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Abstract 

The performance and long-term reliability of nickel–titanium (NiTi) alloys in biomedical applications 
are strongly governed by surface-related degradation processes, in which the adhesion and interfacial 
stability of protective coatings play a critical role. This review examines ceramic, polymer, and hybrid 
coatings applied to NiTi substrates, with particular emphasis on adhesion mechanisms, interfacial 
mechanics, and tribocorrosion behavior under coupled mechanical and electrochemical loading 
conditions. The analysis demonstrates that coating durability is controlled by the interplay between 
adhesion characteristics, mechanical compatibility, and functional thickness. Thin coatings provide 
favorable strain accommodation but limited wear resistance, whereas thicker layers improve barrier 
performance at the expense of increased susceptibility to interfacial stress accumulation and cracking. 
Ceramic coatings offer excellent corrosion and tribological performance but are prone to 
adhesion-related failure under large deformation, while polymer coatings enhance interfacial 
compliance at the cost of reduced long-term durability. Multilayer and graded architectures are 
shown to improve adhesion durability and delay delamination by redistributing interfacial stresses 
and decoupling protective and deformational functions. Coating degradation in NiTi systems is 
therefore a multiphysical phenomenon involving the coupled action of mechanical damage, 
electrochemical reactions, tribological interactions, and martensitic transformation. Despite 
significant progress, key challenges remain, including limited long-term fatigue data, insufficient 
tribocorrosion studies under fully coupled conditions, and the lack of predictive models linking 
interfacial design with coating durability. This review highlights the need for integrated, 
adhesion-oriented design strategies for advanced coating systems in NiTi biomedical applications. 

Keywords: NiTi alloys; Nitinol; tribocorrosion; surface coatings; interfacial mechanics; martensitic 
transformation; biomedical materials 
 

1. Introduction 

Nickel–titanium alloys (NiTi, commonly referred to as Nitinol) represent one of the most 
important classes of functional biomaterials used in modern biomedical engineering. Their unique 
mechanical behavior arises from a reversible martensitic phase transformation between austenite and 
martensite, which enables large recoverable strains (up to several percent under favorable loading 
conditions) while maintaining relatively high mechanical strength and fatigue resistance [1–4]. 
Owing to these properties, NiTi alloys have been widely implemented in biomedical devices 
requiring high flexibility and mechanical reliability, including vascular stents, orthodontic 
components, and various orthopedic implants [3–7]. 

Despite their exceptional functional properties, the long-term performance of NiTi components 
in physiological environments is governed predominantly by surface-controlled degradation 
phenomena. The alloy is naturally protected by a passive TiO₂ layer that provides a certain degree of 
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corrosion resistance; however, the stability of this protective film may be compromised under 
mechanical loading or in aggressive environments containing chloride ions [8–11]. Disruption of the 
passive layer can lead to increased electrochemical activity, accelerated corrosion processes, and 
enhanced nickel ion release, which may influence both the durability of the implant and the biological 
response of surrounding tissues [9,12]. 

A particularly important degradation mechanism affecting NiTi biomedical devices is 
tribocorrosion, which results from the simultaneous interaction between mechanical wear and 
electrochemical corrosion. Unlike purely mechanical or purely electrochemical degradation 
processes, tribocorrosion involves complex synergistic interactions that often accelerate material loss 
and destabilize protective surface films [8,13–16]. Experimental studies have demonstrated that 
mechanical removal of the passive oxide layer leads to a local increase in corrosion current density 
and promotes progressive surface degradation during repeated contact or sliding conditions [14,15]. 

