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Infrared spectroscopy, nano-mechanical properties, and scratch resistance

of esthetic orthodontic coated archwires

Dayanne Lopes da Silva®; Emanuel Santos Jr°; Sérgio de Souza Camargo Jr<;
Antonio Carlos de Oliveira Ruellas*®

ABSTRACT

Objective: To evaluate the material composition, mechanical properties (hardness and elastic
modulus), and scratch resistance of the coating of four commercialized esthetic orthodontic
archwires.

Materials and Methods: The coating composition of esthetic archwires was assessed by Fourier-
transform infrared spectroscopy (FTIR). Coating hardness and elastic modulus were analyzed with
instrumented nano-indentation tests. Scratch resistance of coatings was evaluated by scratch test.
Coating micromorphologic characteristics after scratch tests were observed in a scanning electron
microscope. Statistical differences were investigated using analysis of variance and Tukey post
hoc test.

Results: The FTIR results indicate that all analyzed coatings were markedly characterized by the
benzene peak at about 1500 cm~'. The coating hardness and elastic modulus average values
ranged from 0.17 to 0.23 GPa and from 5.0 to 7.6 GPa, respectively. Scratch test showed a high
coating elasticity after load removal with elastic recoveries >60%, but different failure features
could be observed along the scratches.

Conclusion: The coatings of esthetic archwires evaluated are probably a composite of polyester
and polytetrafluoroethylene. Delamination, crack propagation, and debris generation could be
observed along the coating scratches and could influence its durability in the oral environment.
(Angle Orthod. 2015;85:777-783.)
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INTRODUCTION

Esthetic accessories have been a requirement for
many patients seeking orthodontic treatment. The
development of materials with acceptable esthetics for
the patient and optimal technical performance for the
orthodontist has been an extremely essential goal.” With
the improvement in physical, mechanical, and optical
properties of esthetic brackets this problem has been
partially solved. However, most archwires are still made
of metal, such as stainless steel and nickel titanium.

Manufacturing methods have been developed to
improve the esthetics of orthodontic wires, making them
less visually perceptible with good color stability and
clinical performance. Metallic archwires coated with
inorganic or polymeric materials are indeed the existing
solution to such an esthetic problem.? Materials used in
archwire coatings are probably plastic resin materials
such as synthetic fluorine-containing resin or epoxy resin
composed mainly of polytetrafluoroethylene (PTFE
Teflon) to simulate tooth color.® The coating is applied
by a deposition process using compressed air as a
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Table 1. Commercially Available Coated Archwires Used in This Study?®

SILVA, SANTOS, CAMARGO, RUELLAS

Cross-section Size

Coating Thickness®

Group Manufacturer (inch) Substrate Mean = SD (um)

OM Orthometric, Haidian, Beijing, China

Coated: Esthetic Flexy Super Elastic 0.018” X 0.025" NiTi 31.7 (3.3)
(0]e] Ortho Organizers, San Marcos, Calif

Coated: Tooth Tone Plastic Coated 0.018” X 0.024" SS (CrNi) 20.6 (4.6)
TP TP Orthodontics, La Porte, Ind

Coated: Aesthetic Shiny Bright 0.018” x 0.025" SS (CrNi) 29.2 (1.5)
TN Trianeiro, Rio Claro, Brazil

Coated: Coated wire NiTi 0.018" X 0.024" NiTi 33.0 (9.1)

2 NiTi indicates nickel titanium; SS, stainless steel; CrNi, chromium nickel.

® Reference data taken from Silva et al.'®

transport medium for the atomized Teflon that plates the
base wire. This process includes some surface pretreat-
ment of the wire to obtain a strong adhesion between the
epoxy coating and the substrate.*

The literature contains different claims concerning
esthetic coated archwires. A study of coating adher-
ence and sliding properties showed that the coating
decreased friction between archwires and brackets.®
Some authors have experienced difficulties with these
coated archwires, claiming that they do not have
acceptable color stability and that the coating layer
tends to split, thereby exposing the underlying sub-
strate metal.®” The surface quality of archwires affects
the area of surface contact and influences the esthetic
result, the corrosion behavior, and the biocompatibil-
ity.” However, despite these problems with the coating,
these wires continue to be marketed and used in
clinical practice, which shows the need for esthetic
archwires with structural characteristics at least com-
parable to the conventionally used stainless steel and
nickel titanium archwires.

