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[bookmark: _Toc133248487]1 Introduction 
Titanium is a versatile material that has gained significant attention in modern manufacturing due to its unique properties, including corrosion resistance, high strength, light weight, and heat resistance. It is widely used in the aerospace industry, medical applications, and other sectors where high performance and durability are essential. However, the extraction and processing of titanium and its alloys are complex and involve several challenging processes, which can have significant implications for their mechanical properties and failure mechanisms. This report focuses on identifying the limitations of titanium alloys in specific environments and the potential defects that can be introduced during their processing and fabrication. By analysing the factors that contribute to material failure in titanium alloys, this report aims to come up with recommendations for addressing these challenges in practice. 

[bookmark: _Toc133248488]2 Extraction and Processing
Titanium is a widely used metal due to its excellent mechanical properties, high strength-to-weight ratio, and corrosion resistance. The extraction of titanium from its ores involves several steps, including reduction, purification, and electrolysis. The most common method for the production of titanium is the Kroll process, which involves the reduction of titanium tetrachloride with magnesium. 

After extraction, titanium is often alloyed with other metals to improve its properties. The most common alloying elements are aluminium, vanadium, and molybdenum. The processing of titanium alloys involves several steps, including melting, casting, forging, and machining.

However, the processing of titanium and its alloys can introduce impurities, contamination, and defects that can contribute to material failure. Impurities such as oxygen, nitrogen, and carbon can reduce the mechanical properties of titanium alloys. Contamination from processing equipment can also introduce impurities that can affect the properties of the material.

Defects such as cracks, voids, and inclusions can also contribute to material failure. These defects can be introduced during processing or can be present in the raw material. The presence of defects can reduce the fatigue life of titanium alloys and increase the risk of catastrophic failure.

To minimise the risk of material failure, it is important to carefully control the processing parameters and to use high-quality raw materials. Quality control measures such as non-destructive testing can also be used to detect defects in the material.

[bookmark: _Toc133248489]2.1 Kroll Process 
The Kroll process is one of the most widely used industrial methods for producing metallic titanium from titanium tetrachloride (	TiCl4). The process involves several stages, starting with the production of TiCl4 through carbochlorination, which involves reacting naturally occurring titanium ore or other forms of titanium with chlorine gas and carbon at high temperatures. The resulting TiCl4 is then purified to remove impurities and other contaminants that could affect the quality of the final product (Clark, 2015) (Seagle, 2022).

Once purified, the TiCl4 is reduced by magnesium in a vacuum chamber or inert gas environment, resulting in the formation of a porous metallic titanium sponge. The sponge is then subjected to further refining processes, such as leaching, to remove any remaining impurities and to produce a high-purity metallic titanium that meets the required specifications for various industrial applications (Zhang & Tsukihashi, 2014).

The Kroll process was first developed by William J. Kroll in 1940 and replaced the Hunter process as the primary method for producing commercial titanium. Today, the Kroll process remains the most widely used method for the production of titanium, accounting for over 90% of the total global production. Despite its efficiency and effectiveness, the Kroll process is a complex and expensive process that requires specialised equipment and facilities, making the cost of producing high-purity titanium relatively high. However, the unique properties of titanium, such as its high strength-to-weight ratio, corrosion resistance, and biocompatibility, make it a highly desirable material for many industrial applications, including aerospace, medical, and military applications, which justify the use of the Kroll process (ASM International , 2016).














[bookmark: _Toc133248490]3 Mechanisms of Material Failure 
Titanium alloys are known for their high strength-to-weight ratio and good corrosion resistance, which make them ideal materials for use in aerospace, medical, and other industries. However, they are not immune to failure, particularly in fatigue loading conditions. To understand the failure behaviour of titanium alloys, researchers have conducted various studies. It is important to identify and understand these limitations and defects in order to develop strategies to mitigate them and improve the performance and reliability of components made from titanium and its alloys.

[bookmark: _Toc133248491]3.1 Limitations and Defects 
[bookmark: _Toc133248492]3.1.1 Fatigue Crack Growth 
These studies have investigated the mechanism of fatigue crack growth in titanium alloys, including the fracture toughness and fatigue crack growth of titanium alloy biomaterial Ti-27Nb (Amjad, et al., 2020). They have found that subsurface fatigue cracks are the most common type of fatigue crack initiation in titanium alloys (McEvily, 1976). This is due to the high tensile stresses that exist at the surface of the material, which can lead to the formation of small cracks that propagate over time (Sadananda & Asuri, 2005).

