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Purpose: Most of the orthodontic archwires used in the clinical practice nowadays contain nickel (Ni), however, many patients, es-
pecially kids, are allergic to Ni. One possible Ni-free alternative is the Titanium-Niobium (Ti-Nb) archwire. Unfortunately, there is not
enough information about its mechanical properties in the literature, especially after clinical usage. Therefore, the aim of this work was
to investigate and compare the mechanical properties, chemical composition, structure and morphology of as received and used in clini-
cal practice Ti-Nb orthodontic archwires. Materials and methods: We investigated and compared as received and clinically retrieved
after 4 and 6 weeks respectively Ti-Nb archwires with dimensions 0.43 × 0.64 mm (0.017 in. × 0.025 in.). The following methods were
used: instrumented indentation testing (nanoindentation), X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray
spectroscopy and X-ray photoelectron spectroscopy. Results: The nanoindentation investigations of as received and used Ti-Nb archwires
revealed a decreasing in their indentation hardness with increased periods of use in the patient’s mouth. Moreover, an increasing of the
concentration of Ti in the content of the TiNb alloy was associated with an increased period of use in the oral cavity. The SEM analysis
showed changes in surface morphology with increasing the period of use of the archwires. Conclusions: The results showed that there are
slight changes in the mechanical and physicochemical properties of the investigated wires after their use in the patient’s mouth. That is
why we do not recommend them for recycling.
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1. Introduction

In modern orthodontic practice, a variety of metal-
lic alloys are used: stainless steel, nickel-titanium, tita-
nium-molybdenum and others. The choice of a suitable
archwire is based primarily on its mechanical proper-
ties, as it largely determines its effectiveness. The ques-
tion of the biological tolerance of materials placed in
the patient’s mouth must not be overlooked. Most of
the above-mentioned archwires contain Ni [7]. Janson
et al. [17] found that this element can cause an immu-
nological reaction, most commonly contact hypersen-

sitivity. The solution to this problem is quite complex
due to the significantly high requirements regarding
the mechanical properties of the orthodontic archwires.
According to Bai et al. [3], the basic advantages of
titanium and its alloys (Titanium-Molybdenum alloy
(TMA) and Titanium-Niobium (Ti-Nb)) as Ni-free
alternatives in dentistry are their good biocompatibil-
ity, good corrosion resistance and high strength. The
properties of TMA wires are well studied [18], [19],
[27], but there is not enough information about the
mechanical properties of Ti-Nb archwires, especially
after clinical use. The Ti-Nb archwires were intro-
duced by the producer as finishing wires with stiffness
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by 20% lower than TMA [24]. Their advantages are
that their stiffness in bending is about one half of that
of stainless steel and in torsion it is about one-third,
which gives the possibility to clinicians to use them
for creative bends without the excessive force levels
of steel wires. Moreover the titanium-niobium wires
can be used even for third-order corrections, because
their springback in bending is by 14% lower than
that of steel and in torsion is slightly higher than that
of steel. Dalstra et al. [6] found that the titanium-
niobium wires have good weldability, that is why
wires of different dimensions can be weld together in
order differentiated force systems to be generated.
Huang et al. [9] showed that they exhibit extremely
high corrosion resistance thanks to the surface layer
of Nb2O5. On the other hand, their basic disadvan-
tage is their high cost.

Although knowing the mechanical properties of
orthodontic archwires is very important for their ap-
plication, this information is usually not provided in
the producers’ catalogues and specifications. For ex-
ample, elastic modulus is one of the most important
factors for the clinical performance of orthodontic
archwires. Hardness is also very important, because
it is connected with the wire movement and strength.
A lot of techniques (e.g., tensile tests, the three point
bending test, etc.) can be used to investigate of the
mechanical properties of orthodontic archwires. Most
of them require large sections of wire and provide
mean values. The advantage of the nanoindentation
technique is that it gives local mechanical properties
with high resolution and does not require preliminary
sample preparations. Most of the related investiga-
tions of the mechanical properties of orthodontic
archwires by this moment have focused on stainless
steel, cobalt-chromium-nickel alloy, beta-titanium
alloy and Ni-Ti wires [1], [10], [11], [14], [21]; how-
ever, there is insufficient research about the mechanical
properties of archwires made from Ti-Nb, Timolium,
and others [19], [28]. In our opinion, the inadequate
information about the mechanical properties, metal
structure and surface characteristics of Ti-Nb arch-
wires is the main reason why they are not widely used
in the orthodontic practice. Other key questions are
whether this archwire changes its chemical structure
and mechanical properties after intraoral application
and whether it could be used as substitute of TMA
wires in similar clinical situations.