Limited information about composition, durability,
and manufacturing process of material coating is given
by the manufacturers. Among the available techniques
for characterizing thin polymer films, Fourier-transform
infrared (FTIR) spectroscopy is useful and provides
valuable quantitative and qualitative analysis of poly-
mer and plastic materials, detecting functional groups
and characterizing covalent bonding information. For
coating durability, scratch tests allow comparison of
the scratch resistance and deformation of materials
with different compositions and surface textures with
good reproducibility.®*®

However, little information is available in the ortho-
dontic literature evaluating coating composition as well
as its integrity and tribologic properties of esthetic
coated archwires. Therefore, the aims of this research
were to investigate the material composition, mechan-
ical properties (hardness and elastic modulus) at low
loads, and the scratch resistance of the coating of
esthetic orthodontic archwires.
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MATERIALS AND METHODS

Four commercially available brands of esthetic
coated archwires (conventional stainless steel and
nickel titanium archwires) were evaluated (OM, OO,
TP, TN, see Table 1 for descriptions). As the methods
used for the present study are inappropriate tools for
analyzing rounded surfaces, only wires with a rectan-
gular cross section were investigated. A sample-size
calculation was performed, based on a pilot study to
detect a 10% difference in the nano-mechanical
properties tested with a test power of 85% and level of
significance of 5%. It showed that at least three
specimens of 20-mm-long per group in each test would
be necessary. Before the analyses, samples were
immersed in distilled water and placed in an ultrasonic
cleaning bath (Cristéfoli LTDA, Campo Mourao, Brazil)
for 5 minutes. Excess water on the surfaces was
removed with tissue paper, and samples were allowed
to dry in air. In order to perform the nano-indentation
analysis and scratch tests, each wire segment was fixed
on a glass slide with its labial surface facing up.

Coating Composition—Infrared Analysis

For the FTIR spectroscopy analysis three samples of
each brand were prepared. Each sample was made by
placing 10-mm-long wire segments together and uniting
their juxtaposed ends with metallic ligature and utility
wax. The esthetic coating surface of every wire
segment was facing the same direction, and the total
width of each sample had to be at least 7 mm, so that its
coating composition could be properly analyzed. The
composition of the coating of esthetic archwires was
investigated by microattenuated reflection (micro-ATR)
FTIR spectroscopy. The samples were pressed against
the diamond reflective element of a micro-ATR acces-
sory attached to a spectrometer (Nicolet 6700 model,
Thermo Scientific, Waltham, Mass). The spectra were
record for the 4000-650 cm~' range with 4 cm™
resolution. A PTFE FTIR spectrum was used as
reference.’
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Figure 1. Example of a scratch test performed on the TP sample

using ramping loads from 0 to 500 mN. The SEM image shows the

scratch formed after load removal. The parameter elastic recovery is
indicated by the arrow.

Nano-indentation Tests

Hardness (H) and elastic modulus (E) of the coatings
were measured by instrumented indentation tests using
the Nanoindenter G200 equipment (MTS Agilent, Santa
Clara, Calif) following the Oliver-Pharr method."" Tests
were carried out using a Berkovich diamond tip. A total
of 28 indents, 100 um spaced from each other, were
performed on each sample under five cycled loads with
2.0 mN maximum load, 10 second loading time and
15 second peak hold time. A fused-silica sample with
known properties (E = 73.0 GPa) was used for the tip’s
area calibration. Poisson’s ratio of 0.2 was used in the
calculations.

