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Abstract

:

The necessity for biomedical components is increasing every year. However, Ti6Al4V, the most widely utilized titanium alloy for biomedical implants are very costly owing to the high price of V alloying element. Furthermore, both alloying elements Al and V, have adverse effects in human body which is not desirable. This review paper highlights significant findings on alloy design using low-cost alloying elements, their processing routes, and their relationship to microstructural, mechanical, and biological properties. Mo, Fe, Mn, Zr, and Cu were identified as low-cost alloying elements and fabrication of titanium alloys with these elements are usually carried out using arc melting, investment casting, powder metallurgy, additive manufacturing, diffusion couple, and thermomechanical processing. Several processing routes can be chosen to obtain optimum properties such as β-phase titanium alloy structure, low elastic modulus, and high strength. Alloy design, post-heat treatment process, and fatigue test for newly developed alloys are research that can be carried out in the future for the development of new titanium materials that are safe for human use and at a more affordable price.
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1. Introduction


The increasing global population, rising economic conditions, and human life expectancy indirectly impact the growing demand for orthopedic implants [1]. The need for orthopedic implants is currently estimated at $55 billion, covering the categories of joint replacements (hip and knee), spinal components, and trauma care. In 2026, the need for orthopedic implants is predicted to reach $64 billion as the geriatric population around the world increases [2]. Figure 1 shows the annual total knee replacement (TKR) procedures carried out in Australia alone over the past couple of decades. The number of TKR surgeries continues to increase annually, even in 2030 the need for the TKR is projected to be 65,569 procedures [3].



Based on World Health Organization data, about 12% of the total human population are elderly people aged over 60 years, and this figure is predicted to double by 2050. However, by 2050 it is estimated that 80% of the elderly will live in lower and middle-class countries [4]. Therefore, easy and affordable access to health is needed now so that it can be availed by vulnerable people of the global societies, including aged people with lower-to-middle income who will need affordable orthopedic implant facilities. Therefore, it is essential to develop low-cost materials and/or fabrication techniques for biomedical implants that can render the current and next generation of implants accessible to low-middle income countries.



Among modern metallic implants such as cobalt, magnesium, and medical grade stainless steel alloys, titanium and their alloys are the most favoured biomaterials and accounts for more than 70% of the orthopedic implants owing to their admirable mechanical properties, excellent corrosion resistance, and biocompatibility [5]. At present, Ti6Al4V (Grade 23) is the most widely used titanium alloy for orthopedic implant applications. However, the price of vanadium (V) is expensive, adding to the increase in fabrication costs of this titanium alloy [6]. Therefore, titanium alloys with V content are much more expensive than those without V. Ti6Al4V the most commonly used titanium alloy with only 4 wt.% V has a price of 26.568 USD/kg, compared to non-vanadium titanium alloys which usually cost less than 18 USD/kg [7]. Table 1 shows a comparison of some titanium alloys in terms of mechanical properties, price, and density. In addition to being costly, V also harms the human body when subjected to long-term exposure [8].



The material cost is influenced by the cost of raw materials and processing. The different material processing methods also influence the microstructure, mechanical, and biological properties required to suit their applications. Many studies have been conducted on the production process of inexpensive titanium alloys for various applications [9,10,11]. Arc melting, injection molding, and levitation melting are some processes to produce inexpensive titanium alloys using low-priced alloying elements such as Zr, Mn, Al, and Cr. However, there is no compilation of information on the use of low-cost elements in titanium alloys and the effect of the processing routes carried out specifically for biomedical applications. Detailed discussion on the properties of various alloying elements is presented in Section 3. It is possible that the alternate low-cost biocompatible alloying elements within the titanium alloy system presents unique set of physical and mechanical properties that can be suited for biomedical applications, nonetheless, the fabrication techniques for these alloys might result in a range of properties which is not clearly understood. Alternate fabrication processes using low-cost alloying elements will be discussed in Section 4.



This review aims to provide researchers and industry with an understanding of the opportunities for developing new titanium alloys using low-cost alloying elements and inexpensive manufacturing processes. This will enable biomedical companies to discover new titanium alloy systems with low prices but excellent properties such as high strength, low elastic modulus, corrosion resistant, and biocompatible, such that a broader community can utilize titanium alloy implants.




2. Titanium Alloys—A Highly Desirable Biomaterial for Implants


Titanium and its alloys have been used in various engineering fields, such as the petrochemical, aerospace, defence, energy and power generation, and biomedical industries [12,13,14,15]. Titanium and its alloy have combination properties of high specific strength (high strength-to-weight ratio), high corrosion resistance even in extreme environments, and high fracture toughness [16,17]. Titanium was considered for medical implants in 1950’s because it has better properties than stainless steel and cobalt alloys, such as corrosion resistance, density, and elastic modulus closest to that of the human bone [18].



Implant material is used to replace the function of human organs [19]. One of the essential requirements of an implant is its mechanical functions such as supporting, clamping, and resisting friction. For example, a bone plate (Figure 2a) is used temporarily to support a broken bone during bone healing. The bone plate must be able to support the bone until the fracture heals and not fail during this healing time. An aneurysm clip implant (Figure 2b) is used to clamp the ruptured nerve, so there is no bleeding in the brain. Tiny clips must be able to connect the nerve for a certain period. Total knee replacement implants (Figure 2c) used to replace the human knee must withstand the friction between the upper and lower joints without failure. Table 2 compares the implants’ tensile strength, yield strength, and elastic modulus with that of the human bone, which has a tensile strength ranging between 70–150 MPa with an elastic modulus of 15–30 GPa. Metals with elastic modulus values closest to bone are magnesium and titanium. However, magnesium alloys have a very high corrosion rate of 0.16–12.56 mm/year in comparison with 0.0001778 mm/year of titanium alloys, and therefore, are usually applied as biodegradable implant materials [20]. Titanium has a lower elastic modulus than stainless steel and cobalt alloys (Table 2). The value of elastic modulus is very important for biomedical applications because it is related to the phenomenon of stress shielding. The difference in the elastic moduli between the implant material and human bone can cause the stress shielding phenomenon [21,22]. Stress shielding describes a sufficiently large difference in the elastic modulus between the implant and the bone tissue [23]. The implant material will support all the stresses received by the bone tissue and this results in bone lost around an implant [24]. Stress shielding that occurs for a long time has the potential to cause implant failure.



Furthermore, an implant material must not be toxic or harmful to the human body or have adverse effects after application, such as allergic reactions, inflammation, pain, eczema, and even bone loss [29,30]. When an implant material is placed in the human body, the body will naturally react to the material that is considered foreign. There are various kinds of reactions that can occur such as allergies and acute inflammation [31]. Moreover, metal implants can corrode in the human body through mechanical wear, biological activity, and mechanically accelerated electrochemical processes [32].



Unlike iron, titanium is not found in the human body and does not play a role in the biological processes of the human body. Nonetheless, titanium is also non-toxic, and when found in quantities more than 0.8 mg in the bodily fluids, it is naturally removed from the body without being digested and absorbed. Therefore, titanium are highly desirable implant materials as they are not rejected by the body and can bond well to the host bone [26].



Titanium is allotropic; it has two crystal structures, hexagonal close-packed (HCP) structure at room temperature which corresponds to the α-phase, and body centered cubic (BCC) structure, with a transformation temperature of 882 °C which corresponds to the β-phase [33]. The alloying elements added to titanium alloys have different effects on the β transus temperature. The α-stabilizing elements, such as oxygen, aluminium, and lanthanum generally increase the β transus temperature; at the same time, β-stabilizing elements, such as vanadium, molybdenum, and niobium lowers the β transus temperature. Another transformation that may occur in β titanium alloys is β to ω. The ω phase has a hexagonal crystal structure that can appear in pure titanium at high pressures. In β titanium, thermodynamically, the ω phase can occur at a pressure of 1 atm. The ω phase is often associated with increased hardness and elastic modulus of titanium alloy [34]. The effect of added alloying elements on the phase transformation of titanium alloys can be seen in the pseudobinary diagram in Figure 3.



Titanium alloys can be classified into three groups, namely α, α + β, and β alloys. This classification is based on the phases that are predominantly formed due to the phase-stabilizing effects of various alloying elements. In addition, each alloying element also has a different effect on the strength, elastic modulus, and biocompatibility of titanium alloys [36].



