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ABSTRACT

Nickel-titanium (NiTi) archwires have been widely used in orthodontic treatments at the aligning and
leveling step which is the initial stage of the treatment. This review presents the concepts related to
NiTi archwires from the materials science and engineering perspective. Analysis of the research profile
showed that mechanical properties as a research topic constituted 25.9 % of the research articles pub-
lished in last two decades. The effects of processing parameters, stress and temperature on phase trans-
formations and corrosion are summarized. The main factors affecting corrosion are stress, temperature
and pH of the environment. The effects of surface roughness, brackets and environment on friction are
discussed. The surface modification studies are reviewed. The consequences of deflection heat treatment,
aging on mechanical properties are described. NiTi archwires are also evaluated in terms of biological
properties from a clinical perspective. Clinical studies have focused on mechanical properties and effects
on tooth alignment, biofilm formation and Ni ion release. It is anticipated that the studies that will shape
the future of the NiTi arcwire field will be on welding of different types of archwires, computational
methods, and improvement in coating technologies.
© 2022 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nickel-titanium (NiTi) alloys with different properties, such as
shape memory and superelasticity, have been widely used as arch-
wires for orthodontic treatments and as root canal instruments for
endodontic treatments due to their ability to apply light and con-
tinuous force on malpositioned teeth with a wide range of dis-
placements [1,2]. In addition to archwires, orthodontic tools,
such as closed T loops and NiTi coil springs were studied widely
[3.4].

NiTi alloys were first used in the 1970 s in orthodontic applica-
tions. The first composition consisted of 50 % Ni and 50 % Ti. The
stabilized martensitic form was commercialized before the supere-
lastic property of the material was developed. In the mid-1980 s,

Table 1
Percentage of research articles between the years 1981 and 2022 based on research
topics.

Research topic Percentage of research articles

between 1981 and 2022

Mechanical properties 25.9
The degree of tooth alignment 149
Friction 135
Corrosion 12.8
Surface properties 109
Structural properties 6.7
Biological properties 6.1
Pain perception 5.0
Dimensional properties 1.3
Thermal properties 1.1
Physiological properties 1.1
Magnetic properties, Duration, 0.8
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the superelastic property of the material was investigated by the
stress-induced transformation of active austenitic alloy to marten-
site. Copper and chromium were incorporated into NiTi alloy in the
mid-1990s [5]. NiTi alloys used in orthodontic archwires were clas-
sified into four groups: martensitic stabilized with reduced stiff-
ness, austenitic-active with superelastic property, martensitic
heat-activated, and martensitic force activated [1].

The number of research articles published between 1981 and
2022 (March) on Web of Science was determined as 407 by using
the keywords “nickel titanium”, “archwire”, “NiTi". The percentage
of research topics are given in Table 1.

2. Structural properties

The structural properties of NiTi archwires are investigated
mainly by the phase transformation studies, which have a strong
relationship with mechanical properties. Shape memory and
superelasticity, which occur with the transition from austenitic
to martensitic phase, are the two prominent properties of NiTi
alloys used in orthodontic applications (Fig. 1).

Between the austenite and martensite phases, there is a transi-
tion to R-phase according to differential scanning calorimetry
(DSC) studies [6]. R-phase was detected in samples with shape
memory property such as Neo Sentalloy®, and 35 °C Copper Ni-
Ti™ during the reverse transformation from austenitic to marten-
sitic phase [7,8]. Dislocations and precipitates formed R-phase that
provided excellent mechanical properties such as fatigue resis-
tance [8]. Unlike in DSC, R-phase peaks were not observed in
XRD since austenite and martensite peaks obscure them [6].

The phase transformation from austenite to martensite is
observed by heat treatment, applied stress, or both (thermome-
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Fig. 1. A simplified overview of the shape memory effect and the phase transitions. A shape memory NiTi wire can be treated at high temperatures to set a predetermined
parent shape. When the wire is cooled, the phase changes from austenite to martensite. If the wire is deformed upon loading, the applied stress reaches a critical value for de-
twinning. When heat is reapplied, the wire recovers its parent shape during the transition from martensite to austenite phase, and the crystal structure returns to martensite

upon cooling down to 20 °C.



I. Uysal, B. Yilmaz, A.O. Atilla et al.

chanical treatment). Stable at approximately 100 °C, austenite is
the parent phase [9]. As it cooled down, martensitic (daughter
phase) transformation occurs within the critical transformation
temperature range. Changes in the electron bonding and lattice
structure of the NiTi alter its properties, such as stiffness, elastic
modulus, and electrical resistivity, as a function of temperature.
At 25 °C, austenite peaks (200), (211), (220), and (310) disap-
peared, and the intensity of peak (110) decreased by bending

135° in NiTi samples. Martensite peaks <1 i]), (002),and (111)

were observed, indicating the complete transformation from
austenite to martensite (Table 2) [6].

Austenite finish (Af) temperature is defined as the temperature
at which phase transformation from martensite to austenite is
completed upon heating the alloy. An Af temperature close to the
intraoral temperature should be selected to take advantage of the
shape memory effect of NiTi archwires. According to the DSC mea-
surements on commercial NiTi archwires, 0.40 mm x 0.56 mm
rectangular Smart SE (Beijing Smart Technology CO., Itd, China),
L&H® Titan (Tomy Incorporated, Japan), Damon™ CuNiTi (Ormco,
USA) had an As close to the oral temperature and possessed shape
memory property [11].

The transition temperature of thermally activated NiTi arch-
wires varies widely [12], and the manufacturer should provide
the elastic parameters to achieve efficient orthodontic treatment.
Moreover, the phase transformation temperatures and mechanical
behavior of functionally graded orthodontic archwires were differ-
ent for the incisive, premolar and molar segments of the same NiTi
archwire [13].

2.1. The effects of processing parameters on phase transformations

The effects of thermomechanical treatment conditions on the
phase transformation behavior of NiTi archwires were studied pre-
viously. Annealing, aging and cold drawing are the treatments for
processing NiTi archwires. Direct current heating (DCH) is another
processing technique and it can be used for the shape setting of
orthodontic archwires. Even a short period of DCH could cause
phase transformations [14].

After annealing at 300 °C and 400 °C for 10 min, the density of
dislocations was high and maximum resistance to phase transfor-
mation from austenite to martensite occurred, resulting in the
highest force level of the plateau. By increasing the annealing dura-
tion from 10 min to the longer times, the amount of Ni in the
matrix decreases during precipitation of Ti3Ni4, reducing the load
of plateau level. The optimum superelastic properties were
obtained for NiTi archwires with an annealing temperature of
300 °C for 30 min. Those parameters provided an Af temperature
lower than body temperature, making the annealing process suit-
able for orthodontic treatments [15]. When the annealing temper-
ature increased to 500 °C, inhomogenous Ti3Niy precipitates
resulted in a three-step phase transformation that included R-
phase in 10 min. As the duration increased to 60 min, inhomoge-
nous precipitation of TisNiy decreased [15].

In a study that used Direct Current (DC), heating was performed
at a voltage of 1.6 V and a current of 13.5 A for various short dura-

Table 2
X-ray diffraction (XRD) planes observed in NiTi alloys[10].
Phase Major Diffraction Planes Crystal Structure
Austenitic (B2) (110),(200), (211) Body-centered
cubic
R-phase (112),(300),(222),(412),(330) Rhombohedral
Martensitic 7 Monoclinic
020),(111),(002),(111
B19) (020), (111),(002), (111)
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tions [14]. Before application of direct current, as received 50.8 at.%
NiTi samples were 15 % cold-rolled. The samples were then heat-
treated at 673 K (aged) or 973 K (annealed) for 1.8 x 103 s and then
quenched. As-received and annealed samples had a single-step
transformation that occurred between austenite and martensite
phases. DC heating did not change this behavior. However, a
two-step transformation occurred between austenite, R-phase,
and martensite in aged samples after direct current heating for
8 s. According to XRD results, besides austenite, R-phase, a
small amount of martensite and TisNi4 precipitates were detected
[14].

