
Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​
creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​mmons.​org/​publi​
cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

REVIEWS

Pesode and Barve ﻿
Journal of Engineering and Applied Science           (2023) 70:25  
https://doi.org/10.1186/s44147-023-00196-7

Journal of Engineering
and Applied Science

A review—metastable β titanium alloy 
for biomedical applications
Pralhad Pesode1*    and Shivprakash Barve1 

Abstract 

Titanium and its alloys have already been widely used as implant materials due to their 
outstanding mechanical characteristics and biocompatibility. Notwithstanding this, 
researchers and businesses alike have continued to actively pursue superior alloys since 
there are still problems which need urgent consideration. One of these is a noteworthy 
difference in the implant material’s elastics modulus and that of natural bone, which 
result into an issue of stress shielding. With prolonged use Ti alloys releases dangerous 
ions. The Ti alloy surface has a low bioactivity, which prolongs the healing process. β-Ti 
alloys could be used as viable alternatives when creating dental implants. Additionally, 
β-Ti alloys characteristics, such as low Young modulus, increased strength, appropriate 
biocompatibility, and strong abrasion and corrosion resistance, serve as the necessary 
evidence. Ti alloys when altered structurally, chemically, and by thermomechanical 
treatment thereby enabling the creation of material which can match the require-
ments of a various clinical practise scenarios. Additional research is needed which can 
focused on identifying next century Ti alloys consisting of some more compatible 
phase and transforming the Ti alloys surface from intrinsically bioinert to bioactive 
to prevent different issues. In order to give scientific support for adopting β-Ti-based 
alloys as an alternative to cpTi, this paper evaluates the information currently avail-
able on the chemical, mechanical, biological, and electrochemical properties of key 
β-titanium alloys designed from the past few years. This article is also focusing on 
β-titanium alloy, its properties and performance over other type of titanium alloy such 
as α titanium alloys. However, in-vivo research is needed to evaluate novel β titanium 
alloys to support their use as cpTi alternatives.

Keywords:  Titanium, Biomaterials, β-titanium, Titanium alloy, Osseointegrations, 
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Introduction
Because of its great strength and low density, titanium has been used in technical disci-
plines such as the automotive, aviation industries and biomedical field. Menachanite is 
the first titanium mineral that was found, but production did not begin until 1910. Since 
then, alloying elements have further enhanced titanium characteristics. Ever since 1960 
various biomedical treatments, including craniofacial, orthopaedic, dental, prosthetic, 
and joint replacement surgery have routinely used titanium (Ti) and its alloys as metal-
lic biomaterials [1, 2]. The first report on plates for internal fixing dates back to 1895 [3]. 
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Since then, the use of medical stainless steel (316 L), cobalt-chromium (Co-Cr), and tita-
nium alloys in angioplasty and bone fracture fixing has increased significantly [4]. These 
materials have outstanding mechanical qualities, long-term stability, and strong biocom-
patibility. Because of their great osseointegration, higher biocompatibility, outstanding 
corrosion performance, mechanical stability, and excellent physicochemical stability, 
biomedical implants, in particular bone implants, have been made using titanium and its 
alloys [4]. However, not all titanium alloys are compatible with the human body.

The preferred material for creating dental implants is commercially pure titanium 
(cpTi) [5]. However, its application is not permitted in locations with high levels of wear, 
tensile strength, and fatigue [5–7]. Particularly when used in small-diameter implants, 
which must adhere to stringent mechanical stability specifications to prevent overload-
ing and implant breakage [8], pure titanium is a rather soft metal [9], making it prone 
to fatigue. Additional factors that restrict the applications of cpTi as a material for den-
tal implant are its higher Young’s modulus and without sacrificing biocompatibility, it is 
difficult to increase the material’s mechanical characteristics [10]. Another option is to 
use titanium alloy, which is made by combining titanium with other metals, to obtain 
superior mechanical properties [9]. Ti is a versatile element that may be combined with 
a variety of other elements to produce alloys with distinctive characteristics and designs 
for dental implants that are most closely resemble the ideal. Ti6Al4V alloy has various 
applications because of its superior mechanical performance [7]. The discharge of Al and 
V from this alloy however, had a negative effect on cells viability and severely reduced 
implants biocompatibility [11]. Al has in fact been associated to serious neurotoxic con-
sequences, particularly in light of research linking it to bone brittleness [12], Alzhei-
mer’s disease [13], and possible local inflammatory triggers. The usage of Ti6Al4V has 
been discouraged as a result of these studies, which have also sparked the creation of 
alloys devoid of harmful substances that are inert in the oral cavity. β titanium alloys do 
not have above drawbacks. Experimental alloys must have adequate mechanical prop-
erties, be strong and stable in corrosive environments, and be safe for usage in-vivo to 
expand their clinical applicability [14]. They must also be biocompatible. Due to their 
exceptional strength and outstanding biocompatibility [15] as well as characteristics 
including higher strength, better corrosion resistance [16], and Young modulus near to 
natural human tissues [17, 18] titanium alloys have demonstrated to be highly desirable 
for biomedical field. These exceptional qualities have made titanium alloys attractive 
candidates to replace cpTi in the production of dental implant and other applications, 
and in many circumstances to serve as the initial line of therapy [19]. Despite the fact 
that several alloys are made for biomedical purposes, numerous research on the viability 
of using these novel materials as alternatives to cpTi have come up empty. Additionally, 
few studies have put experimental alloys to the test in living organisms to support their 
application.

Metastable β-titanium alloys are extremely adaptable materials with substantial usage 
in the medical and other engineering fields. These alloys provide excellent structural 
materials for use in aircraft because of their low density and high strength, which may 
be obtained through precipitation hardening. Because they can be created with non-
toxic components and have high strength, low modulus, and low porosity, β-Ti alloys 
are desired biomedical materials. β-titanium structure is helpful in biomedical and other 
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technical applications because it has the ability for shape memory and has super elastic 
properties [20]. The selection of alloy components and desired properties in titanium 
alloys is controlled by application-specific design criteria. For instance, β-Ti alloy’s non-
toxicity is a key prerequisite for its usage in biomedicine. The alloying additions should 
not, however, cause the density of aerospace β-Ti alloys to increase. Due to the preva-
lence and variety of β-Ti alloys, current article emphases on β-Ti alloys of the biomedical 
grade. Most β-Ti alloys used in biomedicine can be categorized into two groups. The 
first group consists of structural alloys used in orthopaedic applications to sustain loads, 
while the second group consists of functional alloys used in orthodontic and cardio-
vascular applications. The design goals for these two groups of applications also differ 
significantly. Orthopedic alloys, for example, need higher strength and lower modu-
lus, while functional alloys must have super elasticity or shape memory qualities [20]. 
Reviewing β-Ti alloys as biomedical materials for dental and orthopedic applications is 
the main objective of this study.

Current biomedical alloys have inherent toxicity brought on by discharge of metal 
ions and stress shielding effects that could only be avoided by developing new material 
[21, 22]. The design of metastable β-titanium alloys for orthopaedic use is dependent 
on solutions to above problems. The innocuous elements Mo, Nb, Fe, Zr, Ta, and Sn are 
among those found in newer compositions of titanium alloys [23]. Furthermore, com-
pared to existing metallic biomaterials Ti-6Al-4 V, Co-Cr–Mo alloys, and 316L stainless 
steel β-Ti alloys have a lower modulus [24]. Research on the production of β-Ti alloys 
focuses on three factors: alloy composition design, thermo-mechanical processing, and 
performance assessment. Low elastic modulus is the goal in the creation of alloy compo-
sitions. Thermo-mechanical processing is used on β-Ti alloys to raise their strength while 
keeping their modulus of elasticity at lower value. The performance metrics that need to 
be determined are biocompatibility, corrosion, fatigue, and wear. Only a short descrip-
tion of β-Ti alloys has been made in studies that have tracked developments in the field 
of metallic biomaterials as a whole [23, 25]. Despite the significant advancements in this 
field, an inclusive topical study of β-Ti alloys for biomedical usage is not yet accessible. 
We present an overview of numerous important Ti alloys for various implants-related 
aspects in this article. To support the use of titanium alloys as substitute to cpTi and 
its alloys in clinical backgrounds, the existing knowledge regarding the mechanical, 
electrochemical, biological, and chemical characteristics of the principal alloys gener-
ated during the recent years is thoroughly studied. This article provides a comprehensive 
examination of methods for designing alloy compositions, thermo-mechanical process-
ing methods, and how these factors affect the performance of these alloys.

Classification of titanium alloys

A transition metal called titanium can combine with substances that have atoms of 
a comparable size to generate solid solutions. Up to 882.5 °C, it displays a hexagonal 
close-packed (HCP) geometry termed as the α  structure. Solid titanium above this 
temperature develops a BCC crystal structure and form a common β structure before 
melting at 1688 °C [26]. There are numerous varieties of titanium alloys that are either 
pure α or pure β, or blends of the two [27]. Either α-stabilizers, like oxygen, aluminum, 
or β-stabilizers, like vanadium, iron, nickel, and cobalt are used to alloy titanium [28]. 
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Some metallic substances, such as zirconium also have no impact on the stability of 
any phase. Titanium alloys are predominantly recommended for  implant fabrication 
due to their exceptional corrosion performance. The α micro-structure can be favored 
during processing, and this has an impact on the mechanical characteristics (fatigue 
resistance, strength, fracture toughness, ductility, etc.). Table  1 shows the differ-
ent stabilizing elements added to titanium alloy to stabilize particular structure and 
improve properties of titanium alloys.

It is necessary to characterize the room temperature crystalline phase, the concen-
tration, the kind of alloying components, and the microstructure of Ti alloys [29, 30]. 
There are three categories of elements that could be used to create titanium alloys: 
N, Al, O, and C are examples of α-stabilizer which try to stabilise the α-phase due 
to increase in transition temperature; Fe, Mo, Ni, V, Cr, Nb, and Co are examples of 
β-stabilizers that try to stabilise the β structure by lowering the transition tempera-
ture; and Zr and Sn are regarded as neutral elements which have no impacts on the 
stability of α or β structure. For ease of understanding, Table 1 provides a summary 
of these data. Figure 1 demonstrations impacts of stabilising elements on the titanium 
phase diagram to understand their mechanism. It is easy to see how adding atoms has 
an impact on the α and β phases and at their transition temperature.

Based on the proportional amounts of each phase, titanium may be further split 
into the near α, α, α + β, near β, and β phases [31]. Near α-alloys contain 1–2% of 
β-stabilizers and 5–10% of β  phases; α + β alloys however have higher amounts of 
β-stabilizers in their constitutions and typically contain 10–0% of β  phase in their 
microstructures [19]. Near-β and α + β alloys are mostly having α, β phases and have 
larger concentrations of β-stabilizers. It is well understood that the volume percent-
age, form, size, and distribution of the phase precipitates within the matrix sub-
stantially influence the structure, which has a significant impact on the material’s 

Table 1  Titanium alloy stabiliser with its effects and different properties [11]

Stabilizing elements Impacts on transition temperature Effects on 
properties 
of Ti

α stabilizers: O, C, Al, N Increase Hardening

β stabilizers: Cr, Mo, Co, V, Fe, Ni, Nb Decrease Grain refiners

Neutral: Zr and Sn No noticeable impact Hardening

Fig. 1  Titanium phase diagram as per stabilizer’s compositions [11]
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chemical and physical characteristics [32, 33]. The alloying components that can 
affect the microstructure of titanium are known to researchers. To create implants 
with superior performance than those created with cpTi, they added elements to pure 
titanium. For example, the combination of Ti and Al to generate Ti6Al4V was thought 
to develop a biphasic microstructure (α + β) due to stabilising impact of α and β, V 
and Al. Alloys which shows the α + β microstructure include characteristics such as 
high strength, ductility, and lower-cyclic fatigue [19]. Ti6Al4V is a popular Ti alloy 
that is utilised in biomedical applications where high strength is required [34]. The 
titanium matrix hardens quickly in solid solution when alloys with Al are used [35].

Additionally, the effects of solid solution hardening have been produced using Bi 
and Zr, like Al [36, 37]. Alloys can be created in a range of ratios when titanium is cast 
entirely with Zr, which often increases Ti’s mechanical strength as well as its poten-
tial for corrosion and resistance to wear [31]. In contrast, β-stabilisers that also serve 
as grain refiners are present in β-titanium alloys [14]. Nb, Mo, and Ta have gotten the 
most attention for creating β-titanium alloys that combine better mechanical qualities 
with great biocompatibility [32, 37]. They are among the most effective alloys for making 
implants as a result of these properties [29, 32].

α‑Ti and near‑α Ti alloys

Only the α-phase is present in α-type Ti alloys, which are composed of cp-Ti and Ti 
alloys in various grades. In general, cp-Ti comes in four grades that range from 0.18 to 
0.40 wt% O and 0.20–0.50 wt% Fe [38]. Compared to α-Ti alloys, near α-Ti alloys prin-
cipally comprise α-phase and a negligible percentage of β-phase, that are the result of 
the adding a smaller number of β-stabilisers (1–2 weight %) [39]. Similar characteris-
tics, for example outstanding corrosion performance, superior weldability, and strong 
creep performance, are shared by both α-Ti alloys and near α-Ti alloys. This makes them 
appropriate for applications involving high temperatures. However, due to the far more 
solid HCP structure, their strength is noticeably lower at room temperature and typi-
cally could not be increased by heating process.

β‑titanium alloys

In comparison to (α + β)-titanium alloys, β-titanium alloys have lower percentage of 
α-stabilizers (like O, C, N, Al) and larger percentage of β-stabilizer (like Mo, Ta, and Zr), 
with no intermetallic phases forming [40]. Because there is no micro-galvanic activity 
between the different phases, β-type titanium alloys are projected to have superior cor-
rosion resistance in human tissue than (α + β)-titanium alloys and are also comparably 
stronger and more biocompatible [41]. Because of this, β-type Ti alloys may be able to 
overcome challenges in the development of biomedical implant. For biomedical applica-
tions, numerous newer β-titanium alloys [42] and gum metal, a class of β-titanium alloys 
with particular alloying elements which seemed to undergo a dislocation-free method 
of deformation, have been created in the previous two decades. These alloys often have 
comparable or improved properties. As a result, recent research has concentrated on 
creating novel, inexpensive β-titanium alloys that have advantageous mechanical charac-
teristics for biomedical field and are composed of inexpensive alloying elements includ-
ing Fe, Mn, Sn, and Cr [43]. Some of the important β-titanium alloys are Ti12Mo6Zr2Fe, 
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Ti(10 − 80), Ti15Mo5Zr3Al, Ti16Nb10Hf, Ti15Mo2.8Nb3Al, Ti13Nb13Zr, Ti15Mo, 
Ti24Nb0.5O, Ti24Nb0.5N, Ti29Nb13Ta4.6Zr, Ti23Nb0.7Ta2Zr, TI36Nb2Ta3Zr0.3O, 
Ti23Nb0.7Ta2Zr1.2O, Ti35Nb5Ta7Zr. Table 2 shows different properties of above men-
tion β-titanium alloys.

