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Abstract: Superelastic nickel–titanium (NiTi) archwires have become the preferred archwire for
orthodontic alignment and the levelling stage due to their ability to exert a light force on teeth
throughout a wide range of tooth movement. The magnitude and trend of the force exerted on the
malposed tooth is influenced by the orthodontist’s consideration of the size and geometry of the
NiTi archwire during orthodontic therapy. In this work, a novel approach of a short-term ageing
treatment was utilized to modify the magnitude and trend of the bending force of a commercial
superelastic NiTi archwire. The bending behavior of the superelastic NiTi archwire was altered by
subjecting it to different temperatures in an ageing treatment for 15 min. The bending behavior of the
aged NiTi archwire was examined using a three-point and three-bracket setup. The commercial NiTi
archwire’s bending forces in both the three-point and three-bracket configurations were successfully
altered by the 15 min ageing treatment. During unloading in the three-bracket arrangement, the NiTi
archwires aged at 490 ◦C or 520 ◦C exhibited a lower magnitude and more consistent force compared
to the NiTi archwires aged at 400 ◦C or 430 ◦C. Ageing the archwire for 15 min at 490 ◦C produced a
suitable size of Ni4Ti3 precipitate, which makes the wire more flexible during bending and reduces
the unloading force in the three-bracket bending configuration. The short-term aged NiTi archwire
could be used to enhance the force delivery trend to the malposed tooth by lowering the amplitude
of the force delivered and sustaining that force throughout the orthodontic treatment duration.

Keywords: NiTi archwire; superelastic; bending behavior; short-term ageing treatment

1. Introduction

Fixed appliance treatment is a method used by orthodontists to straighten teeth with
orthodontic brackets and archwires. In fixed appliance therapy, the archwire plays a crucial
role in correcting tooth position. When bent in the bracket system, the archwire’s spring
back property exerts an external force on the malposed tooth. It has been established that
the force delivered by the archwire to the malposed tooth should be mild and continuous,
in the range of 2.0 N or less, to reduce patient discomfort and prevent irreversible damage
to the periodontal tissue [1,2]. In comparison to stainless steel archwires, superelastic NiTi
archwires exert a low and steady force while bending, making them the wire of choice
for most fixed appliance treatments [3]. Archwires made of beta titanium and stainless
steel are typically used for space closure and detailing, while superelastic NiTi archwires
are commonly employed for levelling and aligning. In addition, owing to its reversible
martensitic phase change, this superelastic characteristic enables the archwire to recover its
original straight arch shape when the applied force is withdrawn.

Several test models, including cantilever bending [4], three-point bending [5–7], and
the three-bracket model [3,8], have been utilized to understand the flexural behavior of NiTi
archwires to date. It is claimed that superelastic NiTi archwires exhibit a constant bending
force behavior during the loading and unloading cycle, and this constant force trend can
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be observed when the archwires are bent in a cantilever and three-point arrangement.
Unfortunately, as the NiTi archwires recover from a considerable deflection of 4.0 mm
or more in the bracket system, the continuous unloading force changes into a negative
gradient force trend [9,10]. This negative gradient force trend indicates that the amount
of force applied to the teeth keeps increasing as the tooth travels to a new position, which
is not conducive to achieving a healthy tooth movement rate. The experimental study
described in [11] revealed that the unloading force rose from 1.0 N to 4.8 N when the
bracket displacement decreased from 3.3 mm to 0.75 mm.

It is believed that the transition of bending force of NiTi archwires from constant
to gradient behavior in orthodontic bracket design is associated with the sliding friction
components. As the bent archwires slide within the bracket slot to restore their original
straight shape, the archwire presses against the bracket’s corner surfaces, thus generating
sliding friction. Previous work in [11] indicated that the unloading curve is changed to a
lower force level due to the resistance to the archwire’s sliding motion provided by the
friction at the wire-bracket interface. The negative gradient force trend during unloading
was produced by a lessening of this sliding friction as archwire deflection in the bracket
system decreased [10]. This claim was supported by the results of the archwire sliding
test conducted by the authors in [12–14], who found that the NiTi archwire created higher
friction when considering a greater bending deflection. These studies also observed that
larger archwire sizes resulted in higher sliding friction, implying that the archwire presses
the bracket corner harder when sliding.