To mitigate these limitations, extensive research has focused on advanced surface modification 
strategies designed to enhance the durability and biological performance of NiTi alloys. Among the 
most widely investigated approaches are ceramic coatings, polymer coatings, and hybrid multilayer 
systems. Ceramic coatings such as titanium dioxide (TiO₂) and diamond-like carbon (DLC) can 
significantly improve wear resistance and electrochemical stability, whereas polymer coatings offer 
superior mechanical compliance with the deformable NiTi substrate and may enhance 
biocompatibility [17–24]. In addition, increasing attention has been devoted to multifunctional 
coating concepts capable of providing antibacterial activity, improved biointegration, or controlled 
release of therapeutic agents [25–28]. 

From the perspective of adhesive science, the performance of such coatings is governed not only 
by their intrinsic protective properties but, critically, by the nature and durability of the coating–
substrate interface. Adhesion in NiTi-based systems should therefore be considered as an interfacial 
property controlled by a combination of chemical bonding, mechanical interlocking, and interfacial 
fracture resistance, rather than solely by initial adhesion strength values measured under simplified 
loading conditions. 

Designing durable coating systems for NiTi alloys consequently requires careful consideration 
of the complex coupling between mechanical deformation, electrochemical processes, and interfacial 
mechanics. In particular, mechanical compatibility between the coating and the superelastic substrate 
is critical. Significant differences in elastic modulus may generate strain incompatibility at the 
coating–substrate interface, leading to stress concentration, microcrack initiation, and progressive 
interfacial damage during cyclic loading [29–31]. For this reason, multilayer and compositionally 
graded coating architectures are increasingly investigated as strategies for redistributing stresses and 
improving interfacial stability under repeated deformation [26,32]. 

The present article provides a critical review of surface engineering strategies applied to NiTi 
alloys, with emphasis on ceramic, polymer, and hybrid coating systems. Particular attention is 
devoted to adhesion mechanisms, interfacial fracture and stress development, the influence of 
coating thickness and architecture, and the multiphysical degradation processes associated with 
tribocorrosion. By integrating insights from materials science, tribology, electrochemistry, and 
adhesive mechanics, this review aims to clarify the relationships between coating design, interfacial 
durability, and the long-term functional performance of NiTi biomedical devices. 

2. Methodology of Literature Review 

Literature sources were collected from the Scopus, Web of Science, and Google Scholar databases 
to provide a reproducible overview of research on surface engineering of NiTi alloys. The search 
covered publications from 1995 to 2025, corresponding to the period of intensive development of 
biomedical applications of NiTi. 

Keyword combinations included NiTi alloy, Nitinol, surface coating, tribocorrosion, ceramic coating, 
polymer coating, diamond-like carbon, hydroxyapatite, and biomedical implants. Only peer-reviewed 
journal articles and authoritative review papers were considered. 
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Approximately 120 publications were initially identified. After removal of duplicates and 
studies not directly addressing surface modification or degradation mechanisms of NiTi alloys, 
approximately 60 key papers were selected for detailed analysis. 

The literature was examined with particular focus on mechanical compatibility between coatings 
and NiTi substrates, tribocorrosion mechanisms in biomedical environments, the influence of 
coatings on martensitic transformation and fatigue behavior, and the role of multilayer or hybrid 
coating architectures. 

The selected studies were analyzed comparatively to identify relationships between coating 
architecture, thickness, mechanical properties, and durability under biomechanical loading 
conditions. 

3. Surface Degradation Mechanisms 

NiTi alloys are protected by a naturally formed TiO₂ passive film that limits electrochemical 
interaction with physiological environments [4,12]. The stability of this film decreases under 
mechanical damage and in chloride-containing media, such as body fluids [5]. Local rupture of the 
passive layer increases electrochemical activity and may promote nickel ion release, affecting both 
material durability and biocompatibility [9]. While partial repassivation can occur under static 
conditions, repeated mechanical interaction leads to continuous disruption of the passive film and 
progressive surface degradation, particularly in regions of stress concentration or structural 
heterogeneity [5,15]. 