(α + β)‑titanium alloys

More β-stabilisers  are present in (α + β)-type titanium alloys than in near α-type 
titanium alloys. Therefore, (α + β)-titanium alloys have a high percentage of the 
β-phase (between 5 and 30 volume%) [50]. (α + β)-titanium alloys have better 
fabrication ability, and moderate high temperature strength [51]. In contrast to 
α-titanium alloys, (α + β)-titanium alloys can heat treated, allowing for the optimi-
zation of their mechanical properties. The volume fractions and properties of the α 
and β phases can alter depending on the alloy chemistry, heat treatment tempera-
ture, and cooling rate [52]. In addition to CP-Ti, Ti6Al4V (Ti64) is the most widely 
used (+ α + β)-titanium alloy for use in biomedical field, accounting for 50% of total 
Ti production [39]. By reducing the number of interstitial impurities (for examples 
H, O, C, and N), Ti-6Al-4 V also recognized as Ti6Al4V ELI, which has been further 
enhanced and is now frequently utilised for plates for bone fixation and the stem of 
prosthetic hip joints [53]. Ti6Al4V has been replaced with Ti6Al7Nb and Ti5Al2.5Fe 

Table 2  Mechanical characteristics of human bones and different titanium alloys are compared

Materials Yield Strength (MPa) UTS (MPa) E (GPa) Ref

Human Bone Cortical bone 30 − 70 194 − 195 5 − 23 [44]

Cancellous bone – 0.9 − 8.80 0.01 − 1.57 [44–46]

α microstructure Cp Ti (grade 1) 170 240 115 45

Cp Ti (grade 2) 275 344 105 46

Cp Ti (grade 3) 380 450 115 47

Cp Ti (grade 4) 480 550 105 [2, 47]

α + β microstructure Ti-3Al-2.5 V 585 690 100 25

Ti-6Al-7Nb 921 1024 105 [25, 48]

Ti-5Al-2.5Fe 914 1033 110 45

Ti-6Al-4 V (annealed) 825–869 895–930 110–114 [25, 45]

β microstructure Ti-12Mo-6Zr-2Fe 1000–1060 1060–1100 74–85 [48, 49]

Ti-(10–80) Nb 760–930 900–1030 65–93 25

Ti-15Mo-5Zr-3Al 870 870–968 882–975 75 45

Ti-16Nb-10Hf 730–740 740–850 81 [2, 25]

Ti-15Mo-2.8Nb-3Al 771 812 82 [48, 49]

Ti-13Nb-13Zr 900 1030 79 45

Ti-15Mo 544 874 78 [2, 45]

Ti-24Nb-0.5O 665 810 54 2

Ti-24Nb-0.5N 665 665 43 2

Ti-29Nb-13Ta-4.6Zr 368 593 65 46

Ti-23Nb-0.7Ta-2Zr 280 400 55 2

TI-36Nb-2Ta-3Zr-0.3O 670–1150 835–1180 32 2

Ti-23Nb-0.7Ta-2Zr-1.2O 830 880 60 2

Ti-35Nb-5Ta-7Zr 530 590 55 
[18]

530 590 55 45
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because Ti6Al4V contains poisonous V [53, 54]. Ti6Al7Nb has been utilised in 
biomedical devices like plates for fracture fixation, femoral hip stems, fastenings, 
wires, and screws because it has better wear resistance than T6Al-4 V [55]. Because 
Ti5Al2.5Fe is metallurgically analogous to Ti6Al4V, it has been used to make hip 
prostheses and hip prosthesis heads. Despite the fact that Ti6Al7Nb and Ti5Al2.5Fe 
both can remove harmful V from Ti6Al4V, Al yet present in both alloys and could 
potentially cause a certain sickness (such as Alzheimer) [56]. Ti alloys of the (α + β) 
class are not the best option for biomedical implants because of this. Between 1950 
and 1990, the very first generation of biomaterials, which included cp-Ti, Ti6Al4V, 
Ti6Al4V ELI, Ti6Al7Nb, and Ti5Al2.5Fe, were developed [57]. Evidently, the moduli 
of (α + β)-titanium alloys are still considerably greater as compared to bones, that 
could lead to implant loosening and bone resorption. These factors result into crea-
tion of β-titanium alloys, which have reduced elastic moduli and improved biocom-
patibility as well as non-toxic β-stabilizers (like Ta, Zr, and Mo) [58].

Shape memory alloys based on titanium

Ti-based shape-memory alloys, such as TiNi, TiZr, TiNiAg, and TiNbSn, are often 
used as biomedical materials due to their exceptional mechanical characteristics 
[59, 60]. A reversible martensitic transformation is the basis for the near equiatomic 
TiNi alloy’s original discovery of superelasticity and shape-memory properties, they 
have a low elastic modulus, high recover strain, and high strength [61]. Due to these 
benefits, TiNi alloy is suitable for a variety of applications. Nonetheless, the princi-
pal uses for Ti-Ni and other shape-memory alloys based on titanium continue to be 
biomedical and aerospace. For biomedical applications, TiNi alloy exhibits superior 
biocompatibility to stainless steel and other titanium implant [62].

In artificial saliva, corrosion resistance of TiNi alloy is also marginally greater as 
compared to Co-Cr-based alloys. Thierry et  al. [62] examined the thrombogenic-
ity of Ti-Ni vs. SS stents in an in  vivo shunt porcine model. The findings revealed 
that while SS stents undoubtedly shows higher thrombus, TiNi stents only represent 
a small percentage of thrombus, with most of it concentrated at the intersections 
of the struts. Several more investigations into the biological performance of TiNi 
alloy have also been made, and it is generally agreed that both in vitro and in vivo 
testing of TiNi alloy demonstrates biocompatible behavior [63]. TiNi alloy can be 
used for a variety of bone implants, including stents, bone tissue engineering, and 
spine fracture repair, cervical and joint replacements, thanks to its high strength and 
comparatively low stiffness [64]. The shape-recovery property in particular makes 
it possible for the TiNi alloy implant within the host tissue to maintain mechanical 
integrity. Walking and running can achieve the recoverable strains in a superelastic 
TiNi implant, which encourages the formation of bone cells around and/or inside 
Ti-Ni implants [65]. The ability of implant strain to drive cell development has been 
extensively studied in vivo utilizing guinea pig models [66]. When compared to TiNi 
alloy, other metallic implants consistently show lower stresses and are stiffer. As a 
result, implants made of TiNi alloy and other Ti-based shape-memory alloys have an 
advantage in terms of osseointegration.
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Titanium alloy production methods for use in biomedical applications

Casting, cold, and hot working, powder metallurgy, machining, and additive manufac-
turing are some of the production methods for Ti alloys used in biomedical field. Three 
different types of Ti alloys, including, α, β, and (α + β) are produced. Certain alloying 
elements, for example Al, O, Si, Sn, and Zr dissolve preferentially in the α-phase, elevat-
ing the (α + β)-phase [67]. These elements are added to alloys to change their character-
istics, such as hardening and increased tensile strength. The range of strength of various 
classes, collectively known as cp-Ti, is mostly controlled by oxygen. Due to their lower 
elastic modulus (that is lower as compared to α-phase and (α + β)-phase and close to 
that of the human bone) and higher specific strength, titanium alloys stabilized by the 
β-phase transformation are appropriate for biomedical applications [68]. The cpTi and 
Ti6Al4V are produced using the conventional methods, using materials that are graded 
1–5 by the ASTM standard, such as bars, sheets, billets, strips, plates, wires and forg-
ings. Unalloyed cpTi is existing in grades 1–4, and alloyed Ti-64 is available in grade 5 
[39].

Due to its advantages of low cost, resource efficiency, suitable time, and customized 
fabrication parameters, the powder-based additive manufacturing method of titanium 
and its alloys, one of the AM approaches, has gained considerable attention for biomedi-
cal applications [69]. The chosen additive manufacturing method, as well as the quality 
Ti and its alloy powder, has a substantial effect on the quality of implants made via addi-
tive manufacturing. The biomaterials are produced using additive manufacturing tech-
niques such as directed energy deposition [70], laser-based powder bed fusion of metals 
(PBF-LB/M) [71], powder fed system of binder jetting [72], electron beam powder bed 
fusion of metals (PBF-EB/M) [73], plasma atomization [74], gas atomization [75], and 
plasma rotating electrode process [76].

Design improvements have been made possible by advancements in porous titanium 
structures for biomaterial applications. Using additive printing techniques, porous sur-
face surfaces with predetermined, predictable unit cells for biomedical implants can be 
created, which have the requisite properties like encouraging cell growth and osseoin-
tegration. By having compressive strength and elastic modulus that are comparable to 
those of human bone, biomedical implants might avoid difficulties after implantation 
such as stress shielding effects [77, 78]. Biomedical implants need to have an exact design 
of porosities and pores in order to replicate the various mechanical qualities and features 
of the two main types of bones, cortical bone and trabecular bone [79]. While exhibiting 
comparable composition in respect of porosity and the proportion of organic and inor-
ganic components, these two bone types are different from one another. These two types 
of bone are mixed and arranged differently depending on the mechanical loading that 
is being applied as well as the skeletal region. Cell differentiation and proliferation are 
impacted by the size, porosity, and quantity of pores, which affect their form [80].

The two primary categories of cellular structures are stochastic and non-stochastic. 
In contrast to stochastic structures, which have cells with randomly changing shapes 
and sizes, non-stochastic structures can be represented by the periodic recurrence of 
a lattice structure. On the basis of production via powder bed technologies, which pro-
duces superior mechanical characteristics and the ease of eliminating unfused pow-
der, non-stochastic metal structures are favoured over stochastic metal foams [81, 82]. 
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This is due to the fact that their cell sizes and shapes do not vary at random. Changes in 
non-stochastic structures, such as pore size and shape, permeability, and porosity, have 
been assessed in terms of how they affect the mechanical properties of Ti6Al4V scaf-
folds made by selective laser melting as well as in vitro biological findings (SLM). The 
amount of cells adhered to the Ti-6Al-4  V scaffold was affected by the different pore 
shapes’ effects on cell permeability. Further research demonstrated that the hexago-
nal pore shape experiences higher pore occlusion than rectangular or triangular pores, 
which mostly explains why the circular cell growth pattern was irrespective of pore size 
and shape [83].

Furthermore, research on titanium hip implants has been done to reduce the effects 
of stress shielding without compromising mechanical strength. This was achieved by 
incorporating fabrication methods including finite element analysis (FEA) and electron 
beam melting (EBM) into the design process. To accomplish the necessary reduction 
in implant stiffness, the solid stems were altered using a periodic lattice structure. The 
comparisons between the built model and the simulated model showed that it is possible 
to create non-stochastic lattice architectures using EBM. Lattice strut orientation was 
important for the fabrication process as well. The EBM-fabricated model and the FEA-
simulated model had different strut surfaces; therefore, safety considerations had to be 
built into the implant design [67].

In contrast to the FEA model’s constant cross-section and smooth surface, the manu-
factured struts had slight fluctuations in their cross sections and textured surfaces. The 
three model configurations used in the study were complete solid, hole, and mesh forms. 
At the proximal part of the femur, it was discovered that the mesh arrangement built into 
the Ti-6Al-4 V stem had improved stress distribution characteristics [84, 85]. Another 
investigation was done to ascertain the internal geometry, pore size, and pore density 
of porous structures made of Ti-6Al-4  V using pulsed and continuous laser melting 
deposition (LMD). Although different densities were obtained in both cases when the 
parameters, such as laser power and powder mass flow rate, were changed, it was dem-
onstrated that both manufacturing techniques produced different internal porous archi-
tectures. On the substrate, Ti6Al4V powder was employed as the deposition medium, 
and parameter tuning led to the creation of pores that were appropriate for osseointe-
gration. Discovering analytical models of the Wolfram Mathematica-created processes is 
required in order to find interacting, transient heat, temperature, and mass flow models 
[86]. Compared to a continuous beam, a more regulated porosity might be achieved by 
using a pulsed manufacturing technique. To prevent early failure, a regular structure was 
essential [87].

Titanium alloys’ characteristics

Mechanical characteristics

The mechanical properties and biocompatibility of a novel alloy are its primary design 
considerations [15]. Dental implants must have robust mechanical properties due to the 
stresses and fatigue cycles they encounter during use [88, 89]. By using methods includ-
ing solid solution strengthening by substitutional and interstitial atoms, precipitation, 
grain refinement, dispersion strengthening, and work hardening, including lamellar and 
dispersed phases, titanium and its alloys’ mechanical characteristics can be enhanced 
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[90]. It is expected that biomaterials will combine higher strength and lower elastic 
modulus [91]. For solid materials, particularly metals and alloys these qualities appear 
to be mutually exclusive [18]. Strength and elastic modulus of titanium alloy are typi-
cally increased by adding elements like Mo, Nb, Ta, and Zr [36]. To make implants oper-
ate better than those manufactured with cpTi, it is crucial to find a balance between 
strength and elastic modulus. As a result, it is important to comprehend the characteris-
tics of biomaterials and forecast how they will behave when anchored to bone [92]. The 
mechanical characteristics of Ti alloys created for biomedical purposes are displayed in 
Table 2. Because Table 2 summarizes multiple studies whose procedures were not stand-
ardized, it is important to proceed with caution when drawing conclusions from the 
analyses there.

Ductility and strength

The alloy’s strength ought to be sufficient to support the load placed on an implant [15, 
93], which may include bending, torsion, compression, and tension [32]. Materials that 
are employed as substitutes for hard tissue must have certain qualities, including tensile 
strength and fracture toughness for protecting the implant integrity and avoiding plastic 
deformation at the time of implantation in order to maintain stability between prosthetic 
components and implant [10]. Contrarily, ductility makes a number of manufacturing 
process easier [91], which is crucial because implants have complicated geometries. The 
structure and grain size of the alloy can be changed to increase its strength and ductility.

The solid solution alloy is altered by the addition of V and Al, resulting in particle pre-
cipitation and a transformation in the phase from α to the α + β [10] which make the ten-
sile strength of Ti6Al4V is much stronger than that of cpTi. Similar results were obtained 
by adding Al to TiNb and Si to TiNbZrTa, which strengthened the solid solution and 
refined the grain [94, 95]. Because silicide intermetallic particles supported the grain 
boundaries, grain development was suppressed when Si was added [94]. In comparison 
to pure Ti, the yield strength and tensile strength of Ti grains refined by adding Nb are 
improved by 1.5–1.6 times [49]. Additionally, there is evidence that the presence of Ta to 
Ti-Nb-Zr, which features an elastic and completely plastic material increases the alloy’s 
ultimate tensile strength and elongation [96]. High-pressure torsion proved successful in 
improving the microstructure and enhancing the tensile strength of an alloy with a com-
parable composition by increasing the density of dislocations [16]. However, Ta was the 
reason for a reduction in Ti-Fe alloy strength [97], despite the alloy’s increased hardness 
and compressive yield strength. It is not always the case that the mechanical qualities of 
the alloy will be improved by adding alloying components.

Increased Sn additions to the β phase of an alloy in the instance of TiNbSn tend to 
reduce alloy’s ductility and tensile strength [91]. According to research by Datta et  al. 
[15], a higher concentration of β-stabilisers may be able to lower the material’s resist-
ance. This was first noted in a prediction model, and then confirmed by producing a 
Ti–Al-Zr-Mo-Nb–Ta-Sn-Cr alloy that shown lesser strength as compared to Ti6Al4V 
whereas other two types of alloys with smaller concentrations of β stabilizers displayed 
high resistance level. A thermomechanical alloy process must be consolidated in order 
to provide a microstructure with reduced levels of β stabilizers.
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Strength and ductility of Ti alloys are both directly correlated with interstitial content 
of materials [10, 98]. Although interstitial solutes reduce the cpTi hardness and enhance 
the material’s strength, they also have a negative impact on the material’s elongation val-
ues [10]. Similar behaviour in alloys is caused by intermetallic phases produced by sub-
stitution elements like Fe, Ni, and Cu. One sort of research which investigated two alloys 
with varying CuNi levels found that reducing the amount of these elements enhanced 
the alloy’s ductility and raised the tensile strength to 1050 MPa [98]. The qualities of an 
alloy are also influenced by the manufacturing process. The Ti alloy is made stronger and 
more ductile by cold rolling, aging, annealing, and small-scale incorporation of ceramic 
particles into the matrix [16, 32, 94]. Since dental implants are subjected to continual 
pressures or cyclic stresses, long-term longevity of the material depends on assuring 
its biomechanical compatibility with bone [19]. Ti alloys made using various processes 
range in tensile strength from 360 to 3267 MPa (Table 2). Alloys of the (α + β) type were 
found to have high yield and ultimate tensile strength values in general. It is clear that 
the presence of Zr, Ta, Si, Fe, Al, and Mo tends to increase alloy strength. This feature is 
not greatly affected by the presence of Nb, Sn, or Bi. The alloy strength is also influenced 
by the processing method, with SPS yielding has the greatest values.

Elastic modulus and hardness

Hardness is the capacity of a substance to withstand persistent deformation by indenta-
tion [37, 99]. It should be modest while making implants to ensure optimal machinabil-
ity, but it should also have enough stiffness for protecting the bone from stresses [10]. 
Young modulus is a crucial property for the biomechanical interface of the bone and 
implant. Lessening the elastic modulus reduces bone atrophy while improving stress dis-
tribution at the implant-bone interface [10]. The elastic modulus has to be as near the 
bone as possible and feasible because “stress shielding” has been associated with osteo-
porosis and bone resorption near to implant site [7, 100].

The metallic implant would move in small ways if the Young’s modulus were too low, 
hence this should be avoided, which can result in the prosthesis failing and the implant 
coming loose [49]. Although the existence of a α phase is associated with greater alloy 
hardness values, the elastic modulus may not prefer its presence. Because α-stabilizers 
function as a substitutional solute that reduces the material’s atomic mobility [31] or 
whenever the alloys are aged at low temperature, it promotes the phase’s precipitation 
[19], they increase the hardness of the specimen. The elastic modulus should first rise 
with increasing β content then fall abruptly at higher concentrations [15].

Usually, β-stabilizers having lower concentrations lead to α + β alloys, which have 
greater elastic modulus values because the α phase is present. The reduction of the α 
structure in an alloy structure by a rise in β stabilisers can lead to low hardness [37, 91] 
and as a result, the elastic modulus is decreased. When Zr and Bi were added to Ti, the 
hardness values improved in comparison to cpTi [31, 36, 101]; however, when Zr con-
centration grew, the hardness somewhat decreased [21, 88]. For the elastic modulus, Zr 
behaves differently. Zr was added in mass amounts ranging from 5 to 10%, which initially 
resulted in a fall in values; however, the value of this feature was increased beyond that 
of cpTi [31] at concentrations higher than 15%. The difference was due to Zr’s greater 
atomic radius than Ti, which the scientists related to a change in distances between 
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the atoms of an alloy’s compositions. As a result, the atomic-level force that controls 
modulus of elasticity is altered. Addition of Nb to a TiZr alloy produced a biphasic α + β 
microstructure as well as increase in hardness, that was then further improved with 
aging heat treatments [35]. However, this process typically raises the Young modulus to 
levels more than 100 GPa [94]. The addition of Sn to the Ti-30Nb resulted in an alloy 
with a high level of β structure, which, aside from lowering the elastic modulus, had no 
influence on the material’s hardness [102]. This was caused by the distribution of Nb 
throughout the titanium matrix. A Ti33Nb4Sn alloy produced by cold-rolling and then 
annealing methods had one of the lowest elastic moduli (36 MPa) ever recorded in the 
history of titanium as a biomaterial [18]. This was made likely by the creation of a β 
structure with little β-stabilizer content.