There are other studies on as received Ti-Nb or-
thodontic archwires [6], [12], but we did not find
enough information about the changes of their me-
chanical properties after usage in the patient’s
mouth. That is why the aim of this study was to in-

vestigate the mechanical properties, morphology,
chemical composition and structure of clinically re-
trieved Ti-Nb orthodontic archwires in order to evalu-
ate the changes of their properties after clinical usage
and understand whether it is possible to be recycled in
the future, as reported by other authors for other types
of orthodontic arches [2], [5], [15], [20]. Also, based
on the acquired knowledge about the mechanical and
physicochemical properties of the material, we think
that it is possible to increase the indication of clinical
use, especially in the cases where the patient is aller-
gic to Ni.

2. Materials and methods

2.1. Materials

In the present work, we investigated as received
archwires, as well as wires used for 4 and 6 weeks in
the patient’s mouth. All the clinical procedures were
carried out in compliance with the guidelines of the
Bulgarian Ministry of Health for Good Clinical Prac-
tice and The World Medical Association’s Declaration
of Helsinki. We informed the patients in advance that
the retrieved archwires will be tested in vitro and they
agreed to this. All tests were performed in laboratory
conditions, without direct patient participation. We
asked seven consecutive patients who fulfilled the
inclusion criteria to participate in this study. The pa-
tients were between 14 and 27 years old (five women
and two men). The following inclusion criterion was
used: patients undergoing upper and lower fixed ap-
pliance therapy with 0.022 in. preadjusted edgewise
appliances and which required the insertion of Ti-Nb
archwires (ORMCO Company, CA, USA) with size
0.017 in. × 0.025 in. At the archwire changing ap-
pointment, this was carried out as per normal clinical
practice.

The wire samples consisted of one randomly se-
lected packet of 0.017 in. × 0.025 in. Ti-Nb wires. Each
packet contained ten archwires from a single batch. For
each patient included in the test, the excess wire at
the distal end was retained, cataloged and placed into
a plastic bag at room temperature for storage until test-
ing. Seven distal end cuts from the preformed 0.017 in.
× 0.025 in. Ti-Nb archwires (ORMCO Company, CA,
USA) were collected this way.

The inserted archwires were retrieved, catalogued
and placed into plastic bags at room temperature, fol-
lowing clinical exposure of the remainder of the wire
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(minimum 32 days, maximum 61 days, and average
46 days), prior to testing. The clinically exposed
archwires were decontaminated using the following
regimen:
1) immersed in a 2% solution of sodium dodecyl

sulphate (SDS) in an ultrasonic water bath for 5 min,
2) wiped for 1 min with cotton pad, soaked in SDS,
3) rinsed with distilled water for 20 s,
4) immersed in a 70 % solution of ethanol for 2 min,
5) air dried.

2.2. Methods

2.2.1. X-ray diffraction(XRD)

All the samples for the XRD analysis were cut
from the same areas/sections of the archwires. The
crystalline structure was studied by a Bruker D2 Phaser
powder diffractometer with a Cu-K-α radiation at
30 kV and 20 mA, with a Scintillation counter De-
tector, within the range from 5–80° 2θ at a constant
step 0.02° 2θ.

2.2.2. Scanning electron microscopy/
Energy dispersive X-ray spectroscopy

The Scanning electron microscopy (SEM) allows
for detailed observation and study of the structure
(topography) on the surface of the orthodontic arch-
wires. A scanning electron microscope Zeiss model
EVO MA-15 with LaB6 cathode with accelerating volt-
age range from 0.2 to 30 kV was used for the tests. The
investigation was conducted at 20 kV. The composi-
tion of the samples was determined using energy
dispersive X-ray spectroscopy (EDS) method with
Bruker Esprit 1.8 system. The accelerating voltage for
the EDS measurements was 20 kV.

2.2.3. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) was
used for surface analysis. This method can be used for
determination of the elemental identity, chemical
state, and quantity of a detected element. The meas-
urements were carried out on AXIS Supra electron
spectrometer (Kratos Analitycal Ltd.) using a chromatic
Al Ka radiation with photon energy of 1486.6 eV. The
energy calibration was performed by normalizing the
C1 s line of adsorbed adventitious hydrocarbons to
284.6 eV. The binding energies (BE) were determined
with an accuracy of ±0.1 eV. The samples were
cleaned with 500 eV Ar+ ion for 30 s.