Tribocorrosion represents a coupled degradation mode in which mechanical wear and 
electrochemical corrosion act simultaneously. Mechanical removal of the passive layer exposes the 
substrate and enhances electrochemical reactions, often leading to higher material loss than that 
expected from purely mechanical or purely electrochemical processes [8,9]. This interaction 
constitutes a primary durability challenge for NiTi components operating under repeated contact or 
sliding conditions in biomedical applications. 

4. Adhesion Mechanisms and Interfacial Bonding 

The adhesion of coatings to NiTi substrates is a key factor governing their durability under 
tribocorrosion conditions. In NiTi systems, coating failure frequently initiates at the coating–substrate 
interface, where insufficient interfacial bonding promotes crack propagation, delamination, and 
progressive substrate exposure [18,19,25]. Consequently, reliable surface modification strategies 
require a clear understanding of the mechanisms governing interfacial adhesion. 

Adhesion in coating–substrate systems is generally governed by mechanical interlocking, 
chemical bonding, and diffusion-assisted interactions [21,25]. Mechanical interlocking originates 
from surface roughness and topographical features that provide physical anchoring of the coating. 
In NiTi alloys, surface treatments such as sandblasting, acid etching, or laser texturing are commonly 
employed to increase the effective contact area and improve adhesion [20,21]. 

Chemical bonding plays a particularly important role due to the presence of a native TiO₂ 
passive layer on NiTi surfaces [7,12]. This oxide film provides active sites for interfacial bonding with 
deposited coatings. In ceramic coatings, such as TiO₂ or hydroxyapatite, adhesion may involve ionic 
or covalent interactions, whereas polymer coatings typically rely on secondary interactions, including 
van der Waals forces and hydrogen bonding [22–24]. The composition and stability of the oxide layer 
therefore critically influence adhesion performance [15]. 

Diffusion-related mechanisms may additionally contribute to adhesion, particularly in coatings 
deposited at elevated temperatures or by chemical vapor deposition (CVD). Interdiffusion can lead 
to graded transition layers that mitigate abrupt property mismatches and reduce interfacial stress 
concentration [24,33]. However, excessive diffusion may adversely affect functional properties of 
NiTi, including martensitic transformation behavior [27–29]. 
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The deposition technique strongly influences adhesion quality. Physical vapor deposition (PVD) 
generally produces dense coatings with limited interdiffusion, where adhesion is dominated by 
mechanical interlocking and residual stress effects [33,35]. In contrast, CVD and plasma-assisted 
processes may promote stronger chemical bonding and graded interfaces. Atomic layer deposition 
(ALD) enables precise control of coating thickness and conformality, supporting good adhesion on 
complex geometries while maintaining low residual stress levels [14,35]. 

Adhesion performance is commonly assessed using scratch testing, pull-off testing, and 
nanoindentation-based methods [25,35]. In NiTi systems, adhesion is closely coupled with 
deformation behavior, as superelastic strains of up to several percent impose cyclic stresses at the 
interface [1,2,29]. Insufficient interfacial bonding may therefore lead to delamination even when 
coating hardness or corrosion resistance is high [18,19]. 

Residual stresses generated during deposition represent an additional critical factor influencing 
adhesion durability. Tensile stresses promote crack initiation, whereas compressive stresses may 
improve crack resistance but can induce buckling or spallation if excessive [33,35]. 

From a design perspective, adhesion must be considered together with mechanical compatibility 
and coating architecture. High-stiffness ceramic coatings require strong and damage-tolerant 
interfacial bonding to accommodate strain mismatch with the NiTi substrate, whereas compliant 
polymer coatings are less sensitive to adhesion-related failure but may degrade through wear or 
physicochemical processes [23,26,30]. Multilayer and compositionally graded coatings offer an 
effective strategy for enhancing adhesion durability by redistributing stresses across the interface 
[32–34]. 

A comparative overview of representative coating types, dominant adhesion mechanisms, 
testing methods, and typical failure modes for coatings applied to NiTi alloys is presented in Table 
1. 