2.1. α-Alloy


The α-stabilizing element when added to titanium will increase the α-β transformation temperature and dissolve in the α phase [37]. Some elements included in the α phase stabilizer group are aluminium (Al), oxygen (O), nitrogen (N), and carbon (C). Bolzoni et al. [38] reported that the addition of Al to Ti alloys affects the formation of the α phase and reduces the tendency to form the β phase. Xu et al. [39] also reported that Al addition led to increasing transformation temperature of β to α. In biomedical applications, the addition of Al to Ti can improve the mechanical properties due to solid solution strengthening and corrosion resistance owing to the presence of Al2O3 layer on the Ti alloy surface [40,41].



Titanium is very difficult to process because it is very reactive to O at high temperatures. Therefore, O is always found in Ti alloys, even in small amounts. Similar to Al, O is an α phase stabilizer that can increase the α to β transformation temperature and tends to dissolve in the α phase. Martins et al. [42] reported that O affects changes in mechanical and microstructural properties where the higher the O content, the higher the hardness and elastic modulus of the Ti alloys. Moreover, the addition of O does not affect the biocompatibility of Ti alloys.



Like O, N and C have an effect on increasing the strength of the Ti alloys. The higher N content causes embrittlement. Zhao et al. [43] reported that TiN and TiC have positive impact on cellular response. The cellular response comprises a chain of complex biological reactions including protein adsorption, receptor—ligand binding, and signal transduction. TiN can encourage cells to synthesize, secrete, and assemble the extracellular matrix on the material surfaces effectively. Moreover, Cui et al. [44] also reported that Ti6Al4V alloy coated with nitrogen has good cytotoxicity test result. After 72 h, optical density values of cell show greater than 90%, which indicates that TiN has good biocompatibility.




2.2. β-Alloy


The β-stabilizing elements lower the α-β transition temperature when added to titanium. Many elements are included as β stabilizers, such as chromium (Cr), manganese (Mn), molybdenum (Mo), vanadium (V), niobium (Nb), and tantalum (Ta) [37]. Ti-13V-11Cr-3Al is a β-phase titanium alloy first developed by Rem-Cru Titanium Inc. in the mid-1950s [45]. β-phase titanium has a lower elastic modulus value than α + β and α phase Ti alloys [46]. Figure 4 shows various types of Ti alloys and their elastic moduli. The Ti-29Nb-13Ta-4.6Zr (TNTZ) is a β titanium alloy with an elastic modulus value closest to the cortical bone (10–30 GPa) [46]. Majumdar et al. [47] evaluated the elastic modulus of pure Ti (α alloy) and β TNTZ Ti alloy by nano-indentation and ultrasonic technique. The elastic modulus of β TNTZ was 57–60 GPa and the elastic modulus of α Ti was 119–121 GPa. The elastic modulus value of titanium alloys can be ordered β < α < ω [48].



The combination of tantalum and niobium in TNTZ β alloy yields a very low elastic modulus, but the metal is very heavy, and the price is relatively costly. Alternatives to other alloying elements that are safe to use have a low price and a limited number of uses are needed to reduce the cost of implants so that more people can use them.




2.3. α + β. Ti Alloy


Ti6Al4V alloy is the most widely used Ti alloy for implant material applications. However, several studies have shown that the content of Al and V in Ti6Al4V have a negative impact on the human body [49]. Elemental Al can cause neurological damage and other disorders such as brain damage, digestive disorders, neurotoxicity, dermatitis, breast cancer, osteomalacia, anaemia, and encephalopathy [50]. Al also causes some neurological malfunctions such as Parkinson’s and Alzheimer’s when the amount of Al accumulated in the brain exceeds the limit. Al brain concentration should be less than 2µg/g [51]. Several studies have reported that Al can also affect sperm maturation and production. In addition, excess V in the body can cause diarrhea, vomiting, and weight loss. V also exhibits hepatotoxic and nephrotoxic properties containing both glomerulonephritis and pyelonephritis [52]. Byrne and Kosta [53] have estimated that the V pool in the human body is 106 µg. This value is estimated from different human organs such as bone (3 ng/g), blood (0.2 µg/g), muscle (0.5 ng/g), fat (0.7 ng/g), liver (10 ng/g), brain (0.7 nb/g), lung (30 ng/g), and kidney (5 ng/g). However, this value may vary among individuals.



The use of Ti6Al4V for biomedical applications will need to be restricted owing to the deleterious effects of its alloying elements as well as the high price of this alloy. Additionally, Ti6Al4V still has several problems, including a large gap in elastic modulus value that can cause several problems for the human body. As a result, using biocompatible and low-cost alloying elements are needed so that the use of titanium alloys for biomedical applications can be affordable to the wider communities and low socio-economic societies. Therefore, significant attention is needed to explore and develop alternative titanium alloys with low-cost alloying elements that do not have harmful effects on the human body.



Among the three types of titanium alloys discussed in this section, β titanium offers a combination of high strength, low elastic modulus, and better corrosion resistance compared to alpha and alpha-beta alloys. TNTZ alloy is a β-titanium alloy that has the lowest elastic modulus (57–60 GPa) compared to other β-titanium alloys. However, niobium and tantalum addition in large quantities causes this alloy to be expensive and the density is also high. The development of a new beta titanium alloy that uses affordable alloying elements but has high strength and low elastic modulus is a future research challenge. The following section discusses affordable alloying elements that can be added to develop β-titanium alloys.





3. Low-Cost Alloying Elements


As previously discussed, the price of the raw materials for the alloying elements determines the price of the titanium alloy produced. The use of vanadium in Ti6Al4V causes the price of this alloy to be expensive because vanadium is the most expensive alloying element among β-stabilizing elements. In addition, the use of vanadium also has the potential to harm the human body if used for a long time. Therefore, several research studies have used alloying elements from common and inexpensive materials in an effort to reduce the price of titanium alloys, especially for medical implant applications while still paying attention to the properties required as medical implants such as mechanical properties, corrosion resistance, and biocompatibility [46].



Table 3 shows the price of titanium and the alloying elements that are often used. The prices for these elements were obtained from Nilaco Japan on 11 October 2022. Mo, Fe, Mn, Zr, and Cu are metals that can be added as alloying elements at a lower price than Ta, V, and Nb [54]. V is the most expensive alloying element which acts as a β phase stabilizer in titanium alloys. Apart from Ti6Al4V, the α-β alloy widely used today, several other titanium alloys use V, such as Ti-3Al-2.5V (ASTM F2146) and Ti–10V–3Fe–3Al alloy [55]. Ti6Al4V is widely used today because it has a high specific strength (240 MPa cm3/g) compared to other metals used in biomedical applications such as stainless steel (70 MPa cm3/g) [56]. However, because vanadium can have adverse effects on the human body, the use of Vanadium has been reduced or not even used at all in the development of titanium in the last few decades [57]. Nb and Ta are the most expensive element after V which also acts as a β stabilizer in a titanium alloy system. TNTZ and TNZ are β-phase titanium alloys with lower elastic modulus (50–80 GPa) than Ti6AL4V (110 GPa). TNTZ has better electrochemical performance than Ti6Al4V after 1 h immersion in Ringer solution [58]. The corrosion resistant of titanium alloy is mainly influenced by the phase constituent.



From this list of alloying elements, several candidate elements can be identified as potential cheaper substitutes, including copper, manganese, iron, molybdenum, and zirconium. Although Al is also a cheaper alloying element, it has certain side effects in human body as discussed in Section 2.3. Therefore, the following sub-sections will provide more detailed information on the effects of the identified alloying elements on the properties of Ti alloys.



3.1. Molybdenum (Mo)


Mo was first reported to be used in Ti alloys in 1956 by Holden et al. [59]. In its development, many Ti alloys use Mo as an alloying element in various forms of alloys such as binary, ternary, quaternary, and even multi-element alloys. Table 4 shows the typical mechanical properties of several Ti alloys with Mo as an alloying element. Ho [60] reported that Ti-7.5Mo and Ti-15Mo have tensile strength higher than CP-Ti but slightly lower than Ti6Al4V, while their elastic moduli is lower than both CP-Ti and Ti6Al4V. Hashmi and Wadood [61], in their study, also reported that the addition of Mo to Ti-Mo-Sn can have a shape memory effect (SME) because of the martensite phase. The SME properties are required in biomedical for some implant materials such as orthodontics and stents [62].



Mo also affects the corrosion resistance of Ti alloys, wherein they have better corrosion resistance than CP-Ti, which is very beneficial for implant materials [63]. Mo effect on cell viability of Ti-Mo-Mn alloy in fibroblast cell has been reported by Lourenco et al. [64]. The percentage of viable cell of Ti-10Mo-5Mn was 90%. With further increasing the Mo concentration to 15 wt.%, the percentage of viable cell increased to 100%, which means that the addition of Mo was not cytotoxic for fibroblast cell.
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Table 4. Typical mechanical properties of Ti alloys with Mo alloying element compared with Ti6Al4V.
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Alloy

	
Process

	
Phase Constituent

	
Mechanical Properties

	
Ref.