Ageing treatment is the most frequent hardening method used to improve the thermal
and mechanical properties of Ni-rich NiTi alloys. This treatment method improves the
superelastic properties of aged NiTi alloy by introducing a Ni-rich precipitate, a secondary
phase, into the matrix of the alloy. It is well established that the size and distribution
of precipitates in NiTi alloys change with ageing temperature and time [15,16]. Ageing
a NiTi material between 300 ◦C and 600 ◦C for 30 min dynamically alters the thermal
transformation temperature and the transformation stress [17,18]. It is suggested that
deforming NiTi alloys causes the Ni4Ti3 precipitate to generate local shear stress inside the
alloy matrix, hence reducing the critical stress required for martensitic transformation [19].
Until now, research on the impact of ageing on NiTi alloy was limited to tensile deformation,
where a significant decrease in tensile stress of 300 MPa was detected when the ageing
temperature was increased from 300 ◦C to 400 ◦C [20].

To the best of our knowledge, no reports of applying a short-term ageing treatment
to commercial superelastic NiTi archwires to improve their current flexural behavior can
be found in the literature, regardless of the suggested ageing conditions. This work aims
to determine if a short-term ageing treatment may be used to modify the force–deflection
behavior of superelastic NiTi archwires. A commercial NiTi archwire was subjected to
a short-term ageing treatment at varying temperatures. A three-point and three-bracket
setup was utilized to assess the variations in bending force of aged NiTi archwires over
loading and unloading cycles. The proper choice of ageing temperature for short ageing
therapy may aid in lowering the gradient force behavior of superelastic NiTi archwires
in the bracket system, hence improving the force delivery trend to the teeth during the
orthodontic treatment.

2. Materials and Methods

In this investigation, a commercial superelastic NiTi orthodontic archwire (Masel) with
a 406.4 µm diameter was utilized. The archwire’s atomic composition was Ti-50.8 at.% Ni,
as determined by EDS analysis. The microstructural and bending specimen were prepared
by cutting the straight section of the NiTi archwire into a 10 mm and 50 mm long specimen.
The specimens were then solution treated for 15 min at 920 ◦C in a sealed quartz glass
tube furnace (GSL-1100X) with a flow of argon gas, before being quenched in cold water.
This method of solution treatment is essential for eliminating the effects of a previous heat
treatment. A titanium getter powder was also inserted into the heating tube during the
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heat treatment to prevent the specimen from oxidizing at high temperatures. The ageing
process was carried out at temperatures ranging from 370 ◦C to 520 ◦C, with a temperature
increment of 30 ◦C. Each specimen underwent the ageing process for a continuous duration
of 15 min. At the completion of the ageing process, the specimens were quenched in cold
water to prevent unwanted low-temperature reactions.

Microstructural analysis samples were prepared by mounting 10 mm-long aged spec-
imens on epoxy resin and hardener, then grinding and polishing them using a MetPol®

2 V machine. Starting with 300 grit, the surface of the specimen was grinded to 400, 600,
800, and 2000 grit before being polished with 3 to 0.05 µm diamond suspensions on a
DiaMAt polishing cloth using Meta DiTM as a lubricant. Compressed air was used to dry
the specimens after they were washed in distilled water and then removed with isopropyl
alcohol. Following that, the samples were etched for 15 s in Kroll’s reagent (1–3 mL HF,
2–6 mL HNO, 100 mL water). A Zeiss Supra 35 field emission scanning electron microscope
was used for the microstructural analysis (SEM). The SEM was set to 15 kV acceleration
voltage and 200 pA probe current.