Table 1. Adhesion Performance and Failure Mechanisms of Coatings on NiTi Alloys. 

Coating Type 
Typical 

Adhesion 
Strength 

Dominant Adhesion 
Mechanisms 

Common Test 
Methods Typical Failure Modes Key Influencing Factors 

TiO₂ (oxide 
coatings) 

moderate–
high 

chemical bonding (via TiO₂ 
layer), mechanical 

interlocking 

scratch test, 
nanoindentation 

cohesive cracking, 
interfacial delamination 

(at defects) 

oxide layer quality, 
porosity, residual stress 

DLC 
(diamond-

like carbon) 
moderate 

mechanical interlocking, 
limited chemical bonding 

(often via interlayers) 

scratch test, 
Rockwell 

indentation 

brittle cracking, 
delamination at high 

strain (>3–5%) 

high stiffness mismatch, 
residual stress, 

interlayer presence 

Hydroxyapati
te (HAp) 

low–
moderate 

chemical bonding, limited 
mechanical interlocking 

pull-off test, 
scratch test 

brittle fracture, rapid 
delamination 

porosity, coating 
thickness, deposition 

method 

Polymer 
coatings 

moderate 
van der Waals forces, 
hydrogen bonding, 

mechanical interlocking 

pull-off test, peel 
test 

gradual debonding, wear-
induced removal 

surface preparation, 
chemical compatibility, 

degradation 
Hybrid / 

multilayer 
coatings 

high 
combined: chemical bonding 

+ graded interface + 
mechanical interlocking 

scratch test, 
nanoindentation, 
multi-step tests 

delayed delamination, 
layer-by-layer failure 

architecture design, 
interlayer properties, 

stress distribution 

5. Interfacial Mechanics and Strain Compatibility 

Mechanical compatibility between the coating and the NiTi substrate is a primary factor 
controlling coating durability under mechanical and tribocorrosion loading. Differences in elastic 
modulus generate strain incompatibility that concentrates stresses at the interface and promotes crack 
initiation and propagation [13–15]. 

NiTi alloys can exhibit reversible strains of up to several percent during superelastic 
deformation associated with stress-induced martensitic transformation [1,3]. In contrast, most 
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ceramic coatings tolerate elastic strains typically below 1–2%, which explains their susceptibility to 
brittle cracking under large substrate deformation. 

High-stiffness ceramic coatings constrain substrate deformation and may intensify interfacial 
stresses associated with martensitic transformation. This constraint effect can locally modify 
transformation stress levels and potentially influence fatigue behavior of the coated system [27–29]. 
In contrast, polymer coatings deform more readily and accommodate substrate strain with a lower 
risk of brittle damage, although their wear and long-term physicochemical stability may be limited 
[24]. 

Residual stresses introduced during deposition processes such as physical vapor deposition 
(PVD) or chemical vapor deposition (CVD) further affect interfacial stability. Tensile intrinsic stresses 
are particularly detrimental, as they increase the driving force for crack initiation and delamination 
under cyclic loading [18]. 

The fundamental differences in deformation behavior between pseudoelastic NiTi, brittle 
ceramic coatings, and compliant polymer layers constitute the mechanical origin of strain mismatch 
in coated systems, as schematically illustrated in Figure 1. 

 
Figure 1. Comparison of deformation mechanisms governing strain compatibility in coated NiTi alloys. 

6. Effect of Coating Thickness 

Coating thickness strongly influences stress distribution, damage initiation, and protective 
performance of coatings applied to NiTi alloys. Nanometric layers produced by atomic layer 
deposition (ALD) or thin-film PVD generally accommodate substrate deformation well due to limited 
elastic energy accumulation [14,33]. However, their protective capability may be insufficient under 
severe wear or high contact stresses. 