Even while cpTi and its alloys have lower elastic moduli than SS and Co-Cr alloy [7, 
16], they nevertheless have reasonably high elastic moduli when compared to human 
bones (10–30 GPa) [10, 103]. In comparisons to cpTi, α and α + β alloys, β alloys have 
demonstrated more favourable results in terms of Young’s modulus [92, 104]. This might 
be because of the BCC structure and lower atom lattice density of the β phase are dif-
ferent from the α phase’s HCP structure [16]. This guarantees that the alloy has a higher 
plastic deformability [100]. These diverse architectures’ atom spacing result in vari-
ations in the atomic-bonding force and, as a result, variations to elastic modulus [31]. 
With thermomechanical processing, alloy elastic modulus might vary greatly [15, 16]. 
For example, samples quenched in water had lower values for Young’s modulus [15, 32], 
which is consistent with Table 2. Fast cooling prevents the creation of the α structure, 
that inhibits the conversion of α phase to the β phase and causes decrease in elastic 
modulus [32]. According to the literature, titanium alloys’ elastic moduli range from 35 
to 175  GPa, with focus on the β alloys whose values are equivalent to those of bone, 
Ti-36Nb-4Sn and Ti-23.72Nb-4.83Zr-1.74Ta(-Si) alloys which exhibited lower elastic 
modulus values are notably mentioned by the researchers [11]. The hardness value of 
cpTi, which is among the lowest, dramatically increases by adding of Fe, Zr, Mo, and Al. 
Ti-Fe(-Ta), TiAlV, and TiZr are the three hardest metals [11].

Fatigue behaviors

Unlike pure monotonic loading, it simulates a much more practical circumstance, 
cyclic loading must be used to assess the fatigue behaviour of materials used for dental 
implants [89, 105]. Additionally, the environment in which implants are placed might 
affect their ability to withstand fatigue by hastening the onset of surface imperfection 
and its growth to a critical size, which causes the implants to fracture [106–108]. Despite 
this, there are not many research that examine how Ti alloys perform in human-like 
media in this situation. Ti24Nb-Zr7.6Sn in 0.9% NaCl solution withstood more fatigue 
cycles before failing than it did in air because of the cooling action of this medium, 
which can prevent materials from softening due to an increase in temperature at the 
time of the fatigue test [109].

Moreover, the NaCl solution’s oxide layer may strengthen the alloy’s corrosion and 
wear resistance. In the strain-controlled fatigue test, Ti-24Nb4Zr7.6Sn showed a signifi-
cantly greater fatigue resistance than Ti-6Al-4 V ELI [109]. In Eagle’s solution, a corro-
sion fatigue test involving Ti alloys was conducted. At 108 cycles, TiZrNbTaPdON and 
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TiSnNbTaPdO had fatigue strengths of around 600 MPa, whereas Ti–Al-Nb–Ta had a 
fatigue strength of about 700 MPa. At 107 cycles, the Ti-Mo-Zr-Al alloy displayed lower 
performance than earlier alloys [110]. When compared to Ti-Grade IV, Ti-15Zr discs 
and dental implant performed much better under fatigue. The alloy’s and cpTi’s upper 
limits for fatigue endurance were 560 MPa and 435 MPa respectively [111].

The fatigue strengths of Ti-7.5Mo and Ti-13Nb-13Zr were lower than those of Ti-
6Al-4  V and cpTi. However, when strain controlled fatigue resistance is taken into 
account, Ti-7.5Mo exhibited the best fatigue performance [112]. Combining material 
qualities, surface properties, and design optimization of implants can improve fatigue 
behavior [111]. In this context, the employment of various heat treatments, the depo-
sition of hard thin coatings, and mechanical processing process all have an important 
effect on how well Ti alloys handle fatigue [106]. By creating considerably smaller micro-
structures, cold rolling increases fatigue resistance [109]. Alloy fatigue cracks may pri-
marily be caused by surface porosity created during the casting process [112]. Similar 
to this, surface treatments like SLA that induce roughness have been shown to have a 
negative impact on a material’s fatigue behaviour and increase fracture initiation sus-
ceptibility [111]. In general, more research is advised on the fatigue performance of tita-
nium alloys with cyclic load in media that are similar to those found in humans, such as 
synthetic saliva and SBF. Which is necessary because dental implant materials are more 
susceptible to the combined impact of cyclic mechanical loads and a corrosive environ-
ment than to any factor acting alone [105]. Improvements must also be made to thermo-
mechanical processes and surface treatments to prevent manufacturing flaws that could 
act as stress concentration sites and cause failure initiation or propagation.

Surface properties

Surface qualities like composition and topography have an important effect on the out-
come of implants therapy. Implants need a surface that encourages appropriate miner-
alization and osteogenic differentiation during the first phase of integration [113]. Cell 
adherence to bone apatite is influenced either indirectly or directly by surface charac-
teristics of the implant’s components, such as surface roughness, surface energy, and 
substrate compositions [114, 115]. It is ideal for dental implant that the alloy maintains 
hydrophilic surface simultaneously preserving the topographic micro-roughness [116].

Implant surface roughness is compatible with micrometre (0.11–100  µm) and 
nanoscale (1–100 nm) [117], and surface morphology is likewise compatible with these 
scales (Fig.  2). There are signs that bone response is influenced by micrometre and 
nanoscale levels [118], resulting in appropriate cells attachment, increased contact of 
implant/bone, and higher resistance to torque release [113, 119]. It was observed that 
easily ingestible, physiologically significant nanometric proteins will influence cellular 
responses favorably [120]. It was discovered that rough topographies were linked to oste-
oblast differentiation, whereas a smooth surface was linked to cell proliferation. Accord-
ing to theory when cells come into touch with a rough surface, the autophagic process 
may be triggered physically which may cause cells to differentiate [121]. To enhance and 
hasten osseointegration, a surface that promotes cell maturation is essential. As shown 
in Fig. 2, the topography at the nanoscale exhibits a reduction in the water contact angle 
and an accompanying rise in hydrophilicity and surface energy.
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In earlier research [117], a Ti6Al4V alloy with various surface roughness level was 
produced. Higher rough surface led to better results. Cell adhesion and proliferation 
were responsive to variations in topographies. A rough surface was also found to have 
a higher overall protein adhesion rate, fibronectin may bind to a rough surface up to 
ten times more than it can to a smooth one. There is still room for improvement in 
the explanation of how minor variations in surface roughness (Ra < 0.50  μm) affect 
cellular responsiveness and protein adsorption [115]. Increased wettability is also 
necessary for improved cell proliferation and adhesion on Ti alloy implant surfaces 
[122].

Surface physical and chemical characteristics can affect how wettable the alloy is. A 
surface is referred to as “hydrophilic” or “hydrophobic” if the water contact angle is 
less than 90°, and vice versa [123]. Having a narrower contact angle (81.75°) than cpTi 
(96.46°), Ti45Nb was found to have better hydrophilicity [49]. However, the Ti50Zr 
alloy had a greater surface energy and lower surface roughness (37 mN/m, 0.17 µm) 
than cpTi (34 mN/m, 0.20 µm) and the Ti50Nb alloy (32 mN/m, 0.46 µm) [115]. These 
characteristics of the substrate composition ensured that the Ti-Zr alloy had a good 
in-vitro biological profile (cell adherence and proliferation). The alloy’s surface area 
was greater, but Ti had a coarser topography than Ti-Ta-Nb-Zr. The outcomes of sur-
face changes using different treatment techniques have likewise been outstanding. On 
the Ti25Nb3Mo3Zr2Sn alloy, treatment by mechanical friction resulted in various 
grain sizes [124].

The nano-grained alloy (7.0  nm; 50.4°) had the lowest surface roughness and the 
best wettability when compared to the finest-grain (7.4 nm; 64.1°) and coarser-grain 
alloys (7.1  nm; 67.8°). Nanoscale grains (30  nm) displayed improved cells response 
and absorb more protein when comparing to particle sizes of 90  µm and 180  nm 
[124]. The surface micro-roughness (0.14–0.48 µm), improvement in wettability (from 
70 to 35°), and surface structure of Ti6Al4V-ELI were obtained by combining two 

Fig. 2  Impact of topographic features at the micro- and nanoscales on implants. a Machined Ti6Al4V sample. 
b Acid etched sample. c Acid etched combined with alkaline treatment sample, adapted from [11]
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acid-etched surfaces with an alkaline treatment [125]. It is clear that the morphology 
of the treated samples has changed among an acid etching (Ac) and machined sur-
face with the alkaline solution-treated samples displaying an efficient osteoconductive 
behaviour (AcAk).

In a prior work [122], an electrochemical anodization process on a Ti-6Al-7Nb alloy 
produced a nanotopography. From 61.4° (machined surface), the contact angle was dras-
tically reduced to 14.8° (treated surface). But when compared to a machined surface’s 
(123 nm; 59°) roughness and contact angle, the anodized Ti-25Nb-25Zr alloy’s nanopo-
rous surface (with pores smaller than 15 nm) remained unchanged as well [126]. Despite 
this, the surface composition and altered morphology were able to dramatically enhance 
mesenchymal cells’ proliferation, adhesion, mineralization, and migration.

The biomechanical qualities of porous and rough surfaces are strengthened as a 
response to microscale bonding strength, facilitating interactions between the implant 
and the surrounding cells [113]. This is because implant surface created by these sur-
faces has a wider area of contact with newly developed bone. Enhancing cells feasibil-
ity and differentiation on the surface of Ti13Nb13Zr with a hydrothermal process that 
uses an alkaline solution having Ca and a straightforward post-heat treatment appears to 
be a successful technique without dramatically changing surface morphology [127]. This 
is because it increases surface hydrophilicity and perhaps increases surface area at the 
nanoscale and forms anatase structures [128]. The anatase phase’s presence was found to 
be crucial in boosting surface reactivity and energy [123].

Cell differentiation and maturation with osteogenic potential have already been found 
on a cpTi surface with submicron roughness and considerable hydrophilicity [128, 129]. 
Additionally, there are not much research that compare how different metals’ surfaces 
affect material qualities and tissue response. Most studies only examine surface attrib-
utes in connection with surface treatments. From this perspective, more investigation 
is required to thoroughly analyze how the makeup of various alloy surfaces that can 
impacts wettability, roughness, and biological aspects [130].

Corrosion behavior

The creation of a stable passive layer, primarily made of TiO2 is widely recognised to be 
the reason why titanium and related alloys shows better corrosion resistance in a dif-
ferent condition [2, 131, 132]. Despite any degradation to the passive coating on the Ti 
samples, it is possible to rebuild it relatively quickly. Ti alloys of α-type and α + β type 
are frequently used in early biomedical applications. The application environment, alloy 
compositions, and microstructure are typically important determinants of how corro-
sion behaves in metallic materials [133–135]. The environment inside the human body, 
for instance during inflammation and allergies, is typically steady, despite the fact that 
human temperature, environmental chemistry, and pH might occasionally change. 
According to Alves et al. [136], for cpTi and Ti6Al4V, 25 °C offers higher corrosion resist-
ance compared to 37 °C.’s analysis of the corrosion resistance of the materials in simu-
lated body fluid at the two various temperatures. As a result, cpTi and Ti-6Al-4 V exhibit 
different corrosion behaviours depending on the temperature. Like this, Ti-6Al-4 V cor-
rosion behavior is similarly influenced by the pH value [137]. Although its passive range 
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is limited at pH = 8, high corrosion resistance is demonstrated by Ti6Al4V in the neutral 
Ringer’s solution [137].

Because there is more oxygen and acidic food available, Ti-6Al-4 V pitting corrosion 
frequently occurs in the oral environment [19]. In Ringer’s solution, the alloys Ti15Mo, 
cpTi, and Ti6Al4V all have better corrosion resistance, but only Ti15Mo demonstrates 
a steady passive coating [138]. The environment of a human body, such as when brush-
ing teeth will inevitably have a higher fluoride solution [139, 140]. As a result, in situa-
tions like these, α titanium and (α + β) Ti alloy  shows lower corrosion resistance than 
β Ti alloys. For metal orthopaedic implants, fretting corrosion must also be taken into 
consideration [140]. The creation of a protective oxide layer reduces fretting corrosion, 
which typically manifests at modular connections [140]. Therefore, it is essential to uti-
lise Ti alloys that are appropriate for biomedical field and have strong corrosion resist-
ance. The development of β-type Ti alloys makes them prospective users in biological 
applications [141].

The chemical homogeneity of the underlying substrate, however, has a considerable 
impact on the passive film’s quality. Generally, heterogeneous microstructures with indi-
vidual Nb grains are formed when SLM is used to create Ti-35Nb using mixed pow-
der. According to a study by Wang et al., heating SLM-manufactured Ti35Nb to 1000 °C 
for 24 h in Ar environment considerably improves the substrate’s chemical homogene-
ity. Therefore, when compared to Ti-35Nb produced using SLM, the heat-treated ver-
sion has a corrosion potential that is greater, measuring − 0.46 V. (− 0.55 V versus SCE). 
Additionally, Alves et al. [142] showed that the stability of passive coatings affects the 
corrosion resistance of β-type Ti alloys. After heat treatment, they discovered that Ti-
10Mo alloy exhibits extremely lower passive current densities. With the aim of develop-
ing Ti alloys that are better suited for biomedical use, there are surely much comparative 
research on the corrosion rate of three distinct types of titanium alloys.

In the Ringer’s solution, Kumar et al. [138] investigated corrosion behaviour of cpTi, 
Ti6Al4V, and Ti15Mo alloys. They found that Ti15Mo alloy has a wider passivation 
range than cpTi (145–1522 mV vs SCE) and Ti6Al4V. (155–1460 mV versus SCE). The 
corrosion behaviour of as-cast TiZrNbMo alloys with various Mo concentrations was 
studied by one of the researchers. The findings demonstrated that constitutional under-
cooling caused by Mo leads the TiZrNbMo alloy’s grain size to shrink with increasing 
Mo concentration, and the least passivation current density is found in the TiZrNbMo 
alloy, which has a Mo adding of 15 weight percent and a value of 2.31 ± 0.03 A  cm−2. 
Zareidoost et al. [143] found that the alloy with the addition of Ag demonstrated excel-
lent corrosion resistance in the Ringer’s solution when Fe, Sn, and Ag were individu-
ally added to Ti25Zr10Nb10Ta. The passive film that is produced on Ti25Zr10Nb10Ta 
is more stable because Ag’s standard electrode potential is higher (0.799  V) than Ti’s 
(0.98  V). In Ringer’s solution, Ti25Zr10Nb10Ta1.5Ag exhibits higher corrosion resist-
ance. Ti40Ta22Hf11.7Zr’s microstructure was altered by Lin et  al. [144] through the 
application of various solution treatments and age treatments techniques. The find-
ings demonstrated that the solution-treated Ti40Ta22Hf11.7Zr exhibits a β + ω struc-
ture as-cast, that changes to a monolithic β phase after heated to 900  °C for 1 h. The 
β-phase slowly changes into the β + α”, β + α” + α’, β + α + ω phases after aging at 300 °C 
for 15 min, 1.5 h, 12 h, and 24 h respectively [145]. Ti-40Ta-22Hf-11.7Zr alloys with such 
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diverse microstructures exhibit various electrochemical behaviours in Hank’s solution. 
The sample that has been subjected to solution treatment and has a singular β micro-
structure exhibits the lowest current density (0.49 0.03  A  cm−2). In comparison to 
their conventionally made counterparts, Ti-6Al-4  V alloys made using SLM are more 
susceptible to pitting corrosion in 3.5 weight percent NaCl solution, while Ti-6Al-4 V 
alloys made using EBM exhibit better corrosion resistance in phosphate-buffered saline 
than their wrought counterparts [94, 106]. Hence, the following unanswered query is 
posed: do Ti alloys made by various preparation techniques exhibit differential corro-
sion behavior? To solve this problem, Suwanpreecha C et al. and Qin et al. [146, 147] 
looked at the corrosion behaviour of Ti-24Nb-4Zr-8Sn alloys produced using SLM and 
conventional monolithic methods. These two alloys are identical in terms of their chemi-
cal makeup and monolithic phase, but they have different structures. These alloys have 
essentially identical potentiodynamic polarization curves and Nyquist plots, as shown 
in Fig. 3 [145, 147]. It follows that differences in Ti-6Al-4 V alloy corrosion behaviour 
resulting from different production processes are connected to the creation of various 
phase composition in the structure.