Scratch Tests

Scratch tests were carried out on the coatings using
the G200 equipment (MTS Agilent). The experiments
were performed in air at room temperature and 55%
relative humidity. A diamond tip with the Berkovich
geometry was displaced in the knife-face position.
Initially, the tip traveled on the sample under the normal
load of 0.05 mN to perform the pre-scan (original profile).
Then, the scratch test was carried out by applying
ramping loads from 0.0 up to 500 mN, 50 um/s scratch
velocity, and 250 um to 750 um length. At the end of the
test, the tip was displaced again on the formed scratch
under the load of 0.05 mN to scan the residual depth
after scratching (post-scan). The elastic recovery (ER)
of the coatings was estimated by the difference between
the maximum penetration depth (scratch-test profile)
and the residual one (or post-scan profile) at load
(position) of 200, 300, 400, and 450 mN, as shown in
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Figure 2. Coating FTIR spectra esthetic orthodontic archwires
compared with a reference PTFE sample.

Figure 1. Five scratch tests per sample were performed
at different locations along the 20 mm wire length. In this
study, the time-dependent scratch behavior caused by
different relaxation characteristics among samples was
not taken into account.

Surface micromorphologic characteristics of the
coating labial surface after scratch tests were ob-
served by scanning electron microscopy (SEM) using
a Jeol microscope (JSM 6460 LV, Peabody, Mass)
working at 15 kV. The images were recorded at 200X
and 1000X magnification.

Statistical Analyses

A standard software package (SPSS version 17.0,
Chicago, Ill) was used for data analysis. The Kolmo-
gorov-Smirnov test was applied to verify the normality
in the results, and descriptive data were calculated for
hardness, elastic modulus, and elastic recovery. The
coating hardness and elastic modulus for each group
were submitted to a one-way analysis of variance with
a Tukey post hoc test to identify intergroup differences.
The level of statistical significance was set at 5%.

RESULTS

Coating FTIR spectra of esthetic archwires are
shown in Figure 2. All spectra have a broad absorption
region at 3600-3100 cm~" related to O—H stretching
vibrations; the peaks at 3000—2800 cm™' are associ-
ated with C—H stretching vibrations. The peak at 1745—
1715 cm' is related to the aromatic carbonyl (C=0)
absorption. The peak located at about 1500 cm~' may
be due to the benzene ring vibration. The region in the
1300-1000 cm~' range indicates C—O stretching
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Figure 3. Nano-indentations: coating hardness (A) and elastic
modulus (B) of esthetic orthodontic archwires. The insert in (A)
shows a typical load-displacement curve obtained for TN samples
(five load-unload cycles).

vibrations.'® Such characteristics strongly suggest that
the five coatings are polyester-like materials.

Coating hardness (H) and elastic modulus (E) of
esthetic archwires obtained by nano-indentation tests
are shown in Figure 3. As the hardness did not notably
change with respect to the contact depth, the average H
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values obtained for 2.0 mN load were chosen for
statistical comparison. The same is valid for the elastic
modulus results. The intergroup comparisons using a
Tukey post hoc test for coating hardness and elastic
modulus of esthetic archwires are displayed in Table 2.
For all groups, average H values varied in the 0.20—
0.23 GPa range, except the TP group, which was
slightly lowered (~0.17 GPa). Furthermore, average E
values ranged from 5.0 to 7.6 GPa. The TP and TN
groups showed the highest elastic modulus, and the
OM group had the lowest. For both hardness and
elastic modulus, the TP group presented the greatest
variation.

Representative SEM images of the scratched surfac-
es of different esthetic coated archwires are shown in
Figure 4. Most of the specimens were characterized by
small coating delamination and irregularities over some
points produced during the scratch tests. The TN group
presented the smoothest surface appearance (Fig-
ure 4D), and the TP group was the most damaged
(Figure 4C). Also, small crack formation (or nucleation)
could be observed at the end of the scratch for the OM
samples (Figure 4A). The OO group seemed to be the
least damaged (Figure 4B). Figure 5 displays a closer
view of the scratches formed on both OM and TP
samples by SEM.