Micrometric coatings provide improved barrier properties against corrosion and enhanced wear 
resistance, but they also increase the risk of stress concentration and crack formation, particularly in 
stiff ceramic layers such as diamond-like carbon (DLC) or metal oxides [18–20]. Increased coating 
thickness may additionally influence local stress states within the substrate and thereby affect 
martensitic transformation behavior [13]. 

As summarized in Table 2, no single coating thickness ensures optimal durability under all 
service conditions. Thin coatings favor mechanical compatibility with the superelastic substrate but 
offer limited tribological protection, whereas thicker coatings enhance barrier and wear performance 
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at the expense of strain tolerance. Multilayer and compositionally graded architectures mitigate this 
trade-off by redistributing stresses across layers with different mechanical properties, improving 
adhesion and delaying damage initiation [34,35]. 

These observations indicate that coating design for NiTi biomedical systems requires 
multi-parameter optimization, in which coating thickness must be considered alongside mechanical 
compatibility, residual stress state, and architectural design. 

Table 2. Effect of Coating Thickness on Degradation Mechanisms and Functional Properties of NiTi Systems [8–
10,13–20,27–29,32–34,36,40]. 

Coating 
Thickness Range 

Dominant Damage 
Mechanisms 

Tribological 
Resistance 

Corrosion Protection 
Effectiveness 

Mechanical 
Compatibility 

Effect  
on Martensitic 
Transformation 

Nanometric 
local penetration, gradual 
wear, continuity defects 

limited under 
severe friction 

moderate, dependent 
on coating integrity 

high — good strain 
accommodation 

usually negligible 

Submicrometric microcracking, fatigue 
degradation 

moderate 
high for dense 
coatings 

favorable balance low–moderate 

Micrometric 
brittle cracking, 
delamination, stress 
relaxation 

high 
very high — effective 
diffusion barrier 

limited — stress 
concentration 

moderate 

Multilayer / 
graded 

architecture-dependent, 
often delayed crack 
initiation 

high high 
high — reduced 
interfacial stresses 

controllable / 
designable 

7. Ceramic Coatings 

Ceramic coatings are widely applied to NiTi alloys to improve corrosion resistance and 
tribological performance. Titanium dioxide (TiO₂) coatings stabilize the native passive layer and 
reduce metal–environment interactions, leading to a significant improvement in corrosion resistance 
in simulated physiological solutions [12,14]. Their protective effectiveness strongly depends on 
coating density, microstructure, and interfacial adhesion quality. 

Diamond-like carbon (DLC) coatings offer high hardness (typically 10–25 GPa) and low friction 
coefficients (approximately 0.05–0.2), resulting in substantially improved wear resistance [17–19]. 
However, their high elastic modulus, often exceeding 200 GPa, limits strain accommodation and 
makes these coatings susceptible to microcracking or delamination under large substrate 
deformation. 

Bioactive ceramic coatings such as hydroxyapatite (HAp) promote osseointegration and 
favorable cellular responses, which is advantageous for orthopedic applications [20–22]. Their 
inherently brittle mechanical behavior, however, restricts long-term durability under cyclic loading 
and limits their applicability in mechanically demanding NiTi components. 

8. Polymer Coatings 

Polymer coatings provide improved mechanical compatibility with NiTi substrates due to their 
low elastic modulus and high deformability. Materials such as polyurethane, polylactide, and 
poly(carbonate urea) urethane can accommodate substrate strain effectively and reduce the risk of 
crack initiation at the coating–substrate interface [23,24]. 

In addition to mechanical compliance, polymer coatings can act as diffusion barriers limiting 
nickel ion release and may serve as platforms for bioactive functionalization or controlled drug 
delivery [25,26]. Their primary limitation is relatively low wear resistance and gradual 
physicochemical degradation during long-term service, which may restrict their durability under 
severe tribological or tribocorrosion conditions. 