Biocompatibility

Materials for implants must have great biocompatibility in addition to mechanical and 
corrosion resistance [145, 148]. Long-lasting implants made of ideal materials can be 
placed in human without requiring additional surgery [149, 150]. Following implanta-
tion, the materials would cause a sizable number of interactions with bodily fluid, pro-
teins, and cells in the human body. Conventional α + β titanium alloys include potentially 
hazardous components. As a result, β titanium alloys have been created recently, and an 
examination of their biocompatibility has also been carried out. When McMahon et al. 
[151] examined the cytotoxicity of Ni49.2Ti and Ti26Nb, they discovered that Ti26Nb 
is less cytotoxic. According to Xue et al. [152], the Ti19Zr10Nb1Fe alloy shows greater 
hemocompatibility as compared to the Ni–Ti alloy but equivalent cytocompatibility. 
The absence of harmful alloying components is the cause of the better biocompatibil-
ity of β-type Ti alloys [153]. There is an immediate need for more study of β-type tita-
nium alloys. Fibrous tissue capsules are far more likely to form on the implant’s surface 

Fig. 3  a Potentiodynamic polarisation curves and b Nyquist plots show electrochemical measurements 
of Ti-24Nb-4Zr-8Sn that has been selectively laser melted and wrought Ti-24Nb-4Zr-8Sn was denoted by 
Ti-2448 [145]
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because of the biological resistance of titanium alloys [2]. All varieties of Ti alloys will 
eventually experience this behaviour. Because of their biological inertness, alloys of the 
β-type Ti are safe but not bioactive. So, even though β-type Ti alloys do not include any 
possibly harmful alloying components, osseointegration should be further improved. In 
general, surface modification with the goal of enhancing Ti alloys’ bioactivity has drawn 
a lot of attention. Takematsu et al. [154] used electrochemical, hydrothermal, or com-
bined techniques to apply alkali solution treatments to Ti29Nb13Ta4.6Zr over a vari-
ety of durations. The findings shown that the surface of Ti29Nb13Ta4.6Zr evolves into 
a mesh-like structure and has a potent capability to promote the development of apatite 
regardless of the techniques or variables used.

Dikici et  al. [155] developed composite coatings on Ti29Nb13Ta4.6Zr with calcium 
phosphate/TiO2 by using the sol–gel technique. They discovered that because calcium 
phosphate and titanium dioxide are both highly bioactive to bone cells, the coating can 
significantly boost the material’s bioactivity. Fibrous tissue capsules are far more likely to 
form on the implant’s surface due to the biological inertia of titanium alloys [2]. Organic 
coatings have also drawn a lot of attention in addition to inorganic coatings. Extracel-
lular matrix (ECM) proteins have been successfully immobilised on titanium implants 
surface over the last few decades by research on cpTi and Ti6Al4V [156]. For example, 
human mesenchymal cells respond more favourably to cpTi coated with collagen [156]. 
Other coatings provide similar outcomes as well [157]. For instance, human mesenchy-
mal cells respond more favourably to cpTi coated with collagen [156]. Other coatings 
provide similar outcomes as well [157]. Unfortunately, information on the organic coat-
ings on β-type Ti alloys is currently scarce in the literature. In contrast, it is anticipated 
that β-type Ti alloys with bioactive coatings will emerge as a future trend for biomedical 
Ti alloys given the noteworthy accomplishment of organic coating on other types of tita-
nium alloys.

Osseointegration

The capacity of implants to osseointegrate and their success depend on optimising 
their surface topography and chemistry to encourage cell proliferation, adhesion, and 
differentiation. A prior literature study found that cpTi and Ti6Al4V exhibit equivalent 
osseointegration and biomechanical anchoring [11, 158]. In contrast, cpTi and a few 
alloys including Ti15Mo1Bi, Ti15Zr, and Ti24Nb4Zr7.9Sn have surpassed Ti6Al4V in 
animal tests (Table 3). It is evident that when alloys are fastened to animal bones, they 
behave biologically similarly to cpTi in the majority of investigations. In one investiga-
tion, Ti-Zr implants outperformed cpTi implants in terms of new bone volume creation 
and removal torque value [9]. The alloys TiCu, TiNb, and TiNbTaZr are also noteworthy 
since they demonstrated bone tissue biocompatibility without impairing the develop-
ment of new bone [49, 159, 160]. Without altering cpTi implants, the Ti-Nb–Ta-Zr alloy 
implant’s surrounding bone volume increased with time [161, 162]. Human studies with 
titanium alloys is very rare and is limited to TiZr, that is available commercially.

Studies employing tiny diameter Ti-Zr implants in humans in vivo [5, 163, 164] shown 
that these materials display osseointegration similar to that of cpTi. This study found 
that both the success rates and implant life were satisfactory. Despite the findings, the 
majority of studies only provide a maximum 1-year follow-up which suggests that more 
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extensive long-term research is required to establish the therapeutic effectiveness of the 
treatment. Long-term studies examining osseointegration in people are typically only 
conducted in a small number of cases in part because it is challenging to eliminate biases 
that the population being studied is subject to, such as biological variations, gender and 
age differences, and patient health conditions [165, 166]. Since in vivo investigations are 
difficult and contain a risk of patient injury, before doing such studies using Ti alloys it 
is essential that the chemical, mechanical, biological, and electrochemical characteristics 
of such alloys should be extensively confirmed from previous research. The advancement 
of in vivo investigations may also be hampered by ethical concerns and expenses. But it 
is important to promote human and animal research since they are essential for con-
firming the effectiveness and security of alloys before they are used in clinical settings.

Surface modification of Ti alloys

The surface layer of titanium implants produced using standard production methods is 
frequently oxidised, contaminated, regularly stretched and plastically deformed, non-
uniform, and terribly weakly defined, which required surface modification to suit for 
biomedical applications [167]. Moreover, titanium requires surface treatment because 
it is bioinert and obviously unsuitable for biomedical applications. The need for specific 
surface properties that are different from those in the bulk Ti for many medical devices 
is a key additional justification for surface modification [4, 168]. For instance, having 
high bone formability is essential to achieving biological integration. For devices that 
come into contact with blood, like mechanical heart valves, blood compatibility is essen-
tial. In other applications, it is also essential to have good wear and corrosion resist-
ance. Surface modification is critical for overcoming these challenges. The ideal surface 
modification technique boosts specific surface qualities required for certain therapeutic 
applications while also keeping the superior bulk properties of titanium and its alloys 
[169]. Figure 4 provides a schematic representation of several surface modification tech-
niques that have been presented in response to various therapeutic demands. The fol-
lowing characteristics could be attained through surface modifications of the titanium 

Fig. 4  Diagram displaying the various methods for surface alteration [4]
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implant: increased bonding at implant/bone, increased inductivity and conductivity of 
bone, increased wear and corrosion resistance, increased bioactivity, and biocompatibil-
ity, and accelerated post-implantation healing [169]. Surface modifications techniques 
are divided into physical, chemical, and mechanical categories based on how the altered 
layer develops on the material surface [167, 170]. For example, it was observed that the 
surface treated dental implants have higher survival rates than machined implants [171, 
172]. Achieving an osteoconductive surface that resembles bone, promoting cell adhe-
sion, enhancing corrosion resistance, and preventing ion escape into the environment 
are the main objectives of the surface treatments. Several methods, including mechani-
cal friction [124], isothermal oxidation [173], and hydrothermal synthesis [174], can be 
used to alter the surface of Ti alloys.

The sandblasting of particles followed by acid etching (SLA) of an implant is one of the 
Ti surfaces techniques that has been implemented in a medical context with the great-
est degree of success [175]. SLA implant have revealed enhanced cell differentiation and 
bone apposition in the primary phases of osseointegration, along with strong contact 
between implants and bone [176, 177]. This kind of SLActive® (Straumann) treatment, 
which has been proven to be an excellent choice for enhancing the material’s qualities, 
can be used to alter the TiZr alloy. In-vitro investigations have shown that the high-
voltage anodic oxidation technique known as micro arc oxidation (MAO) in electro-
lytic solutions works well for different titanium alloys including β titanium alloys [178, 
179]. With this technique, a coating is produced that is substantial, porous, rough, and 
corrosion-resistant, as well as having improved biocompatibility and a large surface area 
where the implant and bone can contact [4, 178, 180]. Moreover, the coating is made 
of hydroxyapatite, which improves the stability and interaction between the implant 
and the bone and improve the mineralization and osteoblastic growth processes. The 
electrochemical anodizing technique creates a nanoporous oxide layer on the surface of 
biomaterials, which enhances adhesion and cellular proliferation similar to polished sur-
faces of Ti6Al7Nb and Ti25Nb25Zr alloys [10, 181].

The environment for the process of cellular migration is improved by the growth of 
pores and nanotubes on a material’s surface [181]. Unite (Nobel Biocare) Ti implants are 
now readily available for this kind of treatment. They have been shown to have higher 
in vivo osteoconductive activity and survival rates than milled Ti [182]. With a tendency 
to increase the surface’s wettability, femtosecond (FS) laser-produced nanostructured 
thin films have shown significant cellular growth and dissemination [183, 184]. Similar 
outcomes were obtained using glow-discharge plasma, which raised Ti surface energy 
to enhance cellular adhesion [113]. Plasma treatments are now highly popular because 
they produce excellent electrochemical stability and protein adsorption outcomes, 
both of which are connected to the specimen chemical and physical surface modifica-
tions [185, 186]. Niobium pentoxide and another monolayer of graphene were combined 
to enhance the mechanical properties of Ti6Al4V alloy, including toughness and wear 
resistance to shield implant’s surface from the corrosion process [187]. Surface tough-
ness and corrosion resistance were strengthened by the addition of Nb-based coatings to 
stainless steel substrates there by improving the material’s biocompatibility [88]. In order 
to change the biological, mechanical, physical, and chemical characteristics of dental 
implants, surface treatments can be used with a range of goals. With the aid of modern 
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technology, materials with cytotoxic properties such as stainless steel and Ti–Al-V alloy 
can have their surfaces altered making them more attractive choices for rehabilitation 
therapies. More research is required on commercially available surface treatments for 
titanium implants in order to treat Ti-based alloys without degrading their properties. 
The sections that follow explain several methods for surface modification, including 
mechanical, physical, and chemical methods.

Mechanical surface modification

Ti surface morphology can be altered using mechanical surface modification techniques 
to affect osteoblast cell adhesion, cell proliferation, and cell differentiation. Fundamental 
surface modification methods including grinding, blasting, micromachining, and polish-
ing physically alter or remove the surface of the implant material. Mechanical surface 
treatments’ goals are to provide the proper surface features and surface roughness, elim-
inate surface impurities, and maybe improve implant-tissue adhesion during later bond-
ing operations [188, 189].

Physical surface modification

Chemical reactions do not happen when using physical surface modification approaches. 
Basic physical surface modification techniques include heat spraying and physical vapour 
deposition (PVD). For the growth of a coating, layer, or film on a Ti surface, these proce-
dures use electrical, thermal, and kinetic energy [189–191]. The coating substance in the 
thermal spraying process melted into a liquid, microscopic droplet, and was then placed 
on the substrate with a lot of kinetic energy. Coating material is supplied to the substrate 
in the form of ions, molecules, and atoms, which condense in reaction with the substrate 
atoms to form a film during the physical surface modification process. This film growth 
is caused by the reaction between the implant surface and the adjacent vapor. Electron 
beam, resistive heating, laser, or electric discharge in vacuum produce the ions, mol-
ecules, and atoms that make up coating materials. Techniques for physically altering the 
surface of a surface include ion implantation and discharge plasma therapy [188].

Chemical surface modification

Sol–gel processes, anodic oxidations, chemical vapour deposition (CVD), and chemical 
treatment are examples of chemical surface modification methods. During chemical sur-
face modification, electrochemical, chemical, or biological activities may take place at 
the contact of a Ti implant surface and a solution. Chemical interactions that occur in 
the gaseous phase of chemicals and the implant surface during the CVD process coat 
the implant surface with non-volatile compounds [192]. The sol–gel approach allows the 
connection of mineral phases with biological or organic systems by inducing a modest 
inorganic polymerization reaction. When adopting the sol–gel method, chemical reac-
tions take place in the solution phase as opposed to at the implant surface-solution or 
gel interface [188, 193].

ListParagraph4ListParagraph Surface modification of Ti alloys for antimicrobial properties

The degree of bacterial adhesion to an implant surface can be influenced by its topog-
raphy. The most suitable method for maintaining a strategy to prevent both the growth 
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of bacteria and material decay is the counteraction of biofilm formation by antimicro-
bial surfaces [194]. Antibacterial macromolecules, antimicrobial peptides, and other 
inorganic antibacterial metal components (silver, copper, zinc, etc.) can all be used to 
immobilise antimicrobial particles onto implant surfaces. Many micro- and nanopar-
ticles, including Ag, Cu, and others, can be utilized as antibacterial agents [195, 196]. 
These antibacterial elements prevent infection on implant surfaces via oxidatively stress-
induced membrane destruction of bacteria. The PEO technique on titanium and its alloy 
can be used to improve the coating’s antibacterial characteristics [197].

The antibacterial properties of a Ti6Al4V alloy made by Ren et al. [198] were estab-
lished by increasing the Cu content. Cu ions released into the environment appear to 
inhibit biofilm development and cause bacterial death. Copper is still regarded as the 
alloy that shown excellent cytocompatibility and corrosion resistance despite being a 
heavy metal with a moderate level of toxicity. In a manner similar to this, a Ti-Cu alloy 
showed powerful antibacterial activity without compromising the alloy’s mechanical 
properties or corrosion resistance [199]. When added to an electrolyte solution, Cu nan-
oparticles can fuse into the oxide layer. It has been noted that the Cu-incorporated coat-
ing was quite compact in nature and adhered to the implant surface effectively. Bacteria 
have been seen to absorb copper ions, which caused their cell walls to develop holes as 
a result of their contact with the copper ions [196]. Another investigation revealed that 
there was a considerable connection between Cu nanoparticles and the bacterium sur-
face, indicating that the bactericidal process is linked to the contact killing of bacteria. 
To S. aureus and E.  coli bacteria, the Cu-incorporated TiO2 coating shown extraordi-
nary bactericidal capabilities [196, 200].

By sputtering Cu onto Ti-6Al-4 V, TiCuO coatings have been created with promising 
in vitro antibacterial activities and biocompatibility, in addition to its inclusion into Ti to 
form alloys [194, 201]. Investigations on the antibacterial qualities of Ti-Ag alloys have 
also been conducted [194, 202, 203]. With an increase in Ag content, the alloy’s anti-
bacterial activity and corrosion resistance dramatically enhanced while maintaining bio-
compatibility [202–204]. Following surgery when the tissue is vulnerable to pathogenic 
bacteria, antibacterial capabilities are essential as well as shortly after osseointegration, 
whenever biofilms and the start of peri-implantitis may develop [160]. According to 
Chen et al. [202], for a substance to have a long-lasting and potent antibacterial action 
on Streptococcus aureus, amount of Ag must be minimum 3% by mass. The capability of 
the specimen to discharge Ag ions in solution may be connected to their antimicrobial 
activities [205]. This could make bacterium’s cell membrane more permeable and cause 
depolarization of the cells and phosphate efflux, which would cause cell contents to leak 
out and DNA replication to stop [203, 206]. With a considerable decrease in bacteria 
compared to untreated surfaces, the integration of Ag (nm) on the surface of materials 
by the surface modifications was equally advantageous in improving antibacterial activi-
ties without reducing the biocompatibility of the materials [178, 205, 207]. According to 
a prior work [208], Ti-Ag coatings still produce a modest amount of antibacterial activity 
75 days after immersion, showing a sustained bactericidal potential. The development 
of a tantalum nitrate coating was another process utilised for antibacterial objectives 
[209]. Ag particle doped coating showed remarkable antibacterial properties against S. 
aureus and E. coli bacteria. Additionally, the antibacterial activity of the coating surface 
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improved with a rise in the percentage of AgNP in the electrolyte. Effective bactericidal 
outcomes were attained as a result of the interaction between contact killing and the 
release of A + from AgNP [194, 195]. The antibacterial capacity of coatings with added 
silver is typically dependent on the concentrations of delivered silver particles, which 
can effectively impede the development of microscopic organisms through reactions 
with thiol groups in proteins, subsequently shortening DNA, and finally stopping rep-
lication capacity [195]. The process also considerably enhanced the material’s resistance 
to bacterial corrosion [201].

Antibacterial coatings must have accurate substrate decay, be biocompatible, thinner, 
denser, and rigid in order to be effective. They also need to be physically inert, not affect 
the material’s physical properties, and have the least potential effect on the final price of 
an implants [201]. The ideal scenario, notwithstanding the encouraging results would 
be for the materials to directly display bactericidal activity through their components 
without obstructing bone formation and osseointegration, as was the case for Ti-Cu and 
TiAg alloys. However, the creation of surfaces that can lessen bacterial adherence and 
kill germs locally by contact without releasing any material is a promising method to get 
around toxicity issues [210, 211].