2.2. The effects of stress on phase transformations

Stress is one of the factors that trigger the phase transforma-
tions in NiTi archwires. In addition to classical methods for obser-
vation of phase transformations, such as DSC and puXRD [8,16], the
slope of the electrical resistivity curve in austenite phase and
transformation plateau can be used to monitor the transformation
from austenite to martensite phase under load [17,18]. Martensite
phase was detected after 135° bending in Nitinol™ SE, 35 °C Copper
Ni-Ti™ and Neo Sentalloy® samples in the simulated oral environ-
ment conditions [8]. The phase transformation of Superelastic Sen-
talloy® from austenite to martensite at 37 °C started at about 1 mm
deflection and continued up to 3.1 mm deflection without any per-
manent deformation during activation. During deactivation, the
complete transformation from martensite to austenite occurred
at 0.5 mm of deflection. The superelastic behavior of Sentalloy®
tested at 37 °C was seen between 0.5 mm and 2.5 mm in the deac-
tivation. The slope of the deactivation force versus deflection curve
was nearly horizontal, indicating superelasticity. Unlike superelas-
tic Sentalloy®, which was not deformed permanently at 3.1 mm of
deflection above its Af temperature, permanent deformation was
seen in martensitic Sentalloy® at deflections between 1.0 mm
and 1.5 mm [16]. The behavior of shape memory NiTi (Neo Sental-
loy® and 35 °C Copper Ni-Ti™) and superelastic NiTi (Nitinol™
Superelastic) in a simulation of oral environment was investigated,
and it was reported that all archwires showed martensite phase
after bending at 135° and remained stable between 0 and 55 °C [8].

When 5 mm and 10 mm pre-deflections were applied to the
NiTi archwires with a composition of 54.65 % of Ni and 45.10 %
Ti, as deflection increased, the density of martensite lath decreased,
and martensite to austenite transformation was promoted [19].

The applied stress changed the phase transformation tempera-
tures. As temperature of Sentalloy® was detected as 22 °C when the
sample was unloaded, whereas it shifted to 28 °C when a load that
simulates either 1 mm (minimum) and 6 mm (maximum) labiolin-
gual distance was applied. The same experiment was applied to
27 °C Copper Ni-Ti™ An increase in A¢ temperature from 31 °C to
33 °C, whereas a decrease in austenite start (As) temperature from
16 °C to 4 °C was observed [18].

Generally, DSC is used in experiments to detect the phase trans-
formation temperatures. Another method called bend and free
recovery (BFR) was proposed [20] to detect phase transformation
temperatures of heat-activated NiTi orthodontic archwires. The
method was applied as described in ASTM F 2082; Standard Test
Method for Determination of Transformation Temperature of
Nickel-Titanium Shape Memory Alloys by Bend and Free Recovery.
BFR method provided information about strained orthodontic
archwires. Therefore, it was suitable for clinical use to predict the
behavior of the archwire in the patient’s mouth.

Dynamic mechanical analysis (DMA) is another method for
observing Ar temperature. DMA is also considered an efficient
method for clinical simulation conditions and can simultaneously
provide mechanical and thermal data [21].
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2.3. The effects of temperature on phase transformations

DSC was widely used to observe the phase transformations
between specific temperature ranges. According to a study focused
on the phase transformations of commercial NiTi alloys in a tem-
perature range from —170 °C to 100 °C, the martensitic phase
was dominant in nonsuperelastic NiTi samples at room tempera-
ture (22 °C) [7]. Small amounts of austenite transformation
occurred in the oral environment. On the other hand, the austenite
phase was the dominant phase in the oral environment for samples
with shape memory characteristics [7]. According to pXRD studies,
temperature changes between 0 °C and 55 °C induced phase trans-
formations in shape memory NiTi alloys (Neo Sentalloy® and 35 °C
Copper Ni-Ti™). However, minimal change was observed in XRD
results for Nitinol™ Superelastic, which had only superelastic prop-
erty [8].

Formation of new dislocations and interactions with precipi-
tates were claimed for phase transformation changes in the struc-
ture of Nitinol™ Heat Activated, 27 °C and 35 °C Copper Ni-Ti™ and
Sentalloy® by setting up a thermocycler with the thermocycling
effect performing 1000, 5000, and 10,000 cycles within a tempera-
ture range between 5 °C and 55 °C [22]. Copper addition in NiTi
alloys increased the complexity of the system and formed precip-
itates, such as Ti(NiCu;) and Ti,Cu, which affected phase transfor-
mation behavior [22].

3. Surface properties and modification

The major problems encountered in orthodontic treatments
with NiTi alloys are corrosion and friction. These two problems
result in Ni release and mechanical weakening. Surface modifica-
tions are applied to avoid these drawbacks. Surface roughness is
one of the main parameters to observe the effects of surface mod-
ifications. The measurement methods to investigate surface rough-
ness are classified as destructive and non-destructive techniques.
Surface profilometry is a destructive technique. The surface moves
as a stylus measures the surface. Optical methods are non-
destructive and listed as focus variation microscopy, scanning elec-
tron microscopy (SEM) (qualitative analysis), chromatic confocal
microscopy, ellipsometry, interferometry, speckle interferometry,
angular scattering distributions, laser specular reflectance, and
3D profilogram. Scanning probe microscopy is another non-
destructive technique that serves the highest variability. It includes
scanning tunneling microscopy (STM), atomic force microscopy
(AFM), and magnetic force microscopy (MFM) [23]. The surface
roughness (R, = arithmetical mean of the absolute values) values
of eleven different NiTi archwires (Memory Wire, Rematitan® Lite,
Titanol® Superelastic, Nitinol™ Superelastic, Nitinol™, Neo Sental-
loy®, Ni-Ti®, Orthonol®, Rematitan®, Sentalloy®) varied for mea-
surement method used and variation in batches. The surface
roughness values were measured between 0.06 and 1.30 um for
surface profilometry, 0.10 and 0.44 pm for the laser specular reflec-
tance method, and 0.06 and 0.89 pum for AFM [23]. Materials with
low surface roughness values are more suitable for applications of
orthodontic wires due to low biofilm adhesion, frictional forces
between wire and brackets, nickel release rates, and intraoral cor-
rosion caused by wire fracture [24].

The surface topography of NiTi archwires is affected by environ-
ment, sterilization technique, recycling, intraoral aging, and type of
surface finish. The study investigating the effect of a fluoride-
containing medium on surface topography variations of different
equiatomic NiTi archwires showed no significant differences in
arithmetic mean deviation (AR;) in low fluoride concentrations
(in fluoride-containing mouthwash and toothpaste in artificial sal-
iva (<2500 ppm)) in 28 days. On the other hand, AR, values
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increased from < 70 nm to the range of 120-250 nm in prophylac-
tic gel in saliva containing high amounts of fluoride (17000 ppm)
[25]. Moreover, studies in different environments presented no
change in surface roughness of Nitinol™ and Titanal™ after 10 h,
6 h, and 10 h of immersion in cold disinfectants; 2 % acidic glu-
taraldehyde, chlorine dioxide, and iodophor, respectively, accord-
ing to the specular reflectance power results obtained from laser
spectroscopy [26]. The studies comparing different archwires in
simulated gastric acid pH 1.2 and 4 showed similar results. Unlike
in NiTi samples, significant differences were detected in surface
roughness of beta-titanium and stainless steel archwires according
to the optical profilometer results [27]. When pH was between 4.8
and 6.6, no significant differences were detected in surface rough-
ness of non-coated, and rhodium-coated and nitrified NiTi [28].

Autoclaving (for 18 min at 134 °C) and cold sterilization (by
immersion in 2.45 % glutaraldehyde for 10 h) were used as two dif-
ferent sterilization techniques for esthetic (coated) NiTi archwires
[29]. According to AFM analysis results, only the average maximum
depth of peak to valley heights (R,) showed a significant difference
between non-sterilized and autoclaved samples. Average overall
surface roughness (R,) and maximum roughness depths (Rq) did
not significantly change for none of the samples. In another study
[30], no significant differences in surface properties of Neo Sental-
loy® were detected after autoclave sterilization.

The recycling effect of NiTi archwires was investigated for three
different products (Sentalloy®, Optimalloy, and Ni-Ti®) by 3D pro-
filogram [31]. This method spotted the interferential line formed
by the different optical pathways. The size, shape, and surface
roughness were analyzed with an image generated by an optical
camera. The provided resolution of this method was 0.08 nm,
whereas AFM reached a resolution of 0.01 nm in the z direction
[32]. According to the 3D profilogram, Ni-Ti® and Optimalloy had
higher surface roughness after recycling compared to the control
group in the as-received condition, whereas Sentalloy® did not dis-
play a significant difference. It was important to note that recycled
Ni-Ti® and Optimalloy samples had lower surface roughness than
the Sentalloy® control group [31].