	
Tensile/Compressive/Bending Strength (MPa)

	
Yield Strength (MPa)

	
Hardness (HV)

	
E (GPa)






	
Ti6Al4V

	
Forged

	
α + β

	
895–930

	
825–860

	

	
110

	
[65]




	
Ti-7.5Mo

	
Casting

	
α”

	
1395

	
-

	
263

	
55

	
[66]




	
Ti-15Mo

	
Casting

	
β

	
921

	
745

	

	
84

	
[60]




	
Ti-12Mo-3Nb

	
Solution Treated

	
β

	
747

	
449

	
-

	
105

	
[67]




	
Ti-12Mo-5Ta

	
Solution Treated

	
β

	

	

	

	
74

	
[68]




	
Ti-20Zr-15Mo

	
As cast

	
β

	
801

	
-

	
300

	
67

	
[69]




	
Ti-20Zr-10Mo

	
TMT

	
β

	
-

	
-

	
375–380

	
79

	
[69]




	
Ti-15Mo-1Si

	

	
β

	

	

	
181

	
18

	
[70]




	
Ti-6Mo-3Sn

	
Solution Treated

	
ω + β + α”

	

	

	
320

	
-

	
[61]










3.2. Iron (Fe)


Fe is an essential element needed by the human body in cell activity. Iron can undergo reduction and oxidation, so it plays a role in metabolic reactions in cells [71]. The first study of Ti-Fe alloys was carried out by Polonis and Parr [72] in 1955. The element Fe is added because it is a strong β phase stabilizer, and the presence of Fe is very abundant, so the price is low. Iron is used as a β phase stabilizer in Ti-7Fe, Ti-Mo-Fe, Ti-5Fe, Ti-5C-5Fe [73,74,75,76]. Table 5 shows several studies using Fe as a β stabilizer for their mechanical properties. The addition of 1% Fe to Ti-7.5 Mo was able to form a β phase with smaller grain size [74]. Transition metal elements disperse rapidly in β-titanium [77]. The addition of Fe elements can slow down the diffusion process because Fe atoms need time to redistribute along with the addition of Fe in β-Ti [78].



Qi et al. [80] investigated the electrochemical behavior of Ti-6Zr-xFe in NaCl 0.9% solution. The corrosion rate and current density (Icorr) of Ti-6Zr-xFe decreased with an increase in Fe content due to passivation mechanism on the alloys. Niu et al. [81] reported the addition of Fe to Ti could improve corrosion resistance. The current density of Ti-xFe were 0.085–0.140 µA/cm2 lower than CP Ti 0.150 µA/cm2. This is due to fine grain size of Ti-xFe induced the increasing growth of kinetic oxide film with higher boundary fraction. Furthermore, Ti-xFe have similar cell response compared to CP Ti, which indicates that Ti-xFe have good biocompatibility in human osteoblast cell.




3.3. Manganese (Mn)


Mn is a β titanium stabilizer available in large quantities which makes it less expensive. Several studies have reported the use of Mn in Ti alloys and found that Mn enhances the tensile strength and corrosion resistance and has a lower elastic modulus than CP-Ti and Ti6Al4V [10,82,83]. Table 6 shows the mechanical properties of several Ti alloys using Mn as an alloying addition. Kim et al. [83] studied the effect of Mn on hardness of Ti-Mn alloys. The addition of 5 wt.% Mn significantly increases the hardness of Ti-Mn alloys; however above 10 wt.%, the hardness decreases due to the formation of bainite phase. Sutowo et al. [14] also reported the increasing hardness value of Ti-6Mo-6Nb after 8 wt.% Mn addition, owing to solid solution strengthening mechanism.



Furthermore, Santos et al. [86] reported that Ti with Mn content up to 13% has cytotoxicity similar to CP Ti; however, too much Mn ions are harmful to the human body. In another study, Laurenco et al. [64] reported that the addition of Mn to Ti-Mo alloy did not have a negative effect on the fibroblast cells after 48 h.



Mn can be found in several organs in the human body, such as the liver, pancreas, and kidneys [71]. Mn is a cofactor for enzymes that play a role in the metabolism of carbohydrates, lipids, and amino acids. Moreover, Mn is contained in metalloenzymes that can help in the bone formation and the conversion of pyruvate totricarboxylic acid (TCA) cycle compounds.




3.4. Zirconium (Zr)


Zr is also allotropic like titanium. The transus temperature of the HCP structure transformation to the BCC structure occurs at a temperature of 862 °C [87]. Zr is used as an alloying element in titanium alloys because it can improve their mechanical properties [88]. Table 7 presents the mechanical properties of several Ti-Zr alloys. Lin et al. [11] reported that an increase in Zr content of Ti-Mo-Zr alloys results in an increase of both tensile strength and elastic modulus. After the addition of Zr, the strength of the Ti-Mo-Zr alloy increased due to the strengthening mechanism of dissolved Zr. It is theorized that Zr will induce the lattice to be distorted and inhibit the movement of the dislocations, thereby resulting in an increase in strength. Moreover, Zr has good solubility in Ti matrix due to similar chemical properties [89].



The addition of Zr can also improve the electrochemical performance of Ti alloys. As reported by Gouda et al. [9] as Zr increases in Ti-Mn-Zr, the corrosion rate and current density decreases. This indicates that the addition of Zr to Ti-Mn improves the passive protective layer formation on the alloy surface. Based on the investigation carried out by Akimoto et al. [92], ion release in pure Ti is much higher than Ti-Zr, which indicated that ZrO2 layer is more stable than TiO2. Pinghua et al. [93] reported that the cytocompatibility of Ti-Zr alloy was very good and comparable to that of CP Ti.




3.5. Copper (Cu)


Cu was added to Ti alloys because of its antibacterial properties [94,95]. At the time of implant placement, there is a risk of bacterial infection after surgery. Some bacteria can cause diseases, such as Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis (S. epidermidis) [96]. These bacteria lives in the biofilm formed between the implant material and body fluids which can cause infection and, over time, causes implant failure [97]. However, it should be noted that Cu can reduce the corrosion resistance of Ti alloys [98,99]. To increase the corrosion resistance of the Ti-Cu alloy, Zhang et al. [100] carried out heat treatment in the form of solution treatment and aging, and found that the corrosion resistance of Ti-Cu was better than CP Ti even with a low Cu content.



Table 8 shows the mechanical properties of several Ti alloys using Cu as an alloying addition. Alshammari et al. [101] reported Cu addition in Ti alloys could improve tensile strength both in sintered and forged condition due to the formation of higher β-phase content. Likewise, the hardness of Ti-xCu also show similar result to that of the tensile performance. The Ti2Cu intermetallic compound also has contribution to the increasing of tensile strength and hardness of Ti-xCu alloys.



Several low-cost alloying elements, such as molybdenum, iron, zirconium, manganese, and copper, have been specifically discussed in this section. Titanium alloys with low alloying element content can compete and even exceed the mechanical properties of commercial Ti-6Al-4V alloys with high strength and lower elastic modulus. Some alloys have a relatively low elastic modulus, such as Ti-7.5Mo (55 GPa) and Ti-15Mo-10Cu (67 GPa). However, what is interesting here is that a decrease in the elastic modulus value does not always accompany an increase in the β phase. The Ti-7.5Mo alloy is composed of an alpha phase but has a lower modulus than Ti-15Mo (75 GPa), which is composed of a β phase. This needs to be reviewed due to the different methods used to analyze the mechanical properties of titanium alloys.



Based on the data in Table 3, six elements can be identified as low-cost alloying elements for titanium alloys, namely manganese, molybdenum, zirconium, aluminum, iron and copper. Most of these alloying elements are β-phase stabilizers that can be potentially developed into economical biomedical alloys. However, the fabrication techniques are to be carefully developed for these evolving titanium alloys to obtain the optimum properties for biomedical applications. Therefore, to better understand the implications of alloying Ti with cheaper readily available elements on fabricability of the alloys, it is important to develop an understanding of various fabrication techniques that are available to process β Ti alloys, which is discussed in detail in the following section.