Current challenges and recommendations in developing new Ti‑based implant materials

The most important factor for any implant is its ability to remain in human body for 
longer time without creating any adverse side effects, especially metallic implants made 
of Ti alloy. The management of the grain size of different titanium phases, as well as their 
shape, orientation, and distribution, are always difficult problems in the manufacturing 
of titanium alloys. Although other metallic biomaterials like SS and Co-Cr alloys have 
higher Young’s moduli than titanium alloys do, this attribute of titanium alloys may be 
the cause of the stress shielding effect because of a considerable difference with human 
bone [1, 212]. This still poses the biggest issue and obstacle for the development of 
implants made of titanium alloy. A porous Ti-based alloy is regarded as a novel invention 
for the foreseeable future since it has been shown to encourage tissue regeneration and 
firmly secure implant by regulating the degree of sintering [148, 213]. Moreover, the tra-
ditional powder metallurgy process can be enhanced using the self-propagating higher 
temperature synthesis (SHS) method of sintering [214, 215]. Surface treatment with the 
intention of stimulating surface to create a bind to the implantation sites presents a sub-
stantial difficulty in the development of titanium alloy implants.

Surface modification techniques include deposition, anodization, electrophoretic, ion 
implantation, sol–gel, MAO, acid, and alkaline treatment. To make a novel and remark-
able finding, more research into their propensity to develop a more bioresponsive sur-
face layer is required. It is obvious that superior surface oxide nanotubes on Ti alloy are 
a top priority for advanced surface modification techniques with additional benefits to 
come [188].

Future research on titanium alloys for orthopaedics can be improved in the key areas 
listed below: (1) creating novel alloys for use in biomedical field requires computational 
materials science. Modeling the evolution of the microstructure during processing and 
how it affects the mechanical characteristics can be done using sophisticated approaches 
like phase field modelling. For example, phase field modelling could be utilised to simulate 
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the build-up precipitate at the time of anti-aging treatment. A starting point for predict-
ing mechanical characteristics can be found in the subsequent developing microstruc-
ture. Designing novel compositions of β Ti alloys can make greater use of first-principles 
calculations.

(2) The development of thermomechanical processes that can give alloys superior fatigue 
and wear resistance should be encouraged. By creating high throughput methods to filter 
potential microstructures could be facilitated. The lack of information on these alloys’ per-
formance parameters hinders their use in therapeutic settings. AM should be investigated 
with the goal of creating both new materials and custom-designed implants. (3) Large ani-
mal models must be used to determine long-term biocompatibility. Investigating leached 
metal ion concentrations and its cytotoxic impact, rates of corrosion, debris formation due 
to wear and the accompanying inflammatory responses, rate of osseointegration, and stress 
shielding effects could be the main focus of these investigations. In addition to in vivo test-
ing, the effectiveness of such materials must be assessed using commercially available med-
ical device simulators.

Use of cpTi is limited to harsh environments with high tensile and fatigue strengths. The 
release of Al and V from the Ti6Al4V alloy had a detrimental impact on cell viability, which 
in turn had a negative impact on implant biocompatibility [216, 217]. Al has been associ-
ated with serious neurotoxic effects, particularly when taking into account reports of its 
connection to Alzheimer’s disease. By releasing V iron into the body, vanadium (V) has det-
rimental effects on cell viability, which have a negative impact on implant biocompatibil-
ity [216, 217]. As Ti and its alloys are bio-inert and cannot immediately connect to natural 
human bone after implantation into a human body, they are still insufficient for long-term 
therapeutic use. Materials’ surfaces must be changed in order for them to satisfy clinical 
requirements [188, 192].

Due to the bio-inert nature of titanium (Ti) and its alloys, they cannot quickly bond to 
living bone after being implanted in a human body [218]. Ti does not solidly connect with 
both soft and hard tissue since it lacks antibacterial qualities and is bioinert, that effect the 
usage of such materials in the field of biomedical field. Implant-associated infection (IAI) 
starts with bacterial attachment on surface of an implants. Once the bacteria start to col-
onize the implant surface to a greater extent, the biofilm is created. Whenever a biofilm 
has developed on an implant surface and it will be highly difficult to eliminate it using any 
other procedures or methods, expulsion of the prosthesis and re-implantation are the only 
options left [219]. Moreover, titanium is often more expensive when compared to met-
als like steel, iron, and aluminum. Titanium have drawbacks that must be mitigated when 
machining; the appropriate cutting tools, speeds, and feeds must be employed. The meth-
ods used to extract titanium ores have been plagued by problems. The trees are typically 
cut down in order to reach the rock, depending on the region. If not properly treated, tita-
nium may contribute to soil degradation and lead to the release of heavy metals into the 
soil, which poses a substantial danger of contaminating drinking water.
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Conclusions

1.	 Some of the current biomedical alloys have inherent toxicity, also some of the bioma-
terials undergoes stress shielding effects when implanted into human body because 
of imbalance among bone and modulus of elasticity of an implant material. The 
design of metastable β-titanium alloys for biomedical use including orthopedic and 
dental use is dependent on solutions to above two problems. The non-toxic and bio-
active elements Mo, Nb, Fe, Zr, Ta, and Sn can be used to design β titanium alloy 
to solve above problems. Furthermore, compared to existing metallic biomaterials 
Ti-6Al-4 V (110 GPa), 316 L stainless steel (200 GPa), and Co-Cr–Mo alloys (200–
230 GPa), β-Ti alloys have a lower modulus.

2.	 It was observed that strength and ductility of Ti alloys are both directly correlated 
with interstitial content of materials. Although interstitial solutes reduce the cpTi 
hardness and enhance the material’s strength, they also have a negative impact on the 
material’s elongation values, for examples intermetallic phases produced by substitu-
tion elements like Fe, Ni, and Cu reduces the ductility of titanium alloy. The alloy’s 
ductility was enhanced, and the tensile strength was raised to 1050 MPa by reducing 
the concentration of these components. Additionally, it was found that the produc-
tion process had an impact on an alloy’s characteristics. The Ti alloy is made stronger 
and more ductile by cold rolling, ageing, annealing, and small-scale incorporation of 
ceramic particles into the matrix.

3.	 It was noticed that lesser the elastic modulus reduces bone atrophy while improving 
stress distribution at the interface of bone-implant. It is necessary for the Young’s 
modulus to be as closer to the bone as feasible, as “stress shielding” has been asso-
ciated with osteoporosis and bone resorption near to implant site. It was seen that 
metallic implant would move in small ways if the Young’s modulus were too low, 
which would made the implants to become loose and perhaps it will result into fail-
ure of the prosthesis; hence, this should be avoided. It was observed that α titanium 
alloy have greater hardness values and elastic modulus because α-stabilizers function 
as a substitutional solute that reduces the material’s atomic mobility or whenever the 
alloys are aged at low temperature, it promotes the phase’s precipitation and that will 
increase the hardness of the material. As compared α titanium alloy β titanium alloys 
have lesser elastic modulus. A Ti-33Nb-4Sn alloy made by cold-rolling and then 
annealing methods had one of the lowest elastic modulus values ever recorded in the 
literature (36 MPa).

4.	 In the strain-controlled fatigue test, Ti-24Nb4Zr7.6Sn shown a significantly greater 
fatigue resistance than Ti-6Al-4  V ELI. When compared to Ti-Grade IV, Ti-15Zr 
discs and dental implant performed much better under fatigue. The alloy’s and cpTi’s 
upper limits for fatigue endurance were 560  MPa and 435  MPa respectively. The 
strength and Young’s modulus of titanium alloys are improved by the inclusion of 
metals like Mo, Nb, Ta, and Zr. It was found that the titanium alloys with the highest 
tensile strengths were Ti12Mo6Zr2Fe and TI36Nb2Ta3Zr0.3O.

5.	 Ti45Nb has a narrower contact angle (81.75°) than cpTi (96.46°), which result into 
better hydrophilicity. However, the Ti50Zr alloy had a greater surface energy and 
lower surface roughness (37 mN/m, 0.17 µm) than cpTi (34 mN/m, 0.20 µm) and the 
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Ti50Nb alloy (32 mN/m, 0.46 µm). These characteristics of the substrate composition 
ensured that the Ti-Zr alloy had a good in- vitro biological profile (cell adherence and 
proliferation). The alloy’s surface area was greater, but Ti had a coarser topography 
than Ti-Ta-Nb-Zr.

6.	 Researchers have examined the cytotoxicity of Ni49.2Ti and Ti26Nb and they have 
discovered that Ti26Nb is less cytotoxic. It was observed that Ti19Zr10Nb1Fe alloy 
shows greater hemocompatibility as compared to the Ni–Ti alloy but equivalent 
cytocompatibility. The absence of harmful alloying components is the cause of the 
better biocompatibility of β-type Ti alloys but there is urgent need for more in-vitro 
study on β-type titanium alloys. It was observed that the alloys TiCu, TiNb, and TiN-
bTaZr are also noteworthy since they demonstrated bone tissue biocompatibility 
without impairing the development of new bone.

Abbreviations
Ti	� Titanium
cpTi	� Commercial pure titanium
SPS	� Spark Plasma Sintering
BCC	� Body-centered cubic
HCP	� Hexagonal close packed
MPa	� Megapascal
GPa	� Gigapascals
SLA	� Sand blasted and acid etched
SLM	� Selective laser melting
ECM	� Extracellular matrix
MAO	� Micro arc oxidation
SS	� Stainless steel
SHS	� Self-propagating high-temperature synthesis
AM	� Additive manufacturing
SBF	� Simulated body fluid

Acknowledgements
The authors would like to express their gratitude to School of Mechanical Engineering, MIT WPU Pune, for its support. We 
also extend our heartfelt thanks to Dean Faculty of Engineering and Technology, MIT WPU Pune, who provided valuable 
guidance and support throughout this project. We would also like to acknowledge the help and support received from 
MIT WPU Pune for providing the necessary resources, infrastructure, and technical support required for this research.

Authors’ contributions
Conceptualization, data curation, investigation, methodology, writing original draft, writing review & editing done by PP. 
SB supervise and administrated the article writing work. Also, SB provided the necessary resources required to complete 
the article. All authors read and approved the final manuscript.

Funding
The author(s) received no financial support for the research, authorship, and/or publication of this article.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable 
request.

Declarations

Ethics approval and consent to participate
“Not applicable.” For the current work, the authors have not conducted any animal or human trials.

Consent for publication
“Not applicable” Individual data or information has not been included by the authors for the current work.

Competing interests
The authors declare that they have no competing interests.

Received: 1 February 2023   Accepted: 4 April 2023



Page 29 of 36Pesode and Barve ﻿Journal of Engineering and Applied Science           (2023) 70:25 	

References
	 1.	 HAZWANI MR, Lim LX, Lockman Z, Zuhailawati H (2022) Fabrication of titanium-based alloys with bioactive surface 

oxide layer as biomedical implants: opportunity and challenges. Trans Nonferrous Met Soc China 32(1):1–44
	 2.	 Zhang LC, Chen LY (2019) A review on biomedical titanium alloys: recent progress and prospect. Adv Eng Mater 

21(4):1801215
	 3.	 Uhthoff HK, Poitras P, Backman DS (2006) Internal plate fixation of fractures: short history and recent develop-

ments. J Orthop Sci 11(2):118–126
	 4.	 Pesode P, Barve S (2021) Surface modification of titanium and titanium alloy by plasma electrolytic oxidation 

process for biomedical applications: a review. Materials Today: Proceedings 1(46):594–602
	 5.	 Quirynen M, Al‐Nawas B, Meijer HJ, Razavi A, Reichert TE, Schimmel M, Storelli S, Romeo E, Roxolid Study Group 

(2015) Small‐diameter titanium G rade IV and titanium–zirconium implants in edentulous mandibles: three‐year 
results from a double‐blind, randomized controlled trial. Clin Oral Implants Res 26(7):831–40

	 6.	 Grandin HM, Berner S, Dard M (2012) A review of titanium zirconium (TiZr) alloys for use in endosseous dental 
implants. Materials 5(8):1348–1360

	 7.	 Mishnaevsky Jr L, Levashov E, Valiev RZ, Segurado J, Sabirov I, Enikeev N, Prokoshkin S, Solov’yov AV, Korotitskiy A, 
Gutmanas E, Gotman I. Nanostructured titanium-based materials for medical implants: Modeling and develop-
ment. Materials Science and Engineering: R: Reports. 2014 Jul 1;81:1–9.

	 8.	 Meijer HJ, Naert I, Persson R, Storelli S, Christiaan ten Bruggenkate MD, Vandekerckhove B. A Double-Blind 
Randomized Controlled Trial (RCT) of Titanium-13Zirconium versus titanium grade IV small-diameter bone level 
implants in edentulous mandibles–results from a 1-year observation Periodcid_324 896.. 904. Clinical Implant 
Dentistry and Related Research. 2010;14(6):896–904.

	 9.	 Gottlow J, Dard M, Kjellson F, Obrecht M, Sennerby L (2012) Evaluation of a new titanium-zirconium dental 
implant: a biomechanical and histological comparative study in the mini pig. Clin Implant Dent Relat Res 
14(4):538–545

	 10.	 Elias CN, Fernandes DJ, Resende CR, Roestel J (2015) Mechanical properties, surface morphology and stability of a 
modified commercially pure high strength titanium alloy for dental implants. Dent Mater 31(2):e1-3

	 11.	 Cordeiro JM, Barão VA (2017) Is there scientific evidence favoring the substitution of commercially pure titanium 
with titanium alloys for the manufacture of dental implants? Mater Sci Eng, C 1(71):1201–1215

	 12.	 Mjöberg B, Hellquist E, Mallmin H, Lindh U (1997) Aluminum, Alzheimer’s disease and bone fragility. Acta Orthop 
Scand 68(6):511–514

	 13.	 Zaffe D, Bertoldi C, Consolo U (2004) Accumulation of aluminium in lamellar bone after implantation of titanium 
plates, Ti–6Al–4V screws, hydroxyapatite granules. Biomaterials 25(17):3837–3844

	 14.	 Faria AC, Rodrigues RC, Rosa AL, Ribeiro RF (2014) Experimental titanium alloys for dental applications. J Prosthet 
Dent 112(6):1448–1460

	 15.	 Datta S, Mahfouf M, Zhang Q, Chattopadhyay PP, Sultana N (2016) Imprecise knowledge based design and devel-
opment of titanium alloys for prosthetic applications. J Mech Behav Biomed Mater 1(53):350–365

	 16.	 Niinomi M, Nakai M, Hieda J (2012) Development of new metallic alloys for biomedical applications. Acta Biomater 
8(11):3888–3903

	 17.	 Guo S, Zhang J, Cheng X, Zhao X (2015) A metastable β-type Ti–Nb binary alloy with low modulus and high 
strength. J Alloy Compd 25(644):411–415

	 18.	 Guo S, Meng Q, Zhao X, Wei Q, Xu H (2015) Design and fabrication of a metastable β-type titanium alloy with 
ultralow elastic modulus and high strength. Sci Rep 5(1):1–8

	 19.	 Geetha M, Singh AK, Asokamani R, Gogia AK (2009) Ti based biomaterials, the ultimate choice for orthopaedic 
implants–a review. Prog Mater Sci 54(3):397–425

	 20.	 Bahl S, Suwas S, Chatterjee K (2021) Comprehensive review on alloy design, processing, and performance of β 
Titanium alloys as biomedical materials. Int Mater Rev 66(2):114–139

	 21.	 Pesode P, Barve S. Magnesium Alloy for Biomedical Applications. In Advanced Materials for Biomechanical Applica-
tions Press, 2022 May :133–158.

	 22.	 Thakur B, Barve S, Pesode P. Magnesium-based nanocomposites for biomedical applications. In Advanced Materi-
als for Biomechanical Applications, CRC Press, 2022 May :113–131.

