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Abstract: The surface, corrosion and wear properties of new and in vivo exposed nickel titanium (NiTi)
and stainless steel (SS) archwires used in orthodontic treatment were investigated. Electrochemical and
tribo-electrochemical tests in artificial saliva were performed in order to define corrosion properties
and to estimate wear rate of new and in vivo exposed NiTi and SS archwires. The surface chemical
analysis of the passive film on the NiTi and SS archwires before and after tribocorrosion tests was
performed by Auger Electron Spectroscopy (AES). In vivo exposed NiTi and SS archwires had better
electrochemical properties than new archwires due to the protective nature of oral deposits. Total wear
and coefficients of friction were higher among in vivo exposed archwires and higher in NiTi archwires
in comparison to SS archwires. The estimated thickness of the TiO2 passive film on as-received NiTi is
8 nm, while the passive Cr2O3 film on as-received SS is just 1–2 nm. On in vivo exposed NiTi archwire,
a 60–80 nm thick organic film/dental plaque was observed, and on SS, it was thinner, at about 60 nm.
This research shows the importance of combining AES with electrochemical testing, to characterize
tribocorrosive properties of NiTi and SS orthodontic archwires.

Keywords: NiTi; stainless steel; dental alloy; corrosion; tribocorrosion; surface properties; Auger
Electron Spectroscopy

1. Introduction

In orthodontic treatment, the friction force is influenced by mechanical (surface roughness
and type of ligatures in the archwire system) and biological factors [1–3]. Biological factors are
saliva [4], corrosion [5] and debris [1,6]. The surface properties of archwires and their possible intraoral
degradation might affect the friction force and hence the effectiveness of orthodontic treatment.

Friction force among different brackets and archwires can cause up to a 50% reduction in the
force necessary for tooth movement [3], resulting in a significant slowdown of tooth movement. If the
friction force is reduced, the time required for orthodontic treatment can be shortened. Manufacturers
of orthodontic brackets endeavor to reduce friction force by developing new bracket systems and
improving the properties of archwires [7].

Previous studies on dental archwires are divided into four distinctive areas of research: (i)
corrosion of dental archwires [8–10]; (ii) biocompatibility and nickel release from NiTi alloys [11–15];
(iii) versatile surface treatments to tailor properties, such as oxidation procedures [9,16]; and (iv)
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different coatings on dental archwires that lower surface roughness and coefficient of friction [17].
Furthermore, coatings on NiTi include physical or chemical vapour deposition, ion implantation and
thermal treatments leading to deterioration of NiTi properties, causing the diffusion of NiO into the TiO2

phase [18]. Recent investigations have been conducted on the advancements of antimicrobial dental
materials by using synthetic polymers from polyaniline or poly lactic-co-glycolic acid, incorporating
different nanoparticles, due to its excellent biocompatibility and biodegradability [19,20].

However, in the oral cavity, orthodontic appliances are subjected to both chemical and mechanical
wear, which may influence their performance. Clinicians can choose the type of bracket, ligature/clip,
or archwire type, and with these, they can influence the friction force; on the other hand, patient controls
the amount of accumulated debris. The impact of saliva on the friction was reported in the examination
of surface and archwire material after intraoral long-term exposure [6]. Previously, friction was
studied on as-received archwires and brackets, and either in vitro [21] or in vivo aged ones [22].
Intraoral exposure of rectangular stainless-steel (SS) archwires showed higher debris accumulation,
correlated to friction as well [1,2]. In these studies, only short-term exposures were conducted [1,2].
Intraoral exposure of orthodontic material can take several weeks or months, which can affect surface
properties and changes in friction manners. The friction forces and their relation to wear and
accumulation of the debris in long-term in vivo experiments are of great importance [6].

Mezeg [23] reported that, on in vivo NiTi exposed archwires, the thick film of organic origin
contains mainly C and O, with traces of P, Na, K and Cl. FTIR results showed the presence of the
minerals apatite Ca5(PO4)3(F,Cl,OH), calcite (CaCO3) and halite (NaCl), as well as sylvite (KCl). In vivo
exposed SS archwires were coated also by a thick film of organic origin. Semi-quantitative EDS showed
mainly C and O and traces of Ca, P, Na, K and Cl. FTIR analysis confirmed the presence of Ca-apatite,
halite and sylvite [23].