The surface roughness of archwires is also affected by intraoral
aging. AFM and SEM studies revealed that one month of intraoral
aging increased the surface roughness of the non-coated (Sental-
loy®, Memory Wire), ion-implanted (Sentalloy® High Esthetic),
and polymer-coated (Esthetic Memory Wire, and EverWhite NiTi
Cosmetic (American Orthodontics) samples [33]. On the other
hand, a clinical use for an average of 91 days and decontamination
afterward showed no statistically different surface roughness in
heat-activated NiTi archwires, according to the AFM results [34].
Esthetic NiTi archwires were reported to be prone to form a hetero-
geneous surface containing craters and bumps after clinical use
[33]. However, the surface roughness of non-coated NiTi archwires
did not change significantly after immersion in many solutions and
after clinical use which would be an advantage of NiTi archwires.

Focus variation microscopy is another quantitative technique to
analyze surface roughness and generate a topography map by an
optical system [35]. However, this technique has low resolution
compared to the quantitative methods AFM and a more sensitive
method, chromatic confocal microscopy [36].

Surface modification on NiTi archwires was investigated to
solve problems related to friction, corrosion, cell and bacteria
adhesion, and mechanical properties. Table 3 summarizes the
studies based on surface modification of NiTi alloys.

Many coated NiTi archwires are widely used for their esthetic
purposes. The most common coating material is epoxy resin due
to its electrical insulation, excellent adhesion, chemical resistance,
and dimensional stability [37]. The surface roughness of the epoxy-
coated sample was found as the highest (R, = 1.29 £ 0.49), whereas
the uncoated TruFlex Nickel Titanium (Ortho Technology) had the



I. Uysal, B. Yilmaz, A.O. Atilla et al.

Engineering Science and Technology, an International Journal 36 (2022) 101277

Ni release into the simulated body fluid

Table 3
Surface modification studies of NiTi alloys.
Technique used Coating Material Used Improvement Ref
Electrodeposition Co and inorganic fullerene-like 66 % of friction coefficient reduction [48]
tungsten
disulfide (IF-WS,) nanoparticle film
Electrodeposition Bisphenol-A epoxy resin and rutile Increase in surface roughness and contact angle, inhibition of Ni ion release  [39]
TiO,
Sandblasting - Increase in friction forces [46]
Plasma oxidation with using direct TiO, Improvement in superelastic elongation, corrosion resistance and [42]
current or radiofrequency biocompatibility
Physical Vapor Deposition TiN/Ti Protection against mechanical damage, inhibition of Ni ion release [49]
Aerosol spray method and immersion  Octadecylphosphonic acid covalently  Stability and corrosion resistance [50]
method bonded on the oxide covered onto the
Nitinol
Ion beam plating Diamond-like carbon film Improvement in wear performance and corrosion resistance [51]
Plasma electrolytic oxidation - Aesthetic appearance and good cytocompatibility [52]
Chemical deposition ZnO 21% reduction in the frictional forces and antibacterial activity against [53]
Streptococcus mutans
Filtered arching ion plate TiN Increase in surface roughness, wettability and biocompatibility [54]
Electrodeposition Ag nanoparticles Decrease in Streptococcus sanguinis and Lactobacillus salivarius colonies [55]
High vacuum plasma ion sputtering Ti Reduction in surface roughness and friction coefficient [56]
Minimum variations in elasticity of modulus and hardness by
nanoindentation in artificial saliva
Ceramic conversion TiO, Improvement in fretting corrosion resistance and reduction in [57]

lowest surface roughness (R, = 0.29 + 0.16) among the samples of
epoxy, polytetrafluoroethylene (PTFE) and rhodium coated NiTi
archwires [37]. Similar results were obtained by a non-contact pro-
filometer with a 3-D optical system. In this set-up, epoxy-coated
NiTi archwires had the surface roughness R, as 1.517 £ 0.071 pm,
whereas the surface roughness of rhodium-coated samples was 0.
297 + 0.015 pum [38]. Alternatively, the root mean square deviation
(Rq) values obtained by AFM are used to measure the surface
roughness. The R, values of conventional NiTi decreased signifi-
cantly from 578.56 nm to 229.51 nm, 252.22 nm, and 290.64 nm
when the surface was modified with titanium, silver, and rhodium,
respectively [24]. The epoxy resin (Spectra Epoxy, GAC) and PTFE
(Teflon) modified archwires in the esthetic product family, and
nitride ion modified (Neo Sentalloy®) surfaces had lower surface
roughness values compared to conventional NiTi [24]. Coating with
bisphenol-A epoxy resin and rutile TiO, with the electrodeposition
method increased surface roughness from 0.1 to 0.25 pm and con-
tact angle from 44.4° to 68.6° without affecting shape memory
property, bonding strength, microhardness, and superelasticity
[39]. A contact angle between 40° and 70° provided the highest cell
adhesion in previous studies [40]. The coating inhibited Ni ion
release and showed no cytotoxicity on human bone osteosarcoma
MG-63 cells. Since surface roughness values vary among different
batches and manufacturers, similar products might give inconsis-
tent results.

In addition to coatings, techniques such as plasma oxidation,
anodization, and sandblasting have been used for the surface mod-
ification of NiTi archwires. Plasma oxidation is a technique used for
coating metal surfaces with oxides. It is exerted at a higher poten-
tial than anodization, and electrostatic discharge occurs. After the
plasma modification, a highly crystalline layer is obtained, which
is hard and resistant to corrosion and wear [41]. When radiofre-
quency was chosen as a power source instead of direct current in
the plasma oxidation method, an ideal thin layer (75-100 nm
thick) without a nickel-enriched sublayer was obtained. The
plasma oxidation increased the hysteresis region, which increased
superelastic elongation with a rate of 8.6 % [42]. Anodization is a
method similar to plasma oxidation. It uses a direct or alternating
current in the presence of an electrolyte solution [43]. Colorful NiTi
dental archwires with TiO, surface were produced by the anodiza-
tion method [44]. The thickness of the anodized layer increased

with the anodization time. Anodization increased surface rough-
ness, and no nickel release was observed on the surface after
anodization [44]. Another method to increase surface roughness
is sandblasting. In this method, high pressure steam of abrasive
material is used to change the surface texture of a material [45].
The sandblasted samples showed higher friction forces when com-
pared to untreated 0.016-inch nickel-titanium and 0.017 x 0.025-
inch Nitinol Classic archwires [46].

Surface-modified NiTi archwires exhibited better corrosion
resistance and reduced surface roughness results than conven-
tional NiTi. The highest and lowest surface roughness values (Rq
roughness) were obtained for the conventional NiTi and NiTi mod-
ified with oxide (Black Diamond,ClassOne Orthodontics), respec-
tively [47]. The other surface-modified NiTi archwires were
nitride, Teflon, gold, and epoxy resin-modified samples from the
lowest root mean square roughness values.

4. Friction

Friction force plays a crucial role in orthodontic treatments.
50 % or more friction loss can be observed across an archwire
[58]. Friction forces that resist sliding depend on the size, shape,
material, surface texture of the archwire. The other factors are
brackets, ligation of wire in the slot, intraoral factors (such as cor-
rosion, saliva), the direction of force, and distance between the
teeth [59].

The studies on measuring friction between archwire and brack-
ets use a special apparatus connected to a universal testing
machine [60]. The apparatus models vary and mainly consist of
brackets and archwire. The brackets and archwire are aligned to
a dental arch form plate. The tensile mode of the universal testing
machine is used to pull the one end of the archwire placed in
selected brackets [61,62]. In another set-up, two brackets were
used. Each was fixed onto half of the metal fixture with archwire
ligated on brackets [63]. Set-up with one bracket fixed at different
angles between the two metal fixtures, which pulls the archwire to
determine the friction force, was applied in.

some studies [64]. The maximum loading under a specific cross-
head speed is recorded as the static friction force [61].
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Kinetic friction is calculated as the mean frictional force of static
peaks at various displacements in a similar set-up [65]. Some stud-
ies used a customized apparatus consisting of an extension meter
(or micrometer), a strain gauge, a load (or pulse controller), and
a bracket-archwire configuration. It is used to detect the resistance
levels to sliding [66,67].

