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Abstract: Carbon films were fabricated on the orthodontic stainless steel archwires by using a
custom-designed electron cyclotron resonance (ECR) plasma sputtering deposition system under
electron irradiation with the variation of substrate bias voltages from +5 V to +50 V. Graphene sheets
embedded carbon (GSEC) films were fabricated at a higher substrate bias voltage. The fretting friction
and wear behaviors of the carbon film-coated archwires running against stainless steel brackets were
evaluated by a home-built reciprocating sliding tribometer in artificial saliva environment. Stable and
low friction coefficients of less than 0.10 were obtained with the increase of the GSEC film thickness
and the introduction of the parallel micro-groove texture on the bracket slot surfaces. Particularly, the
GSEC film did not wear out on the archwire after sliding against three-row micro-groove textured
bracket for 10,000 times fretting tests; not only low friction coefficient (0.05) but also low wear rate
(0.11 × 10−6 mm3/Nm) of the GSEC film were achieved. The synergistic effects of the GSEC films
deposited on the archwires and the micro-groove textures fabricated on the brackets contribute to the
exceptional friction and wear behaviors of the archwire-bracket sliding contacts, suggesting great
potential for the clinical orthodontic treatment applications.

Keywords: carbon film; graphene sheets; orthodontic archwire; bracket; fretting wear; artificial saliva

1. Introduction

Currently, more and more people are selecting orthodontic treatment to correct their
tooth position for pursuing both physical and mental health, and thus high quality of
daily life [1,2]. A metallic orthodontic fixed appliance is composed of archwires and
brackets, which has superior stabilization and could provide different types of orthodontic
force, thus making it a popular product in clinical orthodontic treatment. Sliding friction
coefficient, not only static friction coefficient, but also kinetic friction coefficient between
the archwire and bracket during the tooth movement, is one of the most important issues
in orthodontic treatment. The increase of the friction forces causes a direct decrease of
the effective orthodontic force acting on the teeth, leading to pain and discomfort of the
patients, damage of teeth, and related tissues, and finally prolonged treatment period [3–5].
Therefore, to accomplish the optimum design of low friction and light force orthodontic
appliance, great efforts have been devoted for reducing both the static and kinetic friction
coefficients in the archwire–bracket tribo-pairs in previous studies [6–9].

Surface modifications of either archwire or bracket have been clarified to be ef-
fective strategies for achieving low friction coefficients as well as low wear rates of
archwire–bracket combinations in both dry and wet (artificial saliva or human saliva)
conditions [10–14]. Particularly, several types of nano coatings have been produced for
promoting the fiction and wear properties of the orthodontic archwire–bracket sliding
contacts. Huang et al. [15] clarified that the deposition of diamond-like carbon (DLC)
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film on the nickel–titanium (NiTi) archwires could profoundly reduce the stable friction
coefficient from 0.40 to 0.12 of the archwire–bracket sliding contacts in an artificial saliva
environment. The deposition of carbon nitride (CNx) thin film on the surface of stainless
steel archwire could definitely decrease the friction of the archwire–bracket in ambient air
and artificial saliva environment [16–18]. The friction coefficients between the stainless
steel orthodontic archwires and brackets were considerably decreased after the fabrication
of chitosan (CTS) and zinc oxide (ZnO) coatings on both archwires and brackets [19]. The
friction coefficients of the metal archwire–bracket tribo-pairs decreased from 0.552 to 0.207
and 0.372 by coating with Al2O3 and TiN, respectively [20].

For better reproducing the human oral cavity environment and mimicking the low-
amplitude and long-duration movement of the archwire–bracket contact in the patient, an
orthomicrotribometer was developed for characterizing the tribological properties of the
orthodontic archwire–bracket tribo-pair by modulating the normal load, frequency, and
environment during the sliding fretting wear tests. Moreover, a reduction of friction and
wear was obtained with the increase of normal load and frequency [21]. Kang et al. [22]
clarified the fretting wear properties of DLC films coated orthodontic archwires, and it was
found that the friction and wear of the archwires were decreased with the fabrication of
DLC films on the archwires.

In this work, we reported the fretting friction and wear behaviors of the carbon
film-coated archwire produced by using an electron cyclotron resonance (ECR) plasma
sputtering deposition system under different substrate bias voltages. The friction and wear
properties of the archwire–bracket contact combinations were systematically investigated
by using a reciprocating sliding archwire–bracket tribometer in artificial saliva environment.
The low friction and low wear mechanisms of the graphene sheets embedded carbon (GSEC)
film coated archwires in an artificial saliva environment were clarified.

2. Materials and Methods

Commercially available stainless steel orthodontic components, namely the archwires
and brackets, were used in this research. The archwire (HXH-0023, Xihubiom, Hangzhou,
China) with a rectangular cross-section of 0.017 inch × 0.025 inch (0.42 mm × 0.64 mm)
and a straight length of 110 mm was fitted into the conventional stainless steel bracket
(ALS-0008, Alice Dental, Hangzhou, China) with a slot size of 0.022 inch (0.56 mm). The
archwires and brackets were ultrasonically cleaned in acetone, ethanol, and purified water
in sequence for 20 min each to remove surface contaminations.

Carbon films were deposited onto the surfaces of the substrates by using a custom-
designed ECR plasma sputtering deposition system under working mode of low-energy
electron irradiation. The formation mechanisms of the graphene nano-sheets in the amor-
phous carbon matrix during the low-energy electron irradiation could be found in the
previous works [23–25]. Four positive bias voltages of +5 V, +10 V, +20 V, and +50 V were
applied on the substrates to produce carbon films with different types of nanostructures.
The deposition time varied from 25 to 80 min for adjusting the thickness of the carbon
films. Two types of substrates were employed for the preparation of carbon films. Specif-
ically, the carbon films synthesized on the p-type (100) silicon substrates (dimensions of
20 mm × 20 mm × 0.525 mm) were used for the TEM–EELS analysis and nanoindentation
test, whereas the carbon films fabricated onto the contact surface of stainless steel arch-
wires (width of 0.017 inch) were applied for the fretting wear tests and corresponding
characterizations.