The fatigue crack growth behaviour of titanium alloys is influenced by various factors, such as stress ratio, temperature, and microstructure. For example, a high stress ratio (R) tends to promote faster fatigue crack growth, while low temperatures can increase the fatigue life of the material. The microstructure of the material also plays a role, with fine-grained materials exhibiting higher resistance to fatigue crack growth (Hu, et al., 2018).

The fatigue crack growth behaviour of titanium alloys is characterized by a continuous synergism involved in the crack growth process. This means that the interaction between the crack tip and the material surrounding it is complex and interdependent. The crack tip generates plastic deformation and damage, which can affect the behaviour of the material around it, and vice versa (Sadananda & Asuri, 2005).

[bookmark: _Toc133248493]3.1.2 Stress Corrosion Cracking 
Under certain conditions, titanium alloys can be susceptible to stress corrosion cracking (SCC), a type of corrosion that occurs under tensile stress and in the presence of a corrosive environment (Jones, 2017). SCC can lead to sudden and catastrophic failure of the material, which is a major concern in critical applications (Sanderson & Scully, 1966).

The susceptibility of titanium alloys to SCC depends on various factors, such as the alloy composition, microstructure, and the environment (NASA, 1967). The first known report of stress corrosion cracking of titanium alloys in room temperature aqueous environments was in 1959, and since then, researchers have conducted numerous studies on the subject (Beck & Blackburn, 2012). The chemical and physical mechanisms of salt stress-corrosion cracking in the titanium 8-1-1 alloy have been studied extensively, and the results have shed light on the processes involved in SCC.

Despite their susceptibility to SCC, titanium alloys are generally resistant to the phenomenon. The studies on SCC of titanium alloys are important for the assessment of the corrosion resistance of titanium components in various applications, especially in critical areas such as the aerospace industry and medical applications, where the failure of a component can have serious consequences. By understanding the factors that contribute to SCC and taking appropriate measures to prevent it, the durability and reliability of titanium components can be improved.

[bookmark: _Toc133248494]3.1.3 Cold Working
Cold working processes can be used in the manufacturing process of β type titanium alloys, which is not allowed for other types of titanium alloys (Matsumoto & Maeda, 2007). This is due to the unique microstructure of β type alloys that enables them to be formed at lower temperatures, while α and α+β type alloys require higher temperatures for forming. It is generally preferred to cold form titanium and its alloys rather than hot forming. Cold forming should be done with slow and uniform pressure (Total Materia, 2007). However, titanium alloys have poor drawability, which can be improved by hot forming.

Researchers have developed a process for annealing cold worked unalloyed titanium to obtain high strength and ductility, especially high bendability (Kramer , 1992). The efficiency of surface cold work hardening of titanium alloys has also been studied. Researchers found that surface cold working with rollers and vibrotumbling enhances the endurance limit of parts from titanium-based alloys (Kablov, et al., 2001).

Cold working of titanium alloys is important for the manufacturing of various components. It is essential to optimise the process parameters to achieve the desired mechanical properties. The use of cold working processes in titanium alloy manufacturing enables the production of components with improved strength, ductility, and other mechanical properties. Therefore, it is important to understand the effects of cold working on titanium alloys and optimise the process parameters to obtain the desired mechanical properties in the finished product.

[bookmark: _Toc133248495]3.1.4 Hydrogen Embrittlement 
Titanium-based alloys are widely used in various applications due to their excellent mechanical properties, high strength-to-weight ratio, and resistance to corrosion. However, they can be susceptible to hydrogen embrittlement, which can significantly compromise their mechanical properties and structural integrity.

The hydrogen-titanium interaction is reviewed extensively in the literature by Gutelmacher and Eliezer, including the solubility of hydrogen in titanium and the effect of hydrogen on the mechanical properties of titanium-based alloys. When titanium-based alloys come in contact with hydrogen, severe problems can arise (Gutelmacher & Eliezer, 2005). Hydrogen embrittlement is a significant issue that needs to be addressed.

Grade 2 titanium can be made very susceptible to hydrogen embrittlement. In a study by Briant, grade 2 titanium samples were exposed to hydrogen gas at elevated temperatures, and the samples absorbed hydrogen. Upon cooling, the samples formed hydrides, which are compounds of hydrogen and titanium (Briant, et al., 2002). The formation of hydrides caused a significant reduction in the ductility and fracture toughness of the alloy.