Tribometer devices are used to observe the frictional behavior
of NiTi archwires. The rotary sliding tribometer measures the fric-
tion forces. The stationary part of the equipment bears the arch-
wire and simulated individual teeth. Instead of a bracket system,
a stainless steel flat plate is used in the rotary part. The graph of
coefficient of friction versus sliding cycles for different loads is
obtained [68]. Pin on disc tester is another tribometer device that
can measure the friction force by the load cell and the coefficient
of friction from the load. The friction is created by a pin sliding
on the archwires [69]. Micro-combi tester is another device to
measure frictional forces. It uses a Rockwell diamond indenter
with a specified tip radius, speed, loading rate, load range, and
scratch length. The equipment is interfaced with an integrated
optical microscope, an acoustic emission (AE) detection system,
and a tangential friction force sensor [56].

Pre-treated archwires were used to avoid friction. Two methods
used for pretreatment were mechanical polishing and ion surface
treatment [70]. These methods decreased the coefficient of friction
significantly when compared to nontreated wires without a signif-
icant change in surface roughness [70].

4.1. The effects of brackets on friction

Generally, direct contact between the bracket slot and the arch-
wire results in friction and wear during the orthodontic treatment.
The bracket-archwire combination affects the static and kinetic
friction results. Compared to conventional brackets, the lower fric-
tion forces were reported for stainless steel self-ligating brackets
[71,72]. According to the results from the universal testing
machine, among stainless steel, beta-titanium, and NiTi archwires,
the lowest frictional forces were obtained for NiTi archwires with
stainless steel self-ligating brackets with nickel-titanium clips
due to the contact with the same material [72].

The static friction coefficient between NiTi archwires (Remati-
tan® and Activ-Arch, (3 M™ Unitek™, USA)) and stainless steel or
titanium brackets were defined as 0.20 for both in the dry state
at 34 °C and human saliva at 34 °C. Compared with stainless steel
(0.12 for dry state and 0.15 for wet state), the static friction coeffi-
cient of NiTi archwires was higher. No difference was detected
regarding the bracket type [73].

4.2. The effects of environment on friction

The solutions contacting the archwires and brackets affect the
friction forces. According to a study [74]| comparing the effect of
artificial saliva with pH 6.75 and 0.2 % acidified phosphate fluoride
agent on archwires and brackets, frictional resistance increased in
fluoride-containing solution. Citric acid, which is used as a food
simulating liquid (FSL), increased the static frictional force
(gram-force) of Ni-Ti® from 246.98 + 17.07 to 260.23 * 16.30 g-for
ces in 2 weeks and 271.32 + 16.02 g-forces in 4 weeks of storage.
After the 4 weeks of storage of Ni-Ti® in FSL containing ethanol,
the static frictional forces increased, whereas there was a decreas-
ing trend in samples stored in FSL containing heptane compared to
samples not stored (as-received) [63]. Stainless steel archwires
were affected by citric acid and ethanol more when compared to
NiTi [63].

The decrease in frictional force was observed when biolubri-
cants such as human saliva, olive oil, Aloe Vera oil, sesame oil,
and sunflower oil were applied [75]. The fatty acids in those natu-
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ral oils provide a lubrication layer between archwires and brackets
[75].

5. Corrosion

The oral environment is destructive for dental products due to
rapid temperature and pH changes, cavities and microorganisms,
high humidity, and the continuous mechanical force that triggers
deterioration [76]. Therefore, corrosion resistance is an essential
requirement for NiTi archwires. Corrosion resistance is strongly
influenced by the composition of the material and the surface
roughness [77]. The manufacturing process of NiTi archwires has
an important role in its corrosion behavior. SEM analysis and laser
scanning confocal microscope system (LSCM) were used to detect
the surface morphology after static and electrochemical corrosion
of NiTi archwires with different surface characteristics but similar
composition. Smooth and dimple surfaces were more resistant to
corrosion than a surface with scratches and/or cracks. The residual
stress and non-uniform passive film on the surface defects are the
main reasons for the high corrosion potential of cracked and
scratched surfaces. On the other hand, the number of defects and
corrosion were independent of surface roughness [77,78]. More-
over, the present phases of NiTi orthodontic archwires are known
to influence the corrosion behavior and Ni ion release. For example,
according to a study conducted in artificial saliva for 4 weeks, the
austenite phase was more susceptible to corrosion than the
martensite phase [79]. Ni ion release was measured for NiTi, stain-
less steel, ion-implanted NiTi, and copper included NiTi in simu-
lated saliva with pH 5.6-7.0 and temperature 36.5 °C for 7, 14,
and 21 days of immersion [80]. The highest Ni ion release values
were reported on day 7, and the daily Ni ion release values were
measured as 0.93 = 0.04 pg for NiTi, 0.77 £+ 0.05 ng for copper-
containing NiTi, 0.67 + 0.02 pg for ion-implanted NiTi, and 0.66 +
0.02 pg stainless steel [80]. Although Ni ion released during the
whole treatment was only 10 % of the daily dietary intake of Ni
ion (200-300 pg), it was important to obtain the lowest Ni ion con-
centration due to sensitivity to Ni depending on the individual
[80]. Ni ion release in saliva with 0.5 pg/cm?/week was accepted
as the upper limit, and the concentration of leached Ni ions was
found to decrease with time [81].

Among the three samples, including stainless steel (ASTM304),
beta-titanium alloy, and NiTi archwires, NiTi archwires showed the
highest corrosion resistance and consequently the lowest average
corrosion current density in artificial saliva [76]. In a previous
study [83], an evaluation was made based on changes in surface
topography and Ni ion release in artificial saliva (Fusayama-
Meyer solution) in the presence of potentiostatic stress. The high
tendency of corrosion was detected in Memory Wire and Neo Sen-
talloy®. On the other hand, Ni-Ti®, Nitinol™, titanium molybdenum,
and stainless steel showed low corrosion tendency [83]. The types
of corrosion seen in NiTi orthodontic archwires were galvanic, gen-
eral, and pitting corrosion. Interestingly, the method of brackets
manufacturing has been shown to affect the galvanic corrosion rate
to an equal or greater extent than the bracket material composi-
tion. For example, brazed stainless steel brackets showed the high-
est galvanic corrosion compared to injection molded stainless steel
and titanium brackets [84]. On the other hand, the galvanic current
and charge of the couples were not altered significantly by the type
of wire: beta-titanium, NiTi, and stainless steel. In terms of pitting
susceptibility, 40 °C Copper Ni-Ti™ and 27 °C Copper Ni-Ti™ were
more vulnerable to pitting when compared to Ni-Ti® and Nitinol™
Classic. The hysteresis explained this behavior detected only in the
cyclic polarization curve of copper-containing NiTi alloys [85]. Niti-
nol™ was reported to have better resistance to pitting corrosion
compared to stainless steel in the Fusayama-Meyer solution [82].
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When 0.05 M sodium fluoride salt (NaF) was added to the saliva
composition, the type corrosion of SS304 and Nitinol™ wires in this
solution was pitting corrosion (Fig. 2) [82]. Pitting and corrosion
increased in Ni-Ti® and Optimalloy due to the recycling effect,
whereas showed no difference in Sentalloy® [31].

The shape of the NiTi archwires also affected the ion release
behavior. According to the study [86], which compared 0.020 in.
round and 0.016 x 0.016 in. rectangular NiTi archwires, rectangu-
lar NiTi archwires released more Ni and Ti ions in the artificial sal-
ivain 21 days, although the surface areas of both samples were the
same [86].

Tribocorrosion is a characteristic that shows the effects of a
combination of various mechanical parameters on NiTi orthodontic
archwires. It consists of parameters such as corrosion, friction,
deformation and mechanical wear. The total wear of a NiTi
orthodontic archwire is the combination of those parameters. Since
each parameter affects another, it is difficult to predict the exact
destructive effects. According to the tribocorrosion tests, the corro-
sion of NiTi orthodontic archwire increased with the heavy pres-
sure applied on the surface. The potential was lowered by 0.08 V
as the mechanical wear load increased from 1 N to 2 N, which
showed a stable behavior in terms of the potential and the coeffi-
cients of friction.