	 23.	 Kunčická L, Kocich R, Lowe TC (2017) Advances in metals and alloys for joint replacement. Prog Mater Sci 
1(88):232–280

	 24.	 Long M, Rack HJ (1998) Titanium alloys in total joint replacement—a materials science perspective. Biomaterials 
19(18):1621–1639

	 25.	 Chen Q, Thouas GA (2015) Metallic implant biomaterials. Mater Sci Eng R Rep 1(87):1–57
	 26.	 Niinomi M, Nakai M (2011) Titanium-based biomaterials for preventing stress shielding between implant devices 

and bone. International journal of biomaterials 1:2011
	 27.	 Osman RB, Swain MV (2015) A critical review of dental implant materials with an emphasis on titanium versus 

zirconia. Materials 8(3):932–958
	 28.	 Nicholson W, Titanium J (2020) alloys for dental implants: a review. Prosthesis 2(2):11
	 29.	 Dalmau A, Pina VG, Devesa F, Amigó V, Muñoz AI (2015) Electrochemical behavior of near-beta titanium biomedi-

cal alloys in phosphate buffer saline solution. Mater Sci Eng, C 1(48):55–62
	 30.	 Jiang XJ, Wang XY, Feng ZH, Xia CQ, Tan CL, Liang SX, Zhang XY, Ma MZ, Liu RP (2015) Effect of rolling temperature 

on microstructure and mechanical properties of a TiZrAl alloy. Mater Sci Eng, A 21(635):36–42
	 31.	 Correa DR, Vicente FB, Donato TA, Arana-Chavez VE, Buzalaf MA, Grandini CR (2014) The effect of the solute on 

the structure, selected mechanical properties, and biocompatibility of Ti–Zr system alloys for dental applications. 
Mater Sci Eng, C 1(34):354–359

	 32.	 Mohammed MT, Khan ZA, Geetha M, Siddiquee AN (2015) Microstructure, mechanical properties and electro-
chemical behavior of a novel biomedical titanium alloy subjected to thermo-mechanical processing including 
aging. J Alloy Compd 15(634):272–280



Page 30 of 36Pesode and Barve ﻿Journal of Engineering and Applied Science           (2023) 70:25 

	 33.	 Manda P, Chakkingal U, Singh AK (2014) Hardness characteristic and shear band formation in metastable 
β-titanium alloys. Mater Charact 1(96):151–157

	 34.	 Hacisalihoglu I, Samancioglu A, Yildiz F, Purcek G, Alsaran A (2015) Tribocorrosion properties of different type 
titanium alloys in simulated body fluid. Wear 1(332):679–686

	 35.	 Kobayashi E, Yoneyama T, Hamanaka H, Gibson IR, Best SM, Shelton JC, Bonfield W (1998) Influence of aging heat 
treatment on mechanical properties of biomedical Ti–Zr based ternary alloys containing niobium. J Mater Sci - 
Mater Med 9(11):625–630

	 36.	 Qiu KJ, Liu Y, Zhou FY, Wang BL, Li L, Zheng YF, Liu YH (2015) Microstructure, mechanical properties, castability and 
in vitro biocompatibility of Ti–Bi alloys developed for dental applications. Acta Biomater 15(15):254–265

	 37.	 Ribeiro AL, Junior RC, Cardoso FF, Vaz LG (2009) Mechanical, physical, and chemical characterization of Ti–35Nb–
5Zr and Ti–35Nb–10Zr casting alloys. J Mater Sci - Mater Med 20(8):1629–1636

	 38.	 Elias Carlos Nelson, Daniel Jogaib Fernandes, Celso RS Resende, and Jochen Roestel. Mechanical properties, sur-
face morphology and stability of a modified commercially pure high strength titanium alloy for dental implants. 
Dental Materials 31, no. 2 (2015): e1-e13.

	 39.	 Sidambe AT (2014) Biocompatibility of advanced manufactured titanium implants—a review. Materials 
7(12):8168–8188

	 40.	 Zhang YS, Hu JJ, Zhang W, Yu S, Yu ZT, Zhao YQ, Zhang LC (2019) Discontinuous core-shell structured Ti-25Nb-
3Mo-3Zr-2Sn alloy with high strength and good plasticity. Mater Charact 147:127–130

	 41.	 Carman Andrew, L. C. Zhang, O. M. Ivasishin, D. G. Savvakin, M. V. Matviychuk, and E. V. Pereloma. Role of alloying 
elements in microstructure evolution and alloying elements behaviour during sintering of a near-β titanium alloy. 
Materials Science and Engineering: A 528, no. 3 (2011): 1686–1693.

	 42.	 Mitsuo N, Nakai M, Hieda J (2012) Development of new metallic alloys for biomedical applications. Acta Biomater 
8(11):3888–3903

	 43.	 Santos Pedro Fernandes, Mitsuo Niinomi, Huihong Liu, Ken Cho, Masaaki Nakai, Adhitya Trenggono, Sébastien 
Champagne, Hendra Hermawan, and Takayuki Narushima. Improvement of microstructure, mechanical and corro-
sion properties of biomedical Ti-Mn alloys by Mo addition. Materials & Design 110 (2016): 414–424.

	 44.	 Farlay D, Falgayrac G, Ponçon C, Rizzo S, Cortet B, Chapurlat R, Penel G, Badoud I, Ammann P, Boivin G (2022) 
Material and nanomechanical properties of bone structural units of cortical and trabecular iliac bone tissues from 
untreated postmenopausal osteoporotic women. Bone Reports 1(17):101623

	 45.	 Li Y, Yang C, Zhao H, Qu S, Li X, Li Y (2014) New developments of Ti-based alloys for biomedical applications. Mate-
rials 7(3):1709–1800

	 46.	 Black J, Hastings G, editors. Handbook of biomaterial properties. Springer Science & Business Media; 2013 Nov 27.
	 47.	 Abdel-Salam M, El-Hadad S, Khalifa W (2019) Effects of microstructure and alloy composition on hydroxyapatite 

precipitation on alkaline treated α/β titanium alloys. Mater Sci Eng, C 1(104):109974
	 48.	 Dewidar MM, Yoon HC, Lim JK (2006) Mechanical properties of metals for biomedical applications using powder 

metallurgy process: a review. Met Mater Int 12(3):193–206
	 49.	 Bai Y, Deng Y, Zheng Y, Li Y, Zhang R, Lv Y, Zhao Q, Wei S (2016) Characterization, corrosion behavior, cellular 

response and in vivo bone tissue compatibility of titanium–niobium alloy with low Young’s modulus. Mater Sci 
Eng, C 1(59):565–576

	 50.	 Xiaofei L, Dong L, Zhang Z, Liu Y, Hao Y, Yang R, Zhang L-C (2017) Microstructure, texture evolution and mechani-
cal properties of VT3-1 titanium alloy processed by multi-pass drawing and subsequent isothermal annealing. 
Metals 7(4):131

	 51.	 McAndrew Anthony R., Paul A. Colegrove, Clement Bühr, Bertrand CD Flipo, and Achilleas Vairis. A literature review 
of Ti-6Al-4V linear friction welding. Progress in Materials Science 92 (2018): 225–257.

	 52.	 Gai Xin, Yun Bai, Ji Li, Shujun Li, Wentao Hou, Yulin Hao, Xing Zhang, Rui Yang, and R. D. K. Misra. Electrochemical 
behaviour of passive film formed on the surface of Ti-6Al-4V alloys fabricated by electron beam melting. Corrosion 
Science 145 (2018): 80–89.

	 53.	 Tamilselvi S, Raman V, Rajendran N (2006) Corrosion behaviour of Ti–6Al–7Nb and Ti–6Al–4V ELI alloys in the 
simulated body fluid solution by electrochemical impedance spectroscopy. Electrochim Acta 52(3):839–846

	 54.	 Choubey A, Balasubramaniam R, Basu B (2004) Effect of replacement of V by Nb and Fe on the electrochemical 
and corrosion behavior of Ti–6Al–4V in simulated physiological environment. J Alloy Compd 381(1–2):288–294

	 55.	 Iijima D, Yoneyama T, Doi H, Hamanaka H, Kurosaki N (2003) Wear properties of Ti and Ti–6Al–7Nb castings for 
dental prostheses. Biomaterials 24(8):1519–1524

	 56.	 Yuhua Li, Yang C, Zhao H, Shengguan Qu, Li X, Li Y (2014) New developments of Ti-based alloys for biomedical 
applications. Materials 7(3):1709–1800

	 57.	 Manivasagam G, Singh AK, Asokamani R, Gogia AK (2009) Ti based biomaterials, the ultimate choice for orthopae-
dic implants–a review. Prog Mater Sci 54(3):397–425

	 58.	 Mitsuo N (2003) Recent research and development in titanium alloys for biomedical applications and healthcare 
goods. Sci Technol Adv Mater 4(5):445

	 59.	 Zheng YF, Zhang BB, Wang BL, Wang YB, Li L, Yang QB, Cui LS (2011) Introduction of antibacterial function into 
biomedical TiNi shape memory alloy by the addition of element Ag. Acta Biomater 7(6):2758–2767

	 60.	 Griza Sandro, Dárcio Hersch Gomes de Souza Sá, Wilton Walter Batista, Juan Carlos Garcia de Blas, and Luiz Carlos 
Pereira. Microstructure and mechanical properties of hot rolled TiNbSn alloys. Materials & Design (1980–2015) 56 
(2014): 200–208.

	 61.	 Kazuhiro O, Ren X (2005) Physical metallurgy of Ti–Ni-based shape memory alloys. Prog Mater Sci 50(5):511–678
	 62.	 Thierry B, Merhi Y, Bilodeau L, Trepanier C, Tabrizian M (2002) Nitinol versus stainless steel stents: acute thrombo-

genicity study in an ex vivo porcine model. Biomaterials 23(14):2997–3005
	 63.	 Vasconcellos Luana Marotta Reis de, Marize Varella de Oliveira, Mário Lima de Alencastro Graça, Luis Gustavo 

Oliveira de Vasconcellos, Yasmin Rodarte Carvalho, and Carlos Alberto Alves Cairo. Porous titanium scaffolds 
produced by powder metallurgy for biomedical applications. Materials Research 11 (2008): 275–280.



Page 31 of 36Pesode and Barve ﻿Journal of Engineering and Applied Science           (2023) 70:25 	

	 64.	 Bansiddhi A, Sargeant TD, Stupp SI, Dunand DC (2008) Porous NiTi for bone implants: a review. Acta Biomater 
4(4):773–782

	 65.	 Ampika B, Dunand DC (2007) Shape-memory NiTi foams produced by solid-state replication with NaF. Intermetal-
lics 15(12):1612–1622

	 66.	 De Smet E, Jaecques S. V. N, Jansen J. J, Sloten Jos Vander, Naert IE17555413 (2007) Effect of constant strain rate, 
composed of varying amplitude and frequency, of early loading on peri‐implant bone (re) modelling. J Clin Peri-
odontol 34(7):618–624

	 67.	 Sarraf Masoud, Erfan Rezvani Ghomi, Saeid Alipour, Seeram Ramakrishna, and Nazatul Liana Sukiman. A state-
of-the-art review of the fabrication and characteristics of titanium and its alloys for biomedical applications. 
Bio-design and Manufacturing (2021): 1–25.

	 68.	 Khorasani Amir Mahyar, Moshe Goldberg, Egan H. Doeven, and Guy Littlefair. Titanium in biomedical applica-
tions—properties and fabrication: a review. Journal of biomaterials and tissue engineering 5, no. 8 (2015): 
593–619.

	 69.	 Tae-Sik J, Kim DongEung, Han G, Yoon C-B, Jung H-D (2020) Powder based additive manufacturing for biomedical 
application of titanium and its alloys: a review. Biomed Eng Lett 10:505–516

	 70.	 Yunhui C, Clark SJ, Sinclair L, Leung CLA, Marussi S, Connolley T, Atwood RC et al (2021) Synchrotron X-ray imaging 
of directed energy deposition additive manufacturing of titanium alloy Ti-6242. Addit Manuf 41:101969

	 71.	 Dong YP, Li YL, Zhou SY, Zhou YH, Dargusch MS, Peng HX, Yan M (2021) Cost-affordable Ti-6Al-4V for additive 
manufacturing: Powder modification, compositional modulation and laser in-situ alloying. Addit Manuf 37:101699

	 72.	 Bastian B, Janas F, Wieland S (2021) Powder condition and spreading parameter impact on green and sintered 
density in metal binder jetting. Powder Metall 64(5):378–386

	 73.	 Julia B, Franke M, Schloffer M, Körner C (2020) Microstructure and properties of TiAl processed via an electron 
beam powder bed fusion capsule technology. Intermetallics 126:106929

	 74.	 Kalayda T. A., A. A. Kirsankin, A. Yu Ivannikov, S. V. Konushkin, M. A. Kaplan, and M. A. Sevostyanov. The plasma 
atomization process for the Ti-Al-V powder production. In Journal of Physics: Conference Series, vol. 1942, no. 1, p. 
012046. IOP Publishing, 2021.

	 75.	 Anton P, Bartzsch G, Franke A, Biermann H, Volkova O (2021) Manufacturing Fe–TiC Composite powder via inert 
gas atomization by forming reinforcement phase in situ. Adv Eng Mater 23(3):2000717

	 76.	 Yan N, Tang J, Teng J, Ye X, Yang B, Huang J, Shu Yu, Li Y (2020) Particle defects and related properties of metallic 
powders produced by plasma rotating electrode process. Adv Powder Technol 31(7):2912–2920

	 77.	 Taniguchi N, Fujibayashi S, Takemoto M, Sasaki K, Otsuki B, Matsushita TNT, Kokubo T, Matsuda S (2016) Effect 
of pore size on bone ingrowth into porous titanium implants fabricated by additive manufacturing: an in vivo 
experiment. Mater Sci Eng, C 59:690–701

	 78.	 Wang Xiaojian, Shanqing Xu, Shiwei Zhou, Wei Xu, Leary Martin, Choong Peter, Qian Ma, Brandt Milan, Xie Yi Min 
(2016) Topological design and additive manufacturing of porous metals for bone scaffolds and orthopaedic 
implants: a review. Biomaterials 83:127–141

	 79.	 Ragone Vincenza, Elena Canciani, Massimo Arosio, Matteo Olimpo, Lisa Adele Piras, Mitzy Mauthe von Degerfeld, 
Davide Augusti, Riccardo D’Ambrosi, and Claudia Dellavia. In vivo osseointegration of a randomized trabecular 
titanium structure obtained by an additive manufacturing technique. Journal of Materials Science: Materials in 
Medicine 31 (2020): 1–11.

	 80.	 Barba D, Alabort E, Reed RC (2019) Synthetic bone: design by additive manufacturing. Acta Biomater 97:637–656
	 81.	 Egan Darragh S., and Denis P. Dowling. Influence of process parameters on the correlation between in-situ 

process monitoring data and the mechanical properties of Ti-6Al-4V non-stochastic cellular structures. Additive 
Manufacturing 30 (2019): 100890.

	 82.	 Francesco T, Calignano F, Aversa A, Marchese G, Lombardi M, Biamino S, Ugues D, Manfredi D (2018) Additive 
manufacturing of titanium alloys in the biomedical field: processes, properties and applications. J Appl Biomater 
Funct Mater 16(2):57–67

	 83.	 Dhiman Sahil, Sarabjeet Singh Sidhu, Preetkanwal Singh Bains, and Marjan Bahraminasab. Mechanobiological 
assessment of Ti-6Al-4V fabricated via selective laser melting technique: a review. Rapid Prototyping Journal 25, 
no. 7 (2019): 1266–1284.

	 84.	 He Yuhao, Drew Burkhalter, David Durocher, and James M. Gilbert. Solid-lattice hip prosthesis design: Applying 
topology and lattice optimization to reduce stress shielding from hip implants. In Frontiers in Biomedical Devices, 
vol. 40789, p. V001T03A001. American Society of Mechanical Engineers, 2018.

	 85.	 Murr LE (2017) Open-cellular metal implant design and fabrication for biomechanical compatibility with bone 
using electron beam melting. J Mech Behav Biomed Mater 76:164–177

	 86.	 Emrecan S (2020) High deposition rate approach of selective laser melting through defocused single bead experi-
ments and thermal finite element analysis for Ti-6Al-4V. Addit Manuf 31:100984

	 87.	 Grabovetskaya GP, Stepanova EN, Mishin IP, Zabudchenko OV (2020) The effect of irradiation of a titanium alloy of 
the Ti–6Al–4V–H system with pulsed electron beams on its creep. Russ Phys J 63:932–939

	 88.	 Ramírez G, Rodil SE, Arzate H, Muhl S, Olaya JJ (2011) Niobium based coatings for dental implants. Appl Surf Sci 
257(7):2555–2559

	 89.	 Hoque ME, Showva NN, Ahmed M, Rashid AB, Sadique SE, El-Bialy T, Xu H (2022) Titanium and titanium alloys in 
dentistry: current trends, recent developments, and future prospects. Heliyon 28:e11300

	 90.	 Ikarashi Y, Toyoda K, Kobayashi E, Doi H, Yoneyama T, Hamanaka H, Tsuchiya T (2005) Improved biocompatibility of 
titanium–zirconium (Ti–Zr) alloy: tissue reaction and sensitization to Ti–Zr alloy compared with pure Ti and Zr in 
rat implantation study. Mater Transact 46(10):2260–7

	 91.	 Griza, S., de Souza Sá, D.H.G., Batista, W.W., de Blas, J.C.G. and Pereira, L.C., Microstructure and mechanical proper-
ties of hot rolled TiNbSn alloys. Materials & Design. 2014; 56:.200–208.