Tribocorrosion 
Tribocorrosion represents a critical degradation process for NiTi alloys operating in biological 

environments and arises from the coupled action of mechanical wear and electrochemical corrosion 
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[8–11]. Sliding contact removes or damages the passive TiO₂ layer, exposing the substrate and 
increasing local electrochemical activity. Although repassivation may occur, repeated mechanical 
interaction often prevents the formation of  
a stable protective film, leading to progressive surface degradation and enhanced material loss. 

In NiTi alloys, tribocorrosion behavior is further influenced by stress-induced martensitic 
transformation, which modifies local contact stresses and surface reactivity during cyclic loading [27–
29]. Experimental studies show that tribocorrosion rates increase significantly in chloride-containing 
environments that destabilize the passive oxide layer [9,10]. 

Surface coatings mitigate tribocorrosion by reducing friction and limiting electrochemical 
exposure of the substrate. Ceramic coatings provide effective barrier protection but may crack under 
large strain due to stiffness mismatch, whereas polymer coatings accommodate deformation more 
readily but typically exhibit lower wear resistance. Hybrid and multilayer coating systems aim to 
combine these advantages by separating protective and compliant functions within the coating 
architecture [32–35]. 

The coupled mechanical–electrochemical interactions governing tribocorrosion degradation in 
coated NiTi systems are schematically illustrated in Figure 2. 

 

Figure 2. Mechanistic framework of tribocorrosion degradation in coated NiTi alloys illustrating coupled 
mechanical–electrochemical processes, thickness-dependent damage initiation, and feedback interactions 
governing material loss. 
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9. Comparative Analysis of Surface Modification Strategies 

Surface modification of NiTi alloys requires simultaneous optimization of mechanical 
compatibility, corrosion resistance, tribological performance, and biological response. The 
comparative characteristics of major coating classes are summarized in Tables 3–5. 

Ceramic coatings provide high hardness and corrosion resistance, effectively stabilizing the 
passive layer and improving wear performance [12–20]. However, their elevated stiffness increases 
sensitivity to strain-induced damage, as reflected by dominant cracking and delamination 
mechanisms [13–15,18–20]. These effects may also influence martensitic transformation behavior and 
fatigue performance under large deformation conditions [13–15,30,31]. 

Bioactive ceramics such as hydroxyapatite enhance biological adhesion but remain mechanically 
fragile, with brittle fracture constituting the primary degradation pathway under cyclic loading [20–
22]. 

In contrast, polymer coatings exhibit high deformational compatibility due to their low elastic 
modulus, which supports fatigue performance and minimizes transformation-related stress 
perturbations [24–26]. Their durability is primarily limited by wear and long-term physicochemical 
degradation. 

Table 3. Comparison of Coating Properties Applied to NiTi Alloys. 

Coating 
Type 

Elastic 
Modulus 

Corrosion 
Resistance 

Wear 
Resistance 

Mechanical 
Compatibility Main Limitations Sources 

TiO₂ high very high moderate moderate porosity, cracking [12–14,17–19] 

DLC very high high very high low–moderate 
brittleness, 
delamination [17–20] 

HAp (Ca-P) high moderate low low brittleness [20–22] 
Polymer low moderate low–moderate high degradation [23–26] 

Hybrid variable high high high structural 
complexity 

[32–35] 

Table 4. Degradation Mechanisms of Coatings on NiTi. 

Coating Type Dominant Degradation Mechanism Initiation Conditions Result Sources 
TiO₂ oxide layer cracking cyclic loading, defects loss of integrity [12,18,19] 
DLC microcracking, delamination strain >3–5% substrate exposure [18–20] 
HAp brittle fracture tensile stress rapid degradation [20–22] 
Polymer wear, chemical degradation long-term use loss of barrier function [23–26] 
Hybrid layer-dependent variable delayed degradation [32–35] 

From a functional perspective, coating influence on martensitic transformation and fatigue 
durability is particularly important. High-stiffness coatings may significantly modify local stress 
conditions and affect phase transformation behavior, whereas compliant systems exert a smaller 
mechanical perturbation. 

