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1- Introduction

Nitinol (NiTi) alloy has gained significant attention in
medical and engineering fields due to its unique properties,
such as shape memory effect, superelasticity, corrosion
resistance, and high biocompatibility. One of the most
important applications of this alloy is in the manufacturing
of orthodontic wires, which enhance the treatment process
by applying a constant and low force. However, challenges
such as nickel ion release, optimization of production
processes, and control of chemical composition remain
topics of discussion and investigation. This study evaluates
the effects of production processes, heat treatments, and
coating techniques on the mechanical properties, corrosion
resistance, and biocompatibility of Nitinol wires.

2-Manufacturing Processes
Mechanical Properties

The start and finish temperatures of phase transformation
depend highly on the alloy composition. As shown in
Figure (1), reducing the nickel content significantly
increases the martensitic transformation temperature. The
production of Nitinol is a complex and challenging process
due to the need for precise composition control and the
high reactivity of titanium. The three primary methods for
producing Nitinol alloys include vacuum induction
melting (VIM), arc melting, and powder metallurgy. In the
vacuum induction melting process, raw materials are
melted in a graphite crucible under a vacuum or an inert
gas atmosphere, ensuring uniform composition through
the application of a magnetic field. In the arc melting
method, a Nitinol electrode is melted under vacuum,
resulting in a final ingot with minimal impurities. Powder
metallurgy involves compacting and sintering Nitinol
powders at high temperatures, allowing for the production
of complex-shaped components. The advantages and
limitations of conventional powder metallurgy methods
are summarized in Table 1. Additionally, additive

and Optimization of

manufacturing techniques such as selective laser sintering
(SLS) and electron beam melting (EBM) enable the
fabrication of Nitinol components with high precision and
optimized structures. These methods reduce porosity,
improve mechanical properties, and extend the service life
of Nitinol parts. Heat treatment and aging at 400 to 450°C
for 20 to 60 minutes enhance the superelastic behavior and
increase the mechanical strength of Nitinol wires.
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Figure 1: Dependence of martensite onset temperature on
nickel content.
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Table 1: Advantages and Limitations of Conventional Powder Metallurgy Processes

PM Advantages Limitations
Process
1 1 1 0,
Low cost, good dimensional accuracy, high production rate, Products contain a hl.gh amount of porosity .(up t0 40 .A])’ low
CS Lo . - control over pore size and amount, potential formation of
availability of a wide range of materials
secondary pores
. . . . Products have high porosity (up to 69%), incomplete reaction
SHS Low energy requirement, simp 1? process and equipment, higher due to short formation time and high temperature, potential
product purity, low cost .
formation of secondary phases
Low smt'ermg temperature anq ShOI.T processing tlme’ preventlp " Requires expensive DC materials, suitable for simple-shaped
SPS of undesirable product formation, high energy efficiency, precise
; Lo samples
heat control, uniform sintering
Dense products Wlt.h no pores, good mecl_lanlgal properties, proper Inert gas may create up to 40% porosity, potential formation of
HIP control over pore size, low-temperature sintering, nearly complete . . .
L . secondary phases, expensive equipment, low production rate
reaction in a short time
MIM Good shape complexity, high production rate, mechanical Residual porosity, high sintering temperature, potential for high
properties close to wrought materials, proper dimensional control impurity content, expensive tooling, size limitations for
components
Table 2: Recent Studies on Nitinol Coatings for Orthodontic Applications
Coating Study Effect on Nitinol Corrosion Other Effects
Material Conditions
Al-SiO[] Artificial saliva Reduction of Icorr from 23.72 to 1.72 pA/cm? Wear
resistance
Ni-Ti-Cr Artificial saliva Reduction of Ecorr -
Epoxy Artificial saliva Reduction of Ecorr-Epoxy Artificial saliva reduction of nickel release from 8.36 mg/L to -
0.57 mg/L
Ni-P Artificial saliva Reduction in nickel ion release -
Ni-P-NiTi Artificial saliva 1.5 times more protective than Ni-P Wear
resistance