Ovsenik et al. reported [24] the results of surface analysis, using AES and XPS of new and in vivo
exposed NiTi and SS archwires. The thin oxide films on new NiTi archwire were mainly 4 nm thick
TiO2. In vivo exposed NiTi archwire was 80 nm thick, with surface film of organic origin, namely
dental plaque. A very thin (1–2 nm) Cr2O3 layer forms on a new SS archwire, while on in vivo exposed
SS, a thick (60–80 nm) organic layer was analyzed.

Tribocorrosion of dental archwires is relatively difficult to study due to the nature of the experiment
which foresees the use of a linear reciprocating tribometer. Furthermore, in vitro studies have been
made on pin on disc tribometers, primarily on SS, in bio-simulated fluids and on disc plates [25–28],
but there has been no report in the literature on tribocorrosion of both new and in vivo exposed NiTi
and SS orthodontic archwires.

The aim of the study for clinical relevance is to study the effect of surface properties of the new
and in vivo exposed NiTi and SS archwires with accumulated plaque on the coefficient of friction.
The latest can then affect the orthodontic treatment.

However, on the phenomenological part, the aim of the study is to define possible differences of
new and in vivo exposed archwires, their different electrochemical and wear properties, as well as the
thickness and type of oxide films and plaque on the surfaces of the archwires.

2. Materials and Methods

2.1. Samples

Two types of orthodontic archwires were explored: a nickel-titanium (Neo Sentalloy; 51% Ni, Ti
balance) rectangular 0.457× 0.635 mm archwire (referred to as the “NiTi archwire”), and a stainless-steel
(AISI 304 alloy; 69.5% Fe, 18.5% Cr, 9% Ni, 1% Mn, 0.75% Co, Si, C, P and S less than 1%) rectangular
0.483 × 0.635 mm archwire (referred to as the “SS archwire”), both from the same manufacturer
(Dentsply GAC,NY, NY, USA). The concentrations are in wt.%.

Both new and in vivo exposed orthodontic archwires, which were exposed to the conditions in
patients’ mouths for at least two months, were analyzed. Values of surface roughness and Vickers
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hardness of the investigated archwires are given in Table 1. Vickers hardness tests were performed,
using Frank Finotest 38542 equipment, Weinheim-Birkenau, Germany) applying a load of 9.8 N
to cross-sections of the samples which had been prepared for the micro-structural metallographic
investigation. Roughness was measured by profilometer (Taylor Hobson, Surtronic 25, Cedex, France,
2010). The samples for the electrochemical and tribo-electrochemical tests were obtained by cutting
approximately 30 mm of each NiTi and SS archwire, either new or in vivo exposed, along its straight
part. Archwires were ultrasonically cleaned by 1 min immersion in ethanol.

Table 1. Vickers hardness values (VHV) and roughness (Ra in nm) on NiTi and SS samples.

Archwire Vickers Hardness Ra

New NiTi archwire
376 ± 50

115 ± 5
In vivo exposed NiTi archwire 105 ± 3

New SS archwire
597 ± 20

15 ± 2
In vivo exposed SS archwire 14 ± 2

2.2. Electrochemical Measurements

Tests were performed at 37 ◦C in an artificial saliva, pH = 6.5, containing various halides,
phosphate, carbonate salts and citric acid [29,30].

Corrosion cell had a volume of 0.8 L and the working area was 1.0 cm2. An external heating
unit was used to keep electrolyte at 37 ◦C. A floating version Autolab PGStat 100 expanded by Nova
software 1.10 was used for analysis (Autolab, Utrecht, the Netherlands).

First, open-circuit potential (OCP) was measured for 2 h. Then, the cyclic polarization
measurements were conducted. The measurement started at −0.25 V vs. OCP in the anodic direction
up to +1.4 V, 1 mV/s. At 1.4 V vs. Eref, or when a current density was 0.01 mA/cm2, the scan
was reversed. Potentials are reported with respect to the saturated calomel electrode (SCE) scale,
unless stated otherwise. Minimum three measurements were conducted in electrochemical and two
measurements in triboelectrochemical, in order to identify and minimize errors in the electrochemical
testing [31]. The number of tested in vivo exposed archwires was limited due to specific nature of the
representativity of the specimens.