The susceptibility of titanium-based alloys to hydrogen embrittlement increases with decreasing temperature. Low-temperature hydrogen embrittlement of titanium alloys has been extensively studied, and it has been found that the susceptibility to hydrogen embrittlement increases with decreasing temperature (Paton, 1984). The effect of hydrogen on the mechanical properties of titanium-based alloys depends on several factors, including the alloy composition, microstructure, and hydrogen concentration.

In various applications, such as aerospace and nuclear industries, the hydrogen embrittlement of titanium-based alloys is a significant issue. Measures should be taken to prevent or mitigate the effects of hydrogen embrittlement, including the use of hydrogen-resistant coatings, careful selection of materials, and proper handling and storage of materials to prevent hydrogen exposure. It is essential to understand the hydrogen-titanium interaction and its effect on the mechanical properties of titanium-based alloys to prevent hydrogen-induced failures.

[bookmark: _Toc133248496]3.1.5 Porosity 
Porous titanium structures have been shown to be feasible and can vary in percentage of pores and mean pore size depending on the intended application. It has been demonstrated that porous titanium structures with a porosity of up to 98% can be achieved using hollow titanium spheres (Saraf, 2022). Porous titanium structures have shown promise as bone implants as they can improve implant fixation through bone ingrowth while also reducing the risk of implant loosening (Kokubo & Yamaguchi, 2017) (Pałka & Pokrowiecki, 2018).

The strength properties of a porous titanium alloy Ti6Al4V with varying porosities have also been studied. The research showed that the modulus of elasticity corresponds to a range of porosity from 52.5% to 56.5% (Falkowska, et al., 2020). Additionally, the properties of additive-manufactured open porous titanium structures have been investigated, and it has been found that the structural stiffness of titanium implants can be reduced by increasing porosity to get closer to the host-tissue properties (Zumofen, et al., 2022).

The porosity of titanium structures is an essential factor in various applications and it should be optimised to achieve the desired properties. For instance, the porosity can be adjusted to optimise the mechanical strength, stiffness, and biocompatibility of the titanium structure. Moreover, the optimization of porosity can be influenced by the specific application, such as aerospace, biomedical, or automotive.

[bookmark: _Toc133248497]3.1.6 Inclusions 
Titanium inclusions are foreign substances that are unintentionally introduced into titanium or titanium alloy during the melting process (Cen, et al., 2019). These inclusions can be detrimental to the final quality of the product and may affect its performance. Inclusions can be classified as low-density or high-density, with low-density inclusions being more harmful. Low-density inclusions are usually lighter than titanium and can cause the metal to become more brittle, which may lead to cracking or other defects (Conrardy, 1966).

There are several methods for removing inclusions from titanium or titanium alloy. One of the most common methods is settling out in a crucible. This process involves allowing the molten titanium or titanium alloy to sit in a crucible for an extended period of time, during which the heavier inclusions settle to the bottom of the crucible. The remaining, purified metal is then poured off the top of the crucible (Cen, et al., 2019).

Another method for removing inclusions is through the use of filters. Filters can remove both low-density and high-density inclusions from the molten titanium or titanium alloy. Filters are typically made of ceramic or metal materials and are placed in the flow of the molten metal. As the metal passes through the filter, the inclusions are captured, and the purified metal flows out the other side (Mizukami, et al., 2022).

In addition to settling out and using filters, there are other methods for removing inclusions from titanium or titanium alloy, such as centrifuging, electromagnetic separation, and ultrasonic treatment. Each method has its own advantages and disadvantages, and the choice of method will depend on factors such as the type of inclusion, the size and shape of the product, and the desired final quality of the product.

[bookmark: _Toc133248498]3.1.7 Intermetallic Phases
Titanium intermetallic phases are formed when titanium reacts with other metals to form intermetallic compounds. The formation of intermetallic phases can significantly affect the mechanical properties of titanium alloys. One example of a titanium intermetallic compound is Ti-Fe, which has a cubic structure and is known for its strong hardening effect. Ti-Fe intermetallic compounds are widely used in various applications, including aerospace, automotive, and medical industries (Li, 2017) (Gornakova, et al., 2021).

Titanium itself can exist in two crystallographic forms, the hexagonal close-packed (hcp) alpha phase and the body-cantered cubic beta phase (Ezugwu & Machado, 2017). The crystallographic form of titanium has a significant impact on its mechanical properties. The alpha phase is more ductile, while the beta phase is stronger and has higher hardness. Titanium alloys are divided into four classes based on the common phases present at room temperature: commercially pure, alpha, alpha-beta, and beta (Seagle, 2022).