3-Biocompatibility and Corrosion Resistance

The biocompatibility of Nitinol alloys depends on their
chemical composition, processing methods, and
environmental conditions. The nickel content in this alloy
can, under certain conditions, be released, leading to
hypersensitivity or toxicity. Therefore, improving
corrosion resistance through coating techniques and
surface modifications is essential. Nitinol alloys naturally
form a protective oxide layer (TiO[l), which prevents
corrosion and nickel ion release. However, in acidic
environments or at high temperatures, this layer may
degrade. Studies have shown that applying coatings such
as Ni-P, titanium nitride (TiN), and biocompatible
ceramics on the surface of Nitinol wires enhances their
corrosion resistance and biocompatibility. The use of these
coatings has been found to reduce nickel release by up to
80% and improve the durability of orthodontic wires in the
oral environment. Table 2 presents recent research on
Nitinol coatings suitable for orthodontic applications.
Additionally, the effects of parameters such as pH and oral
temperature on the corrosion resistance of Nitinol have
been investigated. Results indicate that a decrease in pH
(due to the consumption of acidic foods) and an increase
in temperature can accelerate the corrosion rate. Therefore,
selecting appropriate coatings and controlling the alloy
composition play a crucial role in increasing the lifespan
and safety of orthodontic wires.

4-Force-Bending Behavior of Orthodontic Wires

The force-bending behavior of Nitinol orthodontic wires
is a critical factor influencing their therapeutic
performance. This behavior is affected by various factors,
including alloy type, heat treatment, friction between the
wire and brackets, and the extent of elastic deformation.
Three-point bending tests have demonstrated that Nitinol
wires with a circular cross-section exert less force
compared to rectangular wires, making them more suitable
for the initial stages of treatment. The optimal force for
tooth movement ranges between 0.1 and 0.5 N, which is
necessary to prevent damage to oral tissues. One challenge
in this context is the effect of friction between the wire and
brackets on the force-bending behavior. As shown in
Figure (2), if the friction component is strong enough, it
can transform the typical constant force behavior of
superelastic archwires into a force gradient. This indicates
that as the tooth moves, the force is no longer generated at
a constant level, potentially reducing the effectiveness of
the applied force and increasing treatment duration.
Research has shown that using surface coatings such as
titanium nitride or biocompatible polymers can reduce
friction and improve treatment performance. Furthermore,
temperature variations in the oral environment influence
the superelastic properties of Nitinol wires, such that an
increase in temperature may reduce the recovery force and
alter bending behavior. Therefore, selecting a suitable
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alloy with a controlled transformation temperature is
crucial for maintaining the optimal performance of
orthodontic wires.
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Figure 2: Effect of friction on the force-deflection diagram
of an arch wire.

5-Conclusion

Studies have shown that precise control of chemical
composition and heat treatment can enhance the
mechanical properties of Nitinol wires. Additionally,
surface coating plays a crucial role in improving corrosion
resistance and reducing nickel ion release. Furthermore,
investigations into the force-bending behavior of
orthodontic wires have demonstrated that friction and the
applied force on brackets have a direct impact on the
treatment process. Therefore, optimizing wire design by
reducing friction while maintaining appropriate force
levels can enhance orthodontic treatment performance.
Finally, with the advancement of new technologies in the
manufacturing and coating of Nitinol alloys, optimizing
these processes can significantly contribute to increasing
the service life and improving the performance of this alloy
in medical and dental applications.
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Investigation of Nitinol Alloys in Orthodontic Wires: Properties, Applications, and Mechanisms

Seyed Mohammadreza Seyedi Golmahaleh Soroush Parvizi Zahra Alirezaei

Abstract Nitinol (NiTi), due to its unique properties such as shape memory effect, fatigue resistance, and high
biocompatibility, has been extensively used in medical and engineering fields. One of the most significant applications of
this alloy is in the production of orthodontic wires, which, due to their ability to apply constant and low-force pressure,
enhance the treatment process and reduce its duration. However, several challenges, including nickel ion release and its
impact on biocompatibility, chemical composition control, and manufacturing process optimization, still require further
investigation. This study examines the effects of manufacturing processes, including induction melting and powder
metallurgy, on the mechanical and phase properties of Nitinol wires. Additionally, the role of heat treatment and aging
in structural modification and improvement of the superelastic property of this alloy has been analyzed. The investigations
indicate that by precisely controlling the chemical composition and preventing titanium oxidation during production, the
functional properties of Nitinol can be optimized. Furthermore, the application of protective coatings such as Ni-P-NiTi
plays a significant role in reducing nickel ion release and increasing the corrosion resistance of this alloy. The results
obtained from the evaluation of the restoring force of Nitinol wires indicate that aging at a temperature range of 400 to
450°C for less than 60 minutes improves superelasticity and enhances mechanical strength. Finally, the influence of
environmental factors such as pH and temperature on the corrosion resistance of this alloy has been examined, and the
results suggest that applying surface coatings can significantly reduce the corrosion rate.

Keywords Nitinol, shape memory, Superelasticity, Biocompatibility, Corrosion resistance, Heat treatment, Coating.
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