Table 5. Influence of Coatings on Functional Properties of NiTi. 

Property TiO₂ DLC HAp Polymer Hybrid Sources 
Martensitic transformation moderate effect strong effect slight minimal controllable [13–15] 
Fatigue structure-dependent reduced at high strain reduced improved best [30,31,41] 
Tribocorrosion improved significantly improved slight moderate best [8–10,32] 
Biological adhesion good moderate very good good high [20,23,25] 

The comparative data demonstrate a fundamental design trade-off: stiffness-driven protection 
in ceramic coatings versus strain accommodation in polymer systems. Hybrid and multilayer 
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architectures partially overcome this limitation by combining mechanically dissimilar layers, 
enabling improved tribocorrosion resistance while preserving interfacial stability [32–35]. 

Optimal coating design for NiTi systems therefore requires integrated multi-parameter 
optimization rather than prioritization of a single performance attribute. 

Taken together, the data summarized in Tables 1–5 indicate that coating performance in NiTi 
systems is governed by the interplay between three coupled parameters: mechanical stiffness, 
structural architecture, and functional thickness. High-stiffness monolithic coatings maximize barrier 
and wear resistance but amplify strain incompatibility effects. Compliant systems minimize 
mechanical perturbation yet sacrifice long-term tribological durability. Multilayer and graded 
architectures redistribute stresses across interfaces and decouple protective and deformational 
functions, thereby enabling partial optimization of conflicting requirements. 

This multiparameter interaction framework highlights that coating durability cannot be 
predicted from individual material properties alone but must be evaluated in the context of coupled 
mechanical–electrochemical–functional behavior. 

10. Research Gaps and Future Directions 

Despite substantial progress in surface modification strategies for NiTi alloys, significant 
methodological and knowledge gaps remain. The comparative analysis of coating properties, 
degradation mechanisms, and functional effects summarized in Tables 1–5 highlights several critical 
research directions. 

A major limitation is the scarcity of long-term fatigue studies conducted under realistic 
biomechanical loading conditions. Most available investigations rely on short-term or quasi-static 
tests, which do not adequately represent service conditions of load-bearing biomedical devices 
[30,31]. In particular, the influence of coatings on very-high-cycle fatigue behavior (>10⁸ cycles) 
remains poorly understood. 

Another important gap concerns tribocorrosion testing under fully coupled mechanical–
electrochemical conditions. Although degradation of NiTi implants is inherently multiphysical, wear 
and corrosion processes are still frequently investigated separately [8–10]. Quantitative experimental 
methodologies and predictive models capable of capturing synergistic effects remain limited. 

Residual stress evolution in thin-film and multilayer coatings represents an additional 
unresolved issue. Intrinsic stresses generated during PVD or CVD deposition may critically affect 
adhesion, crack initiation, and fatigue durability, yet systematic studies linking residual stress 
characterization with long-term mechanical performance are scarce [14,18,19]. 

From a design perspective, clear criteria for optimizing mechanical compatibility between 
coating and substrate have not been fully established. While the trade-off between stiffness-driven 
protection and strain accommodation is well recognized (Tables 2 and 4), robust guidelines for 
tailoring graded and multilayer architectures are still underdeveloped [13–15,32–35]. 

Functional coatings introduce further complexity. Bioactive, antibacterial, and drug-delivery 
systems are increasingly explored; however, biological performance is often evaluated independently 
of mechanical durability and tribocorrosion stability [23–26,32–35]. Integrated assessment protocols 
combining biological, mechanical, and electrochemical performance are therefore needed. 

Future research should prioritize multiphysical experimental and modeling approaches that 
explicitly couple mechanics, electrochemistry, tribology, and martensitic transformation phenomena. 
In parallel, the development of standardized fatigue and tribocorrosion testing methods in simulated 
physiological environments would significantly improve comparability across studies. Emerging 
surface engineering techniques, including advanced plasma-based oxidation and hybrid processes, 
offer promising opportunities for controlling oxide structure and residual stress states [27–29,42]. 