A three-point bending test was carried out to assess the force–deflection behavior
of aged NiTi archwires. This test was conducted on a three-point bending jig as seen
in Figure 1a, which is also used for a four-point bend test in determination of bond
quality in diffusion bonded titanium alloy parts [21,22]. The three-point bending jig was
manufactured in compliance with ISO 15841: Dentistry—Wires for use in orthodontics [23],
an international standard. In accordance with the specification, the indenter and support
point ends were set to have a radius of 0.1 mm, and the distance between these two
supports was set to 10.0 mm. The three-point bending test was performed using an Instron
3367 universal testing machine equipped with a 500 N load cell. The NiTi specimen was
deflected to 3.1 mm and then allowed to restore to its original straight form by retracting
the indenter at a crosshead speed of 1.0 mm/min. The test was conducted at 26 ◦C
ambient temperature. Three repetitions of the bending test were conducted, each time
with a separate specimen to ensure force–deflection consistency. During the test, the
Instron Bluehill™ material testing software (Norwood, MA) tracked and recorded the
force–deflection data.
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Figure 1. NiTi specimen under bending using (a) three-point bending jig and (b) modified three-
bracket bending jig.

A modified three-bracket bending jig was used to examine the force–deflection behav-
ior of an aged NiTi specimen in a bracket system. This jig was created by substituting an
orthodontic bracket for the indenter and sharp fixture, as seen in Figure 1b. Three stainless-
steel (grade 316L) orthodontic brackets, each with 0.46 mm slot height and 2.80 mm slot
width, were employed. Multiple studies [8,24,25] have considered this three-bracket design
because it approximates the well-known problem in levelling produced by the significant
displacement of the canine tooth against the lateral incisor and the first premolar tooth.
The two-support fixture was adjusted so that the space between the brackets was 7.5 mm,
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corresponding to the typical distance between maxillary teeth [10]. The NiTi specimen
was inserted into the slots of the three brackets to begin the bending test. The NiTi speci-
men was bent to a deflection of 4.0 mm by advancing the indenter downward at a rate of
1.0 mm/min, and then allowed to restore to its original straight form by withdrawing the
indenter at the same rate. To assure uniformity, the bending test was conducted three times
with a different specimen in each run. The Instron Bluehill™ material testing software
(Norwood, MA, USA) displayed and recorded the force–deflection measurements during
the test.

3. Results

Figure 2 depicts the force–deflection curves of aged NiTi archwires when subjected
to a three-point bending test. The creation of a force plateau during the loading and un-
loading cycles demonstrates that each archwire was deformed due to superelastic behavior.
The loading cycle began with a brief linear slope of bending force up to a deflection of
0.5 mm, reflecting the bending stiffness of the NiTi archwire. The force plateau recorded
throughout the loading cycle is indicative of the deformation of the NiTi archwire resulting
from the stress-induced martensitic transformation. In the meanwhile, the lower force
plateau recorded during the unloading cycle indicates the reversal of the archwire phase
transformation when the bending load is removed.
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Figure 2. Force–deflection curves of aged NiTi archwires obtained from the three-point bending test.

Overall, the as-received NiTi archwire demonstrated the greatest loading and un-
loading force at all deflections. During the loading cycle, the as-received (AR) archwire
registered a maximum loading force of 3.8 N at a deflection of 3.1 mm. The unloading
cycle began with a dramatic reduction in force, and from a deflection of 2.5 mm to 0.5 mm,
the force eventually stabilized between 2.0 N and 2.2 N. It is worth noting that the bend-
ing force decreased as soon as the ageing treatment was applied to the as-received NiTi
archwire. For instance, after ageing the NiTi archwire at 520 ◦C, the unloading force at
2.0 mm deflection dropped from 2.4 N to 0.9 N. This significant decrease in unloading force
magnitude indicates a decrease in the bending stiffness of the aged NiTi archwire.