Because of the viscoelastic behavior shown by poly-
mers, high elasticity was observed after load removal,
as indicated in Figure 1. Four different loads were cho-
sen for elastic recovery calculations: 200, 300, 400, and
450 mN. Figure 6 plots the elastic recoveries obtained
for all coatings. In general, TP samples presented the
highest values, and the TN group showed the lowest.

DISCUSSION

The surface topography of an orthodontic wire is an
essential functional property known to influence its
mechanical and tribologic properties, esthetic appear-
ance, corrosion behavior, and biocompatibility.'? A great
variation in the type and number of surface defects on
the labial side of each sample and between different
samples of as-received wires could be observed
(Figure 4). Clinically, a rough surface encourages
greater plaque accumulation and influences its friction
properties, corrosion behavior, and biocompatibility.'®

Table 2. Coating Hardness and Elastic Modulus (2.0 mN load) of Esthetic Archwires and Intergroup Comparison Using a Tukey Post Hoc Test

Hardness Elastic Modulus
Group Mean = SD GPa Intergroup Comparison® Mean = SD GPa Intergroup Comparison?
oM 0.20 (0.02) AB 5.05 (0.55) A
(e]6} 0.23 (0.04) B 6.30 (0.56) B
TP 0.17 (0.11) A 6.84 (2.98) BC
TN 0.23 (0.04) B 7.61 (0.70) C

a Different letters indicate a statistically significant difference (P < .05) between groups (same column).

Angle Orthodontist, Vol 85, No 5, 2015
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Figure 4. Photomicrographs of scratches formed on the samples after scratch tests. (A) OM group, (B) OO group, (C) TP group, and (D) TN

group. Original magnification at 200X.

After scratch tests, damage to the sample surfaces
showed distinct appearances, which may depend on
many factors, such as coating composition, thickness.
and manufacturing process. Specific information about
the coating production process and composition is not
readily available. Thus, it is useful to attempt to char-
acterize the chemical composition of the polymers, in
particular because end-use properties of the archwires
are strongly dependent not only on the raw materials
used for their synthesis but also on the polymerization
process.™ Nevertheless, this investigation revealed a

large number of irregularities on as-received esthetic
archwires and described some characterization of
coating by FTIR spectroscopy.

Previous studies have shown that FTIR spectroscopy
is an effective technique to characterize optically thick
polymer specimens.' This method has been used to
determine the different functional groups present in the
minerals and resins in dental composites.’ No reports
describing the characterization of tooth-colored coatings
in esthetic archwires could be found in the literature. The
FTIR results (Figure 2) indicate that all analyzed coatings

Figure 5. Photomicrographs of scratches formed on the samples after scratch tests. (A) Cracks on the OM group and (B) debris on the TP group.

Original magnification at 100X.

Angle Orthodontist, Vol 85, No 5, 2015
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Figure 6. Coating elastic recovery of esthetic orthodontic archwires.
Calculation derived from load-displacement curves at 200, 300, 400,
and 450 mN loads.

are polyester-based materials that are markedly charac-
terized by the benzene peak at about 1500 cm™'.
Besides the C-O stretching vibrations (1300-
1000 cm™'), pure PTFE presents two main absorption
peaks (fluoride) at around 1220 and 1160 cm™" related to
C—F stretching vibrations (Figure 2). Thus, these coat-
ings could also have PTFE in their compositions once the
C-F stretching peaks overlap the polyester C-O
stretching vibrations. In fact, the TN sample is a
composite of polyester and PTFE, according to private
communication with its manufacturer.