	 92.	 Shibata Y, Tanimoto Y, Maruyama N, Nagakura M (2015) A review of improved fixation methods for dental 
implants. Part II: Biomechanical integrity at bone–implant interface. J Prosthodont Res 59(2):84–95



Page 32 of 36Pesode and Barve ﻿Journal of Engineering and Applied Science           (2023) 70:25 

	 93.	 Kaur M, Singh K (2019) Review on titanium and titanium based alloys as biomaterials for orthopaedic applications. 
Mater Sci Eng, C 1(102):844–862

	 94.	 Kopova I, Stráský J, Harcuba P, Landa M, Janeček M, Bačákova L (2016) Newly developed Ti–Nb–Zr–Ta–Si–Fe 
biomedical beta titanium alloys with increased strength and enhanced biocompatibility. Mater Sci Eng, C 
1(60):230–238

	 95.	 Farooq MU, Khalid FA, Zaigham H, Abidi IH (2014) Superelastic behaviour of Ti–Nb–Al ternary shape memory 
alloys for biomedical applications. Mater Lett 15(121):58–61

	 96.	 Elias LM, Schneider SG, Schneider S, Silva HM, Malvisi F (2006) Microstructural and mechanical characterization of 
biomedical Ti–Nb–Zr (–Ta) alloys. Mater Sci Eng, A 432(1–2):108–112

	 97.	 Haghighi SE, Lu HB, Jian GY, Cao GH, Habibi D, Zhang LC (2015) Effect of α ″martensite on the microstructure and 
mechanical properties of beta-type Ti–Fe–Ta alloys. Mater Des 5(76):47–54

	 98.	 Okulov IV, Pauly S, Kühn U, Gargarella P, Marr T, Freudenberger J, Schultz L, Scharnweber J, Oertel CG, Skrotzki 
W, Eckert J (2013) Effect of microstructure on the mechanical properties of as-cast Ti–Nb–Al–Cu–Ni alloys for 
biomedical application. Mater Sci Eng, C 33(8):4795–4801

	 99.	 Pesode P, Barve S, Wankhede SV, Jadhav DR, Pawar SK. Titanium alloy selection for biomedical application using 
weighted sum model methodology. Materials Today: Proceedings. 2022 Sep 9.

	100.	 Liang SX, Feng XJ, Yin LX, Liu XY, Ma MZ, Liu RP (2016) Development of a new β Ti alloy with low modulus and 
favorable plasticity for implant material. Mater Sci Eng, C 1(61):338–343

	101.	 Han MK, Hwang MJ, Yang MS, Yang HS, Song HJ, Park YJ (2014) Effect of zirconium content on the microstructure, 
physical properties and corrosion behavior of Ti alloys. Mater Sci Eng, A 20(616):268–274

	102.	 Pina VG, Dalmau A, Devesa F, Amigó V, Muñoz AI (2015) Tribocorrosion behavior of beta titanium biomedical alloys 
in phosphate buffer saline solution. J Mech Behav Biomed Mater 1(46):59–68

	103.	 You L, Song X (2012) First principles study of low Young’s modulus Ti–Nb–Zr alloy system. Mater Lett 
1(80):165–167

	104.	 Niinomi M (1998) Mechanical properties of biomedical titanium alloys. Mater Sci Eng, A 243(1–2):231–236
	105.	 Rubitschek F, Niendorf T, Karaman I, Maier HJ (2012) Corrosion fatigue behavior of a biocompatible ultrafine-

grained niobium alloy in simulated body fluid. J Mech Behav Biomed Mater 5(1):181–192
	106.	 Antunes RA, de Oliveira MC (2012) Corrosion fatigue of biomedical metallic alloys: mechanisms and mitigation. 

Acta Biomater 8(3):937–962
	107.	 Karpenko O, Oterkus S, Oterkus E (2022) Titanium alloy corrosion fatigue crack growth rates prediction: peridy-

namics based numerical approach. Int J Fatigue 22:107023
	108.	 Gherde C, Dhatrak P, Nimbalkar S, Joshi S (2021) A comprehensive review of factors affecting fatigue life of dental 

implants. Mater Today 1(43):1117–1123
	109.	 Li SJ, Cui TC, Hao YL, Yang R (2008) Fatigue properties of a metastable β-type titanium alloy with reversible phase 

transformation. Acta Biomater 4(2):305–317
	110.	 Okazaki Y, Rao S, Ito Y, Tateishi T (1998) Corrosion resistance, mechanical properties, corrosion fatigue strength and 

cytocompatibility of new Ti alloys without Al and V. Biomaterials 19(13):1197–1215
	111.	 Medvedev AE, Molotnikov A, Lapovok R, Zeller R, Berner S, Habersetzer P, Dalla Torre F. Microstructure and 

mechanical properties of Ti–15Zr alloy used as dental implant material. journal of the mechanical behavior of 
biomedical materials. 2016 Sep 1;62:384–98.

	112.	 Lin CW, Ju CP, Lin JH (2005) A comparison of the fatigue behavior of cast Ti–7.5 Mo with cp titanium, Ti–6Al–4V 
and Ti–13Nb–13Zr alloys. Biomaterials 26(16):2899–907

	113.	 Yeo IS (2022) Dental implants: enhancing biological response through surface modifications. Dental Clinics 
66(4):627–642

	114.	 Chen X, Nouri A, Li Y, Lin J, Hodgson PD, Wen CE (2008) Effect of surface roughness of Ti, Zr, and TiZr on apatite 
precipitation from simulated body fluid. Biotechnol Bioeng 101(2):378–387

	115.	 Sista S, Wen CE, Hodgson PD, Pande G (2011) The influence of surface energy of titanium-zirconium alloy on 
osteoblast cell functions in vitro. J Biomed Mater Res, Part A 97(1):27–36

	116.	 Mareci D, Bolat G, Cailean A, Santana JJ, Izquierdo J, Souto RM (2014) Effect of acidic fluoride solution on the corro-
sion resistance of ZrTi alloys for dental implant application. Corros Sci 1(87):334–343

	117.	 Deligianni DD, Katsala N, Ladas S, Sotiropoulou D, Amedee J, Missirlis YF (2001) Effect of surface roughness of 
the titanium alloy Ti–6Al–4V on human bone marrow cell response and on protein adsorption. Biomaterials 
22(11):1241–1251

	118.	 Wennerberg A, Albrektsson T (2009) Effects of titanium surface topography on bone integration: a systematic 
review. Clin Oral Implant Res 20:172–184

	119.	 Moreno JM, Osiceanu P, Vasilescu C, Anastasescu M, Drob SI, Popa M (2013) Obtaining, structural and corrosion 
characterization of anodized nanolayers on Ti-20Zr alloy surface. Surf Coat Technol 25(235):792–802

	120.	 Sun YS, Liu JF, Wu CP, Huang HH (2015) Nanoporous surface topography enhances bone cell differentiation on 
Ti–6Al–7Nb alloy in bone implant applications. J Alloy Compd 15(643):S124–S132

	121.	 Kaluđerović MR, Mojić M, Schreckenbach JP, Maksimović-Ivanić D, Graf HL, Mijatović S (2014) A key role of 
autophagy in osteoblast differentiation on titanium-based dental implants. Cells Tissues Organs 200(3–4):265–277

	122.	 Vansana P, Kakura K, Taniguchi Y, Egashira K, Matsuzaki E, Tsutsumi T, Kido H (2022) The effect of AMP kinase 
activation on differentiation and maturation of osteoblast cultured on titanium plate. Journal of Dental Sciences 
17(3):1225–1231

	123.	 Chaves JM, Escada AL, Rodrigues AD, Claro AA. Characterization of the structure, thermal stability and wettability 
of the TiO2 nanotubes growth on the Ti–7.5 Mo alloy surface. Applied Surface Science. 2016 May 1;370:76–82.

	124.	 Huang R, Lu S, Han Y (2013) Role of grain size in the regulation of osteoblast response to Ti–25Nb–3Mo–3Zr–2Sn 
alloy. Colloids Surf, B 1(111):232–241

	125.	 Oliveira DP, Palmieri A, Carinci F, Bolfarini C (2015) Gene expression of human osteoblasts cells on chemically 
treated surfaces of Ti–6Al–4V–ELI. Mater Sci Eng, C 1(51):248–255



Page 33 of 36Pesode and Barve ﻿Journal of Engineering and Applied Science           (2023) 70:25 	

	126.	 Huang HH, Wu CP, Sun YS, Yang WE, Lin MC, Lee TH (2014) Surface nanoporosity of β-type Ti–25Nb–25Zr alloy for 
the enhancement of protein adsorption and cell response. Surf Coat Technol 25(259):206–212

	127.	 Park JW, Tustusmi Y, Lee CS, Park CH, Kim YJ, Jang JH, Khang D, Im YM, Doi H, Nomura N, Hanawa T (2011Jun 15) 
Surface structures and osteoblast response of hydrothermally produced CaTiO3 thin film on Ti–13Nb–13Zr alloy. 
Applied Surface Science. 257(17):7856–63

	128.	 Klein MO, Bijelic A, Toyoshima T, Götz H, Von Koppenfels RL, Al-Nawas B, Duschner H (2010) Long-term response 
of osteogenic cells on micron and submicron-scale-structured hydrophilic titanium surfaces: sequence of cell 
proliferation and cell differentiation. Clin Oral Implant Res 21(6):642–649

	129.	 Klein MO, Bijelic A, Ziebart T, Koch F, Kämmerer PW, Wieland M, Konerding MA, Al-Nawas B (2013) Submicron 
scale-structured hydrophilic titanium surfaces promote early osteogenic gene response for cell adhesion and cell 
differentiation. Clin Implant Dent Relat Res 15(2):166–175

	130.	 Romero-Resendiz L, Rossi MC, Seguí-Esquembre C, Amigó-Borrás V (2023) Development of a porous Ti–35Nb–5In 
alloy with low elastic modulus for biomedical implants. J Market Res 1(22):1151–1164

	131.	 Bai Y, Gai X, Li S, Zhang LC, Liu Y, Hao Y, Zhang X, Yang R, Gao Y (2017) Improved corrosion behaviour of electron 
beam melted Ti-6Al–4V alloy in phosphate buffered saline. Corros Sci 15(123):289–296

	132.	 Qin P, Liu Y, Sercombe TB, Li Y, Zhang C, Cao C, Sun H, Zhang LC (2018) Improved corrosion resistance on selective 
laser melting produced Ti-5Cu alloy after heat treatment. ACS Biomater Sci Eng 4(7):2633–2642

	133.	 Guo PY, Sun H, Shao Y, Ding JT, Li JC, Huang MR, Mao SY, Wang YX, Zhang JF, Long RC, Hou XH (2020) The evolu-
tion of microstructure and electrical performance in doped Mn-Co and Cu-Mn oxide layers with the extended 
oxidation time. Corros Sci 1(172):108738

	134.	 Zhang LC, Jia Z, Lyu F, Liang SX, Lu J (2019) A review of catalytic performance of metallic glasses in wastewater 
treatment: Recent progress and prospects. Prog Mater Sci 1(105):100576

	135.	 Thakur B, Barve S, Pesode P (2022) Investigation on mechanical properties of AZ31B magnesium alloy manufac-
tured by stir casting process. J Mech Behav Biomed Mater 21:105641

	136.	 Alves VA, Reis RQ, Santos IC, Souza DG, Gonçalves TD, Pereira-da-Silva MA, Rossi A, Da Silva LA (2009) In situ imped-
ance spectroscopy study of the electrochemical corrosion of Ti and Ti–6Al–4V in simulated body fluid at 25 C and 
37 C. Corros Sci 51(10):2473–2482

	137.	 Loch J, Łukaszczyk A, Vignal V, Krawiec H. Corrosion behaviour of Ti6Al4V and TiMo10Zr4 alloys in the Ringer’s solu-
tion: Effect of pH and plastic strain. InSolid State Phenomena 2015 (Vol. 227, pp. 435–438). Trans Tech Publications 
Ltd.

	138.	 Kumar S, Narayanan TS (2009) Electrochemical characterization of β-Ti alloy in Ringer’s solution for implant appli-
cation. J Alloy Compd 479(1–2):699–703

	139.	 Dai N, Zhang LC, Zhang J, Chen Q, Wu M (2016) Corrosion behavior of selective laser melted Ti-6Al-4 V alloy in 
NaCl solution. Corros Sci 1(102):484–489

	140.	 Simsek I, Ozyurek D (2019) Investigation of the wear and corrosion behaviors of Ti5Al2. 5Fe and Ti6Al4V alloys 
produced by mechanical alloying method in simulated body fluid environment. Mater Sci Eng C 94:357–63

	141.	 Ozan S, Lin J, Zhang Y, Li Y, Wen C (2020) Cold rolling deformation and annealing behavior of a β-type Ti–34Nb–
25Zr titanium alloy for biomedical applications. J Market Res 9(2):2308–2318

	142.	 Alves AP, Santana FA, Rosa LA, Cursino SA, Codaro EN (2004) A study on corrosion resistance of the Ti–10Mo 
experimental alloy after different processing methods. Mater Sci Eng, C 24(5):693–696

	143.	 Zareidoost A, Yousefpour M (2020) A study on the mechanical properties and corrosion behavior of the new as-
cast TZNT alloys for biomedical applications. Mater Sci Eng, C 1(110):110725

	144.	 Lin J, Ozan S, Munir K, Wang K, Tong X, Li Y, Li G, Wen C (2017) Effects of solution treatment and aging on 
the microstructure, mechanical properties, and corrosion resistance of a β type Ti–Ta–Hf–Zr alloy. RSC Adv 
7(20):12309–12317

	145.	 Chen LY, Cui YW, Zhang LC (2020) Recent development in beta titanium alloys for biomedical applications. Metals 
10(9):1139

	146.	 Suwanpreecha C, Alabort E, Tang YT, Panwisawas C, Reed RC, Manonukul A (2021) A novel low-modulus titanium 
alloy for biomedical applications: a comparison between selective laser melting and metal injection moulding. 
Mater Sci Eng, A 22(812):141081

	147.	 Qin P, Chen Y, Liu YJ, Zhang J, Chen LY, Li Y, Zhang X, Cao C, Sun H, Zhang LC (2018) Resemblance in corrosion 
behavior of selective laser melted and traditional monolithic β Ti-24Nb-4Zr-8Sn alloy. ACS Biomater Sci Eng 
5(2):1141–1149

	148.	 Pesode P, Barve S. Additive manufacturing of metallic biomaterials and its biocompatibility. Materials Today: 
Proceedings. 2022 Nov 28.

	149.	 Rossi MC, Amado JM, Tobar MJ, Vicente A, Yañez A, Amigó V (2021) Effect of alloying elements on laser surface 
modification of powder metallurgy to improve surface mechanical properties of beta titanium alloys for biomedi-
cal application. J Mater Res technol 14:1222–34

	150.	 Intravaia JT, Graham T, Kim HS, Nanda HS, Kumbar SG, Nukavarapu SP (2022) Smart Orthopedic Biomaterials and 
Implants. Curr Opin Biomed Eng 21:100439

	151.	 McMahon RE, Ma J, Verkhoturov SV, Munoz-Pinto D, Karaman I, Rubitschek F, Maier HJ, Hahn MS (2012) A compara-
tive study of the cytotoxicity and corrosion resistance of nickel–titanium and titanium–niobium shape memory 
alloys. Acta Biomater 8(7):2863–2870

	152.	 Xue P, Li Y, Li K, Zhang D, Zhou C (2015) Superelasticity, corrosion resistance and biocompatibility of the Ti–19Zr–
10Nb–1Fe alloy. Mater Sci Eng, C 1(50):179–186

	153.	 Pitchi CS, Priyadarshini A, Sana G, Narala SK (2020) A review on alloy composition and synthesis of β-Titanium 
alloys for biomedical applications. Materials Today: Proceedings 1(26):3297–3304

	154.	 Takematsu E, Katsumata KI, Okada K, Niinomi M, Matsushita N. Bioactive surface modification of Ti–29Nb–13Ta–4.6 
Zr alloy through alkali solution treatments. Materials Science and Engineering: C. 2016 May 1;62:662–7.