2.3. Wear Measurements

A reciprocal tribometer (Tribotechnic, 2009, Clichy, France) using a 6 mm diameter Al2O3 ball
as a counter-body was used for wear measurements. The archwires were glued onto a glass fiber
resin with the electrical contact attached. Figure 1 shows the experimental setup. The normal load
was 1 N, presenting contact pressure of 740–751 MPa (SS archwire) and 470–496 MPa (NiTi archwire).
The average sliding speed was 0.33 mm/s, and the length of the wear track was 2000 mm, with the
total duration of wear being 6060 s. The tribo-electrochemical cell was made of PEEK (polyether
ether ketone), with the archwire as a working electrode (Figure 1b), a platinum counter-electrode
and an Ag/AgCl reference electrode. The wear measurements were conducted at room temperature,
since setup design did not enable testing at elevated temperatures.

Wear mechanisms were studied. Wear rate was determined by comparing the wear in deionized
water, as a noncorrosive environment, and in corrosive artificial saliva. Repassivation time was
determined from the Ecorr vs. time curve after the end of rubbing of the samples, and was defined as
the time when the sample reached a stable corrosion potential.

The wear volume was estimated, using a potentiostatic method, by analyzing the current at
constant applied potential. The volume loss due to tribocorrosion (in mm3) was calculated, considering
Faraday’s law [32]:

V = (Q ×M)/(ρ × n × F) (1)
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where Q (C, As) is the measured charge, calculated by integrating the current measured during the
experiment over time; M (g/mol) is the atomic weight of the alloy; ρ (g/mm3) is the density of the
material; n is the valence of the element (n = 2 was used in this study); and F is Faraday’s constant
(96490 C/mol).Coatings 2020, 10, 230 4 of 12 
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Figure 1. Experimental setup for the tribo-electrochemical investigation (a); a prepared working
electrode from a section of the archwire for the tribo-electrochemical measurements (b).

During the tribo-electrochemical experiments (E vs. t and I vs. t), the friction force and the
coefficient of friction (COF) were measured against time.

2.4. Surface Analysis

Auger Electron Spectroscopy (AES, Thermo Scientific VG Microlab 310-F spectrometer,
East Grinstead UK ) was used for the surface chemistry and depth profiles of surface films on
new and in vivo exposed NiTi and SS archwires before and after tribocorrosion tests. Thickogram
procedure was used for estimation of the thinnest oxide layers, Cr2O3 on new SS [33,34]. The
accelerating voltage range was 0.5 to 25 kV. An energy resolution of the analyzer was 0.5%.

AES depth profiling was performed by argon-ion sputtering at 3 keV, at an angle of incidence
of 0◦ and Auger emission angle of 30◦, and scanning the ion beam over a 2 mm × 2 mm area,
allowing 0.7 nm/min sputter rate. AES spectra were acquired, using Avantage 3.41v data-acquisition
and data-processing software supplied by Thermo Scientific. CasaXPS software, Version 2.3.22
(www.casaxps.com) was used for detailed data processing.

3. Results

3.1. Electrochemical Properties

The electrochemical properties of the new and in vivo exposed NiTi and SS archwires were studied
by measuring cyclic potentiodynamic (CP) curves. The results are reported in Table 2 and Figure 2.

Table 2. Electrochemical properties derived from cyclic polarization curves, presented in Figure 2.

Archwire Ecorr (V) jcorr(nA/cm2) Eb(V) Erp(V)

New NiTi archwire −0.306 19 1.08
In vivo exposed NiTi archwire −0.193 10 1.17

New SS archwire −0.234 106 0.340 0.083
In vivo exposed SS archwire −0.194 27 0.748 0.217

www.casaxps.com
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Figure 2. Cyclic potentiodynamic curves for the new (black line) and in vivo exposed (red line) (a) NiTi
archwires and (b) SS archwires in artificial saliva at a scan rate of 1 mV/s.