Figure 3 depicts the change in loading and unloading forces of superelastic NiTi
archwires after 15 min of ageing at various temperatures. The magnitude of the forces was
taken from Figure 2. According to ISO 15841: Dentistry—Wires for use in Orthodontics [23],
the loading force was measured at a deflection of 3.1 mm, whereas the unloading force
was measured at a deflection of 2.0 mm. Overall, it is clear that the short-term ageing
treatment successfully affected the bending behavior of the NiTi archwire by lowering the
loading and unloading forces below those of the as-received archwire. The loading and
unloading force of the as-received archwires were 3.8 N and 2.4 N, respectively. It can be
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shown that raising the ageing temperature from 370 ◦C to 460 ◦C increased the loading
force and unloading force of the NiTi archwire from 2.8 N to 3.4 N and from 1.5 N to 2.0 N,
respectively. However, as the ageing temperature progressed to 490 ◦C and 520 ◦C, both
bending forces began to show a decreasing trend. It was discovered that the NiTi archwire
aged at 520 ◦C for 15 min seemed to have the lowest loading and unloading force of 2.5 N
and 0.9 N, respectively. These low loading and unloading forces indicate that among the
aged specimens, the specimen aged at 520 ◦C had the lowest flexural stiffness.
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Figure 3. Variation in loading and unloading forces of aged NiTi archwires obtained from the
three-point bending test.

Figure 4 depicts the force–deflection curves of the aged NiTi archwire in the three-
bracket bending arrangement. When comparing the force–deflection curve in Figure 4
to the one in Figure 2, it is clear that the NiTi archwire has undergone a transition from
a constant force trend to a gradient force trend. The loading cycle of the NiTi archwires
began with the formation of a linear force slope at a minor deflection of around 0.9 mm,
followed by the formation of a moderate force slope as the bending deflection progressed to
4.0 mm. The unloading cycle was initiated by a rapid decrease in force levels until deflection
reached 3.5 mm. As the amount of deflection decreased from 3.5 mm to 1.5 mm during
unloading, a noticeable force slope was also identified. This force slope exhibited by the
superelastic NiTi archwire when bent in the bracket system was attributed to the variation
in sliding friction as the archwire pushed the bracket corners with varying intensity along
the deflection path [26]. Even though there are two force curves on the force–deflection
graph, the unloading force represents the spring back force utilized to move teeth during
orthodontic treatment and is thus the focus of this study.
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Figure 4. Force–deflection curves of aged NiTi archwires obtained from the modified three-bracket
bending test.

Additionally, the flexural behavior of the NiTi archwire in the three-bracket system
was effectively adjusted by ageing treatment by making the archwire more flexible. This is
demonstrated by the significant reduction and increase in loading and unloading forces
as the as-received NiTi archwire was exposed to ageing procedures. For instance, at a
deflection of 4.0 mm, the loading force of the as-received NiTi archwire decreased from
12.5 N to 9.9 N after the ageing treatment at 520 ◦C was taken into account. This adjustment
to the bending behavior of NiTi archwires decreased the hysteresis between the loading and
unloading forces. In comparison, the as-received NiTi archwire exhibited a force hysteresis
of up to 11.0 N at 3.0 mm deflection; however, this hysteresis value was drastically decreased
to 8.3 N when the archwire was aged at 490 ◦C.

In addition, the archwire aged at 520 ◦C revealed an unloading force of −0.3 N at
a deflection of 2.8 mm. The negative magnitude of the force signifies the end of the
sliding motion, as the spring-back force of the archwire is no longer sufficient to overcome
the excessive friction at the archwire–bracket contact surfaces. As a result, the sliding
movement of the archwire was immediately halted. While the middle bracket was designed
to return to its initial position at the end of the unloading cycle, the negative force magnitude
is the minimum force magnitude required to overcome the sliding friction and allow the
archwire to move again for the remaining deflection. This negative force behavior prior
to the unloading of the NiTi archwire from the vertical bracket is comparable to what
Naziris et al. [27] observed in an earlier study.

Figure 5 illustrates the change in loading and unloading forces exhibited by the aged
NiTi archwires when bent in the three-bracket arrangement. The bending forces were
acquired from Figure 4, where the forces were measured with a deflection of 4.0 mm
during loading and 3.5 mm during unloading. For comparison, the dashed lines show
the loading and unloading force magnitude of the as received NiTi archwire. The flexural
stiffness of the NiTi archwire bent in the bracket configuration has clearly been affected
by the ageing treatment. This is demonstrated by the substantial decrease in loading force
magnitude between the as-received archwire and the aged archwires. For instance, at
4.0 mm deflection, the loading force of the archwire decreased dramatically from 12.5 N to
9.9 N when aged at 520 ◦C.
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Figure 5. Variation in loading and unloading forces of aged NiTi archwires obtained from the
modified three-bracket bending test.