Page 34 of 36Pesode and Barve ﻿Journal of Engineering and Applied Science           (2023) 70:25 

	155.	 Dikici B, Niinomi M, Topuz M, Koc SG, Nakai M (2018) Synthesis of biphasic calcium phosphate (BCP) coatings on 
β-type titanium alloys reinforced with rutile-TiO2 compounds: adhesion resistance and in-vitro corrosion. J Sol-Gel 
Sci Technol 87(3):713–724

	156.	 Morra M, Cassinelli C, Cascardo G, Bollati D, Baena RR (2011) Gene expression of markers of osteogenic differentia-
tion of human mesenchymal cells on collagen I-modified microrough titanium surfaces. J Biomed Mater Res, Part 
A 96(2):449–455

	157.	 Hoene A, Walschus U, Patrzyk M, Finke B, Lucke S, Nebe B, Schroeder K, Ohl A, Schlosser M (2010) In vivo investiga-
tion of the inflammatory response against allylamine plasma polymer coated titanium implants in a rat model. 
Acta Biomater 6(2):676–683

	158.	 Nuswantoro NF, Manjas M, Suharti N, Juliadmi D, Fajri H, Tjong DH, Affi J, Niinomi M (2021) Hydroxyapatite coating 
on titanium alloy TNTZ for increasing osseointegration and reducing inflammatory response in vivo on Rattus 
norvegicus Wistar rats. Ceram Int 47(11):16094–16100

	159.	 Guo Y, Chen D, Cheng M, Lu W, Wang L, Zhang X (2013) The bone tissue compatibility of a new Ti35Nb2Ta3Zr alloy 
with a low Young’s modulus. Int J Mol Med 31(3):689–697

	160.	 Bai B, Zhang E, Dong H, Liu J (2015) Biocompatibility of antibacterial Ti–Cu sintered alloy: in vivo bone response. J 
Mater Sci - Mater Med 26(12):1–2

	161.	 Che Z, Sun Y, Luo W, Zhu L, Li Y, Zhu C, Liu T, Huang L (2022) Bifunctionalized hydrogels promote angiogenesis 
and osseointegration at the interface of three-dimensionally printed porous titanium scaffolds. Mater Des 
1(223):111118

	162.	 Stenlund P, Omar O, Brohede U, Norgren S, Norlindh B, Johansson A, Lausmaa J, Thomsen P, Palmquist A (2015) 
Bone response to a novel Ti–Ta–Nb–Zr alloy. Acta Biomater 1(20):165–175

	163.	 Ghadami F, Hamedani MA, Rouhi G, Saber-Samandari S, Dehghan MM, Farzad-Mohajeri S, Mashhadi-Abbas F 
(2022) The correlation between osseointegration and bonding strength at the bone-implant interface: In-vivo & 
ex-vivo investigations on hydroxyapatite and hydroxyapatite/titanium coatings. J Biomech 1(144):111310

	164.	 Altinci P, Can G, Gunes O, Ozturk C, Eren H (2016) Stability and marginal bone level changes of SLActive 
Titanium-Zirconium implants placed with flapless surgery: A prospective pilot study. Clin Implant Dent Relat Res 
18(6):1193–1199

	165.	 Shah FA, Nilson B, Brånemark R, Thomsen P, Palmquist A (2014) The bone-implant interface–nanoscale analysis of 
clinically retrieved dental implants. Nanomedicine 10(8):1729–37

	166.	 Zhang J, Cai B, Tan P, Wang M, Abotaleb B, Zhu S, Jiang N (2022) Promoting osseointegration of titanium implants 
through magnesium-and strontium-doped hierarchically structured coating. J Market Res 1(16):1547–1559

	167.	 Sasikumar Y, Indira K, Rajendran N (2019) Surface modification methods for titanium and its alloys and their corro-
sion behavior in biological environment: a review. J Bio- Tribo-Corrosion 5(2):1–25

	168.	 Kurup A, Dhatrak P, Khasnis N (2021) Surface modification techniques of titanium and titanium alloys for biomedi-
cal dental applications: A review. Mater Today 1(39):84–90

	169.	 Lin R, Wang Z, Li Z, Gu L (2022) A two-phase and long-lasting multi-antibacterial coating enables titanium bioma-
terials to prevent implants-related infections. Mater Today Bio 1(15):100330

	170.	 Perets T, Ghedalia-Peled NB, Vago R, Goldman J, Shirizly A, Aghion E (2021) In vitro behavior of bioactive hybrid 
implant composed of additively manufactured titanium alloy lattice infiltrated with Mg-based alloy. Mater Sci Eng, 
C 1(129):112418

	171.	 Goiato MC, Dos Santos DM, Santiago JJ, Moreno A, Pellizzer EP (2014) Longevity of dental implants in type IV 
bone: a systematic review. Int J Oral Maxillofac Surg 43(9):1108–1116

	172.	 Muthaiah VS, Indrakumar S, Suwas S, Chatterjee K (2022) Surface engineering of additively manufactured titanium 
alloys for enhanced clinical performance of biomedical implants: A review of recent developments. Bioprinting 
1(25):e00180

	173.	 Aniołek K, Kupka M (2016) Surface characterization of thermally oxidized Ti-6Al-7Nb alloy. Mater Chem Phys 
1(171):374–378

	174.	 Liu XH, Wu L, Ai HJ, Han Y, Hu Y (2015) Cytocompatibility and early osseointegration of nanoTiO2-modified Ti-24 
Nb-4 Zr-7.9 Sn surfaces. Mater Sci Eng C 48:256–62

	175.	 Shi X, Xu L, Violin KB, Lu S (2016) Improved osseointegration of long-term stored SLA implant by hydrothermal 
sterilization. J Mech Behav Biomed Mater 53:312–9

	176.	 Cochran D, Oates T, Morton D, Jones A, Buser D, Peters F (2007) Clinical field trial examining an implant with a 
sand-blasted, acid-etched surface. J Periodontol 78(6):974–982

	177.	 Zhao X, Ren X, Wang C, Huang B, Ma J, Ge B, Jia Z, Li Y (2020) Enhancement of hydroxyapatite formation on 
titanium surface by alkali heat treatment combined with induction heating and acid etching. Surf Coat Technol 
15(399):126173

	178.	 Marques ID, Barão VA, da Cruz NC, Yuan JC, Mesquita MF, Ricomini-Filho AP, Sukotjo C, Mathew MT (2015) Electro-
chemical behavior of bioactive coatings on cp-Ti surface for dental application. Corros Sci 1(100):133–146

	179.	 Singh G, Sharma S, Mittal M, Singh G, Singh J, Changhe L, Khan AM, Dwivedi SP, Mushtaq RT, Singh S (2022) 
Impact of post-heat-treatment on the surface-roughness, residual stresses, and micromorphology characteristics 
of plasma-sprayed pure hydroxyapatite and 7%-Aloxite reinforced hydroxyapatite coatings deposited on titanium 
alloy-based biomedical implants. J Market Res 1(18):1358–1380

	180.	 AlMashhadani HA, Khadom AA, Khadhim MM (2022) Effect of Polyeugenol coating on surface treatment of grade 
23 titanium alloy by micro arc technique for dental application. Results Chem 1(4):100555

	181.	 Huang HH, Wu CP, Sun YS, Lee TH (2013) Improvements in the corrosion resistance and biocompatibility of bio-
medical Ti–6Al–7Nb alloy using an electrochemical anodization treatment. Thin Solid Films 15(528):157–162

	182.	 Degidi M, Nardi D, Piattelli A (2012) 10-year follow-up of immediately loaded implants with TiUnite porous ano-
dized surface. Clin Implant Dent Relat Res 14(6):828–838

	183.	 Jeong YH, Choe HC, Brantley WA (2011) Nanostructured thin film formation on femtosecond laser-textured Ti–
35Nb–xZr alloy for biomedical applications. Thin Solid Films 519(15):4668–4675



Page 35 of 36Pesode and Barve ﻿Journal of Engineering and Applied Science           (2023) 70:25 	

	184.	 Bansal P, Singh G, Sidhu HS (2021) Improvement of surface properties and corrosion resistance of Ti13Nb13Zr 
titanium alloy by plasma-sprayed HA/ZnO coatings for biomedical applications. Mater Chem Phys 1(257):123738

	185.	 Beline T, Marques ID, Matos AO, Ogawa ES, Ricomini-Filho AP, Rangel EC, Da Cruz NC, Sukotjo C, Mathew MT, 
Landers R, Consani RL (2016) Production of a biofunctional titanium surface using plasma electrolytic oxidation 
and glow-discharge plasma for biomedical applications. Biointerphases 11(1):011013

	186.	 Costa RC, Souza JG, Cordeiro JM, Bertolini M, de Avila ED, Landers R, Rangel EC, Fortulan CA, Retamal-Valdes B, da 
Cruz NC, Feres M (2020) Synthesis of bioactive glass-based coating by plasma electrolytic oxidation: Untangling a 
new deposition pathway toward titanium implant surfaces. J Colloid Interface Sci 1(579):680–698

	187.	 Kalisz M, Grobelny M, Mazur M, Zdrojek M, Wojcieszak D, Świniarski M, Judek J, Kaczmarek D (2015) Comparison of 
mechanical and corrosion properties of graphene monolayer on Ti–Al–V and nanometric Nb2O5 layer on Ti–Al–V 
alloy for dental implants applications. Thin Solid Films 31(589):356–363

	188.	 Sasikumar Y, Indira K, Rajendran N (2019) Surface modification methods for titanium and its alloys and their corro-
sion behavior in biological environment: a review. Journal of Bio-and Tribo-Corrosion 5:1–25

	189.	 Subramani Karthikeyan, Reji T. Mathew, and Preeti Pachauri. Titanium surface modification techniques for dental 
implants—from microscale to nanoscale. Emerging nanotechnologies in dentistry (2018): 99–124.

	190.	 Pesode Pralhad, Shivprakash Barve, Sagar V. Wankhede, and Amar Chipade. Metal oxide coating on biodegradable 
magnesium alloys. 3c Empresa: investigación y pensamiento crítico 12, no. 1 (2023): 392–421.

	191.	 Kaseem Mosab, Siti Fatimah, Nisa Nashrah, and Young Gun Ko. Recent progress in surface modification of metals 
coated by plasma electrolytic oxidation: principle, structure, and performance. Progress in Materials Science 117 
(2021): 100735.

	192.	 Chouirfa H, Bouloussa H, Migonney V, Falentin-Daudré C (2019) Review of titanium surface modification tech-
niques and coatings for antibacterial applications. Acta Biomater 83:37–54

	193.	 Thibaud C, Boissière M, Livage J (2006) Sol-gel chemistry in medicinal science. Curr Med Chem 13(1):99–108
	194.	 Pesode PA, Barve SB (2021) Recent advances on the antibacterial coating on titanium implant by micro-Arc oxida-

tion process. Materials Today: Proceedings 1(47):5652–5662
	195.	 You Lv, Yule Wu, Xueqin Lu, Yang Yu, Shan Fu, Yang L, Dong Z, Zhang X (2019) Microstructure, bio-corrosion and 

biological property of Ag-incorporated TiO2 coatings: influence of Ag2O contents. Ceram Int 45(17):22357–22367
	196.	 Xiangyu Z, Li J, Wang X, Wang Y, Hang R, Huang X, Tang B, Chu PK (2018) Effects of copper nanoparticles in porous 

TiO2 coatings on bacterial resistance and cytocompatibility of osteoblasts and endothelial cells. Mater Sci Eng, C 
82:110–120

	197.	 Pralhad Pesode1, Shivprakash Barve, Yogesh Mane,Shailendra Dayane, Snehal Kolekar, Kahtan A. Mohammed. 
Recent advances on biocompatible coating on magnesium alloys by micro arc oxidation technique Key Engineer-
ing Materials 944 (2023):117–134

	198.	 Ren L, Ma Z, Li M, Zhang Y, Liu W, Liao Z, Yang K (2014) Antibacterial properties of Ti–6Al–4V–xCu alloys. J Mater Sci 
Technol 30(7):699–705

	199.	 Zhang E, Li F, Wang H, Liu J, Wang C, Li M, Yang K (2013) A new antibacterial titanium–copper sintered alloy: 
preparation and antibacterial property. Mater Sci Eng, C 33(7):4280–4287

	200.	 Raffi Muhammad, Saba Mehrwan, Tariq Mahmood Bhatti, Javed Iqbal Akhter, Abdul Hameed, and Wasim Yawar. 
Investigations into the antibacterial behavior of copper nanoparticles against Escherichia coli. Annals of microbi-
ology 60, no. 1 (2010): 75–80.

	201.	 Norambuena GA, Patel R, Karau M, Wyles CC, Jannetto PJ, Bennet KE, Hanssen AD, Sierra RJ (2017) Antibacterial 
and biocompatible titanium-copper oxide coating may be a potential strategy to reduce periprosthetic infection: 
an in vitro study. Clin Orthop Relat Res 475(3):722–32

	202.	 Chen M, Zhang E, Zhang L (2016) Microstructure, mechanical properties, bio-corrosion properties and antibacte-
rial properties of Ti–Ag sintered alloys. Mater Sci Eng, C 1(62):350–360

	203.	 Kang MK, Moon SK, Kwon JS, Kim KM, Kim KN (2012) Antibacterial effect of sand blasted, large-grit, acid-etched 
treated Ti–Ag alloys. Mater Res Bull 47(10):2952–2955

	204.	 Yao L, Wang H, Li L, Cao Z, Dong Y, Yao L, Lou W, Zheng S, Shi Y, Shen X, Cai C (2022) Development and evaluation 
of osteogenesis and antibacterial properties of strontium/silver-functionalized hierarchical micro/nano-titanium 
implants. Mater Des 1(224):111425

	205.	 Ferraris S, Venturello A, Miola M, Cochis A, Rimondini L, Spriano S (2014) Antibacterial and bioactive nanostruc-
tured titanium surfaces for bone integration. Appl Surf Sci 30(311):279–291

	206.	 Tang Q, Zhang X, Shen K, Zhu Z, Hou Y, Lai M (2021) Dual-functionalized titanium for enhancing osteogenic and 
antibacterial properties. Colloid and Interface Science Communications 1(44):100481

	207.	 Bright R, Fernandes D, Wood J, Palms D, Burzava A, Ninan N, Brown T, Barker D, Vasilev K (2022) Long-term antibac-
terial properties of a nanostructured titanium alloy surface: An in vitro study. Materials Today Bio 1(13):100176

	208.	 Bai L, Hang R, Gao A, Zhang X, Huang X, Wang Y, Tang B, Zhao L, Chu PK (2015) Nanostructured titanium–silver 
coatings with good antibacterial activity and cytocompatibility fabricated by one-step magnetron sputtering. 
Appl Surf Sci 15(355):32–44

	209.	 Yifei Z, Zheng Y, Li Y, Wang L, Bai Y, Zhao Q, Xiong X et al (2015) Tantalum nitride-decorated titanium with 
enhanced resistance to microbiologically induced corrosion and mechanical property for dental application. PLoS 
ONE 10(6):e0130774

	210.	 Ferraris S, Spriano SJ (2016) Antibacterial titanium surfaces for medical implants. Mater Sci Eng, C 1(61):965–978
	211.	 Pandey LM (2022) Design of Biocompatible and Self-antibacterial Titanium Surfaces for Biomedical Applications. 

Current Opin Biomed Eng 20:100423
	212.	 Prasad S, Ehrensberger M, Gibson MP, Kim H, Monaco EA Jr (2015) Biomaterial properties of titanium in dentistry. J 

Oral Biosci 57(4):192–199
	213.	 Soro N, Brodie EG, Abdal-hay A, Alali AQ, Kent D, Dargusch MS (2022) Additive manufacturing of biomimetic 

Titanium-Tantalum lattices for biomedical implant applications. Mater Des 1(218):110688



Page 36 of 36Pesode and Barve ﻿Journal of Engineering and Applied Science           (2023) 70:25 

	214.	 Zhou XY, Dou ZH, Zhang TA, Yan JS, Yan JP (2022) Preparation of low-oxygen Ti powder from TiO2 through 
combining self-propagating high temperature synthesis and electrodeoxidation. Trans Nonferrous Met Soc China 
32(10):3469–3477

	215.	 Mossino P (2004) Some aspects in self-propagating high-temperature synthesis. Ceram Int 30(3):311–332
	216.	 Cordeiro Jairo M., and Valentim AR Barão Is there scientific evidence favoring the substitution of commercially 

pure titanium with titanium alloys for the manufacture of dental implants Materials Science and Engineering: C 71 
(2017): 1201–1215.

	217.	 Gao Ang, Ruiqiang Hang, Long Bai, Bin Tang, and Paul K. Chu Electrochemical surface engineering of titanium-
based alloys for biomedical application. Electrochimica Acta 271 (2018): 699–718.

	218.	 Arash F-A, Molaei M, Babaei K (2020) The effects of nano-and micro-particles on properties of plasma electrolytic 
oxidation (PEO) coatings applied on titanium substrates: a review. Surf Interfaces 21:100659

	219.	 Haibo Wu, Zhang X, Geng Z, Yin Y, Hang R, Huang X, Yao X, Tang B (2014) Preparation, antibacterial effects and 
corrosion resistant of porous Cu–TiO2 coatings. Appl Surf Sci 308:43–49

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	A review—metastable β titanium alloy for biomedical applications
	Abstract 
	Introduction
	Classification of titanium alloys
	α-Ti and near-α Ti alloys
	β-titanium alloys
	(α + β)-titanium alloys
	Shape memory alloys based on titanium
	Titanium alloy production methods for use in biomedical applications
	Titanium alloys’ characteristics
	Mechanical characteristics

	Ductility and strength
	Elastic modulus and hardness
	Fatigue behaviors
	Surface properties
	Corrosion behavior
	Biocompatibility
	Osseointegration
	Surface modification of Ti alloys
	Mechanical surface modification
	Physical surface modification
	Chemical surface modification
	ListParagraph4ListParagraph Surface modification of Ti alloys for antimicrobial properties
	Current challenges and recommendations in developing new Ti-based implant materials

	Conclusions
	Acknowledgements
	References