4. Processing Routes to Fabricate β Ti Alloy Biomedical Components


There are three critical things in developing β titanium alloy, as shown in Figure 5; (i) alloy design, (ii) processing, and (iii) their effect on final part performance [105]. Ti can be alloyed with various elements to change its properties so that high-performance alloys are manufactured tailored to the needs of the application [36]. Recently, β titanium alloys have been widely developed for medical applications because it has high strength, good formability, and low elastic modulus. After alloy design, the processing route has a vital role in tailoring the performance of a β titanium alloy. The common process to make the alloy is by melting or casting. However, the as-cast alloy has poor mechanical properties due to heterogeneity of the microstructure and solidification defects. Further processing, such as thermo-mechanical and heat treatment processes, are required to improve their mechanical properties. Lastly, the desired properties for the intended application of the β Ti alloys are evaluated and benchmarked against counterpart materials.



Phase diagram is fundamental for understanding the phases that can be formed in an alloy based on composition, temperature, and pressure in alloy design [106]. The state of the phase with the least amount of free energy at each temperature and composition can be illustrated from the phase diagram. The alloy phase diagram can show the equilibrium composition and even the quantitative ratio of the equilibrium phase.



Several new approaches can be taken to design alloy composition besides phase diagrams, such as the D-electron approach, electron/atom ratio, and first principle calculation [105]. D-electron-based theory uses two parameters to design alloy composition, bond order (Bo) and metal d-orbital level (Md). Bo shows the overlap between the atomic orbital ϕM for alloying element (M) and ϕX for the mother metal (X), and indicates the strength of the covalent bond. The higher the Bo value, the higher is the bonding force between atoms. Md value correlates with atomic radius, and thus, the Md value becomes high with increasing atomic radius [107]. The e/a ratio theory calculates the compositional average of the valence electrons of individual atoms. The higher e/a value indicates the higher elastic modulus [108]. First principle is an alloy design method based on electronic structure theory. Using the Schrödinger’s equation, this method can produce electronic wavefunctions and related physical quantities such as a system’s total energy and interatomic forces [109].



Apart from understanding and formulating the alloy design techniques for developing novel functional β titanium alloys, more emphasis should be placed on the processing routes available for these alloys, which determines the price of the biomedical implants and other such products. In addition to conventional manufacturing processes such as casting, forging, and machining, other manufacturing processes such as arc melting, investment casting and additive manufacturing are viable options for developing low-cost titanium alloys. A brief discussion on these fabrication techniques and their state-of-the-art research on titanium biomedical components is presented in this section.



4.1. Arc Melting


Arc melting is the most widely used technique for the preparation of metallic materials, from laboratory to industrial scale. Arc melting with non-consumable electrodes is a type of lab-scale arc melting that is commonly used to prepare metal alloys, solid solutions, intermetallic compounds and metal-based composites [110,111,112,113,114]. This technique is very useful especially for the development of new materials because it is relatively a fast and economical process (in terms of energy) to produce metal alloys. Moreover, owing to the rapid melting and solidification involved in the process, the generation of sample contamination from impurities (argon or crucible) is minimum [115]. The material to be smelted can be rapidly heated to temperatures in excess of 3027 °C (3300 K) within a few seconds. Rapid melting can occur due to the presence of an electric arc generated between the cathode (usually tungsten) and the anode (usually copper). Copper is used as anode because it has high thermal conductivity (>400 W m−1 K−1 at 298 K) and high melting temperature (1358 K). The copper used as a smelting vessel is also cooled with water so that the surface in contact with the molten metal remains close to the ambient temperature, which also avoids undesirable contamination [115]. After the material to be melted is put into the chamber, the air in the chamber is sucked in by a vacuum pump to remove free air that can contaminate the material during smelting. After reaching a certain vacuum level, high purity argon is blown into the chamber. Argon has a specific gravity greater than air so that the argon will be at the bottom of the chamber, while the air will be at the top so that the material will be protected from free air during the smelting process. In addition, argon also functions as a medium for electrons to jump from the electrode to the sample. The schematic design of single chamber arc melting furnace is shown in Figure 6.



In the development of low-cost β titanium, arc melting is one of the most widely used fabrication methods. Lourenco et al. [64] developed novel β Ti-Mo-Mn alloy by arc melting method. The vacuum, argon purged, and melting were performed five times, respectively, to ensure the homogeneity of the sample. The chemical composition of Ti-Mo-Mn alloy shows each major element like Mo and Mn were found to meet the target weightage with deviation value of 1 wt.%. The maximum oxygen value obtained was 0.206 wt.%.



Nishiyama et al. [116] studied the arc melting process of SUS 304 with complex interaction by simulation method. The argon gas, thermofluid field, induction magnetic field, surface tension on molten pool, temperature dependent, viscosity in the solid-liquid mushy zone were considered for calculation. Each parameter has different effect on the process, large-applied current gives large molten pool area. The longer electrode gap results the shallow of pool due to smaller velocity of the arc jet.




4.2. Thermomechanical Processing


The thermomechanical process is an important step in the manufacturing of engineering materials as it can optimize the mechanical properties of the fabricated parts. The general process is casting, thermomechanical treatment (forming and heat treating), followed by machining to produce implant products. The thermomechanical process aims to obtain a shape according to the target shape and obtain optimum mechanical properties by controlling the microstructure during a series of process stages [117]. The formation process can be carried out in hot, cold, or warm conditions. Heat treatment can be in the form of solution treatment, aging, or both [118]. In metastable titanium, thermal deformation such as forging or rolling deformation can affect the precipitate’s size, spatial distribution, and morphology, ultimately affecting its mechanical properties [119].



After casting, homogenization thermomechanical treatment is carried out to reduce the imperfections of the casting process and eliminate elemental segregation that may occur [120]. It has been reported by Nunes et al. that cold rolling followed by annealing could improve the hardness value and lower the elastic modulus of the Ti-29Nb-2Mo-3Zr metastable β titanium alloy [121]. Ozan et al. [122] also reported similar results where cold rolling with a large percentage of deformation followed by the annealing process yielded lower elastic modulus value compared to the cold rolled coupons without annealing post-treatment. This is because the content of Zr and Nb in these β titanium alloys can suppress the ω-phase after the cold rolling and annealing process, and the ω-phase is known to contribute to an increase in elastic modulus in Ti alloys.



Figure 7 shows the difference in elastic modulus values for Ti-5Mn-10Mo and Ti-5Mn-15Mo alloys under various processing conditions and were found to be significantly lower than the values of existing commercial alloys such as CP Ti and Ti6Al4V [123]. Kuroda et al. [124] reported that solution heat treatment yields lowest modulus due to the influence of the fast-cooling process and the decreased interatomic strength, whereas the aging heat treatment improves the modulus due to slow cooling, the atoms will have time to rearrange so that the interatomic strength will be stronger.



Nunes et al. [121] studied the effect of cold rolling reduction on mechanical properties of new metastable Ti-29Nb-2Mo-6Zr alloy. Upon increasing the reduction percentage from 30 to 70%, the orthorhombic α″ phase was observed in all samples. However, after 90% reduction the fraction of α″ phase reduced, which contributed to low elastic modulus. Ozan et al. [125] have also reported similar result, that is with increase in cold rolling reduction of the metastable Ti-40.7Nb-24.8Zr (20–86% reduction), the yield strength increased gradually from 865–1061 MPa while the elastic modulus remained constant around 71–72 GPa. Recrystallization annealing after cold rolling affected the deformation behaviour, owing to the presence of fine-grained microstructure consisting of completely transformed β-phase. This also resulted in high toughness of the Ti alloy.



Rajabi et al. [126] investigated the corrosion behaviour of β Ti-29Nb-13Ta-4.6Zr at different compression temperatures. They reported that the lower compression temperature of 300 and 400 °C showed better corrosion resistance than 900 °C. This is due to the uniform martensitic phase formed on the surface. Lu et al. [127] also studied the effect of microstructure of Ti-1300 (5.15 Al, 2.96 Zr, 3.96 Cr, 3.79 Mo, 3.95 V wt.%) β titanium alloy on its corrosion behaviour. The different thermomechanical process led to different microstructures; (i) Bimodal structure obtained after solution treatment below β transus (750 °C) followed by aging at 500 °C, (ii) lamellar structure obtained after solution treatment above β transus (870 °C) followed by aging at 500 °C, and (iii) equiaxed structure obtained after solution treatment at 870 °C without aging treatment. The corrosion behaviour of equiaxed structure was reported to exhibit best corrosion resistance due to passivation film containing TiO2, Al2O3, and other β stabilizing elemental oxides.