2.2.4. Nanoindentation

The method uses a high-resolution actuator to
control the penetration into the sample surface by the
indenter and a high-resolution sensor to continuously
measure the penetration depth. The basic benefit of
nanoindentation is that the contact area under load can
be calculated from the load-displacement data alone,
which means that the residual impression does not
have to be viewed and measured using complicated
imaging techniques, which makes it far easier to
measure properties at the sub-micron scale with
higher accuracy. Indentation hardness (HIT) and in-
dentation modulus (EIT) are the properties determined
by means of nanoindentation experiments.

The indentation modulus EIT can be estimated,
using the following [8], [22]:
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The indentation hardness is defined through the
ratio of the applied load P and the corresponding true
projected contact area:
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The indentation (elastic) modulus EIT of the test
material is calculated from Oliver and Pharr [24],
using the relation:
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where ν is the Poisson’s ratio for the test material, and Ei

and νi are the indenter elastic modulus and Poisson’s
ratio, respectively. In our case, we used the elastic
constants for diamond Ei = 1141 GPa and νi = 0.07.

The nanoindentation experiments in the present work
were performed in accordance with ISO 14577 standard
[16], using Nanoindenter G200 (KLA Corporation,
former Agilent Technologies, USA) equipped with
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a Berkovich three-sided diamond pyramid with cen-
terline-to-face angle of 65.3° and a 20 nm radius at the
tip of the indenter. We used the same indentation method
(with load control) at maximum load = 300 mN, 10 s
peak hold time and one loading-unloading cycle for all
tested samples. Each sample was subjected to 12 inden-
tation tests. All measurements were made at room
temperature. As a result of the nanoindentation ex-
periments, load–displacement curves were obtained
and two mechanical characteristics of the investigated
orthodontic wires – indentation hardness (HIT) and in-
dentation modulus (EIT) were calculated using Oliver
and Pharr approximation method [23].

2.2.5. Statistical analysis

The data about the indentation hardness and in-
dentation modulus of the Ti-Nb archwires were pre-
sented as mean values and standard deviations (±SD).
We performed one-way analysis of variance (one-way
ANOVA) to track changes in these parameters after
usage, including three time points: as received, four
weeks and six weeks after use in the patient’s mouth.
The ANOVA analysis was followed by Tukey’s post
hoc multiple comparisons. The Statistical Package for
the Social Sciences (SPSS), Version 26 (2018) was
used to perform the statistical tests. The results were
interpreted as statistically significant at p < 0.05.

3. Results

3.1. XRD results

Figure 1 illustrates a representative X-ray diffrac-
tion image taken at room temperature, of as received

and clinically retrieved Ti-Nb orthodontic archwires.
The enlargement, shown on the right, indicates Ti-Nb
alloy with β phase lattice in austenite phase. The XRD
scans of all Ti-Nb archwires show eight peaks [110,
200, 211, 220, 310, 222, 321 and 400] at 2θ diffraction
angles between 0° and 50° (Fig. 1). The crystal system
is cubic with parameters a = b = c = 3.2982 [Å].

3.2. EDS and SEM results

The EDS spectra lines for Ti and Nb for the as
received, used for 4 weeks and 6 weeks archwires
correspond to the literature table values for X-ray emis-
sion lines [26] of those elements. Respectively Kα1 =
4.51 keV, Kβ1 = 4.93 keV and L emission lines in be-
tween 0.40–0.60 keV for Ti and Lα1 = 2.165 keV,
Lβ1 = 2.257 keV, Lβ2 = 2.367 keV and Lγ1 = 2.461 keV
for Nb. For the archwires used for 6 weeks there are
also spectra lines for C and O, respectively, at Kα1 =
0.277 keV and Kα1 = 0.524 keV.