The nanostructure and electric structure of the carbon films were examined by using a
high resolution transmission electron microscope (HRTEM, Titan Cubed Themis G2 300,
FEI, Hillsboro, OR, USA) in combination with an electron energy loss spectroscope (EELS,
Quantum ER/965 P, Gatan, Pleasanton, CA, USA) working under an electron accelerating
voltage of 80 kV to prevent damage or recrystallization of the specimens. The plan views
of TEM specimens were obtained by scratching the surface of carbon film with a diamond
pencil and then collecting the micro-flakes onto a copper grid. The bonding configuration
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information of the carbon films was measured via a Raman spectroscope (LabRAM HR
Evolution, Horiba, Kyoto, Japan) with a laser wavelength of 532 nm. A laser power of
0.1 mW was employed for avoiding potential heating damage on the specimen surface. The
hardness and Young’s modulus of the carbon films were evaluated from the nanoindenter
(G200, Agilent, Santa Clara, CA, USA) with a Berkovich diamond indenter.

The fretting wear tests were conducted on a self-designed archwire–bracket recipro-
cating sliding tribometer, the experimental setup is shown in Figure 1. It mainly consisted
of a reciprocating sliding system which drives the archwire horizontally while the mating
bracket was vertically adjusted by a three-axis stage. As illustrated in Figure 1a,b, the arch-
wire was installed on the archwire holder and pre-stretched with a tensile force of 10 N. The
bracket holder was mounted at the front of the cantilever beam which had been attached
to the three-axis stage. The loading and unloading processes of the contact combination
of the archwire and bracket was controlled by manual manipulating the three-axis stage
with a human hand. The reciprocating sliding between the stationary bracket and moving
archwire was achieved by a stepper motor. The normal load and tangential friction forces
during the fretting tests were recorded for calculating the friction coefficient.

Nanomaterials 2022, 12, x FOR PEER REVIEW 3 of 15 
 

 

of TEM specimens were obtained by scratching the surface of carbon film with a diamond 
pencil and then collecting the micro-flakes onto a copper grid. The bonding configuration 
information of the carbon films was measured via a Raman spectroscope (LabRAM HR 
Evolution, Horiba, Kyoto, Japan) with a laser wavelength of 532 nm. A laser power of 0.1 
mW was employed for avoiding potential heating damage on the specimen surface. The 
hardness and Young’s modulus of the carbon films were evaluated from the nanoindenter 
(G200, Agilent, Santa Clara, CA, USA) with a Berkovich diamond indenter. 

The fretting wear tests were conducted on a self-designed archwire–bracket recipro-
cating sliding tribometer, the experimental setup is shown in Figure 1. It mainly consisted 
of a reciprocating sliding system which drives the archwire horizontally while the mating 
bracket was vertically adjusted by a three-axis stage. As illustrated in Figure 1a,b, the 
archwire was installed on the archwire holder and pre-stretched with a tensile force of 10 
N. The bracket holder was mounted at the front of the cantilever beam which had been 
attached to the three-axis stage. The loading and unloading processes of the contact com-
bination of the archwire and bracket was controlled by manual manipulating the three-
axis stage with a human hand. The reciprocating sliding between the stationary bracket 
and moving archwire was achieved by a stepper motor. The normal load and tangential 
friction forces during the fretting tests were recorded for calculating the friction coeffi-
cient. 

As shown in Figure 1c, the archwire was slowly placed into the slot of the bracket 
during the loading process, and then the friction test started with a displacement stroke 
of 150 μm at a frequency of 0.5 Hz. The applied normal load was controlled between 0.5 
N and 2.0 N. Each archwire–bracket tribo-pair was used only once. All the fretting tests 
were carried out in an artificial saliva environment with 10,000 s (10,000 times). Commer-
cially available artificial saliva (pH = 6.9) with a precisely controlled temperature of 37 °C 
(simulation of the human oral environment) was supplied to the contact interfaces by us-
ing a tube with an inner diameter of 3.2 mm. The dripping speed of the artificial saliva 
was maintained at 3.6 mL/min with the help of a peristaltic pump. An optical microscope 
(Eclipse LV150N, Nikon, Tokyo, Japan) and a white-light interferometer (Contour GTX, 
Bruker, San Jose, CA, USA) was applied to observe the worn surfaces on the archwires 
and brackets and to estimate the fretting wear rate of the carbon films coated on the arch-
wires as well. The element compositions of the worn surfaces on the carbon films coated 
archwires were analyzed by using a scanning electron microscope (SEM, Scios, FEI, Hills-
boro, OR, USA) in combination with an energy dispersive X-ray spectroscope (EDS). 

 
Figure 1. Experimental setup for the fretting wear tests. (a) Overview of the archwire–bracket recip-
rocating sliding tribometer. (b) Enlarged photo of contact combination of the stainless steel archwire 
and bracket. (c) SEM image of the contact combination of the stainless steel archwire and bracket. 

3. Results 
3.1. Compositon and Structure Analysis of Carbon Films 

The nanostructure and bonding configuration of the carbon films were analyzed by 
using TEM–EELS and Raman spectroscopy. The results are shown in Figure 2. Figure 2a–

Figure 1. Experimental setup for the fretting wear tests. (a) Overview of the archwire–bracket
reciprocating sliding tribometer. (b) Enlarged photo of contact combination of the stainless steel
archwire and bracket. (c) SEM image of the contact combination of the stainless steel archwire
and bracket.