The shape of CP curves for NiTi showed negative hysteresis. The corrosion current density for
the new NiTi archwire (Figure 2b) was 19 nA/cm2, and for the in vivo exposed archwire, it was lower,
at 10 nA/cm2. In the forward scan, low and slowly increasing current density was measured, showing
passive behavior. The forward passive current was lower for in vivo exposed NiTi archwire when
compared to the new one. The Ecorr for in vivo exposed NiTi was slightly more positive (−0.193 V),
with the results shown in Table 2. The rapid increase in the current density due to trans-passivity
was at 1.08 and 1.17 V for the new and in vivo exposed archwire, respectively. The reverse scans
showed currents which were smaller than those obtained in the forward scan. The results revealed
that, under the studied conditions, the NiTi archwires could successfully re-passivate.

In the case of the new SS archwire (Figure 2b, black line), the corrosion potential was more
negative (−0.234 V) than for the in vivo exposed SS archwire (−0.194 V). Moreover, jcorr for the new
SS archwire was 106 nA/cm2, and it was higher than for the in vivo exposed SS archwire (Figure 2b,
red line), 27 nA/cm2. The breakdown potential was low, at 0.34 and 0.7 V for the new and in vivo
exposed SS archwires, respectively. Scanning in the reverse direction showed a positive hysteresis for
both archwires, indicating the susceptibility to pitting or crevice corrosion of the SS archwires.

3.2. Tribo-Electrochemical and Surface Properties

The results of the tribocorrosion experiments on both the new and the in vivo exposed NiTi
archwires revealed a decrease in the corrosion potentials during sliding (Figure 3a). The variation
in the corrosion potential (Ecorr) during sliding was higher for the in vivo exposed NiTi archwire.
The re-passivation time was estimated from tribocorrosion experiments, as the time when the potential
returns close to the value before sliding. At a normal load of 1 N, the re-passivation time was estimated
to be 100 s for the new NiTi archwire and 90 s for the in vivo exposed NiTi archwire.
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Figure 3b shows the decrease in the corrosion potentials for the new and in vivo exposed SS
archwires in artificial saliva during sliding. After the start of sliding, the potential decreased less
(∆ ≈ 100 mV) and more slowly when compared to the NiTi archwires. The repassivation time for the
SS archwires was 120 s for the new SS archwire, and 160 s for the in vivo exposed SS archwire.

The insets in Figure 3 show the coefficients of friction, COF, for the NiTi and SS archwires tested
in artificial saliva, at a slow sliding speed of 0.33 mm/s and a 1 N normal load. The COF curves show
that, in the case of the new NiTi archwire (Figure 3a, black line), the steady state COF at a 1 N load
was 0.75, whereas in the case of the in vivo exposed NiTi archwire (Figure 3a, red line), the COF was
slightly higher, i.e., 0.80. The observed COF was lower (0.60) for the SS archwires than for the NiTi
archwires. However, the run-in period was shorter in the case of the new SS archwires in comparison
to the in vivo exposed SS archwire.

The total wear contributions for the new and in vivo exposed archwires were calculated, and the
observed wear rates are presented in Figure 4.
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and SS archwires.

The total wear of the new NiTi archwire was higher than that of the new SS archwire, 15.0 vs.
12.6 mm3/h, respectively. The mechanical contribution to the total wear, estimated from the tests in
noncorrosive media, was 52% and 87% for the new NiTi and new SS archwire, respectively. In the
tribo-electrochemical experiments, the corrosion-wear component was as high as 48% for the new
NiTi archwire, whereas in the case of the new SS archwire, it was only 13%. The loss of material due
to the corrosion process alone was calculated from the electrochemical parameters, and amounted
to relatively small values of about 0.03 × 10−5 mm3/h for the new NiTi archwire, and 0.009 × 10−5

mm3/h for the SS archwire. The total wear of the in vivo exposed NiTi and SS archwires is three- and
four-times higher when compared to new wires, respectively.