Furthermore, the ageing temperature has the impact of increasing the loading force
from 9.2 N to 10.5 N as the archwires were aged from 370 ◦C to 460 ◦C. Meanwhile, when
the ageing temperature was increased to 490 ◦C and 520 ◦C, the loading force began to show
a force decrease trend to around 9.9 N. The NiTi archwires aged at temperatures between
370 ◦C and 490 ◦C exhibited larger unloading force magnitude than the as-received NiTi
archwire. A maximum unloading force of 2.2 N was found in the NiTi archwire aged at
400 ◦C. As the ageing temperature was raised from 430 ◦C to 520 ◦C, the unloading force
of the NiTi archwire steadily decreased. The archwire aged at 370 ◦C seemed to have
the lowest unloading force of 1.07 N when compared to all other aged archwires. Heat
treating the NiTi archwire between 400 ◦C and 430 ◦C would be useless because it would
increase the unloading force to more than 2.0 N, which would be too high to induce optimal
tooth movement.

Figure 6 depicts the unloading forces exhibited by the as-received and aged NiTi
archwires in the three-bracket bending arrangement at 3.5 mm and 1.5 mm deflection.
Overall, it was found that the NiTi archwire consistently displayed a lower unloading force
at 1.5 mm when compared to the 3.5 mm deflection, with the exception of the archwire
aged at 520 ◦C. The force difference between these two deflections indicates that force was
exhibited by the NiTi archwire in a negative slope manner during the unloading cycle. The
as-received archwire demonstrated the greatest unloading force difference of 2.0 N, with
the unloading forces of 0.6 N and 2.6 N at 3.5 mm and 1.5 mm deflection, respectively.
High intensity friction experienced by the archwire during sliding motion is believed to
be responsible for this large force difference, as it decreases the unloading force of the
archwire to a smaller magnitude prior to the unloading cycle. As the friction intensity
decreases at lower deflection magnitudes, the unloading force of the archwire recovers
to its initial magnitude at higher force levels, hence producing a negative force slope on
the force–deflection curve (see Figure 4). On the other hand, it was seen that the ageing
treatment effectively reduced the force difference, from as much as 1.0 N for the archwire
aged at 370 ◦C to 0.1 N for the archwire aged at 490 ◦C. This discovery indicates that the
archwire aged at 490 ◦C exhibits almost a constant unloading force of about 1.4 N to 1.5 N
as the bracket displacement decreases during the unloading cycle.
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Figure 6. Variation in unloading force exhibited by the as-received and aged NiTi archwires at 3.5 mm
and 1.5 mm deflection in the modified three-bracket bending setup.

Figure 7 depicts the microstructures of the as-received and aged NiTi archwires.
Overall, the microstructure of the NiTi specimens is composed of an austenite matrix phase
and a lenticular-shaped Ni4Ti3 precipitate. The lenticular disk-like morphology of the
Ni4Ti3 precipitate agrees with what has been found in previous research [28,29]. Different
sizes and orientations of the Ni4Ti3 precipitate were generated when the NiTi specimen
was aged at various temperatures. Figure 7b,c clearly shows that the specimens aged at
low temperatures, such as 370 ◦C and 400 ◦C, have almost the same microstructure, and
the Ni4Ti3 precipitate is barely visible in the SEM image. The insets in these two figures
show a magnified view of the Ni4Ti3 precipitate, which is estimated to be around 1 µm
in length. Meanwhile, the size and appearance of this Ni4Ti3 precipitate became clearly
apparent in Figure 7f,g, as their length increased to about 4 µm when the NiTi specimen
was aged at high temperatures of 490 ◦C and 520 ◦C. Furthermore, when comparing the
microstructures of the as-received and aged specimens, the precipitate distribution was
slightly denser and the grain size was slightly smaller with the as-received specimen. This
might be owing to differences in ageing temperature and duration employed during the
manufacture of the as-received archwires.
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4. Discussion

The aim of this study was to explore the applicability of short-term ageing treatments
in altering the bending behavior of commercial superelastic NiTi archwires. The ageing
treatment was performed at different temperatures for 15 min. This heat treatment proce-
dure was introduced to resolve the gradient force trend issues that commercial superelastic
NiTi archwires display when bent in the orthodontic bracket system. This paper proposes
an appropriate short-term ageing treatment condition, which could help to reduce the rate
of force changes as the archwire unloads from large deflections. This mechanical behavior
modification of the commercial NiTi archwire is critical in order for the archwire to exert a
lower and consistent force on teeth throughout the orthodontic treatment duration.