As shown in Figure 1c, the archwire was slowly placed into the slot of the bracket
during the loading process, and then the friction test started with a displacement stroke
of 150 µm at a frequency of 0.5 Hz. The applied normal load was controlled between
0.5 N and 2.0 N. Each archwire–bracket tribo-pair was used only once. All the fretting
tests were carried out in an artificial saliva environment with 10,000 s (10,000 times).
Commercially available artificial saliva (pH = 6.9) with a precisely controlled temperature
of 37 ◦C (simulation of the human oral environment) was supplied to the contact interfaces
by using a tube with an inner diameter of 3.2 mm. The dripping speed of the artificial saliva
was maintained at 3.6 mL/min with the help of a peristaltic pump. An optical microscope
(Eclipse LV150N, Nikon, Tokyo, Japan) and a white-light interferometer (Contour GTX,
Bruker, San Jose, CA, USA) was applied to observe the worn surfaces on the archwires
and brackets and to estimate the fretting wear rate of the carbon films coated on the
archwires as well. The element compositions of the worn surfaces on the carbon films
coated archwires were analyzed by using a scanning electron microscope (SEM, Scios, FEI,
Hillsboro, OR, USA) in combination with an energy dispersive X-ray spectroscope (EDS).

3. Results
3.1. Compositon and Structure Analysis of Carbon Films

The nanostructure and bonding configuration of the carbon films were analyzed by
using TEM–EELS and Raman spectroscopy. The results are shown in Figure 2. Figure 2a–d
indicate the plan view TEM images of the four types of carbon films fabricated on the
silicon substrates with 25 min under different substrate bias voltages. The high resolution
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TEM images and dispersive rings in the fast Fourier transformation (FFT) images exhibited
the formation of an amorphous carbon phase in the carbon films prepared under substrate
bias voltages of +5 V and +10 V, as shown in Figure 2a,b. However, with the increase of
the substrate bias voltage, a clear insertion of stacked layer structures into the amorphous
structure with random orientation was observed on the TEM images of carbon films
produced at substrate bias voltages of +20 V and +50 V, as shown in Figure 2c,d. The
interplanar spacing was approximately 0.34 nm, which matched well with that of the
graphene sheet. The normal size of the graphene sheets was several nanometers. A pair of
white light spots was observed from the corresponding inset FFT images, which further
confirmed the existence of the graphene sheets in the carbon films.
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To confirm the bonding configuration of the carbon films, the EELS spectra and
Raman spectra of the four types of carbon films were analyzed in Figure 2e,f. Figure 2e
demonstrates the core loss EELS spectra of the carbon films after the subtraction of a
power-law background. Specifically, two individual peaks at 285.0 eV (denoted as π* peak)
and 293.0 eV (denoted as σ* peak) were observed on the EELS spectrum. The shape of the
σ* peak was highly related to the carbon nanocrystalline structure. The transition from
a round σ* peak to a sharp σ* peak was clearly observed on the EELS spectrum of the
carbon films with the increase of the substrate bias voltage. The height ratio of π* peak to
σ* peak (denoted as P1/P2) increased from 0.66 to 0.75 with the increase of the substrate
bias voltage from +5 V to +50 V, respectively, as listed in Table 1. Hence, these observations
suggested the formation of sp2 carbon nanocrystallites at a higher substrate bias voltage.
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Table 1. EELS, Raman, and mechanical parameters of the carbon films produced at different substrate
bias voltages.

Substrate
Bias Voltage

(V)

EELS
P1/P2

D Peak
Position
(cm−1)

G Peak
Position
(cm−1)

ID/IG
Lα

(nm) Hardness(GPa)
Young’s

Modulus
(GPa)

+5 0.66 1349 1574 0.70 1.13 12.1 123.0
+10 0.67 1344 1586 0.88 1.26 4.6 35.4
+20 0.72 1338 1589 0.94 1.31 4.0 31.5
+50 0.75 1336 1594 1.66 1.74 0.8 7.1

Figure 2f exhibits the Raman spectra (ranging between 1100 cm−1 and 3500 cm−1) of the
four types of carbon films produced on the surface of the stainless steel archwires with 80 min
under various substrate bias voltages. Clearly, at substrate bias voltages of +5 V and +10 V,
there was no obvious 2D peak on the corresponding Raman spectrum, whereas the spectra
of the carbon films prepared at +20 V and +50 V consisted of a distinct D peak at 1350 cm−1,
a G peak at 1580 cm−1, and a well-defined 2D peak at 2700 cm−1. Generally, the appearance
of two separated D and G peaks together with a distinct 2D peak in the spectrum strongly
confirmed the formation of graphene nanocrystallites in the carbon film. The peak intensity
ratio of D peak to G peak (denoted as ID/IG) was calculated by curve fitting of the D peak
and G peak (1100 cm−1 to 2000 cm−1) with a Lorentzian function and a Breit–Fano–Wagner
(BFW) function [25], respectively, after subtracting a linear background, the fitting curves
are shown in Figure 2f. A continuous shift of D peak position to a lower value and G peak
position to a higher value, together with a prominent increase of ID/IG were observed with
the increase of substrate bias voltages from +5 V to +50 V, as summarized in Table 1, which
suggesting an increase of the sp2 carbon structure in the carbon films according to the Ferrari’s
typical model [26]. The in-plane size (Lα) of the nanocrystalline structure in the carbon film
could be determined by using ID/IG = C(λ)Lα

2, where C(λ) is closely related to the excited
laser wavelength and equal to 0.55 nm−2 [27]. The calculated nano-size of the graphene
nanocrystallite greatly increased from 1.13 nm to 1.74 nm with the increase of the substrate
bias voltage from +5 V to +50 V, respectively. Therefore, it could be concluded that amorphous
structure was generated in carbon film deposited at substrate bias voltages of +5 V and +10 V,
whereas nanocrystalline graphene structure was formed in carbon films prepared at substrate
bias voltages of +20 V and +50 V.

The hardness and Young’s modulus of the carbon film produced at silicon substrate
with 80 min are also summarized in Table 1. It was found that the hardness drastically
decreased from 12.1 to 0.8 GPa with the increase of substrate bias voltage from +5 V to
+50 V. A similar tendency was observed for the Young’s modulus. These results agreed
well with the increase of sp2 carbon bonding structures in the carbon films with increasing
substrate bias voltage, as concluded from the TEM–EELS analysis.