Commercially pure titanium is used when strength is not critical. It is used in applications where its high corrosion resistance, low density, and biocompatibility are advantageous. Alpha-titanium alloys contain primarily alpha-phase titanium and small amounts of beta-phase titanium. These alloys have excellent formability and are used in applications where ductility is essential. Alpha-beta titanium alloys contain a mixture of alpha and beta phases and have a balance of strength, ductility, and formability. They are widely used in aerospace applications. Beta titanium alloys contain primarily beta-phase titanium and have excellent strength and toughness. They are used in applications where high strength and fatigue resistance are required (Seagle, 2022).

















[bookmark: _Toc133248499]5 Recommendations 
[bookmark: _Toc133248500]5.1 Fatigue Crack Growth 
Fatigue crack growth in titanium can be managed through several methods, including material selection, design considerations, and surface treatments.

Material selection is critical in managing fatigue crack growth in titanium. It is essential to choose a titanium alloy that has high fatigue strength and fracture toughness. Beta-titanium alloys, such as Ti-6Al-4V, are commonly used in aerospace applications because of their excellent fatigue properties.

Design considerations can also help manage fatigue crack growth in titanium. For example, designing components with smooth and gradual changes in thickness can reduce stress concentrations and prevent the initiation of cracks. Additionally, designing components with fillets and rounded corners can also help reduce stress concentrations and prevent crack initiation.

Surface treatments can also be applied to manage fatigue crack growth in titanium. Shot peening is a common surface treatment used to improve the fatigue strength of titanium components. Shot peening involves bombarding the surface of the component with small metal balls, which create compressive residual stresses that help prevent the initiation and propagation of cracks.

Other surface treatments, such as surface coatings and electrochemical treatments, can also be used to manage fatigue crack, such as, coatings such as thermal spray coatings, plasma spray coatings, and physical vapor deposition (PVD) coatings can be applied to the surface of the component to improve its fatigue strength and reduce the risk of crack initiation and propagation.

[bookmark: _Toc133248501]5.2 Stress Corrosion Cracking 
Stress corrosion cracking (SCC) is a common problem in titanium components, and there are several ways to manage it. The selection of the right titanium alloy is crucial in managing SCC, as some alloys are more resistant to it than others. For example, beta-titanium alloys, such as Ti-3Al-2.5V, are more resistant to SCC in chloride environments than alpha-beta titanium alloys.

Controlling the environment around the titanium component can also help manage SCC. This can be achieved by reducing the chloride concentration in the environment, increasing the pH of the environment, or using inhibitors to reduce the likelihood of SCC.

Surface treatments can be applied to the titanium surface to reduce the likelihood of SCC. Anodizing or passivation creates a protective layer on the surface of the titanium, reducing its reactivity with the environment.

Managing the stress on the titanium component can also help manage SCC. Designing the component with a reduced stress concentration, using a thicker wall, or using a lower-stress material can all help reduce the risk of SCC.

Regular inspection and maintenance can help identify potential SCC issues early on. This allows for prompt repairs or replacements, reducing the risk of catastrophic failure. 

[bookmark: _Toc133248502]5.3 Cold Working 
Cold working can be managed in multiple ways including proper tool selection. The right tool material and design can reduce the risk of cracking and other defects during cold working. Tools should be made of materials that can withstand the high pressures and forces involved in cold working, and they should be designed to minimize stress concentrations.

Cold working at too low temperatures can lead to cracking, while working at too high temperatures can reduce the strength and hardness of the titanium. Therefore, it is important to maintain proper temperature control during the cold working process.

Lubrication can reduce friction and wear during cold working, which can help to prevent defects such as cracking and galling. The use of lubricants such as oils, greases, or coatings can also help to reduce the risk of surface contamination and corrosion.

Annealing is a heat treatment process that can help to reduce the residual stresses and improve the ductility of titanium after cold working. Annealing can help to prevent cracking and other defects, and it can also help to restore the original properties of the titanium.

Proper handling and storage of titanium components can also help to manage cold working. Components should be handled carefully to avoid damage or contamination, and they should be stored in a clean and dry environment to prevent corrosion and other forms of degradation.
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[bookmark: _Toc133248503]5.4 Hydrogen Embrittlement 
Hydrogen embrittlement in titanium can be managed through various methods, including heat treatment, which can be used to reduce hydrogen concentration in titanium by driving out the hydrogen atoms that have diffused into the metal. The heat treatment process involves exposing the titanium to a high temperature for a certain period of time, which allows the hydrogen atoms to diffuse out of the metal.