The surface chemistry of new and in vivo exposed NiTi and SS archwires in the wear tracks
and outside of the wear tracks were characterized by AES (Figure 5 for NiTi and Figure 6 for the
SS archwires).

AES analysis of the new NiTi archwires showed the presence of titanium, oxygen and carbon on
the surface, and AES sputter depth profiling showed that Ni and Ti increase beneath the surface oxide
layer with an estimated thickness of the overlaying thin oxide–passive film of 8 nm.

On a new NiTi archwire, in the wear track (Figure 5b), the analyzed spot was on a particulate
with a very high O, Ca and Ti content. Only after 350 nm depth, the concentration of Ni started to
increase. The analyzed spot is not an average representative of the oxide film in the wear track of a new
NiTi archwire. Outside the wear track (Figure 5c), the estimated thickness is at 8 nm, similar to oxide
film on a new NiTi. In the wear track of in vivo exposed NiTi archwire, a 14 nm thick layer contained
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traces of S, constituent of saliva (Figure 5d). The layer outside the wear track (Figure 5e) in the in vivo
exposed archwire is a mixture of Ti, Ni, O and C of organic origin as dental plaque. In our studies, the
chemical composition of in vivo NiTi exposed dental plaque was characterized [23] by EDS and FTIR.
A mineralogical analysis showed the presence of calcite, halite and sylvite on the surface of NiTi, on
the surface of in vivo exposed SS apatite calcite and halite were found [23].Coatings 2020, 10, 230 7 of 12 
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AES depth profiles for SS archwires are presented in Figure 6.
AES depth profiling for as-received SS confirms the presence of a Cr2O3 oxide film. On the surface

of the new SS and in vivo exposed SS after the tribocorrosion experiment (Figure 6c,e), thick layers of
saliva deposits and dental plaque were found. The layers on the SS samples after the tribocorrosion
experiments outside the wear tracks were 60–80 nm thick [24]. The oxide layer on SS in the wear
track of a new wire (Figure 6b) is estimated at 1–2 nm, whereas in the case of in vivo exposed samples
(Figure 6d), the outer part of the oxide film consists of C and Ca with O. It seems that the oral deposit
is hard enough not to be fully removed by the 1 N force applied during tribocorrosive wear.

4. Discussion

Electrochemical investigation showed that in vivo exposed SS archwires with surface oxide
film showed better corrosion properties than the new SS archwire. In the given environment,
the measured susceptibility to local types of corrosion might result in the formation of small crevices
when the SS archwire is in contact with stainless-steel brackets [35]. These crevices could cause early
archwire breakdown.

Smaller passive currents in the anodic region, and a higher breakdown potential for both new
and in vivo exposed NiTi archwires in comparison to SS archwires, indicate the lower susceptibility of
NiTi archwires to corrosion due to the formation of a TiO2 oxide layer, which better protects the NiTi
archwires from the corrosion processes that occur in the presence of saliva. The in vivo exposed NiTi
archwire and SS archwire exhibited better corrosion properties than the new archwires, mainly because
of the protective nature of the film which was deposited on the surface of the archwires that was
previously exposed in the patient’s mouth.

Lowering of the potentials during sliding is in accordance with the results of previous studies,
which reported lower open circuit potential when sliding [26,32]. The decrease in potential is greater
when the normal load or when sliding velocity increases [26,32]. The re-passivation time for a new SS
archwire was found to be longer than that for a new NiTi archwire, and this result could have an effect
on the metal dissolution and oxide formation.

The tribo-electrochemical experiments and measurements of the coefficient of friction carried out
in the study showed that this coefficient was higher for the NiTi archwires as a result of lower hardness.
In the case of SS archwires, the coefficient of friction was smaller and caused smaller fluctuations in
corrosion potential during mechanical wear in simulated saliva. Similar findings have been reported
in the case of the tribological contact of NiTi with TiAlV and SS 316 alloy, where the coefficients of
friction were higher for NiTi dental alloy (0.51 and 0.56, respectively), whereas in the case of the SS 304
alloy, the coefficients of friction were smaller (0.26 and 0.32, respectively) [36].