3.2. Fretting Wear Behaviors of Carbon Film-Coated Archwires

Figure 3 illustrates the characteristic fretting wear tests of the carbon film-coated arch-
wires sliding against conventional stainless steel brackets in an artificial saliva environment.
The fretting wear test of the uncoated stainless steel archwire sliding against conventional
stainless steel bracket was shown in Figure S1 for comparison. High friction coefficients
of 0.50 were observed for the contact combination of stainless steel archwire and bracket
in artificial saliva environment. It was clearly shown that the friction coefficient of the
archwire–bracket contact combination strongly decreased with the protection of carbon
film on the archwire. As shown in Figure 3a–e, the friction coefficient first decreased at
the initial running-in stage, followed by a steady stage with low friction coefficient of
around 0.10. Thereafter, the friction coefficient increased and kept at a high value up to 0.30.
It could be observed from the optical microscopy images of the wear scars on the archwires
(shown in Figure 3f–i) that all the carbon films worn out on the archwires after 10,000 tests.
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Particularly, severe wear was observed on the wear scar of the carbon film prepared under
the substrate bias voltage of +10 V.
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Figure 3. Fretting wear tests of carbon films coated stainless steel archwires running against conven-
tional untextured brackets in artificial saliva environment. Friction curves of carbon films produced at
substrate bias voltages of (a) +5 V, (b) +10 V, (c) +20 V, and (d) +50 V. (e) Average friction coefficients
of different carbon films. Optical microscopy images of wear scars on the carbon films fabricated at
substrate bias voltages of (f) +5 V, (g) +10 V, (h) +20 V, and (i) +50 V.

To extend the lifetime of the carbon film on the stainless steel archwire from the aspect
of clinical application, a series of carbon films were prepared at the substrate bias voltage
of +50 V with a prolonged deposition time, the thickness of the deposited carbon film is
shown in Figure S2, and the corresponding fretting wear results are shown in Figure 4.
The friction curves showed a similar tendency for carbon film deposited at 25 min and
35 min, as shown in Figures 3d and 4a, respectively. However, with the further increase of
the deposition time, as shown in Figure 4b,c, the sharp increase of the friction coefficient
disappeared at the latter half of the friction curves. Particularly, stable and low friction
coefficients of approximately 0.07 were obtained after a quick running-in stage for carbon
film deposited at 80 min, as shown in Figure 4d. Unfortunately, all the carbon films wore
out on the wear scars of the archwires, as shown in Figure 4e–g. It could also be found
that the peeling off area for carbon film deposited at 80 min was greatly minimized, as
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shown in Figure 4g. It was inferred that lower friction coefficient and lower wear rate
of the carbon film could be obtained with the increased film thickness. Additionally, the
effect of normal load (0.5 to 2 N) on the fretting wear behavior of the carbon film-coated
archwire was studied, as shown in Figure S4. It could be seen that relative stable and
low friction coefficients of less than 0.10 were obtained at normal load of 1.0 N and 1.5 N.
However, the fabricated carbon films on the archwires wore out at all the normal load
experimental conditions.
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Great attention has been paid to improving the friction and wear properties of tribo-
pairs with the elaborately prepared textured surfaces by laser surface texturing technique
in the last few decades for fundamental research and industrial applications [28–33]. To
promote the friction and wear behaviors of the carbon film-coated archwires, a laser surface
texturing technique has been employed for manufacturing textures to effectively reduce
both the friction and wear of the archwire–bracket sliding contacts in our previous work [34].
Specifically, three types of micro-groove textures were fabricated on the slot surfaces of the
stainless steel brackets by using a picosecond laser processing apparatus (SLCUV-250-PS,
Shengxiong, Dongguan, China). As shown in Figure 5, micro-groove texture with a width
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of 45 µm, a depth of 15 µm, and a row spacing of 150 µm was produced on the slot surfaces
with one row, two rows, and three rows.
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groove. (e) Two-dimensional cross-sectional profiles of untextured and micro-groove textured
stainless steel brackets.

The fretting wear results of the carbon film (substrate bias voltage of +50 V and
deposition time of 80 min, hereafter denoted as +50 V and 80 min) coated archwires sliding
against brackets with micro-groove textured slot surfaces are shown in Figure 6. Obviously,
the application of micro-groove texture on the bracket slot surface could significantly reduce
the friction coefficient of the archwire–bracket contact combination. Moreover, the friction
coefficient generally decreased with the increase of the groove number from one to three,
as shown in Figure 6a–c. Particularly, stable and low friction coefficient of approximately
0.06 was achieved after 1000 s running-in process when the carbon film-coated archwire
rubbing against three-row micro-groove textured bracket in an artificial saliva environment.
The steady state average friction coefficient for the final 2000 s was calculated to be 0.05.
Furthermore, the peel off area of the carbon film on the wear scar decreased with the increase
of the groove number from one to three, as shown in Figure 6e–g. Most importantly, it was
found that carbon film still covered the entire wear scar on the archwire when sliding against
the three-row micro-groove bracket; a sliding contact combination of carbon film against
stainless steel bracket was successfully realized in the fretting wear test; delamination of
the carbon film did not occur on the surface of the stainless steel archwire. A mild wear of
the GSEC film on the wear scar was definitely achieved, as shown in Figure 6g.
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Figure 6. Fretting wear tests of carbon film (+50 V and 80 min) coated stainless steel archwires
running against micro-groove textured brackets in artificial saliva environment. Friction curves of
textured bracket with (a) one-row groove, (b) two-row groove, and (c) three-row groove. (d) Average
friction coefficients of different textured brackets. Friction curve of untextured bracket is also shown
for reference. Optical microscopy images of wear scars on the carbon films after sliding against
brackets with (e) one-row groove, (f) two-row groove, and (g) three-row groove.

