigoo and Tigge have their highest fluctuations up to 48 and 52 HV,
respectively.

Table 5 presents the microhardness results for the different samples. Analysis of
Table 5 shows that the parent material has a higher microhardness value than the
cladded samples, this is a result of measuring the microhardness on the substrate
instead of the clad zone. The difference in the microhardness between the parent
material and the cladded sample ranges between 9.4% and 11.6. Figure 7 illustrates a
non-linear relationship between microhardness and power density which is equivalent
to laser power %. Microhardness decreases by 2.2% from 600 to 800 W and then
increases by 2.4% from 800 to 1000 W. Similar and contrasting results are observed in
literature, Abdulrahman et al. [29] demonstrated non-linear relationship between
microhardness and laser power, showing a fluctuation of the microhardness as the
laser power is increased, attributed to the slow cooling during solidification. In con-
trast, according to [26] the average microhardness increases with an increase in laser

Parent Ti Tisoo Tigoo Tii000
207.8 187.8 183.7 188.2
Table 5.

Average Vickers microhardness (HV) for the cladded Ti samples.

182



Residual Stress Analysis of Laser Cladded Commercially Pure Grade Titanium Alloy Plates
DOT: http://dx.doi.org/10.5772 /intechopen.1004603

189

188

T e

T 187
wv
v
e

< 186
=4
(2]
=
]
e

L2 185
=

184

183

0 5000 10000 15000 20000 25000
Power density (W/cm2)

Figure 7.

Graph of microhardness versus power density of the radiated beam.

power due to changes in microstructure. It was noted that the microstructure range
between fine and thick martensite structure as the laser power is increased. Con-
versely [30], stated that the average microhardness decrease with increasing laser
power due to differences in microstructure activated by lengthening cooling speed of
the alloy layer under a higher laser power.

Overall, the maximum microhardness value was observed at 1000 W. This could
be attributed to the more intense and rapid heating of the material being deposited at
higher laser power, resulting in a faster cooling rate. Another possibility is that the
increase in laser power leads to higher energy input into the material, resulting in
more complete melting of the deposited material. Consequently, during solidification,
smaller and more uniform grains are formed, contributing to higher microhardness.

3.4 Residual stress

The residual stress measurements were conducted using XRD and sin’y method.
Measurements were taken for both the parent material (CP Ti grade 2 alloy) and the
cladded samples at three different rotation angles, as depicted in Figure 4, with
results summarized in Table 6. Analysis of Table 6, reveals that the investigated
samples exhibit TRS, with the highest residual stress observed at 600 W. Specifically,
Tigoo exhibit the maximum residual stress, averaging 215.41 + 31.36 MPa, followed by
Tigoo with 157.03 + 24.93 MPa, and Ti;9g0 with an average residual stress of
135.14 £ 25.22 MPa, respectively. In contrast, the parent material displayed the lowest
residual stress of 44.99 £ 27.19 MPa, indicating a significant increase in the induced
residual stress due to the cladding process of the Ti alloy. Furthermore, as depicted in
Figure 8, an increase in the laser power correlates with a decrease in the residual
stress. Specifically, cladding the parent material with a laser power of 600 W resulted
in a significant average increase in TRS of 478.8%. Similarly, when the laser power
was increased to 1000 W, the average TRS increased by 300%. According to [31],
modification of the pure titanium by laser treatment with average power of 25 W
increased the stresses by 225%. Simulation studies shows non-linear relationship

183



Titanium-Based Alloys — Characteristics and Applications

0° 45° 90° Average

212.59 + 36.43 245.92 +24.16 187.71 £ 33.48 215.41 + 31.36

179.19 + 30.93 141.09 £+ 21.83 150.82 4 22.03 157.03 £ 24.93

149.63 + 31.48 127.73 + 22.63 128.07 & 21.56 135.14 4 25.22

35.07 £ 27.28 40.44 +28.93 59.45 + 25.35 44.99 £+ 27.19
Table 6.