Moreover, the repassivation of the wire after mechanical wear
was fast and detected as 30 s [87]. Auger electron spectroscopy
(AES) was a method to detect surface chemistry after tribocorro-

"~ Signal A= SEI

EHT=1000kVv WD= 7mm Photo No. = 8242  Time

10pm Signal A = SE1

EHT= 700V WD= 13mm Photo No. = 5528

P

P G R T W P S AR i TR T

Fig. 2. SEM micrograph of (a) SS304 and (b) Nitinol™ wires after corrosion test in
simulated saliva solution containing fluoride ions. Reprinted with permission from
[82].
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sion tests. The estimated TiO, passive film thickness was 8 nm
for NiTi archwires, whereas 1-2 nm of Cr,03; passive film was
formed on stainless steel [88]. Total wear and coefficient of friction
were higher in Niti archwires than in stainless steel archwires [88].
Ball-on-plate tribocorrosion test results showed that NiTi produced
by an additive manufacturing method (laser beam directed energy
deposition technique) gave lower open circuit potential, which
means better corrosion behavior compared to Ti-6Al-4 V when
the mechanical load was applied in PBS [89]. NiTi samples had
lower corrosion susceptibility than stainless steel samples for
long-term in vivo conditions [90].

5.1. The effects of environment on corrosion

The oral environment was simulated with a wide range of solu-
tions at different pH values. Simulation with probiotic agents was
considered in some studies because of the natural presence of
microorganisms in the oral environment.

The decrease in pH of the saliva (in pH 3.9 and 2.5) with lactic
acid resulted in an increase in susceptibility to corrosion for NiTi
archwires [81]. The studies investigating the surface properties
and corrosion resistance of NiTi alloys in an environment of simu-
lated soft drinks at pH 2.5 showed that as the number of defects
and surface roughness increased, the corrosion resistance
decreased after 28 days of immersion [91]. Corrosion behaviors
of Neo Sentalloy®, Nitinol™ Superelastic, Ni-Ti®, and Copper Ni-
Ti™ were investigated under different temperatures such as 5, 37,
and 60 °C and different pH values such as 3.5, 4.5 and 6 [92]. In
the extreme condition, where the pH was 3.5, and the temperature
was 60 °C, the release of the elements was the highest.

The effect of fluoride ions added in artificial saliva on the corro-
sion was observed with breakdown potential. Fluoride ion
decreased the breakdown potential in Nitinol™, whereas it showed
an increase in breakdown potential in SS304 resulting in pitting
corrosion [82].

The surface of Nitinol™ archwires is composed of nickel oxide,
which is an unstable oxide, and titanium oxide is dissolved harder
than nickel oxide. In phosphate buffered saline (PBS), nickel oxide
concentration on the surface initially decreases, and titanium oxide
concentration becomes dominant. In a more aggressive environ-
ment obtained by the addition of 0.1 % NaF in PBS, Ni ions were
released slightly and remained constant for 7 days. Ni release did
not decrease, as the aggressive medium did not allow the forma-
tion of a stable titanium dioxide layer [93]. The effects of fluoride
toothpaste and 1.23 % acidulated phosphate fluoride (APF) on
metal ion release were compared. A significant increase in the
release of chromium, molybdenum, nickel and iron ions resulted
in a decrease in cell viability in (Ni-Ti®) archwires immersed in
APF [94]. Compared with beta-titanium, stainless steel and NiTi
archwires should be preferred due to more stable behavior in the
APF medium [94]. In another study [95], the effects of fluoride pro-
phylactic agents on NiTi and copper added NiTi archwires were
compared. According to the SEM micrographs, both acidulated flu-
oride agent (pH:5.1) and neutral fluoride agent (pH:7) were more
corrosive on copper-containing NiTi, when compared to NiTi
[95]. When citric acid and ethanol were used as food simulating
liquids for Ni-Ti®, citric acid gave a higher corrosion current den-
sity than ethanol, while the opposite was the case for corrosion
potential. Moreover, NiTi showed the highest passivity and the
least negative corrosion current potential in citric acid and ethanol
concerning beta-titanium and stainless steel samples [63].

The presence of proteins such as lysozyme, ovalbumin, and
bovine serum albumin in saliva inhibited the corrosion of NiTi
archwires under mechanical load [96].
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5.2. The effects of stress on corrosion

The stress applied to NiTi archwires affected the corrosion
behavior. In a study, it was shown that 35 °C Copper Ni-Ti™ alloy
in martensite phase at oral temperature released Ni ions due to
local stress accumulation and formation of microstructural defects
under cyclic loading in vivo [97].

The effect of loading force on the dissolution behavior of Niti-
nol™ and Sentalloy® in artificial saliva regardless of the pH (pH
5.3 and 2) showed that 3 mm deflection increased the Ni ion
release significantly [98]. The maximum release was seen between
days 0 and 1 and the detected concentration was between 4.3 and
36.8 pg/cm?. A slight increase in Ni release rate was observed due
to protective oxide film deformation on the NiTi surface for
stressed samples in 3 days [98]. By mechanical and thermal load-
ing, nickel release increased 10 to 30-fold when NiTi-based arch-
wires were immersed in artificial saliva (pH ~ 5.0) [99].

Tribocorrosion, the degradation process because of the combi-
nation of corrosion and wear effect, was observed for Neo Sental-
loy®. The mechanical load simulated one day of wear in
archwires increased Ni ion release by exceeding the upper limit
(0.5 pg/cm? per week) by 134 fold. No change in the composition
of the surface oxide film on NiTi alloys was detected after the tri-
bological contact in the artificial saliva in 3 weeks [81].

5.3. The effects of temperature on corrosion

The effect of temperature on corrosion was investigated for
40 °C Copper Ni-Ti™ 27 °C Copper Ni-Ti™ Ni-Ti®, and Nitinol™
Classic in artificial saliva at 5, 24, 37 and 45 °C. An increase in cor-
rosion current density was observed as temperature increased for
all samples. The threefold increase was detected as the tempera-
ture increased from 37 °C to 45 °C in 27 °C Copper Ni-Ti™ and NiTi,
which had the lowest A¢ temperature [85]. Welding simulation was
done in artificial saliva for superelastic NiTi and heat-activated
NiTi, and corrosion at the welding joint was investigated [100].
The best results in terms of corrosion potential, current density
and polarization resistance were obtained when the welding tem-
perature was at 350 °C [100].

6. Mechanical properties

Desired mechanical properties of an ideal archwire are low stiff-
ness to retain the impact of small forces, high strength to resist
permanent deformation, long-term durability without a change
in elastic behavior and maximum activation during the orthodon-
tic treatment that lasts over weeks to months. Ease of application
in a considerable time scale and low cost should also be considered
[1]. Mechanical properties are evaluated by tension, bending, tor-
sion, and deflection tests [1]|. Vicker's microhardness test and
nanoindentation tests with a Berkovich indenter are used to detect
microhardness and nanoindentation hardness, respectively
[56,101].

The mechanical properties of NiTi alloys differ according to
phase transformations. For instance, high stiffness was obtained
by the austenite phase which the elasticity of modulus was
between 84 and 98 GPa, and the ultimate tensile strength was
0.84 GPa. On the other hand, the martensite phase provided low
stiffness with the elasticity of modulus in the range of 31 to 35
GPa and ultimate tensile strength in the range of 1.4 to 1.7 GPa.
Those values were smaller than that of stainless steel (The elastic-
ity of modulus was 200 GPa, and ultimate tensile strength was 2.1
GPa) [102,103]. The yield strength and ultimate tensile strength
decreased as the cross-sectional area of the wire increased. Accord-
ing to the three-point and four-point bending test results, the elas-
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tic modulus of Nitinol™ was 44.4 GPa for round wires and 33.4 GPa
for square and rectangular wires [104]. The Vicker’s microhardness
of NiTi was detected as 170 = 1 Vicker's Hardness number (HVN).
Copper addition to the structure increased the value to 278 + 2
HVN. On the other hand, Vicker’s hardness of the stainless steel
(ASI304) was 484 + 1 HVN [101].

The constant force is required to provide optimal tooth move-
ment [105]. Therefore, materials with large elastic deformation
before breakage and a small modulus of elasticity are preferred
[106].

The superelastic property can be defined with three different
parameters; the distinctiveness of the superelastic plateau, the
deflection at the beginning of the plateau, and the force level of
the plateau [107]. The composition and temperature range were
the two important properties that affected the presence and
absence of a superelastic plateau [108]. The addition of copper to
the alloy structure reduced the rigidity, activation, and deactiva-
tion moment, and the hysteresis; the distance between the activa-
tion and deactivation plateaus [108]. The average temperature of
the oral environment is about 36 °C. However, the archwires are
subjected to temperatures between 4 °C and 60 °C by hot or cold
foods and beverages. Therefore, a wide transformational tempera-
ture range is preferable as an archwire to maintain superelastic
properties at various temperatures [18].