The hardness and elastic modulus values correspond
to the coating rather than the coating substrate
composite, once the maximum contact depths were
<10% of the coating thicknesses. The large variation
for hardness and elastic modulus observed for TP
samples at shallow depths could also be associated
with its irregular surface (Figure 4C) instead of the
analyzed volume bulk (physicochemical features).
Concerning the general mechanisms of scratch tests
on polymers, elastic modulus is an important parameter
that can affect the scratch depths. Polymers with E <
1.0 GPa are usually the most influenced by elastic
modulus, thereby presenting deeper scratch penetra-
tions."® Our scratch results, therefore, must not be
correlated to the elastic moduli solely, as all of the E
values are in the same range and at least fivefold higher
than 1.0 GPa (Table 2). Despite being polyester plus
PTFE composite coatings, all of the differences for H
and E could probably have been caused by structural
and chemical composition variation.

Figure 4 shows the scratches formed on the coatings
after load removal from the scratch tests. In all cases,
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the initial scratch cannot be visualized until a certain
point (from left to right) where damage begins to be
more visible. However, the OM samples presented
some cracks formed on the valley of the scratches,
which were more evident at higher loads (Figure 5A).
Even so, debris did not detach from the coating, as
observed for TP group (Figure 5B). From the point of
view of surface wear, these findings suggest that both
the OO and TN groups were the most resistant to
scratching compared with the OM and TP groups. In the
case of archwire coatings, cracking is undesirable
because it can play an important role in further corrosion
and wear (or damage) mechanisms in the oral
environment.

Elastic recovery may be considered a useful param-
eter to infer depth recovery after load releasing to rank
different coatings. It compares the initial penetration
curves with the residual penetration ones from the
scratch tests (Figure 1). The initial penetration depth is
related to the viscoelastic deformation imposed by the
sliding tip. The residual penetration depth curves reflect
the residual plastic and any prolonged viscoelastic
deformation. The difference between initial penetration
depth and residual penetration depth curves at any
given load is the scratch recovery (or simply elastic
recovery). High elastic recovery is sometimes more
desirable than shallower depth penetrations (or scratch
harder material) depending on its application. If a
coating has a high elastic recovery, it could be more
suitable to cover esthetic metallic archwires because no
considerable wear would be seen. A high recovery is
indicative of elastic strain, whereas a lower recovery
suggests significant plastic (permanent) deformation.'”
In Figure 6, all samples showed elastic recovery values
greater than 60% for the four analyzed loads. These
values are in the same range found for many different
polymers submitted to scratch tests with different loads
and geometry tips.'®

In general, the TP samples had the highest elastic
recoveries, and the TN samples the lowest (Figure 6). It
is interesting to note that TP samples had the most
damaged surfaces in terms of debris generation. In
contrast, the TN samples presented net surfaces with
notable low elastic recoveries after scratch tests
(Figures 4 and 6). As a matter of fact, the relation
among viscoelastic recovery and material properties
(e.g., hardness, elastic modulus, tensile strength) is not
well established.®

Some studies have reported that in clinical conditions
the coating layer tends to crack and detach, thereby
exposing the underlying substrate metal.”'® Probable
factors influencing the coating integrity are associated
with surface roughness, deposition method (synthesis
and fabrication process) used, material stability, and
coating-substrate adhesion strength. As manufacturers
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provide little information about the manufacturing
processes and raw materials used, more studies
evaluating coating quality and adhesion mechanisms
to metallic substrate are necessary. Limitations of this
research include few studies in the literature with which
to compare our results; therefore, conclusions are
based mainly on these present findings. Therefore,
the demand for knowledge of surface properties of
commercially available and currently used coated
archwires is evident and the permanent development
of these materials is urgent.

CONCLUSIONS

« The as-received coatings of esthetic archwires
showed an irregular and rough surface.

« The FTIR spectroscopy strongly suggests that the
coating material of esthetic archwires evaluated is a
composite of polyester and PTFE.

« The average coating hardness and elastic modulus
values ranged from 0.17 to 0.23 GPa and 5.0 to
7.6 Gpa, respectively.

« All groups presented elastic recoveries greater than
60% but had different failure features, such as
delamination, crack propagation, and debris gener-
ation along the coating scratches.
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