4.3. Investment Casting


Investment casting is a traditional casting process to produce parts with intricate geometry and a high degree of dimensional accuracy [128]. The advantage of this technique is its ability to fabricate components with good dimensional accuracy and complex geometries, thereby significantly reducing machining costs [129]. The investment casting process consists of several stages, starting from preparing the pattern for the object to be printed, making ceramic shells, dewaxing, pouring and finishing [130]. Figure 8 shows the schematic of investment casting process. At the initial stage a pattern of the product needs to be prepared. The pattern can be made of wax, plastic, or polystyrene. Some things that need to be considered in making patterns are the influence of additives, the mixing process, and injection. The next stage after the pattern is finished is making a ceramic shell. Ceramic shells are also made up of a variety of different materials. The ceramic materials used are adapted to the material to be fabricated, for example ferrous or non-ferrous/superalloy materials. Super alloy materials are usually more reactive to oxide refractory materials so that they can affect the quality of the casting results. The pattern made in the first stage of the process is then dipped in a mixture of ceramics and binders. This mixing process can be done several times so that several different layers are formed between the inner and outer layers. The next step in the investment casting process is wax removal. The pattern that has been coated with the ceramic cell is then heated to remove the wax in the ceramic cell. The space left in the ceramic cell is what will be filled by molten metal during the casting process. After the molten metal is poured into the ceramic cell, the cell is broken, and the cast metal part is released from the mould. The last stage of this process is to finish machine the parts and heat treat is required.



Figure 9 shows the femoral knee prostheses produced by investment casting method using CP Ti as raw material [131]. The femoral stem is one type of implant for knee joint replacement. Elder people who have osteoarthritis will require knee joint replacement surgery.



Titanium investment casting is cheaper than forged titanium because it does not require post machining to be carried out on parts. However, the fatigue strength of cast titanium is lower (300–400 MPa) than forged titanium (600–700 MPa) at 107 cycles [132,133]. Compared to the forging method, the microstructure of the coupons fabricated using investment casting is coarser and has the tendency to form typical casting defects. However, adding grain refiner elements such as boron and silicon and a good gating system design can overcome these problems [131]. In addition, heat treatment processes such as solution treatment and aging can also help to improve the mechanical properties of investment casted titanium parts [134].



Reda and Adel [134] developed a low cost Ti-4.5Fe-7Cr alloy produced by investment casting and post heat treated the samples to enhance their mechanical properties. They found that the rose solution treatment at higher temperatures resulted in a larger grain size and resulted in a decrease in tensile strength of about 13.87%. At a solution treatment temperature of 900 °C, the compressive strength of Ti-4.5Fe-7Cr was 1870.5 MPa, while at 750 °C, the compressive strength increased to 1913 MPa. This was due to the difference in grain size of Ti-4.5Fe-7Cr where the average grain size after solution treatment at 900 °C was 324 µm while after solution treatment at a temperature of 750 °C, the average grain size was 279 µm.




4.4. Powder Metallurgy


Titanium powder metallurgy (PM) technology is a near-net-shape manufacturing technology that has been developed over the past couple of decades. The powder metallurgical process consists of several stages, from the powder production process, compaction and green product formation, sintering, and post heat treatment until the components are ready for use. Compared to other manufacturing processes such as casting, the PM process has several advantages. PM can produce a near-net-shape component, so that very little material is wasted in the machining process. In addition, powder metallurgy can also be used for processing porous materials [105]. However, there is still limitation of PM process compared to wrought alloy due to its lower mechanical properties and cost of raw materials (feedstock is in powder form). Figure 10 compares the processing routes of melt-wrought and PM processes when fabricating Ti parts. There two different types of processing routes within PM, viz. pre-alloyed and blended elemental. In pre-alloyed PM, atomized alloy powders of the desired composition are prepared via vacuum arc remelting (VAR) melt process and then directly compacted into the shape of the final product, followed by post-processing. In blended elemental PM, the raw material comes from Ti sponge which is melted in a vacuum arc melting and then gas atomization is carried out to change the alloy from bulk to powder. This is then compacted and shaped into the final product, followed by sintering and post-processing.



In recent years, PM derived methods have been widely used for producing Ti alloys for biomedical applications, including Space Holder Metallurgy (SHM) and Spark Plasma Sintering (SPS). Xu et al. [135] studied the influence of NH4HCO3 volume on Ti-10Mo produced by SHM-PM method. The different volume (63%, 67%, 71%, and 75%) have different effect on the total porosity of Ti-8Mo. The stress-strain curve shows similar behaviour for all samples with different porosity where all porous sample have excellent strain compared to bulk Ti-10Mo. However, the compression strength of porous Ti-10Mo were much lower (76.9–248.2 MPa) compared to bulk Ti-10Mo (908.1 MPa).



One of the advantages of SPS method is the formation of fine-grained structure with excellent mechanical properties and lower sintering temperatures [136]. Zou et al. [137] studied the mechanical properties of Ti-35Nb-7Zr-7Ta prepared by SPS method. The hardness value of Ti-35Nb-7Zr-7Ta were 531–659 HV, much higher than conventional PM Ti of about 350 HV. Moreover, the elastic modulus of the SPS-fabricated Ti-35Nb-7Zr-7Ta was higher (72–83 GPa) compared to that prepared by casting method (50 GPa), which was attributed to the α phase observed after the SPS process.




4.5. Additive Manufacturing


Additive manufacturing is a three-dimensional (3D) product development process that deposits material layer by layer to produce near net shape components [138,139]. Additive manufacturing offers component complexity and low material waste than conventional manufacturing processes such as casting, metal forming, and machining. There are various types of metal additive manufacturing processes, such as electron beam melting (EBM), selective laser melting (SLM), and directed energy deposition (DED) [140]. It is known that different metal AM processes produce different microstructural and phase features in Ti alloys [141]. Figure 11 shows the schematic diagrams of the various metal AM processes.



Schwab et al. [142] successfully printed the β type titanium alloy, Ti5Al5V5Mo3Cr (Ti5553) by the SLM method. They used gas atomized powders with particle size ranging from 25 to 45 µm. The XRD of the printed specimens showed a full β phase microstructure. The tensile strength of 800 MPa with 14% elongation was obtained. Zhou et al. [143] also studied three (Ti, Ti6Al4V, and Ti13Nb13Zr) different types of titanium alloys, viz. CP-Ti, Ti6Al4V, and Ti13Nb13Zr, processed by SLM. The XRD pattern of all alloys shows the α phase was observed in Ti, Ti6Al4V, and in Ti13Nb13Zr. The diffraction pattern of CP Ti shows only α phase consist in the microstructure, while the α and β phase were observed in Ti6AL4V and Ti13Nb13Zr alloys. Ti6Al4V exhibited the highest tensile strength of 1334 MPa, then Ti13Nb13Zr with 1020 MPa, and CP-Ti softest with 990 MPa. This was attributed to the fact that the Al and V alloying elements in Ti6Al4V act as a strong solid solution strengthener.



Maimaitiyili et al. [144] compared the EBM and SLM process of near β Ti5Al5Mo5V1Cr1Fe (Ti55511). Gas atomized powders with an average particle size of 71 µm were used for the EBM process and of 43 µm for the SLM process. The diffraction pattern of EBM processed Ti55511 consisted of both α and β phases, whereas the SLM processed counterpart had only β phase, owing to which the EBM sample was harder (348 HV) than the SLM sample (315 HV).



Nartu et al. [145] studied the Ti35Nb7Zr5Ta (TNTZ) processed by the DED technique. This study deposited the TNTZ on the Ti6Al4V substrate plate with three different powers (400, 500, and 600 W). The XRD pattern consisted of only the β phase for all three processing power. The yield strength of Ti35Nb7Zr5Ta was 520 MPa, comparable with the conventionally processed TNTZ (530 MPa). In this study, there is no breakdown of the protective oxide film exhibited on the surface, even the potential reached 9 V compared to the stainless steel and cobalt alloy cased that the protective film was breakdown at 300–5000 mV (Ebp). The corrosion properties of TNTZ showed promising results with breakdown potential (Ebp) value of all three power conditions being above 9 V.




4.6. Diffusion Couple


Diffusion mechanisms play a key role in metallurgy processes, such as homogenization, precipitation, and sintering. Chen et al. [146] studied the diffusion couple of two titanium alloys, Ti/Ti-7.58Al-4.97Mo and Ti-5.04Al/Ti-1.52Mo. The well-contacted diffusion couple samples were placed in a vacuum furnace at 900 °C for 90 min with a pressure of 10 MPa. The hardness values increased from the Ti or Ti-5.04Al to Ti-7.58Al-4.97Mo or Ti-1.52Mo, respectively. This was attributed to solid solution and precipitation strengthening mechanisms in both pairs.