Table 1 shows that the elemental composition (ex-
pressed in wt%) of Ti (as received) is 57.47 wt. %, (for
4 weeks) is 57.62 wt% and (for 6 weeks) 53.06 wt. %,
and Nb (as received) is 42.52 wt. %, (for 4 weeks)
is 42.38 wt. % and (for 6 weeks) is 46.94 wt. %
in the investigated Ti-Nb archwires. The different
duration of usage of the wires in the mouth leads
to differences in the ratio Ti/Nb. There is an in-
crease of the concentration of Ti in the content of
the Ti-Nb archwires used for 6 weeks, compared
to that of the archwires used for 4 weeks (Table 1). In
Figures 2, 3 and 4 EDS spectra on one area on both
as received and clinically retrieved for 4 and 6 weeks
Ti-Nb archwires are displayed. Figure 4 shows that
beside Ti and Nb there is O and C on the surface. Vis-
ual examination of the SEM micrographs (Fig. 5)

Fig. 1. XRD of as received and clinically retrieved Ti-Nb orthodontic archwires
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Fig. 2. a) SEM micrograph (2000×) and b)EDS spectra of one area
of as received Ti-Nb archwire

Fig. 3. a) SEM micrograph (2000×) and b) EDS spectra of one area of Ti-Nb archwire,
clinically retrieved for 4 weeks

Fig. 4. a) SEM micrograph (2000×) and b) EDS spectra of one area of Ti-Nb archwire,
clinically retrieved for 6 weeks
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showed that with prolonged use (6 weeks), the mor-
phology of the archwire surface changes. The scratches
on the surface become deeper and harder to clean
before the sample testing. C and O are the main com-
ponents of all organic compounds and while the arch-
wires are in the oral cavity they are in constant contact
with organic materials. We consider that the presence
of C and O is due to the food and saliva that have
remained in those scratches.

3.3. XPS results

The XPS spectra of the surface of the clinically
retrieved Ti-Nb samples are shown in Fig. 6. The re-
sults show that: Si, P, C, and O are mainly present on
the surface of each sample. Na and Ca are detected
and monitored due to surface contamination of the
test specimens and therefore the surface of the sam-
ples was purged with Ar+ ions with energy of 500 eV
for 30 s.

Fig. 6. XPS of as received and clinically retrieved
(for 4 weeks and 6 weeks) Ti-Nb archwires

3.4. Nanoindentation results

The nanoindenation measurements of the inves-
tigated 3 groups of samples (as received, used for

Fig. 5. SEM micrographs of: a) as received, b) clinically retrieved for 4 weeks
and c) clinically retrieved for 6 weeks Ti-Nb archwires (the 1 µm micrographs are visualized at ×10 000 magnification,

while the 100 µm micrographs are visualized at ×300 magnification)
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4 weeks, used for 6 weeks) were made using the same
nanoindnentation method with the same input pa-
rameters (Section 2.2.4), in order to be able to com-
pare the obtained results. The comparison between
indentation hardness and indentation modulus of as
received and used for 4 or 6 weeks Ti-Nb archwires is
shown in Figs. 7 and 8. The error bars present % coef-
ficient of variation of measured indentation hardness
and indentation modulus, calculated by means of
NanoSuite software.

Fig. 7. Comparison between indentation hardness
of investigated Ti-Nb archwires

Fig. 8. Comparison between indentation modulus
of investigated Ti-Nb archwires

The ANOVA analysis revealed a significant de-
crease in the mean values of indentation hardness over
time, p = 0.025. Through Tukey’s post hoc analysis,
we determined one significant decrease, between as
received (2.73 ± 0.43 GPa) and six weeks used (2.19
± 0.19 GPa) Ti-Nb archwires, p = 0.020. No signifi-
cant decrease was found between as received and four
weeks used Ti-Nb archwires (2.37 ± 0.18), p = 0.145;
nor between four weeks and six weeks used Ti-Nb
archwires, p = 0.560.

An opposite trend was revealed regarding the change
in indentation modulus over time. The ANOVA results

showed a significant overall increase in the mean
value of this parameter, p < 0.001. Tukey’s post hoc
test identified two significant trends: 1) a significant
increase in the mean value of indentation modulus
between as received (96.05 ± 8.1 GPa) and six weeks
used (109.6 ± 7.6 GPa) Ti-Nb archwires, p = 0.010;
and 2) a significant increase  in the mean value from
four weeks used (89.4 ± 2.03 GPa) to six weeks used
Ti-Nb archwires, p < 0.001. The change between as
received and four weeks used Ti-Nb archwires was
not significant, p = 0.298.

4. Discussions

Because of the high incidence of allergic response
to Ni, there is a tendency to avoid Ni-containing
materials. One of the possible Ni-free alternatives for
the finishing stages of the therapy is the Ti-Nb arch-
wire, whose mechanical properties are not well stud-
ied, especially after clinical usage. The inadequacy
of such information in the existing literature was the
main rationale for the present study, which set out to
investigate the mechanical properties, morphology,
chemical composition and structure of clinically
retrieved Ti-Nb orthodontic archwires in order to
evaluate the changes of their properties after clinical
usage and understand if it is possible to be recycled
in the future.

