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ABSTRACT 

 
alloys are widely used in orthopedic, dental, spinal and craniofacial 

Their long-term behavior, 

however, depends on much more 

influence elastic compatibility, fatigue, tribocorrosion, osseointegration 

manufacturing, surface 

engineering and implant-failure studies within a 

review uses a structured narrative search and gives priority to primary 

60–74 GPa, compared with values around 120 GPa for conventional Ti

processing and physiological media can change the mechanism 

that limits , 

greater roughness or stronger antibacterial activity as universally desirable targets

useful approach is to evaluate alloy chemistry, 

architecture, defects

 

 

Keywords- titanium alloys; biomedical engineering; orthopedic implants; dental implants; additive manufacturing; β-type 
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I. INTRODUCTION 
 

entral to biomedical engineering because they combine relatively 

use in contact with tissue and 

body fluids [1,9,11,12]. Commercially pure titanium 

are being explored to reduce elastic modulus and improve implant

dense metallic implants are much stiffer than bone, so both lower-modulus 

behavior or biological compatibility [9,10,16–18]. Primary studies 

illustrate this 

for Ti–6Al–4V, while Wei et al. reported approximately 60 GPa modulus and 

removing the strength needed for 

load-bearing  
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machining 

remain important, while laser- and electron-beam additive manufacturing 

for bone-contacting devices 

because internal architecture can be 

may introduce anisotropy, residual stress, rough surfaces, partially fused 

both the 

promise and the limitations of porosity. Bandyopadhyay et al. reported 

later comparison found that additively manufactured 

porous Ti–6Al–4V with 

Such findings support the use of engineered porosity, but they also show why 

therefore follows the full chain from 

alloy design and manufacturing to 

 

prepared as a structured critical narrative review rather than a 

alloy development, 

additive manufacturing, fatigue, tribocorrosion, 

electrochemical environment, surface treatment and biological model. 

Targeted 

ect/Elsevier, SpringerLink, ACS Publications and Frontiers. Backward 

standards were checked through the 

International Organization for Standardization 

manufacturing fatigue”, “porous titanium osseointegration”, “titanium 

titanium implant life cycle assessment” and “surgical implant titanium 

Studies were included when they directly addressed titanium or titanium-alloy compositions for 

or tribocorrosion, surface–cell or 

surface–bacteria interactions, in vivo osseointegration, 

studies were preferred for quantitative comparisons and for claims about the magnitude or direction 

exhaustive. Papers were prioritized when 

they informed one or more links in the proposed 

following references from highly relevant reviews and primary articles. Studies focused on non-

transferable biomedical 

evidence, or claims that could not be traced to a peer-reviewed or standards 

the total number of eligible studies in the field. No formal risk-of-bias 

scoring tool was applied; 

narratively. The purpose was to test whether the proposed framework is supported across 

 
 

The biomedical titanium literature already includes strong reviews of additive manufacturing, β-type 

paper is therefore not to claim that these 

topics have been overlooked, but to examine how they 

compare trade-offs that are often missed when alloy chemistry, architecture, surface biology 

and syntheses and identifies 

the boundary of each source in relation to the integrated framework used here. 
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Figure 1. Author-developed conceptual framework for biomedical titanium-alloy qualification, based on 

relationships synthesized from Refs. [9–14,18–27].  
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IV. BIOMEDICAL DESIGN REQUIREMENTS, ALLOY SELECTION, AND 

QUANTITATIVE EVIDENCE 
 

The TiO₂-rich 

passive film is central to corrosion resistance, yet wear, fretting, crevice conditions and 

removal and repassivation [1,14,24,25]. In an oral environment, 

Licausi et al. compared cast and 

mouthwash containing 112 ppm fluoride. Their results showed that tribocorrosion increased beyond a 

used a 200 N normal load and ±50 μm fretting amplitude 

in bovine serum and observed material-

should be treated as part of implant design rather than as a secondary surface phenomenon.  Elastic 

phase can be stabilized 

with elements such as Mo, Nb, Ta and Zr, but a clinically useful alloy must 

reported a Young’s modulus of about 74 GPa for Ti–12Mo–5Ta, while 

Wei et al. reported extended 

this idea from alloy chemistry to architecture by additively manufacturing Ti–Nb–Ta–Zr 

studies show why stiffness matching cannot be reduced to a 

single number. Lower modulus may 

fatigue resistance, and the acceptable balance depends on the implant geometry and load path  
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customization with 

internal architectures that can be designed around both mechanical and biological 

category. Build orientation, scan strategy, heat input, powder 

history, post-processing and surface 

and relative density introduce an additional structural scale [4,5,13,18,20,21]. As a result, two 

if one contains lack-of-fusion defects 

or rough struts and the other has undergone HIP, chemical 

etching after selective laser melting could improve fatigue life by reducing microstructural 

and architecture-dependent paths 

in porous AM structures [21]. These findings support evaluating lattice 

Recent evidence also helps explain how manufacturing defects and the biological environment 

roughly half the relative endurance limit of the wrought and HIPed 

conditions, with internal AM 
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physiological medium became easier to detect [27]. This distinction is important. A corrosive 

environmental degradation can become more 

relevant after those defects are reduced. In this sense, 

 
 