6.1. The superelastic property

Superelasticity is the elastic response to applied stress. It occurs
due to the phase transformation between austenite and martensite
crystal structures. NiTi archwires with superelasticity are widely
used in orthodontic treatments. The low and constant force is
required to provide optimal tooth movement due to the minimal
risk of tissue destruction of such forces. On the other hand, hyalin-
ization of the periodontal ligament and root resorption were seen
when high-intensity force was applied [109]. Therefore, materials
with large elastic deformation before breakage and small modulus
of elasticity are preferred [105,106]. The archwires which could
produce constant moment at different degrees of rotation in tor-
sion should be preferred. The composition and temperature range
were the two important properties that affected the presence and
absence of superelastic plateau [108]. 35 °C Copper Ni-Ti™, 27 °C
Copper Ni-Ti™, Elastinol™ 35 (Masel®, USA), NiTi (Morelli®
Orthodontia, Brasil), Nitinol™ Heat-activated and Neo Sentalloy®
had plateau corresponding to constant moment. Adding copper
to the alloy structure reduced the rigidity, activation and deactiva-
tion moment. Moreover, the hysteresis, the distance between the
activation and deactivation plateaus, was reduced [108].

The superelastic ratio was used as an indicator of superelastic-
ity. It is defined as the slope of the specified data point with respect
to the slope of the start point of the unloading curve in the force/
displacement graph. Sterilization decreased the superelastic ratio
and applied force of 0.016-inch diameter superelastic NiTi arch-
wires (Force I (American Orthodontics, USA), Rematitan® Lite,
and Trueform™ (G&H® Orthodontics, USA)) during loading and
unloading phases. The effect of dry heat sterilization was more sig-
nificant than steam sterilization in both measured properties. The
reason for the difference was explained by the higher temperature
and longer duration in dry sterilization (160 °C, 120 min) when
compared to steam sterilization (121 °C, 24 min, 15 psi) [110].

6.2. The effects of deflection on mechanical properties

The load-deflection characteristics are important to determine
the levels of force applied to the tooth. For the cases of the mild
to moderately crowded tooth arrangement, the activation and
deactivation forces should be low. According to the study which
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tested commercial products in terms of activation and deactivation
under deflection of 0.2 mm to 2 mm, five superelastic samples with
dimensions of 0.017 x 0.025 inch?, NiTi (Morelli® Orthodontia,
Brasil), Nitinol™ Heat Activated, NeoSentalloy® F200, Elastinol™
35 (Masel®, USA), 35 °C Copper Ni-Ti™ showed deactivation
moment between 190 and 350 g which was suitable for mild to
moderately crowded tooth treatments [111]. Among thermo-
active Copper Ni-Ti™ archwires (27 °C, 35 °C and 40 °C), 40 °C Cop-
per Ni-Ti™ archwire had the lowest deactivation forces at 5 mm,
4 mm, and 3 mm of activation [112]. A three-point bending test
with 2 and 4 mm deflection showed that thermal NiTi exerted
lower mean load values than superelastic NiTi archwires did dur-
ing the unloading phase [113]. Moreover, the mean force during
the unloading phase increased as the cross-section of the archwire
increased. The superelastic archwires had a steep and narrow hys-
teresis curve, whereas thermal archwires had a wide interval
between loading and unloading forces for the samples with the
same size and deflection [113]. A broader plateau was obtained
in 4 mm deflection compared to 2 mm deflection due to the
stress-induced transformation property of archwires (Fig. 3) [113].

6.3. The effects of heat treatment and aging on mechanical properties

The heat treatment is applied for bending that has effects on
mechanical properties of NiTi alloy since the crystalline structure
of NiTi alloy changes with bending. In chair-side clinical practice,
bending is classified into two types as cold bending and heat form-
ing. Heat forming applications are made by electrical current and
laboratory furnace. Three-point bending test results on commercial
products Titanol® Low Force, Neo Sentalloy® F80, and 35 °C Copper
Ni-Ti™ showed that the cold bending technique gave predictable
and slightly lower bending forces at 1.5 mm deflection when com-
pared to untreated samples. On the other hand, the samples heated
by electrical current showed unpredictable results, whereas the
samples heated by a laboratory furnace had stable results when
treated for only 2 s at 550 °C [115]. The effects of direct current
heating on tensile deformation behavior were observed for
annealed, aged, and as received NiTi samples. According to the
results, the superelastic hysteresis loop of as-received samples
changed slightly up to 25 s of heating [14]. After 25 s, stress pla-
teaus decreased with time. On the other hand, annealed samples
showed a gradual increase in stress plateau up to 25 s [14]. A dra-
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Fig. 3. Stress vs Strain curve of NiTi archwire and comparison with Stainless Steel
archwires, . Adapted from [114]
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matic drop was observed after 100 s of heating, and the stress pla-
teau started to increase.

The aging of orthodontic archwires changed the superelastic
properties of the NiTi orthodontic archwires. The effects of intrao-
ral aging and sterilization on NiTi and copper-containing NiTi arch-
wires were studied. According to the results, 8 weeks of intraoral
aging and autoclave sterilization decreased the deactivation mean
load in most deflections (from 2.00 mm to 0.00 with 0.2 mm inter-
vals) for NiTi samples and all deflections for copper included NiTi
samples [116]. The strain recovery in Nitinol™ Heat-activated arch-
wires enhanced after aging for up to 30 min at 400 °C and the
superelasticity reached a value close to as-received samples
[117]. 60 min of aging decreased the strain recovery [117].

The temperature range was 5.6-58.5 °C at the incisor and 7.9-
54 °C at the premolar based on the study on Asian and Caucasian
samples. The temperatures between 33 and 37 °C were observed
in 79 % and 92 % of the 24 h duration at the incisor and premolar
site, respectively [118]. The short-term applications of hot (80 °C)
and cold (10 °C) water were observed to simulate the oral environ-
ment. The temperature changes strongly affected the bending force
at constant strain exerted by rectangular Neo Sentalloy® and 35 °C
Copper Ni-Ti™ whereas work-hardened conventional NiTi was
minimally affected [119]. No superelastic behavior was observed
at room temperature for aged samples. With direct current heat-
ing, aged samples become perfectly superelastic at 10th second
[14]. The heat treatment of 500 °C for 5 h in air resulted in an
increase in tensile strength of Elgiloy® (Co-Cr-Ni superalloy) (Elgi-
loy Specialty Metals, IL, USA) samples from the range between 1.4
and 2.1 GPa to the range between 1.6 and 2.8 GPa [120]. Generally,
heat treatment is used to increase the tensile strength of the arch-
wire. Since the variation of the results was high, the prediction of
tensile strength after heat treatment of as-received Elgiloy® arch-
wires became a challenge for orthodontists [120].

6.4. The effects of environment on mechanical properties

The environmental effect on mechanical properties and lifetime
of NiTi archwires were studied and compared with stainless steel
archwires [121]. The samples were tested in air, distilled water,
citric acid in water with pH 3.5, NaCl in water, Fusayama-Meyer
artificial saliva, and fluoridated artificial saliva. DMA results
showed that stainless steel archwires had a longer lifetime than
Sentalloy®, 27 °C Copper Ni-Ti™, and 35 °C Copper Ni-Ti™ except
for the Sentalloy® in air, and 27 °C Copper Ni-Ti™ (rectangular) in
NaCl solution [121]. The lifetime of Sentalloy® decreased sharply
in all immersion solutions whereas, the decrease in the stainless
steel lifetime was distinctive for the presence of inorganic salts,
artificial and fluoridated saliva [121]. In another study [95], the
effects of fluoride prophylactic agents, such as acidulated type
Phos-flur gel (pH: 5.1) and neutral type Prevident 5000 (pH: 7),
on the elasticity of modulus and yield strength of NiTi and
copper-containing NiTi were investigated in loading and unloading
conditions. Unlike the copper-containing NiTi, NiTi samples
showed a significant decrease in the elasticity of modulus and yield
strength in unloading condition [95]. The effects of disinfectants
such as 2 % acidic glutaraldehyde, chlorine dioxide, and iodophor
were tested for 10 h, 6 h, and 10 h respectively on Nitinol™ and
Titanal™ by bending and tensile tests. No differences were detected
in stiffness, strength, or surface topography of the wires [26].