In Figure 7, the gradual decrease of the indentation
hardness of the Ti-Nb archwires with the increase of
their clinical use is illustrated, which we found to be
statistically significant between the as received and
six weeks used archwires. The observed decrease of
the indentation hardness of the Ti-Nb orthodontic
archwires with the increase in their clinical use is due
to the decrease of the concentration of Ti in the con-
tent of the Ti-Nb alloy (Table 1). Additionally, our
results revealed an opposite trend regarding the values
of the indentation modulus, which increased signifi-
cantly between the as received and six weeks used
Ti-Nb orthodontic archwires and between the four weeks
and six weeks used Ti-Nb orthodontic archwires.

Table 1. Elemental composition of as received
and clinically retrieved Ti-Nb archwire

Ti-Nb archwire
0.017 in. × 0.025 in.

As received,
wt. % [13]

Used for
4 weeks,

wt. %

Used for
6 weeks,

wt. %

Error
[%]

Ti 57.47 57.62 53.06 +/–0.8
Nb 42.52 42.38 46.94 +/–0.8
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Our results about the mechanical properties of as
received Ti-Nb archwires collaborate with those of other
authors [6], [28]; however we can not compare our na-
noindentation findings due to a lack of other investi-
gations about used Ti-Nb archwires in the literature.

The SEM investigations identified morphological
differences among the clinically retrieved Ti-Nb arch-
wires. These morphological differences are more pro-
nounced at clinically retrieved after 6 weeks Ti-Nb
archwire and could be attributed to the different oral
hygiene, decomposition of food, leading to acidic
saliva and plaque accumulation between the bracket
and archwire in the patient’s mouth.

The body-centered cubic (BCC) austenite phase
can be seen in the XRD results (Fig. 1), while marten-
sitic peaks are absent. The absence of a martensitic
phase in Ti-Nb wires would indicate better elastic
properties. Amorphization was observed which can be
due to saliva and contamination during treatment,
same as NiTi archwires [13]. The EDS analysis of as
received Ti-Nb archwires in our previous investiga-
tions [12], [13], [25] showed that no additional ele-
ments as chromium, cobalt or copper were found,
which were registered in other popular archwires like
Ni-Ti and copper-nickel-titanium. For as received
Ti-Nb archwire the weight percentages of Ti and Nb
were 57.47 wt. % and 42.52 wt. %, respectively [12].
Bai et al. [4] have reported the weight percentages of Ti
and Nb determined by EDS to be 45.87% and 54.13%,
respectively. Our EDS analysis found that both
as received and clinically retrieved TiNb archwires
are composed of the same elements, but in slightly
different percentages by weight: Ti – 57.62 wt. %,
Nb – 42.38 wt. % (for 4 weeks) and Ti – 53.06 wt. %,
Nb 46.94 wt. % (for 6 weeks).

5. Conclusions

In the present work we investigated the chemical
composition, the structure, the morphology and me-
chanical properties of as received and used in clinical
practice Ti-Nb orthodontic archwires. The results from
our nanoindentation investigation showed that there
are significant changes in the mechanical properties of
the investigated archwires after clinical use. We iden-
tified a significant decrease in the indentation hard-
ness of the Ti-Nb archwires after clinical use of six
weeks, and a significant increase in the indentation
modulus after six weeks of use in the patient’s mouth.
We attribute these changes to the decrease in the con-
centration of Ti in the content of the Ti-Nb alloy.

Moreover, the SEM investigations identified mor-
phological differences among the clinically retrieved
Ti-Nb archwires. These changes in mechanical and
physicochemical properties of the used Ti-Nb arch-
wires could be due to different oral hygiene, decom-
position of food, leading to acidic saliva and plaque
accumulation between the bracket and archwire in the
patient’s mouth. For this reason, although there are
methods and protocols for recycling of used ortho-
dontic archwires described in the literature [2], [5],
[15], [20], we do not consider that it is appropriate to
recycle TiNb archwires.

We plan to continue this line of research as we
carry out more in-depth testing of the fracture resis-
tance, which will show if Ti-Nb is applicable to seg-
mental arch techniques, Pendulum springs and others.
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