The titanium surface is the first part of an implant encountered by proteins, cells, body fluids and 

alter biological performance [11,12]. 

Blasting, etching, plasma treatments, micro-arc oxidation, sol–

surfaces are always better. Schwartz et al. compared smooth Ti–6Al–4V surfaces with Ra around 0.2 

showed greater bone–implant 

contact and more than twice the removal torque, even though cell 

may coincide with greater differentiation and stronger fixation, so cell number alone is an incomplete 

Antibacterial modification introduces another trade-off because the concentrations needed to suppress 

depends strongly on formulation and 

dose. Piñera-Avellaneda et al. evaluated a silver-doped calcium-

al., however, found a clearer dose-dependent compromise. Two PVD silver coatings on Ti–6Al–4V 

for the lower-Ag coating [32]. Copper-based approaches 

provide a similar lesson. A Cu–Co co-doped 

differentiation while inhibiting Staphylococcus aureus in vitro [33], whereas a Ti–6Al–4V–Cu alloy 

maintaining favorable 

biocompatibility [34]. These results do not establish Ag or Cu as universally 

release, coating adhesion and durability need to be assessed together. 
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 FAILURE MECHANISMS: FATIGUE, TRIBOCORROSION, LOOSENING, AND 

STERILIZATION-RELATED SURFACE 
 

Long-term implant failure rarely arises from a single material property. Fatigue, wear, corrosion, 

sliding can repeatedly disrupt the passive oxide layer and expose 

fresh metal to the surrounding 

influence of fluoride on tribocorrosion [24], whereas modular orthopedic junctions are affected by 

material may perform well in a static 

corrosion test but degrade under loaded contact. For devices 

Biological fixation and the final processing steps before implantation add another source of 

also change the surface presented to cells. Park et al. showed that different 

cleaning and sterilization procedures altered titanium surface chemistry, hydrophobicity and roughness, and these changes 

were 

particularly important when comparing 

studies, because two specimens with the same alloy 

sterilization or storage histories differ [11,15]. 

 

 

Orthopedic, dental, spinal and craniofacial devices are exposed to different combinations of load, 

Dense Ti–6Al–4V remains important where established 

strength and processing routes are required, 

stiffness tailoring together with tissue-ingrowth architectures [9,10,13,16–22]. Translation, however, 

material specification, 

processing history must be controlled, and the final device should be evaluated 

Current ISO standards make this distinction clear at the material level. ISO 5832-2:2025 specifies 

covers wrought Ti–6Al–4V, ISO 5832-

11:2024 covers wrought Ti–6Al–7Nb, and ISO 5832-14:2019 

material composition and properties, but they do not certify a finished implant. 

This matters defects, 
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machining, heat treatment and coatings can move device-level behavior away from 

depend on the implant type and intended use. 

material standards relevant to titanium surgical implants. 

Standard Material What it establishes Critical translational point 

ISO 5832-2:2025 Unalloyed titanium 

Characteristics and 

corresponding test methods for 

surgical-implant titanium 

Material specification does not 

guarantee that a finished 

device will reproduce 

standardized specimen 

properties [28] 

ISO 5832-3:2021 Wrought Ti–6Al–4V 
Characteristics and test methods 

for surgical implant alloy 

Relevant baseline for 

conventional Ti–6Al–4V, but 

AM and surface processing 

still require device-level 

qualification [29] 

ISO 5832-11:2024 Wrought Ti–6Al–7Nb Characteristics and test methods 

Provides a vanadium-free 

standardized titanium alloy 

option for surgical implants 

[30] 

ISO 5832-14:2019 
Wrought Ti–15Mo–5Zr–

3Al 
Characteristics and test methods 

Shows that β-rich biomedical 

alloy systems have recognized 

implant-material standards, 

while process route remains 

application-specific [31] 

 

Sustainability is relevant to titanium implant manufacturing, but broad claims should be made 
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