During the rubbing contact in corrosive saliva, the contribution of corrosion to the total wear is
mainly due to the synergistic effects of wear. It was confirmed that the electrochemical contribution
is minimal in the absence of wear. The total wear of the in vivo exposed NiTi and SS archwires was
approximately four-times higher (Figure 4) when compared to the new archwires. The mechanical
impact on the total wear of the in vivo exposed wires was higher in the case of the NiTi archwires (56%)
when compared to the in vivo exposed SS archwires (32%). In general, corrosion wear was greater in
the case of the new NiTi archwire than that of the new SS archwire. This could be the result of a thicker
surface oxide film on the NiTi archwire, which is formed during wear and after it.

When exposed to air or biological liquids at body temperature, NiTi alloys, similar to AISI 304
L stainless steel, spontaneously form oxide passive layers. In the case of NiTi, a thin TiO2 oxide
passive film of 4–10 nm thickness forms, and in the case of SS, a thin Cr2O3 film of 1–2 nm thickness
forms [24,33,34].

In general, the SS archwires had better mechanical characteristics than the NiTi archwires,
which have shown better corrosion resistance that was found to be in agreement with the AES results.
Wear of the in vivo exposed NiTi archwire was higher when compared to the new archwire due
to the thicker oxide film, including the deposits (Figure 4). The estimated thickness of the TiO2
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passive film on as-received NiTi is 8 nm; on in vivo exposed NiTi archwire, a 60–80 nm thick organic
film/dental plaque was observed. Faster repassivation times and the faster removal of oxide films
during tribocorrosive wear accounts for possible higher ion migration, especially Ni, into the body of
the patient, were reported elsewhere [13]. The wear rate of in vivo exposed SS archwires is higher due
to removal of oxides and/or oral deposits.

The Cr2O3 passive film on as-received SS was 1–2 nm, while on in vivo exposed SS, the film was
at about 60 nm.

From the presented study, it was found out that the main outcome for clinical scientists is
that the amount of the accumulated plaque does not have any detrimental effect on orthodontic
treatment. Coefficient of friction is higher for NiTi archwires than for SS archwires and is similar for
new and in vivo exposed archwires. Thereby, saliva and debris do not have a clinical effect on the
clinical outcome.

The main findings of the presented study for material scientists are the measured and evaluated
differences between the NiTi and SS archwires concerning corrosion properties, wear properties and
the amount and type of surface films on the new and in vivo exposed archwires.

However, the limitations of the presented study are especially in the number of studied specimens.
For clinical relevance, usually a very high number of specimens is expected to define the properties
reliably. Since in electrochemical investigations the main focus is on the characterization of the
processes, a number of specimens is usually smaller. Due to this, our findings in clinical applications,
where a wide range of parameters may be present, should be implemented with certain care.

5. Conclusions

Surface corrosion and wear properties of new and in vivo exposed nickel titanium (NiTi) and
stainless-steel (SS) orthodontic archwires were evaluated. The following conclusions were drawn:

• AES surface analysis and depth profiling confirmed the formation of 8 nm thick TiO2 films on
new NiTi archwires. After tribocorrosion tests, the TiO2 in the wear track was thinner. AES depth
profiling showed up to 80 and 60 nm thick dental plaque on in vivo exposed NiTi and SS archwires,
respectively. The passive film on new SS is mainly Cr2O3, with an estimated thickness of 1–2 nm.

• Electrochemical investigations showed that NiTi dental alloys exhibited better general corrosion
properties compared to stainless-steel alloys, where susceptibility to local types of corrosion was
detected. In vivo exposed NiTi and SS archwires showed better electrochemical properties in
simulated saliva than new archwires.

• The total wear was lower for the new NiTi and SS wires when compared to in vivo exposed
wires. When mechanical loads were used in corrosive saliva, corrosion was accelerated in both
types of archwires. The contribution of mechanical wear to the total wear was higher for the new
archwires when compared to the in vivo exposed archwires, where corrosion wear was found to
be predominant.

• The coefficient of friction was higher in the NiTi archwires than in the SS archwires and is similar
for new and in vivo exposed archwires. Thereby, saliva and debris do not have detrimental effect
on the clinical outcome.
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