The current study’s findings and discussion demonstrate the bending behavior of a
0.4 mm NiTi archwire following a 15 min heat treatment. The findings presented here
offer an early indication of the applicability of a short ageing treatment time in modifying
the bending force magnitude of the commercial archwire in three-point and three-bracket
configurations. In this study, the three-point bending test was used to determine the
effectiveness of a short-term ageing treatment in altering the flexural properties of the as-
received archwire. The test was carried out in accordance with the technique and settings
outlined in ISO 15841: Dentistry—Wires for use in Orthodontics [23]. This standard enables
users to analyze the flexural behavior of orthodontic archwires with the least potential
influence from sliding friction. This is due to the archwire being allowed to freely slide
over the surface of the two supports during the bending procedure. However, when an
orthodontic bracket is used, the bend generated by the archwire at the bracket slot prevents
the archwire from easily sliding at high bracket displacement.

The ageing treatment strategy was adopted in this study owing to its efficiency in
changing the tensile deformation behavior of NiTi shape memory alloys as described in
earlier research [30–33]. Figures 3 and 5 demonstrate that ageing treatment can be utilized
to adjust the magnitudes of the loading and unloading forces of the as-received NiTi
archwire in both three-point and three-bracket configurations. The unloading force of the
aged NiTi archwires was consistently lower than the unloading force of the as-received
archwire in the three-point bending arrangement. This observation indicates that the aged
NiTi archwires are more flexible than the as-received archwire. The variation in loading
and unloading forces of the aged NiTi archwire corresponds to the differences in precipitate
size inside the archwire matrix, as shown in Figure 7b,g. Ni4Ti3 precipitates with a length of
4 µm produced in the matrix of a NiTi specimen aged at 490 ◦C are believed to be suitable
for decreasing loading and unloading bending forces. Meanwhile, the friction between
the archwire and bracket surfaces is expected to decrease in the bracket arrangement as
the ageing NiTi becomes more flexible under stress. As a result, the sliding friction is less
likely to postpone the unloading force to a smaller magnitude, hence most of the unloading
forces of the aged archwires are higher than the as-received archwire, as shown in Figure 5.

Previous studies have shown that the precipitation process following ageing treatment
plays an important role in changing the hardness, compression, and tension behavior of
Ni-rich NiTi shape memory alloys [34,35]. The nucleation of Ni4Ti3 precipitates is claimed
to provide a strong surrounding local stress field inside the austenite matrix of the NiTi
alloy, lowering the critical stress required for martensitic transformation. In this work,
the bending force from the three-point bending setup changes in proportion to the size
and orientation of the precipitates, with smaller bending forces measured when specimen
nucleated larger Ni4Ti3 precipitates at high temperatures of 490 ◦C and 520 ◦C. The smaller
bending force indicates that the transformation of the parent austenite phase of the aged
NiTi archwires to a martensite phase occurred at a lower stress level during bending.

The original idea of employing NiTi archwire during orthodontic treatment to give
consistent force to the tooth may no longer be valid in the situation of bending the archwire
in the bracket arrangement. The loading and unloading forces obtained from the three-
bracket bending setup, for example, do not indicate a comparable force plateau as produced
in the three-point bending (see Figure 2). When deformed in the bracket arrangement,
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the as-received and aged NiTi archwires exhibited a positive and negative slope trend
in the loading and unloading force curves, respectively. These force slope curves were
generated as a result of the change in sliding friction experienced by the NiTi archwire at
high deflection. To date, it is understood that friction increases the size of the archwire force
during loading and delays the force during unloading. The dependence of the archwire
force slope trend on sliding friction has previously been quantitatively investigated by
modifying the coefficient of friction at the wire–bracket contact interface. The force slope
of a 0.4 × 0.56 mm NiTi archwire was reported to vary at a rate of −0.46 N/mm for
incremental increases in the friction coefficient (0.1) [11]. Therefore, it is essential to tune
the flexural behavior of the NiTi archwire to prevent it from producing excessive force
during the treatment duration, hence creating patient discomfort. It has been documented
that a 0.46 × 0.64 mm NiTi archwire in an orthodontic bracket arrangement can exert a
force of up to 44.0 N at 3.0 mm deflection [36].