Duygulu et al. [147] have studied the diffusion couple of Mg, Zr, and Ti for biomedical applications. The three material plates were placed in a vacuum hot press (VHP) device, the schematic of the machine is shown in Figure 12. The pressure applied was 30 MPa at 400 °C for 2 h under vacuum conditions (10−5 torr). The SEM image shows there is no separation between each plate, which indicates the diffusion bonding of Mg, Zr, and Ti were good.



The manufacturing process routes discussed in this section offer β titanium manufacturing processes using low-cost raw materials. The Ti5Al5V5Mo3Cr [144] alloy, which is composed of cheap elements such as Al, Mo, and Cr with less vanadium, can be processed by making additives, but the manufacturing process with this method has limitations in the development of new alloys due to the limited availability of powder. To develop new alloys using the additive manufacturing method, it is necessary to make powdered alloys using methods such as gas atomization [148], which will add to the longer production cost. In addition, the low mechanical properties of materials produced by additive manufacturing have become a challenge that needs to be improved [149].



Conventional powder metallurgy processes are also widely used to develop low-cost β titanium, such Ti-Cu [101], Ti-Fe [79], and Ti-Mo-Fe [150] alloys. However, the difference in melting points is a big challenge during the sintering process and the price of the powder raw material used is also higher when compared to the raw material for the casting or melting process. Moreover, the high oxygen content (0.263 wt.%) during the sintering process can potentially negatively affect the mechanical properties of the β titanium alloy [101].





5. Properties of Ti Alloys with Low-Cost Alloying Elements


The mechanical properties of Ti alloys are strongly influenced by the constituent elements and the fabrication treatment experienced by the alloys. Table 9 shows various properties of low-cost Ti alloys processed using different techniques and generally applied for biomedical components. Some of the alloys shown in Table 9 are low-cost alloys, where the definition of low cost can be interpreted using cheap materials such as Al, Fe, Mn, Cu, etc. But it can also use expensive ingredients but in small quantities. For example, Alshammari et al. [104] used Al and Cu as alloying elements considering the relatively low price of these elements, while Lee et al. [151] developed a Ti-Nb-Zr alloy where Nb is known to be quite expensive but is added in small quantities. In addition to the low-cost alloy composition, different process routes such as powder metallurgy, casting combined with thermomechanical treatment injection molding, and additive manufacturing, will also produce different properties.



Nocivin et al. [155] investigated the microstructural characteristic and mechanical properties of low-cost β Ti-34Nb-7.6Zr-0.9Fe-0.16O alloy obtained by severe plastic deformation/multipass cold rolling and solution treatment. Combining alloy and process design can produce an alloy with high mechanical strength and low elastic modulus. The mechanical properties of the Ti-Nb-Zr-Fe-O alloy can reach 1140 MPa (UTS) and 770 MPa (YS) with a low elastic modulus (48.6 GPa). The Ti-34Nb-7.6Zr-0.9Fe-0.16O had a similar e/a value (4.24–4.26) with Ti-35Nb-8Zr and Ti-35.3Nb-7.1Zr-5.1Ta but with much lower elastic modulus and higher tensile strength. The severe plastic deformation (SPD) and solution treatment processes changed the highest intensity of the diffraction pattern from (110) plane to (211). No α and ω phases were observed from the XRD or TEM analysis. Each plane in the cubic crystal structure has a different elastic modulus value. Zhang et al. [164] reported that (100) plane has the low elastic modulus (27.1 GPa) compared to (110) and (111) which has elastic modulus (56.3) and (88.1) GPa respectively.



Abdelrahman et al. [75] reported thermomechanical treated low-cost Ti-Mo-Fe to have high corrosion resistance compared to conventional Ti6Al4V ELI (extra low interstitial). TMF 6 and TMF 8 have lower corrosion current density (0.589 and 1.037 nA/cm2) compared to Ti6Al4V ELI (1.361 nA/cm2). Furthermore, the cytotoxicity test result show thermomechanical treated Ti-Mo-Fe exhibited high viability. The size, shape, and proliferation rate of osteoblast cells on TMF 6 (Ti-2Mo-0.5Fe at%) and TMF 8 (Ti-3Mo-0.5Fe at.%) were higher than Ti6Al4V ELI. Gouda et al. [9] also reported that thermomechanical treatment (homogenization, solution treatment, and cold rolling) of Ti-Mo-Zr positively impacts it’s corrosion resistance. The current density of Ti-Mo-Zr increased with an increase in the cold rolling reduction ratio. A high cold rolling reduction ratio produces fine-grained microstructure and high dislocation density, generating more nucleation passivation and increasing corrosion resistance.



Thermomechanical processes (combination of plastic deformation and heat treatment), conventional powder metallurgy, investment casting, injection moulding, additive manufacturing, and FAST-forge were some available processes for manufacturing low-cost titanium alloy for biomedical applications. Among several routes for processing low-cost titanium alloy, the thermomechanical process offers a combination of superior properties with high strength and low elastic modulus [151,155]. In the future, the powder metallurgy process can also be combined with thermomechanical treatment to improve its mechanical properties [79,165].Compared to commercial available and high cost Ti6Al4V some beta titanium alloys offer higher strength properties, lower elastic modulus and better corrosion resistance. However, until now there is no low-cost alloy that has a lower elastic modulus than high cost TNTZ alloy (55 GPa) with the same strength as Ti6Al4V (900 MPa). Some low-cost alloys such as TNZ and Ti-Nb-Zr-Sn have elastic modulus of up to 50 GPa but their strength is only around 600 MPa. The development of titanium alloys that use low-cost alloying elements in small amounts so that they are inexpensive and still have low density is a challenge that still needs to be solved.




6. Summary and Future Works


This work presents the key alloying elements and processing routes for biocompatible titanium alloys. Based on the literature survey, there is a need for development of low-cost titanium alloys which are needed to replace costly implant parts and to make them affordable to various segments of the society. Several methods can be used to produce low-cost titanium alloys, such as using alloying elements that are commonly used and readily available. Mo, Fe, Zr, Mn, and Cu are low-cost alloying elements that can be selected in developing low-cost β titanium alloys with promising mechanical properties and biocompatibility. Several studies of low-cost titanium alloys have been carried out using various manufacturing methods, such as casting, powder metallurgy, and additive manufacturing. Among various processing routes such as powder metallurgy, investment casting, and additive manufacturing, the conventional process routes including casting and metal forming techniques are most favourable because they produce products with superior mechanical properties and with relatively low production costs for mass production. In general, failure of implant materials can be caused by several things, such as low wear and corrosion resistance, residual stresses, low surface quality, differences in elastic modulus, low toughness, and inflammation. However, not much literature is available on this aspect.



This review provides a closer understanding of the low-cost alloying elements that can be added to titanium alloys along with their manufacturing methods, to produce a titanium alloy that is more affordable than the conventional titanium alloy Ti6AL4V, but still considers the properties required in the biomedical application. There are several possible future research opportunities as follows:




	
In previous studies, most alloy designs were based on the calculation of Mo equivalent. A high Mo equivalent does not necessarily produce titanium alloys with high mechanical strength and low elastic modulus. Titanium alloy design studies with different approaches, such as density functional theory, can be carried out to complement existing alloy design methods, such as the Mo equivalent and the Bo and Md methods and compare the results with experiments to give a better understanding of the relationship between alloying elements, processing, and final properties.



	
Additive manufacturing is the most advanced manufacturing process today. However, the resulting mechanical properties can still not compete with conventional thermomechanical treatment processes that offer flexibility for tailoring microstructure and mechanical properties. Combining the additive manufacturing process and the heat treatment process can be an interesting idea to optimize the microstructure of the additive manufacturing results to produce better mechanical properties.



	
Each alloying element added to a titanium alloy has its characteristics, for example, melting point. The large gap in melting point between titanium and its alloying element will affect the alloying process and manufacturing method. The difference in atomic size between Ti and its alloying elements will also affect the final crystal structure formed. Studying the effect of alloying elements with different characteristics on the manufacturing process is necessary to understand further what process is most appropriate for a particular type of alloy.



	
Most previous studies only focused on mechanical properties in the form of tensile or compressive strength and elastic modulus. A fatigue test is required for permanent bone implants because the implant material will be used for a very long time, up to many years. Thus, future studies on fatigue tests on low-cost titanium materials are needed to understand the relationship between microstructure, processing, tensile strength, elastic modulus, and fatigue properties of biomedical implant material.