4. Discussion
4.1. SEM–EDX Mapping Analysis of the Wear Scars

In order to gain more insights into the low friction and low wear mechanisms of the
GSEC film-coated stainless steel archwires in an artificial saliva environment, surface mor-
phologies and element compositions of the wear scars on the GSEC film-coated archwires
after fretting tests were analyzed by using SEM in combination with EDX mapping, as
shown in Figure 7. Three typical wear scars were investigated, the first one was on the
GSEC film (+50 V and 25 min) coated archwire after running against untextured bracket,
the second one was on the GSEC film (+50 V and 80 min) coated archwire after running
against untextured bracket, and the last one was on the GSEC film (+50 V and 80 min)
coated archwire after running against three-row micro-groove textured bracket. Optical
microscopy images of the three wear scars were also provided for comparison. Obviously,
the GSEC films on the stainless steel archwires were severely destroyed after sliding against
untextured stainless steel brackets, as shown in Figure 7a,f, even with the increase of
the thickness of the GSEC film. The corresponding carbon element distributions on the
wear scars (Figure 7c,h, vanish of carbon element in the wear scar area) further confirmed
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that the GSEC films were substantially peeled off from the archwires. However, with the
introduction of three-row micro-groove texture on the bracket, delamination of the GSEC
film could hardly be observed on the shallow wear scar (Figure 7k). A uniform distribution
of carbon (C), oxygen (O), and ferrum (Fe) elements on the wear scar (Figure 7m–o) un-
doubtedly proved that the GSEC film did not wear out on the archwire, the entire wear
scar was still fully covered by the GSEC film. The contact combination of the GSEC film
rubbing against three-row micro-groove textured bracket was realized in the whole fretting
wear tests in artificial saliva environment.
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Figure 7. Surface characterizations of the wear scars on the GSEC film-coated stainless steel (SS)
archwires after sliding against untextured and three-row groove textured stainless steel brackets in
artificial saliva environment. (a–e) Wear scar on the GSEC film (+50 V and 25 min) coated archwire
after running against untextured bracket. (f–j) Wear scar on the GSEC film (+50 V and 80 min) coated
archwire after running against untextured bracket. (k–o) Wear scar on the GSEC film (+50 V and
80 min) coated archwire after running against three-row micro-groove textured bracket. (a,f,k) Optical
microscopy images and (b,g,l) SEM images of the wear scars on the archwires. (c,h,m) carbon element,
(d,i,n) oxygen element, and (e,j,o) ferrum element distributions of the wear scars on the archwires.
Illustrations of three contact models are also shown for reference.

4.2. Specific Wear Rate of the GSEC Film-Coated Archwires

To further clarify the outstanding fretting wear performances of the GSEC film coated
archwires sliding against micro-groove textured brackets, the wear scars on the GSEC film-
coated stainless steel archwires were examined by using a white light interferometer, the
corresponding results are shown in Figure 8. The cross-sectional profiles were obtained at
five different locations along the length direction for each wear scar. The 3D images and 2D
cross-sectional profiles of the wear scars on the archwires with other contact combinations
are provided in Figure S5 for reference. Typical 3D image and 2D cross-sectional profile
of the wear scar on the GSEC film (+50 V and 25 min) coated archwire running against
untextured bracket are shown in Figure 8a,c, respectively. The wear scars on the archwires
were in the dimensions of approximately 150 µm (length) × 50 µm (width). The wear depth
of the wear scars was around 1.0 µm, which was twice larger than the related film thickness
(490 nm, as shown in Figure S3). On the other hand, with the fabrication of three-row
micro-groove texture on the bracket, the length and width of the wear scar were 100 µm
and 50 µm, respectively. Particularly, the maximum depth of the wear scar was significantly
decreased to around 200 nm, which was much less than half of the film thickness, as shown
in Figure 8b,d. These results again confirmed that the GSEC film did not wear out on the
wear scar of the archwires after fretting tests.
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GSEC film-coated stainless steel archwires sliding against untextured stanines steel brack-
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ous tribo-induced graphene-rich tribofilm after the initial running-in process in combina-
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Figure 8. Calculation of the specific wear rate of GSEC film-coated archwires after sliding against
untextured and micro-groove textured brackets for 5000 fretting cycles (10,000 times) in artificial
saliva environment. (a) 3D image and (c) 2D cross-sectional profile of the wear scar on the GSEC
film (+50 V and 25 min) coated archwires after running against untextured (denoted as L0) bracket.
(b) 3D image and (d) 2D cross-sectional profile of the wear scar on the GSEC film (+80 V and 25 min)
coated archwire after running against three-row micro-groove (denoted as L3) textured bracket.
Cross-sectional profiles were obtained at five different positions along the length direction (white
dotted line) of the wear scar. Calculated (e) wear volume and (f) wear rate of the GSEC film-coated
stainless steel archwires. The Y axes are in log scale.

An empirical method was used for determining the wear volume based on the as-
sumption that the theoretical shape of the wear scar on the archwire was a semi-cylinder.
Therefore, the wear volumes of the wear scars on the archwires after sliding against brack-
ets for all the five different contact combinations were calculated from the related profile
curves, as shown in Figure 8e. The corresponding wear rates of the GSEC film coated
archwires were thus derived by using the classical Archard equation [35]:

V = wLd, (1)

where V is the wear volume of the wear scar (mm3), w is the wear rate (mm3/Nm), L is the
applied normal load (N), and d is the reciprocating sliding distance (m). As demonstrated
in Figure 8f, the wear volume of the wear scar on the GSEC film (+50 V and 25 min) coated
archwire was 72.65 × 10−6 mm3, and it greatly decreased to 41.96 × 10−6 mm3 with the
increase of deposition time from 25 min to 80 min. With the introduction of the micro-
groove textured bracket, the wear volume further decreased and the lowest wear volume
of 0.17 × 10−6 mm3 was obtained with the three-row micro-groove bracket. Undoubt-
edly, the corresponding wear rate was strongly decreased from 4.84 × 10−6 mm3/Nm to
0.11 × 10−6 mm3/Nm.