Reducing the residual stresses in titanium can also help prevent hydrogen embrittlement. This can be achieved through a process called stress relief annealing, which involves heating the titanium to a high temperature and then cooling it slowly to relieve the internal stresses.

The use of coatings can also help prevent hydrogen embrittlement. Coatings such as zinc and cadmium can act as a barrier to prevent hydrogen diffusion into the titanium.
Material selection: Choosing the right titanium alloy can also help prevent hydrogen embrittlement. Some titanium alloys are more resistant to hydrogen embrittlement than others.

Controlling the environment around the titanium component can also help prevent hydrogen embrittlement. This can be achieved by reducing the hydrogen concentration in the environment, increasing the pH of the environment, or using inhibitors to reduce the likelihood of hydrogen embrittlement.

5.5 [bookmark: _Toc133248504]Porosity 
Porosity in titanium can be managed through various techniques, including proper welding techniques, porosity in titanium can occur during the welding process due to the formation of gas bubbles in the weld pool. Proper welding techniques, such as using the correct welding parameters, reducing the weld pool size, and avoiding contamination, can help prevent porosity.

Porosity can also occur during the casting process, especially in large castings. Vacuum melting and casting techniques can help reduce porosity by minimizing the amount of gas trapped in the metal.

HIP is a process that involves applying high pressure and temperature to the titanium material to remove any internal voids and eliminate porosity.

In this process, titanium powder is compressed and sintered under controlled conditions to produce a solid material. The process can help eliminate porosity by controlling the particle size and shape of the titanium powder.

Non-destructive testing (NDT) techniques such as X-ray, ultrasonic, and dye penetrant inspections can help detect porosity in titanium components. Regular NDT inspections can help identify porosity early on and prevent catastrophic failures.

[bookmark: _Toc133248505]5.6 Inclusions 
Inclusions in titanium can be managed through several methods, including material selection: Choosing high-quality titanium alloys with a low level of inclusions can help prevent the formation of inclusions in the final product.

Careful control of the melting and casting process can help prevent the formation of inclusions in the first place. Using high-quality raw materials and refining the melt to remove impurities can help reduce the level of inclusions.

Appropriate heat treatment can help reduce the size and distribution of inclusions in the final product. Annealing, normalizing, or stress relieving can help minimize the effects of inclusions on the mechanical properties of the material.

Proper cleaning and surface preparation of the raw materials and the casting molds can help prevent the introduction of foreign particles that can lead to inclusions.

Regular inspection and quality control during the manufacturing process can help identify any issues related to the formation of inclusions. This allows for prompt action to be taken to prevent further inclusion formation or to remove existing inclusions.

[bookmark: _Toc133248506]5.7 Intermetallic Phases 
The formation of intermetallic phases in titanium alloys can be managed through careful material selection and processing. The choice of titanium alloy can significantly affect the likelihood and extent of intermetallic phase formation. For example, the use of alpha or near-alpha titanium alloys can reduce the formation of intermetallic phases, while the use of beta alloys can promote their formation.

Manufacturing processes also play a critical role in managing intermetallic phase formation. Processes such as casting and welding can introduce impurities and promote the formation of intermetallic phases. Therefore, it is important to carefully control the processing parameters, such as temperature and cooling rate, to minimize intermetallic phase formation.

Another approach to managing intermetallic phases is through the addition of alloying elements that can stabilize the alpha or beta phase. For example, the addition of aluminium or vanadium to titanium alloys can help stabilize the alpha phase and reduce the formation of intermetallic phases.

Post-processing treatments can also be used to manage intermetallic phases. Heat treatment, for example, can be used to dissolve or transform certain intermetallic phases, improving the mechanical properties of the alloy.






[bookmark: _Toc133248507]6 Conclusion 
In conclusion, titanium alloys have excellent mechanical properties, high strength-to-weight ratio, and resistance to corrosion, which make them ideal for various applications. However, these materials are not immune to failure. The limitations and defects of titanium alloys, including fatigue crack growth, stress corrosion cracking, cold working, and hydrogen embrittlement, have been studied extensively.

Managing the various forms of degradation in titanium is crucial to ensure the safety and reliability of titanium components. The five recommendations presented in this report provide various methods for managing fatigue crack growth, stress corrosion cracking, cold working, hydrogen embrittlement, and porosity in titanium. Material selection, design considerations, surface treatments, and proper handling and maintenance are some of the strategies that can be employed to manage these forms of degradation. Implementing these recommendations can help reduce the risk of catastrophic failure and prolong the lifespan of titanium components.
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