Residual stress measurements (in MPa) for cladded samples at different rotation angles.
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Residual stress measurements for different materials.

between laser power and residual stress, however, the trend is not consistent with
different scanning speeds [32].

Figure 9 illustrates that the residual stress does not follow a clear trend when the
rotation angle is altered. The maximum induced residual stress occurs at 45° for a
lower laser power of 600 W, at 0° for 800 W and 1000 W, and at 90° for the parent
material. This observation aligns with findings by Lai et al. [33], who also noted the
absence of a defined trend between the scanning angle and residual stress.

Compressive and tensile residual stresses in materials can exert opposing effects on
the material’s properties and performance. CRS can benefit fatigue-loaded structures
by delaying crack growth, thereby enhancing the material’s fatigue life [34]. Con-
versely, TRS decrease the fatigue life of the material as they can initiate crack growth
and propagation. It would be insightful to investigate the effects of laser cladding
processing conditions on induced residual stress and its correlation with the material’s
microstructure. Microstructure control is crucial for maintaining a balanced relation-
ship between tensile and compressive residual stresses [35].

Considering the obtained results for the cladded samples and the effects of laser
power, it can be inferred that an increase in laser power leads to a reduction in the
TRS, an increase in hardness, and a martensitic o microstructure. The formation of o
martensitic promotes high tensile strength but results in low ductility of the alloy [36].
Therefore, the difference in the microstructure, can account for the variation in the
induced residual stresses. Furthermore, it is important to note that the residual
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Relationship between residual stress and rotation angle for different materials.

stresses in this investigation were only measured on the surface, which is a limitation
because the residual stress also depends on the material’s depth.

The hardness of the material is determined by measuring the amount of persistent
deformation caused by a set force exerted on the penetrator, defining its resistance to
permanent or plastic deformation. The yield strength, elastic modulus, and strain-
hardening properties of a metal primarily determine its resistance to deformation [37].
There is a growing interest among scientists and engineers in establishing the rela-
tionship between a material’s hardness and induced residual stress. The current study
focused on the effects of laser power, revealing a higher hardness value at 1000 W.
The Ti;000 sample also indicates the lowest TRS, which approaches CRS. By enhancing
surface hardening and inducing higher CRS, deeper crack initiation sites and superior
fatigue life can be achieved [38]. However, the Tiggo sample displays inconsistent
results with this trend. It exhibits the lowest hardness value among the three cladded
samples while having a TRS value lower than Tiggo.

Overall, the results are consistent with findings by [31]. Jazdzewska et al. [31], who
studied the mechanical properties and residual stress measurements of grade 4 Tiand Ti
alloys after laser treatment. Their results indicated an increase in the tensile stresses
after laser modification, along with an increase in material hardness. Considering both
the current study and that of Jazdzewska, it can be concluded that increasing the CRS
or, decreasing TRS as observed in the current study, improves the material hardness,
thereby enhancing fatigue-life and crack initiation resistance. Moreover, it enhances
corrosion and abrasion resistance. However, the current study suggests that processing
parameters significantly impact outcomes, as indicated by the deviation of Tiggo.

4, Conclusions

1.The successful laser cladding of Ti6Al4V alloy onto pure titanium alloy resulted
in a significant transformation in the microstructure compared to the initial state
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of the parent material. The microstructure of the cladding zone exhibited a
prominent martensite lath structure, with the thickness of martensite laths
increasing proportionally with the laser power.

2. Analysis of surface microhardness revealed a nonlinear correlation with laser
power. The microhardness distribution across the substrate depth demonstrated
a general increase with depth, with higher laser power exhibiting reduced
fluctuations in microhardness distribution compared to lower power settings.

3.Comparative analysis of residual stresses between the cladded samples and the
parent material revealed a notable increase in average residual stresses on the
surface of the cladded samples, ranging from 300 to 478.8% depending on the
laser power. These residual stresses, predominantly tensile, signify the induction
of stress during the laser cladding process. Furthermore, there was a discernible
decrease in residual stresses with increasing laser power, underscoring the
influence of processing parameters on induced stress levels and suggesting
potential benefits in controlling residual stresses during material processing.
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