	
Titanium for biomaterial applications will be used in the body environment. Mechanical testing such as fatigue in a system that simulates body conditions with the addition of simulated body fluid and temperature suitable for the human body can provide an overview of the mechanical properties of biomaterials when applied within the human body.



	
Additional research is to be conducted to develop surface modification processes which can improve biocompatibility and osseointegration between implants and bone.



	
Most in-vitro studies on cells are only carried out over a few days, making it difficult to understand the interactions between implants and cells. It is necessary to add an immersion test for a more extended period of up to several months to determine whether ions are released from the implant surface and how far this affects the toxicity of the implant material.



	
Further studies on the bioactivity of cells formed after in-vitro tests are required. Observations of genetic changes in cells can be carried out to find out whether there is an interaction between cells and implant material.
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Nomenclature




	TKR
	Total knee replacement



	UTS
	Ultimate tensile strength



	HCP
	Hexagonal closed-packed



	BCC
	Body centred cubic



	PM
	Powder metallurgy



	ELI
	Extra low interstitial



	EBM
	Electron beam melting



	SLM
	Selective laser melting



	DED
	Direct energy deposition



	SME
	Shape memory effect



	TNTZ   
	Ti-29Nb-13Ta-4.6Zr



	VAR
	Vacuum arc remelting



	CP
	Commercially pure



	V
	Vanadium



	Al
	Aluminium



	Ti
	Titanium
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Figure 1. Total knee replacement procedures performed in Australia [3]. 
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Figure 2. (a) Radiographic images of fractures fixed with bone plates [25]; (b) an aneurysm clip made from NiTi [26]; and (c) total knee replacement implants [27]. 
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Figure 3. Pseudobinary diagram for titanium alloys [35]. 
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Figure 4. Elastic modulus of representative α-type, (α + β)-type, and β-type Ti alloys [46]. 
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Figure 5. Three stages of alloy development: alloy design, processing, and performance evaluation. 
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Figure 6. Schematic design of a single chamber arc melting furnace [115]. 
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Figure 7. Comparison of elastic modulus of the Ti-5Mn-10Mo and Ti-5Mn-15Mo alloys with various commercial alloys under all three different processing conditions [123]. 
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Figure 8. Schematic of the investment casting process representing the various stages of part production: (a) pattern preparation, (b) pattern assembly, (c) investment, (d) dewaxing, (e) casting, (f) knock-out, (g) cut-off, and (h) finishing [130]. 
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Figure 9. Titanium femoral knee prostheses produced by the investment casting method; (a) As-cast femoral knee prostheses and (b) cross-section part for characterization [131]. 
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Figure 10. Flowchart of conventional melt-wrought and powder metallurgy approaches for manufacturing Ti products. 
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Figure 11. Schematic of the working principles of (a) directed energy deposition, (b) directed energy deposition on a tube substrate (laser cladding), (c) selective laser melting, and (d) electron beam melting [140]. 
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Figure 12. (a) Schematic process of Diffusion couple bounding by vacuum hot press method (b) SEM image of magnesium-zirconium diffusion couples [147]. 
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Table 1. The comparison of several titanium alloys, density, ultimate tensile strength (UTS), phase structures, and their cost.
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Alloy

	
Phase

	
Density (g/cm3)

	
UTS (MPa)

	
Raw Materials Price (USD/Kg)

	
Ref.






	
Ti6Al4V

	
α + β

	
4.43

	
1250

	
26.568

	
[7]




	
Ti-5Al-2Sn-2Zr-4Cr-4Mo-1Fe

	
β

	
4.69

	
1723

	
13.366




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

	
β

	
4.76

	
1335

	
69.771




	
Ti-8V-4Mo-3Al-6Cr-4Zr

	
β

	
4.82

	
1503

	
44.712




	
Ti-11.5Mo-6Zr-4.5Sn

	
β

	
5.06

	
1352

	
17.545




	
Ti-12Mo-6Zr-2Fe

	
β

	
5

	
1100

	
16.815




	
Ti-14Mn

	
β

	
4.9

	
1950

	
10.566
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Table 2. Comparison of tensile strength, yield strength, and elastic modulus of the human bone with various implant materials.
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Material

	
Tensile Strength (MPa)

	
Yield Strength (MPa)

	
Elastic Modulus (GPa)

	
Ref.






	
Bone (cortical)

	
70–150

	
30–70

	
15–30

	
[26,28]




	
Stainless steel

	
490–1350

	
190–690

	
200–210




	
Cobalt alloy

	
655–1793

	
310–1586

	
210–253




	
Titanium alloy

	
690–1100

	
585–1060

	
55–110




	
Magnesium alloy

	
100–250

	
-

	
40–45
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Table 3. Price of pure titanium and some alloying elements [54].
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	Material
	Item Number
	Size/Specification
	Price (USD/Kg)





	Titanium
	TI-454100
	≤45 μ; 10 g; 99.98%
	2610



	Vanadium
	V-474100
	<75 μ; 10 g; 99.5%
	17,400



	Niobium
	NB-324100
	<45 μ; 10 g; 99.9%
	7830



	Tantalum
	TA-414051
	−325 mesh; 10 g; 99.9%
	7308



	Manganese
	MN-284101
	<45 μ; 99.9%; 100 g
	957



	Molybdenum
	MO-294250
	<100 μ; 250 g; 99.9+ %
	870



	Zircon
	ZR-490100
	0.8–35 mm; 99.6%; 1 kg
	489



	Aluminium
	AL-014120
	<30 μ; 100 g; 99.8%
	435



	Iron
	FE-224510
	100 mesh; 50 g; 99+ %
	331



	Copper
	CU-114111
	−200 mesh; 1 kg; 99.8%
	70
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Table 5. Typical mechanical properties of Ti alloys with Fe alloying element compared with Ti6Al4V.
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Alloy

	
Process

	
Phase Constituent

	
Mechanical Properties

	
Ref.




	
Tensile/Compressive/Bending Strength (MPa)

	
Yield Strength (MPa)

	
Hardness (HV)

	
E (GPa)






	
Ti6Al4V

	
Forged

	
α + β

	
895–930

	
825–860

	

	
110

	
[65]




	
Ti-7Fe

	
Sintered

	
α + β

	
916

	
-

	
270

	
-

	
[73]




	
Ti-7.Mo-2Fe

	

	

	
2453

	
-

	
403.1

	
92

	
[74]




	
Ti-Mo-Fe

	
Casting + TMT

	
α + β

	
949

	
-

	
422

	
84.5

	
[75]




	
Ti-5Fe

	
PM + TMT

	
α + β

	
1030

	
950

	
-

	
-

	
[79]




	
Ti-6Zr-5Fe

	
Casting

	
α + β

	
800–900

	
-

	
300

	
93

	
[80]
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Table 6. Typical mechanical properties of Ti alloys with Mn alloying element compared with Ti6Al4V.
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Alloy

	
Process

	
Phase Constituent

	
Mechanical Properties

	
Ref.




	
Tensile/Compressive/Bending Strength (MPa)

	
Yield Strength (MPa)

	
Hardness (HV)

	
E (GPa)






	
Ti6Al4V

	
Forged

	
α + β

	
895–930

	
825–860

	

	
110

	
[65]




	
Ti-6Mo-6Nb-4Sn-4Mn

	
Casting + Homogenization

	
β

	
-

	
-

	
320

	
94

	
[14]




	
Ti-9Mn

	
MIM

	
β

	
1046

	
992

	
300

	
89

	
[10]




	
Ti-5Mn

	
Casting + Heat treatment

	
α + β

	
-

	
-

	
457.2

	
129.9

	
[83]




	
Ti-5Mn

	
PM + Forged

	
α + β

	
1224

	
1154

	
415.7

	
97

	
[84]




	
Ti-16Nb-7Mn

	
CR + ST

	
β

	
695

	
646

	
-

	
77

	
[85]
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Table 7. Typical mechanical properties of Ti alloys with Zr alloying element compared with Ti6Al4V.
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Alloy

	
Process

	
Phase Constituent

	
Mechanical Properties

	
Ref.




	
Tensile/Compressive/Bending Strength (MPa)

	
Yield Strength (MPa)

	
Hardness (HV)

	
E (GPa)






	
Ti6Al4V

	
Forged

	
α + β

	
895–930

	
825–860

	

	
110

	
[65]




	
Ti-25Ta-40Zr

	
Casting + TMT

	
α” + β

	
-

	
-

	
310

	
60

	
[90]




	
Ti-7.5Mo-9Zr

	
Casting + HT

	
α” + β

	
971

	
563

	
-

	
89

	
[11]




	
Ti-5.1Mo-6.3Sn-9.9Nb-4.9Zr

	

	
α” + β + ω

	
762

	
275

	
-

	
59

	
[91]
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Table 8. Typical mechanical properties of Ti alloys with Cu alloying element compared with Ti6Al4V.
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Alloy

	
Process

	
Phase Constituent

	
Mechanical Properties

	
Ref.