4.3. Friction and Wear Mechanisms of the GSEC Film-Coated Archwires

The excellent low friction and low wear mechanisms of the GSEC film (+50 V and
80 min) coated stainless steel archwire sliding against three-row micro-groove textured
stainless steel bracket in an artificial saliva environment are proposed and schematic
illustrations are shown in Figure 9. On the one hand, the superior friction behaviors of the
GSEC film-coated stainless steel archwires sliding against untextured stanines steel brackets
in an artificial saliva environment have been ascribed to the formation of a homogeneous
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tribo-induced graphene-rich tribofilm after the initial running-in process in combination
with the accumulation of the salivary adsorbed film at the steady stage on the contact
interfaces [36], as also shown in Figure 9a,b. The orientation of the graphene sheets
changed from vertical to horizontal during the friction process, leading to the lower shear
strength of the sliding contact, as shown in Figure 9c,d. Hence, low friction coefficients in
the order of 0.10 were substantially obtained after a running-in period with the deposition
of GSEC film on the stainless steel archwires, as shown in Figure 3e. Moreover, with the
increase of the GSEC film thickness, the low friction coefficients decreased to less than 0.10,
as shown in Figure 4d. Furthermore, exceptional stable and low friction coefficients of
around 0.05 were achieved with the utilization of micro-groove texture on the bracket, and
the optimum result was obtained when using the three-row micro-groove textured bracket,
as indicated in Figure 6d. On the other hand, low friction coefficients of less than 0.10 were
observed after initial running-in processes with the GSEC film-coated archwires but failed
subsequently (e.g., 1000 s). Namely, the GSEC film was worn out progressively and started
to be destroyed after the running-in stage, which resulted in the exposure of stainless steel
archwire substrate surface and thus relative higher friction coefficients (e.g., 0.25) were
observed for the self-mated stainless steel sliding contact, as shown in Figures 3e and 4d.
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Figure 9. The low friction and low wear mechanisms of the GSEC film (+50 V and 80 min) coated
stainless steel archwires running against three-row micro-groove textured stainless steel brackets in
an artificial saliva environment. (a) Initial state of the contact combination, (b) stable low friction
with the formation of graphene-rich tribofilm and salivary adsorbed layer, (c) accumulation of wear
debris detached from the GSEC film with micro-groove, and (d) flow out of wear debris with artificial
saliva from the micro-groove.

Great efforts have been devoted to enhancing both the friction and wear performances
of the solid lubrication film (e.g., diamond-like carbon (DLC) and layered lamellar materials)
coated textured surfaces; synergistic effects of the fabricated lubrication film and surface
textures facilitate the achievement of low friction coefficient and high wear resistance of the
sliding contacts in dry and wet experimental conditions [37–41]. Therefore, it was assumed
that the introduction of micro-groove textures on the bracket slot surfaces could be an
effective strategy for retaining the stable and low friction coefficients during the entire
fretting wear tests. Moreover, it was found that low friction coefficient of 0.05 and low wear
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rate of 0.11 × 10−6 mm3/Nm were both obtained when the GSEC film-coated archwire run
against the three-row micro-groove textured bracket in the artificial saliva environment.

The characteristic advantages of the micro-groove textures could be summarized as
follows. Firstly, wear debris generated after the delamination of the GSEC film undergoing
abrasive wear at the contact interface and acted as a third body in the sliding contact of
untextured bracket, which further aggravated the wear of the GSEC film on the wear scar
of the archwire. The fabrication of the parallel micro-groove texture could entrap the wear
particles detached from the GSEC film and flowed out of the contact interface together
with the artificial saliva, as shown in Figure 9c,d, which was beneficial for minimizing
the ploughing friction force and achieving the mild wear of the GSEC film on the contact
interfaces. Secondly, the real contact area of the sliding tribo-pairs decreased with the
increase of the row of the micro-groove texture, which reduced the number of effective
micro-asperity contacts and avoided the severe wear of the GSEC film. Finally, the three-
row micro-groove textures acted as the reservoirs for continuous storing and supplying
of the solid lubrication materials (e.g., graphene-rich tribofilm) as well as artificial saliva
on the contact interface to reduce both the friction and wear of the mating materials. In
sum, it was argued that the combined effects of the GSEC film deposited on the archwire
and micro-groove textures fabricated on the brackets resulted in the promising friction and
wear behaviors of the stainless steel archwire–bracket sliding contacts, which demonstrates
great potential for the clinical medical applications.