There was a clear correlation between the flexural stiffness of the archwire and the
force variation created when the archwire was unloaded in the bracket arrangement. Based
on Figures 3 and 6, it was observed that the NiTi archwire with lower flexural stiffness
exhibited less variation in unloading force as it recovered from a 4.0 mm deflection in the
bracket configuration. For instance, the archwire aged at 490 ◦C, which exhibited a lower
unloading force of 1.3 N in a three-point bending configuration, demonstrated the least
force fluctuation of 0.1 N as it recovered from a deflection of 3.5 mm to 1.5 mm. In contrast,
the as-received archwire, with the greatest unloading force of 2.4 N in three-point bending,
exhibited a significant force variation of 2.0 N. This discovery implies that the NiTi archwire
with higher bending stiffness caused more friction during sliding because it imparted the
bracket surface with more force, delaying the unloading force to a greater extent. During
orthodontic treatment, a substantial fluctuation in force magnitude delivered by the NiTi
archwire to the malposed tooth should be avoided, since the ideal tooth movement rate
is known to be 1.0 mm/month under a light and consistent force of between 0.10 N and
2.0 N [37]. This is due to the fact that the production and removal of bone cells as a result
of tooth movement is strongly reliant on the amount of force applied to the tooth. Frequent
changes in the periodontal ligament stress should be avoided, since they will disrupt the
present cellular responses of tooth movement [37].

A flexible superelastic NiTi archwire is highly preferred in the early stages of orthodon-
tic treatment because it can be easily secured by the orthodontist into the bracket slot during
the installation procedure. According to the findings of this study, a more flexible NiTi
archwire could deliver adequate and consistent force to the teeth during archwire deflection
recovery. The adjustment of the NiTi archwire force through ageing treatment must be done
carefully to ensure the archwire force’s sustainability and appropriateness to induce tooth
movement. For example, an archwire made of NiTi should not be aged at a temperature
of 520 ◦C for 15 min, as this might cause the archwire to become too pliable and cause
it to lose its spring back capacity over friction when recovering from a large deflection.
When this happens, the archwire can no longer slide freely within the bracket slot, which
impedes further tooth movement. As an alternative, the ideal temperature for an aged NiTi
archwire is 490 ◦C, as it promotes a steady and constant force of about 1.4 N to 1.5 N during
unloading from 3.5 mm to 1.5 mm deflection. Taking into account these ageing conditions
may help orthodontists and manufacturers enhance the force delivery of commercial NiTi
archwire, which will directly benefit the dental digital workflow [38]. The current findings
also imply that ageing treatment may be used to control the mechanical deformation of NiTi
implants or retainers, hence resolving problems with oral discomfort [39] and masticatory
system disturbances [40].
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5. Conclusions

The present study investigated the bending behavior of a commercial superelastic NiTi
archwire that had been aged for 15 min at various temperatures. The following conclusions
can be deduced from this study:

1. A 15 min ageing treatment successfully modified the bending forces of the commercial
NiTi archwire under both the three-point and three-bracket configurations.

2. The NiTi archwires aged at 490 ◦C to 520 ◦C demonstrated a lower magnitude and
more consistent force during unloading in the three-bracket configuration than the
NiTi archwires aged at 400 ◦C to 430 ◦C;

3. Ni4Ti3 precipitate produced after 15 min of ageing at 490 ◦C, with an average size
of 4 µm, makes the archwire more flexible while bending, resulting in a decreased
unloading force in the three-bracket bending configuration.
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