	
Tensile/Compressive/Bending Strength (MPa)

	
Yield Strength (MPa)

	
Hardness (HV)

	
E (GPa)






	
Ti6Al4V

	
Forged

	
α + β

	
895–930

	
825–860

	

	
110

	
[65]




	
Ti-15Mo-10Cu

	
Casting

	
α” + β + Ti2Cu

	
1200

	
1141

	
-

	
67

	
[102]




	
Ti-10Mo-3Cu

	
PM

	
α” + β + Ti2Cu

	
1098

	
-

	
-

	
71.1

	
[103]




	
Ti-5Cu

	
PM + Forged

	
β + Ti2Cu

	
901

	
757

	
302

	
98

	
[101]




	
Ti-5Cu-2.5Al

	
PM

	
β + Ti2Cu

	
800

	
750

	
250

	
-

	
[104]
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Table 9. Different processing route of various Low-Cost Titanium Alloys and their achieved properties.
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Low-Cost Titanium Alloy

	
Processing Route

	
Properties

	
Ref.






	
Ti-2.5Al-xCu (x = 0.5–5 wt.%)

	
Powder Mixing

	
An increase in the Cu content from 0.5 to 5 wt.% is accompanied by an increase in hardness from 195 HV to 250 HV, yield strength from 596 to 755 MPa and ultimate tensile strength from 645 to 800 MPa. This is due to the refinement of the lamella microstructure and the presence of Ti2Cu intermetallic compound and solid solution strengthening effect.

	
[104]




	
Compaction




	
Sintering




	
Ti-14Mn-xZr (x = 1–6 wt.%)

	
Arc melting

	
The tensile strength of Ti-14Mn was increase with increasing of Zr content. The highest tensile strength was obtained with To-14Mn-6Zr (1830 MPa), which also exhibited better corrosion resistance (0.164 × 10−3 mm/y) and high cytocompatibility (99% cell viability value).

	
[9]




	
Homogenization




	
Solution treatment




	
Cold rolled




	
Ti-5Mo-Fe-3Sn (at. %) Ti-9Mo-Fe-7Sn (wt.%)

	
Arc melting

	
The yield strength of Ti-5Mo-Fe-3Sn was 740 MPa, comparable with Ti6Al4V (850 MPa) but with high elongation (twice that of Ti6Al4V).

	
[152]




	
Homogenization




	
Hot rolled




	
Cold rolled




	
Annealed




	
Water quenched




	
Ti-7Cu-xSn (x = 0–5 wt.%)

	
Arc melting

	
The potential corrosion value of Ti-7Cu-5Sn was 141.8 nA/cm2 the lowest compared to Ti-7Cu and Ti-7Cu-(1 and 2.5) Sn. It indicated that Ti-7Cu-5Sn showed the highest corrosion resistance and electrochemical properties compared to Ti-7Cu.

	
[153]




	
Solution treated




	
Ti-4.3Fe-7.1Cr

	
As forged

	
The tensile strength of solution-treated Ti-Fe-Cr and Ti-Fe-Cr-Al were 900 and 1100 MPa, respectively, which is much higher than CP-Ti. The fatigue strength of these alloys is also much better than Ti6Al4V.

	
[154]




	
Ti-4.3Fe-7.1Cr -3.0Al

	
Solution treated




	
Ti-34Nb-7.6Zr-0.9Fe-0.16O

	
Levitation melting

	
The mechanical properties of Ti-Nb-Zr-Fe-O alloy can reach 1140 MPa (UTS) and 770 (YS) with a low elastic modulus (48.6 GPa).

	
[155]




	
Cold rolling




	
Homogenization




	
Severe plastic deformation




	
Solution treated




	
Ti-13.8Nb-14Zr (TNZ)

	
Solution treatment

	
The yield strength of TNZ after CCR is about 1000 MPa, compared to solution treated (600 MPa) and aged (800 MPa) samples, while the elastic modulus is constant at 50 GPa.

	
[151]




	
Aging




	
Cold caliber rolling (CCR)




	
Ti-13Mn

	
Injection molding

	
The solution treated Ti-13Mn show comparable tensile strength (888 MPa) compared to Ti6Al4V (850–950 MPa), but with a lower elastic modulus (96 GPa).

	
[82]




	
Sintering




	
Solution treatment




	
Ti-24Nb-4Zr-8Sn

	
Selective Laser Melting (SLM)

	
The tensile strength (665 MPa) and elastic modulus (53 GPa) of Ti-24Nb-4Zr-8Sn is comparable with the same composition produced by other route processes (Hot Rolled and Cold Rolled).

	
[156]




	
Ti-5Fe

	
SLM

	
The tensile strength of the as-printed Ti-5Fe was far from desirable (below 700 MPa). The sample failed within the elastic regime exhibiting severe brittle behaviour. The annealing process and Yttria (Y) addition were introduced to improve the tensile strength. After the addition of 0.2 wt.% Y and annealing at different temperatures, the tensile strength improved to 830–945 MPa.

	
[149]




	
Ti-5Fe-0.2Y




	
Ti-Mo-xFe (x = 1,5,9 wt.%)

	
Powder Metallurgy

	
The compressive strength of Ti-Mo-Fe was higher than CP-Ti. The elastic modulus of porous Ti-Mo-Fe was closer to that of the human bone.

	
[150]




	
Ti-7Mn-xNb (x = 0, 3, 7 and 10 wt.%)

	
Powder Metallurgy

	
The compressive strength of sintered Ti-7Mn-xNb was much higher (1800–2100 MPa) compared to as-sintered CP-Ti (1650 MPa).

	
[157]




	
Ti-4.5Fe-7Cr

	
Investment casting

	
The compressive strength of Ti-4.5Fe-7Cr after aging (1877–2118 MPa) was higher than solution-treated samples (1870–1913 MPa).

	
[134]




	
Solution and aging




	
Heat treatment




	
Ti-1Al-8V-5Fe (Ti185)

	
SLM

	
The compressive strength and strain value of as-built Ti185 were 1890 MPa and 11%, respectively. After the heat treatment process, the compressive strength and strain value increased to 2380 MPa and 26%, respectively.

	
[158]




	
Heat treatment




	
Ti-xMn (x = 1, 5, and 10 wt.%)

	
Powder Metallurgy

	
The tensile strength of Ti-5Mn was found to exhibit the optimum value of 1200 MPa with sufficient elongation (5%). The tensile strength of Ti-5Cu alloy was 1100 MPa; however, the elongation was only 2%. The decreasing elongation of Ti-5Cu is due to the formation of the Ti2Cu intermetallic phase.

	
[159]




	
Ti-xCu (x = 0.5, 2.5, and 5 wt.%)

	
Forging




	
Ti–5Al–3Mo–2Fe

	
Powder Metallurgy

	
The as-sintered Ti-5Al-3Mo-2Fe alloy had a tensile strength of 904 MPa, yield strength of 829 MPa and elongation of 4.8%. After 80% reduction via hot rolling, followed by annealing, the tensile, yield strength, and elongation increased to 1422 MPa, 1303 MPa, and 8.5%, respectively.

	
[160]




	
Hot rolling




	
Annealing




	
Pure Ti

	
SLM

	
The as-printed HDH-Ti had a tensile strength of 1057.05 ± 29.14 MPa, yield strength of 784.59 ± 33.25 MPa, and elongation of 24.09 ± 1.81%. This value was higher compared to standard Ti6Al4V which values are 895 MPa, 828 MPa and 10%, respectively.

	
[161]




	
Hydrogenated-dehydrogenated (HDH)




	
Gas atomized




	
Ti-6Al-2V-1.5Mo-0.5Zr-0.3Si

	
Laser Additive Manufacture

	
The microhardness of the as-deposited Ti-6Al-2V-1.5Mo-0.5Zr-0.3Si was higher (370 HV) than Ti6Al4V (358 HV) with similar processes and parameters.

	
[162]




	
Ti-5Al-5Mo-5V-3Cr (Ti-5553)

	
FAST-forge process

	
The Ti-5553, after the FAST-forge process, has a microhardness value (410–417 HV). This value was higher compared to Ti-5553 through the conventional forging process (385–405 HV).

	
[163]
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