7. Biological properties

Based on the clinical information claimed that high nickel ion
concentration induced hypersensitivity in some patients, in vitro
tests for biological properties of NiTi archwires were studied to
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Fig. 4. (a) SEM image of L929 cells cultured for 24 h on Nitinol™ and (b) the proliferation of human PBMNCs in vitro. *p < 0.05 compared to the indicated bar. . Reproduced

with permission from [127]

observe the effects [122]. The biological properties of NiTi alloys
were tested in terms of cytotoxicity, sensitization, and
genotoxicity.

The biocompatibility of NiTi archwires was observed by a
method based on static immersion in artificial saliva and EDX mea-
surements. According to the ex-situ experiment results, the acidic
environment became dominant in a short period after immersion.
At later stages of immersion (30 days), a protein-based protective
film was formed on the surface of the samples [123]. The
protein-based protective film led to the formation of carbon-rich
pile-ups observed on clinical samples [123].

In terms of oxidative stress and cell viability, NiTi yielded the
lowest cell viability index (94.13 £ 1.23) in the sample set of stain-
less steel, nickel-titanium (Titanol®), copper-nickel-titanium (Cop-
per Ni-Ti™), rhodium-coated nickel-titanium (BioForce® High
Esthetic), cobalt-chromium blue Elgiloy® (Coballoy, Dentsply
GAC, USA), and titanium-molybdenum [124]. The experiments on
mouse fibroblast L929 cells using 8-hydroxy-2-deoxyguanosine
in DNA as an oxidative stress marker showed that nickel-
titanium (Titanol®) produced the highest, whereas titanium-
molybdenum and stainless steel generated the lowest oxidative
stress. Furthermore, nickel-titanium (Titanol®) significantly gave
the lowest cell viability and the highest inhibition of cell growth
in the sample set with the exceptions of titanium-molybdenum
for cell viability and cobalt-chromium Blue Elgiloy® for inhibition
of cell growth [124]. Equiatomic NiTi alloy had no cytotoxic effect
on human skin fibroblasts (PK84) in three days. No growth inhibi-
tion, cell lysis, intracellular granulation, and morphological
changes were observed after the end-point dilution minimal essen-
tial medium (MEM) extract test was applied [125]. Cell prolifera-
tion, viability, and cytoskeletal organization of human epithelial
embryonic cells (L132) and human embryonic palatal mesenchy-
mal cells (HEPM) were observed on Nitinol™ [126]. Cell prolifera-
tion rates were calculated as 73 % for HEPM and 79 % for L132
cell lines. The cytoskeleton of HEPM cells was observed with actin
labeling, and highly spread cells with overloaded cytoskeletons
were observed [126].

Peripheral blood mononuclear cells (PBMNCs) and L929 cells
were used to evaluate the cytocompatibility of Nitinol™, which
was oxidized by using different procedures to improve biocompat-
ibility and prevent the release of Ni [127]. After 24 h of incubation,
1929 cells adhered and spread well onto the surface of Nitinol™
samples (see Fig. 4a). Nitinol™ samples modified with plasma have
also been reported to stimulate proliferation of human PBMNCs,
possibly due to their adhesion-promoting properties. The in vitro
neuro-cytotoxicity of NiTi, copper-containing NiTi, and stainless
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steel was tested by lactate dehydrogenase release assay [128].
The assay was done on murine cortical cells after 24 h of interac-
tion with the NiTi archwires. Among those three types, stainless
steel was significantly neuro-cytotoxic. The cell death on stainless
steel samples stemmed from free radicals on the surface [128].

The effects of nickel concentration in artificial saliva on human
peripheral blood mononuclear cells derived from nickel sensitive
and non-sensitive individuals were compared for Bioforce®, stain-
less steel, and nitrogen implanted NiTi (Sentalloy® lonGuard) arch-
wires. The detected nickel ion concentration was between 0.4 and
4.1 ppb. The highest release was observed for Bioforce® and in the
case of cyclic straining. Despite this, the maximum released con-
centration of nickel was 700 times lower than the cytotoxicity limit
of human peripheral blood mononuclear cells [122]. The success of
the NiTi alloy on biological responses is due to its good corrosion
resistance and limitation in ion release. However, the cytotoxicity,
genotoxicity, and sensitization tests encompassed an extended
period should be considered due to long periods of orthodontic
treatments [125].

Genotoxicity is another critical property for product safety. Sal-
monella reverse mutation test revealed that the equiatomic NiTi
alloy did not show any genotoxicity in 2 days [125]. Another study
used the Micronucleus technique to observe genotoxicity [129]. In
this technique, chromosomal loss and breakage can be detected by
identifying blocked binucleated cells during cytokinesis due to a
microfilament assembly inhibitor, cytochalasin-B (Cyt-B) [130].

Probiotic bacteria Lactobacillus reuteri Prodentis in saliva used
for simulation of an oral environment of a patient with poor oral
hygiene was increased the surface roughness of uncoated NiTi
compared to the conditions with saliva only [131]. There is a pos-
itive correlation between surface roughness and bacterial adhesion
[37]. According to the study based on a comparison of epoxy,
tetrafluoroethylene and rhodium coated NiTi archwires, epoxy-
coated samples had the highest surface roughness. The adhesion
of Streptococcus mutans and Streptococcus sobrinus increased com-
pared to the uncoated samples [37]. When copper was added to
NiTi alloy, the adhesion of Streptococcus mutans, surface energy,
and surface roughness values increased [132].

8. Clinical perspectives

Orthodontic treatments are classified into three stages; level-
ing/alignment, correction of molar relationship and space closure,
and the last stage; finishing and retention [1]. NiTi archwires are
early-stage solutions for correcting rotation, tipping, leveling, and
torquing [2]. Reasonable control on sufficient magnitude of the
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force is provided due to the low load to deflection ratio of NiTi
alloys. This property makes NiTi alloys a good candidate for arch-
wires in the first stage (leveling/alignment) of the treatment [5].
However, in later phases of the orthodontic treatment, NiTi alloys
are not preferred due to low deformability [5]. In the main stage,
the correction of molar relationship and space closure, open coil
springs and closing loops made of NiTi alloys are used in addition
to NiTi archwires. For the finishing and retention stage, NiTi arch-
wires are not recommended due to their poor formability which
results in difficulty in the control of individual teeth [1]. Moreover,
the detected interlot variations in transition temperature range
and force delivery resulted in failures in orthodontic treatments
[133].

The studies aimed at investigating pain perception showed no
statistical difference between conventional NiTi, and superelastic
NiTi archwire (Sentalloy) after the first four hours [134].

8.1. Mechanical properties in clinical studies

Irreversible tissue damage and root resorption were triggered
by the high magnitude of force. Therefore, a low and constant force
is required for optimal tooth movement [103]. It provides a con-
stant stress in the periodontal ligament and minimal tissue dam-
age [109]. The superelastic property of NiTi alloys provided the
constant force and included stress-induced phase transformations
between austenite to martensite by forming a plateau region. After
the deactivation, a reverse phase transformation from martensite
to austenite formed a second plateau with a lower force when
compared to the first plateau (Fig. 3). In the second plateau region,
the shape change was observed to obtain a constant force. A prac-
titioner activated the archwire and obtained the plateau region,
and the constant force was achieved [103].

Compared with single-stranded Sentalloy® in the round form,
the coaxial tubular superelastic NiTi archwires were more efficient
in the treatment of relieving anterior mandibular crowding [135].
The 0.016 in. coaxial tubular superelastic NiTi archwires were also
superior to 0.016 in. single-stranded superelastic Rematitan® Lite
wire in the treatment of the lower anterior region in 4, 8, and
12 weeks [136]. When compared to 0.0155-inch diameter
multiple-stranded stainless steel wire, 0.014-inch diameter
superelastic nickel-titanium alloy wire (Ni-Ti®) gave improved
results in the treatment of lower labial segment in 6 weeks of
treatment, although the alignment of crowding did not differ [137].