11. Mechanistic Framework of Coating Durability in NiTi Systems 
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The durability of coatings applied to NiTi alloys is governed by the interaction of multiple 
coupled mechanisms operating across different length scales. Based on the reviewed literature, 
coating degradation can be described using a mechanistic framework that integrates mechanical 
deformation, electrochemical reactions, tribological contact, and stress-induced martensitic 
transformation. 

During service, cyclic superelastic deformation of the NiTi substrate transfers strain to the 
coating layer. When the coating exhibits significantly higher stiffness, interfacial stresses develop that 
can initiate microcracks at the coating–substrate interface [13–15]. Crack initiation typically occurs at 
structural defects, pores, or local stress concentrations and may propagate rapidly in brittle ceramic 
coatings once the elastic strain limit is exceeded [18–20]. 

Crack formation and coating damage expose the underlying substrate, increasing susceptibility 
of the TiO₂ passive film to mechanical removal. Local rupture of the passive layer enhances 
electrochemical activity and accelerates corrosion processes [8,9]. Simultaneously, sliding contact or 
micromotion generates tribological wear and debris, which further destabilize the surface and 
increase material loss rates [10,11]. 

In NiTi systems, stress-induced martensitic transformation modifies local stress distributions 
and contact conditions near the surface. Repeated transformation cycles can intensify crack 
propagation and fatigue damage in the coating–substrate system [27–29]. The interaction of these 
processes creates a positive feedback loop, ultimately leading to coating delamination, substrate 
exposure, and progressive degradation. 

This framework demonstrates that coating durability cannot be predicted from individual 
material properties alone, such as hardness or corrosion resistance. Instead, reliable long-term 
performance requires simultaneous optimization of mechanical compatibility, coating architecture, 
residual stress state, and tribocorrosion resistance [32–35]. 

 

Figure 3. Mechanistic framework of coating durability in NiTi systems illustrating the coupling between cyclic 
deformation, coating cracking, passive film rupture, electrochemical activation, tribological wear, and 
martensitic transformation. 

12. Conclusions 
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This review demonstrates that the long-term durability of NiTi alloys in biomedical applications 
is governed predominantly by surface-controlled degradation processes rather than by intrinsic bulk 
properties alone. Although NiTi exhibits exceptional superelastic and shape-memory behavior, its 
functional performance is strongly influenced by coupled mechanical, tribological, and 
electrochemical interactions occurring in the near-surface region. 

Comparative analysis of ceramic, polymer, and hybrid coating systems reveals a fundamental 
design trade-off between stiffness-driven protection and mechanical compatibility with the 
superelastic substrate. Ceramic coatings provide effective barrier protection and superior wear 
resistance but are susceptible to strain-induced cracking under large deformation. In contrast, 
polymer coatings offer excellent deformational compliance while exhibiting reduced long-term 
tribological durability. 

The durability of coated NiTi systems is therefore controlled by the interaction of multiple 
factors, including coating microstructure, architectural design, residual stress state, interfacial 
adhesion, and cyclic mechanical loading. Surface modifications may additionally alter local stress 
distributions and martensitic transformation behavior, thereby influencing fatigue resistance and 
functional stability of biomedical devices. 

Among current surface engineering approaches, multilayer and compositionally graded coating 
architectures appear particularly promising. By redistributing interfacial stresses and decoupling 
protective and deformational functions, these systems offer an effective route toward improved 
adhesion durability under tribocorrosion conditions. 

Overall, reliable coating performance on NiTi alloys requires a multiphysical design strategy 
that integrates mechanical compatibility, interfacial stability, and resistance to coupled mechanical–
electrochemical degradation. Future progress will depend on the development of predictive 
durability models, systematic experimental validation, and standardized fatigue and tribocorrosion 
testing under physiologically relevant conditions. 
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