5. Conclusions

In this work, we reported the fretting friction and wear behaviors of the carbon
film-coated orthodontic stainless steel archwires running against untextured and micro-
groove textured stainless steel brackets in artificial saliva environment. Carbon films were
deposited onto the surface of archwires with an advanced ECR plasma sputtering system
working under low-energy electron irradiation mode with the substrate bias voltages
varying from +5 V to +50 V. Graphene nanocrystallites were embedded into the carbon
matrix at a higher substrate bias voltage from the TEM–EELS and Raman analyses. Stable
and low friction coefficients of less than 0.10 were substantially achieved with the increase
of the GSEC film thickness as well as the fabrication of the parallel micro-groove texture
on the bracket slot surfaces. Particularly, the GSEC film did not wear out on the archwire
after sliding against the three-row micro-groove textured bracket for 10,000 times fretting
tests, not only low friction coefficient (0.05) but also low wear rate (0.11 × 10−6 mm3/Nm)
of the GSEC film were obtained. The prominent low friction coefficient and high wear
resistance of the archwire–bracket sliding contacts are attributed to the synergistic effects
of the GSEC lubrication film deposited on the archwires and the parallel micro-groove
textures fabricated on the bracket slot surfaces, which suggests great potential for clinical
orthodontic treatment applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12193430/s1, Figure S1: Fretting wear test of uncoated
stainless steel archwire sliding against conventional untextured stainless steel bracket under artificial
saliva environment. (a) Friction curve. (b) Average friction coefficient. (c) Optical microscopy
image of the wear scar on the archwire. (d) Enlargement optical microscopy image of the selected
rectangular area in (c); Figure S2: Optical microscopy images of wear tracks on the slot surfaces of
untextured stainless steel brackets after running against different carbon films coated stainless steel
archwires under artificial saliva environment for 10,000 s. (a) +5 V, (b) +10 V, (c) +20 V, and (d) +50 V;
Figure S3: Cross-sectional profiles of carbon films fabricated under substrate bias voltage of +50 V
with different deposition time for calculating the film thickness; Figure S4: Fretting wear results of
carbon film (+50 V and 80 min) coated archwires sliding against brackets under different normal
loads in artificial saliva environment. Friction curves with normal load of (a) 0.5 N, (b) 1.5 N, and
(c) 2 N. (d) Average friction coefficient under different normal loads. Optical microscopy images
of the wear scars on the archwires with normal load of (e) 0.5 N, (f) 1 N, (g) 1.5 N, and (h) 2 N;
Figure S5: Surface characterization of the wear scars on the GSEC film coated archwires after sliding
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against untextured and micro-groove textured stainless steel brackets for 10,000 times in artificial
saliva environment. (a) 3D image and (b) 2D cross-sectional profile of the wear scars on the GSEC
film (+50 V and 80 min) coated archwires after running against untextured bracket (denoted as L0).
(c) 3D image and (d) 2D cross-sectional profile of the wear scars on the GSEC film (+50 V and 80 min)
coated archwire after running against one-row micro-groove textured bracket (denoted as L1). (e) 3D
image and (f) 2D cross-sectional profile of the wear scars on the GSEC film (+50 V and 80 min) coated
archwire after running against two-row micro-groove textured bracket (denoted as L2).
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12. Bącela, J.; Łabowska, M.B.; Detyna, J.; Zięty, A.; Michalak, I. Functional coatings for orthodontic archwires—A review. Materials
2020, 13, 3257. [CrossRef] [PubMed]

13. Fróis, A.; Aleixo, A.S.; Evaristo, M.; Santos, A.C.; Louro, C.S. Can a-C:H-sputtered coatings be extended to orthodontics? Coatings
2021, 11, 832. [CrossRef]

14. da Silveira, R.E.; Elias, C.N.; do Amaral, F.L.B. Assessment of frictional resistance and surface roughness in orthodontic wires
coated with two different nanoparticles. Microsc. Res. Tech. 2022, 85, 1884–1890. [CrossRef] [PubMed]

15. Huang, S.Y.; Huang, J.J.; Kang, T.; Diao, D.F.; Duan, Y.Z. Coating NiTi archwires with diamond-like carbon films: Reducing
fluoride-induced corrosion and improving frictional properties. J. Mater. Sci.-Mater. M. 2013, 24, 2287–2292. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ajodo.2016.12.011
http://www.ncbi.nlm.nih.gov/pubmed/28364887
http://doi.org/10.1016/j.ajodo.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/31256831
http://doi.org/10.1043/0003-3219(1997)0672.3.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/9188964
http://doi.org/10.4317/jced.55676
http://doi.org/10.3390/nano11020337
http://doi.org/10.1016/S1073-8746(97)80067-9
http://doi.org/10.1016/j.ajodo.2008.09.023
http://doi.org/10.1590/2177-6709.24.2.066-072.oar
http://doi.org/10.3390/ma14216233
http://doi.org/10.1016/j.diamond.2015.11.016
http://doi.org/10.2319/090715-602.1
http://doi.org/10.3390/ma13153257
http://www.ncbi.nlm.nih.gov/pubmed/32707959
http://doi.org/10.3390/coatings11070832
http://doi.org/10.1002/jemt.24049
http://www.ncbi.nlm.nih.gov/pubmed/34997799
http://doi.org/10.1007/s10856-013-4988-0
http://www.ncbi.nlm.nih.gov/pubmed/23793493


Nanomaterials 2022, 12, 3430 15 of 15

16. Wei, S.; Shao, T.; Ding, P. Study of CNx films on 316L stainless steel for orthodontic application. Diam. Relat. Mater. 2010,
19, 648–653. [CrossRef]

17. Wei, S.; Shao, T.; Ding, P. Improvement of orthodontic friction by coating archwire with carbon nitride film. Appl. Surf. Sci. 2011,
257, 10333–10337. [CrossRef]

18. Zhang, M.; Liu, X.; Shang, H.; Lin, J. Comparison of TiN and CNx coatings on orthodontic stainless steel: Tribological and
biological evaluation. Surf. Coat. Technol. 2019, 362, 381–387. [CrossRef]

19. Elhelbawy, N.; Ellaithy, M. Comparative evaluation of stainless-steel wires and brackets coated with nanoparticles of Chitosan or
Zinc oxide upon friction: An in vitro study. Int. Orthod. 2021, 19, 274–280. [CrossRef]

20. Arici, N.; Akdeniz, B.S.; Oz, A.A.; Gencer, Y.; Tarakci, M.; Arici, S. Effectiveness of medical coating materials in decreasing friction
between orthodontic brackets and archwires. Korean J. Orthod. 2021, 51, 270–281. [CrossRef]

21. Barbosa, L.M.; da Silva, W.M., Jr.; de Mello, J.D.B. Orthomicrotribometer. Wear 2019, 426–427, 1729–1739. [CrossRef]
22. Kang, T.; Huang, S.Y.; Huang, J.J.; Li, Q.H.; Diao, D.F.; Duan, Y.Z. The effects of diamond-like carbon films on fretting wear

behavior of orthodontic archwire-bracket contacts. J. Nanosci. Nanotechnol. 2015, 15, 4641–4647. [CrossRef] [PubMed]
23. Wang, P.; Zhang, W.; Diao, D. Low friction of graphene nanocrystallite embedded carbon nitride coatings prepared with MCECR

plasma sputtering. Surf. Coat. Technol. 2017, 332, 153–160. [CrossRef]
24. Zhang, W.Q.; Diao, D.F.; Sun, K.; Fan, X.; Wang, P. Study on friction-electrification coupling in sliding-mode triboelectric

nanogenerator. Nano Energy 2018, 48, 456–463. [CrossRef]
25. Wang, P.; Xue, P.; Chen, C.; Diao, D. Structural and tribological behaviors of graphene nanocrystallited carbon nitride films. Appl.