Ar temperature, as an indicator of phase transformation, has
clinical importance for thermally activated NiTi archwires. The
archwires with Af close to the oral temperature (35-37 °C) are
selected to benefit from the shape memory effect [11]. When
heat-activated Copper Ni-Ti™ archwires are deformed at room
temperature, they retain the deformed shape at that temperature
and return their original shape at body temperature. The highly
crowded teeth are aligned by cooling the heat-activated Copper
Ni-Ti™ archwires. At body temperature, heat-activated Copper Ni-
Ti™ archwires return their original shape and align teeth in their
new position [138]. The fractures occurred on NiTi archwires with
a percentage of 1.7 and in the posterior region with a percentage of
76 [139].

8.2. Biofilm formation

The possible consequences of long-term usage of NiTi archwires
are biofilm formation and calcification, which increase surface
roughness and porosity. From a clinical perspective, it resulted in
friction variance, altered torque expression, and suppressed
superelastic properties [140]. The study based on retrieved NiTi
archwires from different manufacturers revealed that the forma-
tion of proteinaceous biofilm mainly consisted of amide, alcohol,
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and carbonate was observed as well as NaCl, KCl and Ca-P precip-
itates in 6 months [141]. As the duration of intraoral exposure
increased, a reduction in grain size, delamination, pitting, and cre-
vice corrosion was seen [141]. Streptococcus mutans and Lactobacil-
lus colonization on uncoated (Memory Wire) and epoxy resin
coated (EverWhite NiTi Cosmetic) NiTi archwires were compared
[142]. According to the results, epoxy-coated NiTi archwires
showed higher Lactobacillus colonization when compared to
uncoated NiTi archwires due to the peeling of the coating and
higher surface roughness. Streptococcus mutans showed an increase
in saliva for both archwire applications [142].

8.3. Ni ion release

Another clinically significant parameter was toxicity due to the
release of Ni ions. Petoumenou et al. [143] measured Ni ion con-
centration in the saliva of the patients. The results obtained imme-
diately after the implementation showed that bands and brackets
increased Ni concentration in saliva from 34 pg/L (before treat-
ment) to 78 pg/L, whereas the implementation of NiTi archwires
increased Ni concentration to 56 pg/L [143]. The leaching and con-
centration of Ni in saliva decreased in 10 weeks [143]. The clinical
study comparing the salivary nickel concentrations showed that
copper-containing NiTi released more Ni ions when compared to
epoxy coated samples, whereas Ni ion concentration was lower
compared to conventional NiTi [144]. Clinical studies on 115
retrieved archwires (Titanol® ‘Low Force’ and ‘Martensitic’, 35 °C
Copper Ni-Ti™, nickel-titanium from Ortho Organizers® Inc, USA)
from different companies showed that none of the archwires had
corrosion in one month [145]. As the treatment period increased
to 8 weeks, corrosion was seen in 19 % of the archwires. The per-
centage increased to 50 % in 24 weeks, and for the treatment period
longer than 36 weeks, it reached 91 % [145].

According to the tribocorrosion studies, the repassivation rate
of NiTi orthodontic archwires is fast [87]. Long-term in vivo condi-
tions showed that NiTi archwires had better corrosion properties
than stainless steel [90]. Moreover, under mechanical wear, NiTi
archwires had stable potential and coefficient of friction [87].
Those properties decreased the risk of Ni ion release and increased
the biocompatibility of NiTi archwires in clinical studies.

9. Computational studies

Computational studies are used to predict the mechanical
behavior of NiTi orthodontic archwires in specific conditions. Finite
element modeling claimed by the experimental studies is a widely
used method to predict the mechanical performance of NiTi arch-
wires. The effects of intraoral temperature differences on the forces
generated by NiTi orthodontic archwires were investigated by 3D
finite element models by using a Gibbs-potential-based formula-
tion and thermodynamic principles [146]. The superelastic tensile
and bending test model gave consistent results with the experi-
mental data. Moreover, the dental displacement can be predicted
by finite element numerical simulations for NiTi superelastic shape
memory alloys. Numerical simulations revealed the sensitivity of
the mechanical response to the temperature, the importance of
bone stiffness in the force generated by the wire to correct the
misalignment, and the importance of constant and continuous
force on bone remodeling [147]. The effect of hydrogen diffusion
on the thermomechanical performance of NiTi shape memory
archwires was also modeled by finite element software due to
the risk of embrittlement, wire fractures, and loss in superelasticity
by hydrogen in titanium alloy systems [148,149]. In another study,
the bending force response at different wire-bracket friction coef-
ficients and sliding friction force were modeled for superelastic
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NiTi archwires by the 3D finite element method [150,151]. Accord-
ing to the results, at contact friction coefficients higher than 0.4,
the deactivation force was ineffective and suppressed the tooth
movement [151].

Force and stress level calculations in a model of crowded lower
front teeth in reduced periodontium were done by finite element
method for nonsuperelastic NiTi, superelastic NiTi and stainless
steel archwires. The effect of material variation in a specific
orthodontic case was discussed. The results were compared to a
physiological periodontal model [152].

Welding is a promising technique to obtain orthodontic arch-
wires with different characteristics. Laser welding can be used to
obtain customized orthodontic archwires which exert specified
forces on misaligned teeth. This procedure lowers the treatment
time. The finite element method was used to predict optimum
laser welding parameters such as laser power and velocity for an
effective weld [153]. The best method was selected by using artifi-
cial neural network and training algorithms. A machine learning
model with a multi layered feed forward neural network used
the Ni ion release data in the literature to predict the best compo-
sition of NiTi shape memory alloys for dental applications [154].
According to the results, 51.5 % Ni in the shape memory alloy com-
position is optimum, with the lowest amount of Ni ion released
into the oral cavity [154]. In another study, CALPHAD quaternary
phase analysis was applied to detect intermetallic compounds
and phases in the weld zone between NiTi and austenitic stainless
steel [155].

10. Future perspectives

According to the analysis presented in the introduction part of
this review, computational studies gained importance in the last
five years. The planning stage should be organized well to decrease
the treatment time and avoid unpredicted tooth movements. In
this scope, computational programs that specified the route of
the treatment became important. In terms of material improve-
ment, the studies subjected to Ni release and decrease in bacterial
activities may lead to the future of the area. For example, Liu et. al.
obtained an antibacterial surface and inhibited Ni ion release by
surface modification after etching with HNOs at different time
intervals. They enabled Ni dissolution and the formation of TiO,
nanolayer on the surface. Treating with
1H,1H,2H,2Hperfluorodecyltrimethoxysilane (PFDMS) increased
the contact angle [156]. A clinical study revealed that TiO, coating
on the surface decreased the surface roughness and Streptococcus
mutans adhesion. However, at the end of one month, the advan-
tage of coated archwire on surface roughness was lost [157]. Elec-
trodeposition of silver ions on NiTi archwires decreased the
Streptococcus sanguinis and Lactobacillus salivarius colonies by
90 % after 1 day of incubation [55]. Obtaining a coating that
endures to the end of a specified period of the orthodontic treat-
ment without deformation and has antibacterial properties will
support NiTi archwires to be a good candidate for orthodontic
archwires. In terms of mechanical properties, welding of different
alloys to form composite archwire offers a solution for various
treatments without changing the archwires in short intervals
[158].

11. Conclusion

A wide range of NiTi archwires, which are now widely used in
the clinic, are available from many manufacturers, including
coated esthetic wires. Structural properties of NiTi archwires were
reviewed mainly by considering the phase transformations, and
the effects of processing parameters such as aging and annealing,
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and stress and temperature were explained. The surface modifica-
tion studies were applied generally to reduce the Ni ion release and
corrosion. The corrosion and friction behavior of NiTi archwires
were widely studied since those were the primary source of defor-
mation. Biocompatibility has been evaluated in the reviewed stud-
ies, mainly by cytotoxicity, sensitivity, and genotoxicity tests.
Bacterial adhesion for Streptococcus mutans, Streptococcus sobrinus,
and Lactobacillus was observed in studies by comparison to other
archwire types such as stainless steel and coated NiTi archwires.
According to clinical studies, Ni release does not rise to toxic levels,
and although it initially increases, it decreases significantly after
10 weeks of use. The NiTi archwires were generally used at the
leveling and alignment stage, and batch and brand-based differ-
ences increased the margin of error in the orthodontic treatment.
Welding and coating technologies that can improve the material
and the computational methods that specify treatment routes will
provide reliable, short, and cost-effective treatments in
combination.
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