Surf. Sci. 2019, 495, 143591. [CrossRef]
26. Ferrari, A.C.; Robertson, J. Raman spectroscopy of amorphous, nanostructured, diamond–like carbon, and nanodiamond. Phil.

Trans. R. Soc. Lond. A 2004, 362, 2477–2512. [CrossRef]
27. Chen, C.; Diao, D.; Fan, X.; Yang, L.; Wang, C. Frictional behavior of carbon film embedded with controlling-sized graphene

nanocrystallites. Tribol. Lett. 2014, 55, 429–435. [CrossRef]
28. Wang, X.; Kato, K.; Adachi, K.; Aizawa, K. The effect of laser texturing of SiC surface on the critical load for the transition of

water lubrication mode from hydrodynamic to mixed. Tribol. Int. 2001, 34, 703–711. [CrossRef]
29. Pettersson, U.; Jacobson, S. Influence of surface texture on boundary lubricated sliding contacts. Tribol. Int. 2003, 36, 857–864.

[CrossRef]
30. Etsion, I. State of the art in laser surface texturing. J. Tribol. 2005, 127, 248–253. [CrossRef]
31. Bonse, J.; Kirner, S.V.; Griepentrog, M.; Spaltmann, D.; Krüger, J. Femtosecond laser texturing of surfaces for tribological

applications. Materials 2018, 11, 801. [CrossRef]
32. Grützmacher, P.G.; Profito, F.J.; Rosenkranz, A. Multi-scale surface texturing in tribology—Current knowledge and future

perspectives. Lubricants 2019, 7, 95. [CrossRef]
33. Pawlus, P.; Reizer, R.; Wieczorowski, M. Functional importance of surface texture parameters. Materials 2021, 14, 5326. [CrossRef]

[PubMed]
34. Zhou, K. Study on Effect of Surface Microtexture on Friction and Wear Behaviors of Orthodontic Brackets. Master’s Thesis,

Shenzhen University, Shenzhen, China, 2020.
35. Archard, J. Contact and rubbing of flat surfaces. J. Appl. Phys. 1953, 24, 981–988. [CrossRef]
36. Pan, Z.; Zhou, Q.; Wang, P.; Diao, D. Robust low friction performance of graphene sheets embedded carbon films coated

orthodontic stainless steel archwires. Friction 2022, 10, 142–158. [CrossRef]
37. Pettersson, U.; Jacobson, S. Friction and wear properties of micro textured DLC coated surfaces in boundary lubricated sliding.

Tribol. Lett. 2004, 17, 553–559. [CrossRef]
38. Rapoport, L.; Moshkovich, A.; Perfilyev, V.; Lapsker, I.; Halperin, G.; Itovich, Y.; Etsion, I. Friction and wear of MoS2 films on laser

textured steel surfaces. Surf. Coat. Technol. 2008, 202, 3332–3340. [CrossRef]
39. Rosenkranz, A.; Marian, M. Combining surface textures and MXene coatings–towards enhanced wear-resistance and durability.

Surf. Topogr. Metrol. Prop. 2022, 10, 033001. [CrossRef]
40. Wang, Y.; Wang, L.; Xue, Q.; Yuan, N.; Ding, J. A facile method to improve tribological properties of silicon surface by combining

nanogrooves patterning and thin film lubrication. Colloids Surf. A Physicochem. Eng. Aspects 2010, 372, 139–145. [CrossRef]
41. Xue, Y.; Wu, C.; Shi, X.; Huang, Q.; Ibrahim, A.M.M. Effects of groove-textured surfaces filled with Sn-Ag-Cu and MXene-Ti3C2

composite lubricants on tribological properties of CSS-42L bearing steel. Friction 2022, 10, 1091–1113. [CrossRef]

http://doi.org/10.1016/j.diamond.2010.02.040
http://doi.org/10.1016/j.apsusc.2011.06.055
http://doi.org/10.1016/j.surfcoat.2019.01.072
http://doi.org/10.1016/j.ortho.2021.01.009
http://doi.org/10.4041/kjod.2021.51.4.270
http://doi.org/10.1016/j.wear.2018.12.067
http://doi.org/10.1166/jnn.2015.9788
http://www.ncbi.nlm.nih.gov/pubmed/26369091
http://doi.org/10.1016/j.surfcoat.2017.06.084
http://doi.org/10.1016/j.nanoen.2018.04.007
http://doi.org/10.1016/j.apsusc.2019.143591
http://doi.org/10.1098/rsta.2004.1452
http://doi.org/10.1007/s11249-014-0371-7
http://doi.org/10.1016/S0301-679X(01)00063-9
http://doi.org/10.1016/S0301-679X(03)00104-X
http://doi.org/10.1115/1.1828070
http://doi.org/10.3390/ma11050801
http://doi.org/10.3390/lubricants7110095
http://doi.org/10.3390/ma14185326
http://www.ncbi.nlm.nih.gov/pubmed/34576546
http://doi.org/10.1063/1.1721448
http://doi.org/10.1007/s40544-020-0471-3
http://doi.org/10.1023/B:TRIL.0000044504.76164.4e
http://doi.org/10.1016/j.surfcoat.2007.12.009
http://doi.org/10.1088/2051-672X/ac7f4a
http://doi.org/10.1016/j.colsurfa.2010.10.020
http://doi.org/10.1007/s40544-021-0547-8

	Introduction 
	Materials and Methods 
	Results 
	Compositon and Structure Analysis of Carbon Films 
	Fretting Wear Behaviors of Carbon Film-Coated Archwires 

	Discussion 
	SEM–EDX Mapping Analysis of the Wear Scars 
	Specific Wear Rate of the GSEC Film-Coated Archwires 
	Friction and Wear Mechanisms of the GSEC Film-Coated Archwires 

	Conclusions 
	References

