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Abstract: Removable dental prostheses are commonly fabricated using polymethylmethacrylate, a
material that does not have favorable mechanical properties and needs reinforcement with particles
such as graphene. The aim of this study was to evaluate the flexural strength (FS) and Vickers
microhardness of a heat-polymerized polymethylmethacrylate coated with graphene-doped stannic
oxide (SnOy) thin films using a thermionic vacuum arc method after thermocycling. Forty bar-shaped
specimens (65 x 10 x 3 mm) were fabricated using a heat-polymerized denture base resin and
divided into four groups according to the graphene-doped SnO, thin film surface coating performed:
No-coat (uncoated), Coat-15 s (coating duration of 15 s), Coat-20 s (coating duration of 20 s), and
Coat-30 s (coating duration of 30 s) (1 = 10). The thermionic vacuum arc method was used to coat
both surfaces of the specimens of each test group with varying durations, and surface coating was
verified using Fourier Transform Infrared Spectroscopy. Specimens were subjected to 10,000 cycles of
thermocycling. Atomic force microscopy was used to evaluate the surfaces of all specimens before
and after thermocycling. Microhardness values were measured five times and averaged. Then, each
specimen was subjected to a three-point bending test, and FS values were calculated. Data were
analyzed using one-way analysis of variance and Bonferroni tests (x = 0.05). Differences among
test groups were nonsignificant when FS data were considered (p = 0.605). However, significant
differences were observed among test groups when Vickers microhardness data were considered
(p < 0.001). Coat-30 s had the highest hardness (p < 0.003), while the difference among remaining
groups were nonsignificant (p > 0.166). Graphene-doped SnO, thin film surface coatings did not
significantly affect the FS of tested heat-polymerized denture base resin but increased the Vickers
microhardness when the coating duration was 30 s.

Keywords: graphene; flexural strength; microhardness; thermionic vacuum

1. Introduction

Polymethylmethacrylate (PMMA) has been the preferred material for the fabrication
of complete dentures [1,2] due to its biocompatibility, low cost, polishability, and ease of
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processing and repair [3-6]. However, PMMA has low flexural strength (FS), hardness,
toughness, and elastic modulus [7]. Thus, PMMA is susceptible to fracture [8], which can
compromise its clinical success [9]. Advancements in computer-aided design and computer-
aided manufacturing (CAD-CAM) technologies have facilitated the fabrication of denture
bases as an alternative to conventional heat-polymerized PMMA [3]. Subtractively manu-
factured, prepolymerized PMMA disks were shown to have higher mechanical properties
compared with conventional heat-polymerized PMMA considering their standardized and
controlled polymerization, performed under high temperature and pressure [4,5]. However,
the implementation of CAD-CAM technologies might not be suitable for every clinician
or dental technician considering the costs related to milling units, auxiliary equipment,
CAD-CAM disks, and maintenance.

Enhancing the mechanical properties of denture base resins has become a subject
of interest over the years [7], and various methods for their improvement have been
suggested [8]. However, developments in nanotechnology have enabled the use of nano-
sized particles, tubes, and fibers as reinforcement phases for denture base materials [10,11].
Graphene, which is a crystalline form of carbon [12] and has an arrangement in a honey-
comb pattern [13] that increases its surface area [1], has been incorporated as a reinforcement
phase in polymers, including PMMA [14]. A recent study has also concluded that graphene-
reinforced, prepolymerized PMMA had higher FS and microhardness than prepolymerized
PMMA before and after thermocycling [15].

The thermionic vacuum arc (TVA) method is a physical vapor deposition technique
that has a reduced carbon footprint, requires no precursor or buffer gases such as argon [16],
and has been used for homogenous thin film deposition [17]. This method allows the
deposition of materials in solid, liquid, and gas form [18]. A recent study introduced
TVA for the production of graphene-doped stannous (SnO) and stannic oxide (SnO,)
thin films [19]. SnO; is an antibacterial material [20,21] that has high stability, high ox-
idation potential, and corrosion resistance [22-24]. Thus, coating PMMA surfaces with
graphene-doped SnO; may combine the advantages of graphene and SnO,, decreasing the
possibility of infections in the long-term and improving the mechanical properties of the
material, such as surface hardness. Previous studies evaluating the effect of graphene on the
properties of denture base resins investigated either prepolymerized graphene-reinforced
denture base resins [12-15] or conventional denture base resins enriched with graphene
nanoparticles [25-27]. However, to the authors” knowledge, the effect of graphene-doped
SnO; coatings on the mechanical properties of denture base resins has not been investigated
yet. Therefore, the purpose of the present study was to evaluate the effect of graphene-
doped SnO; (SnO;-graphene) thin film coatings on the flexural strength (FS) and Vickers
hardness of a heat-polymerized denture base resin depending on the duration of the TVA
process. The first hypothesis was that the duration of the TVA process would affect the FS,
and the second hypothesis was that that the duration of the TVA process would affect the
Vickers microhardness of heat-polymerized denture base resin after thermocycling.

2. Materials and Methods
2.1. Specimen Preparation

A total of 40 bar-shaped specimens (65 x 10 x 3 mm) were fabricated using a heat-
polymerized denture base resin (High Quality Heat Cure Denture Base Acrylic Resin;
PYRAX, Roorkee, India). Specimens were polished with grit silicon carbide abrasive papers
(#800-#4000, 3M ESPE, St Paul, MN, USA) under running water using a polishing machine
(Gripo 2V; Metkon, Bursa, Turkey). All specimens were then ultrasonically cleaned in
distilled water for 15 min and air dried. Digital calipers (Absolute Digimatic; Mitutoyo,
Tokyo, Japan) were used to measure the dimensions to ensure a uniform final thickness.
Specimens were randomly divided into 4 groups using the randomization function of
a software (Excel; Microsoft, Seattle, WA, USA) according to surface coating procedure
(n =10). The number of specimens in each group was determined based on a power
analysis with effect size f =0.42,a=0.05,and 1 — 3 =0.8.
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2.2. TVA Application

The TVA system consisted of a short -distance electron gun, which is a 10-mm long
Wehnelt cylinder with a tungsten filament that acts as the cathode and a tungsten evap-
oration crucible, which is the anode. Graphene flakes were mixed with SnO, powder
with a ratio of 5% to 95% and pressed into pellets prior to deposition, which prevented
flakes from being vacuumed during the TVA process. These pellets were placed onto the
anode crucible. After the inner pressure of the vacuum chamber reached to 9 x 1073 torr,
an alternating current with a magnitude of 20 A was applied to the tungsten filament of
the cathode. This current led to the emission of electrons from the filament, which were
attracted by the direct current of 600 V applied to the anode. These electrons heated the
pellets and increased their evaporation rate. Combined with the increasing inner chamber
pressure, the evaporated material converted to plasma, which deposited onto the specimen
placed in the chamber (Figure 1). Simultaneously, the applied voltage was dropped to 0 V
and the discharge currents was increased to 0.6 A. The duration of the TVA process was an
adjustable parameter, and its value was adjusted to 15, 20, and 30 s. The duration of the
TVA process is critical, as longer durations may convert graphene into graphite [28]. Both
sides of the samples were coated, and the thickness of the coating was approximately 20 nm
given the short duration of the TVA process. The control group (No-coat) was left uncoated.

vacuum
vessel

W filament accelerated

~ electrons ) o0®
" a o0
¥
2 00,
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Wehnelt Sn0; @ °oraphene

anode boat

Figure 1. Thermionic vacuum arc system and its schematic design.

Surface coating of the TVA-treated groups were evaluated using Fourier Transform
Infrared Spectroscopy (FTIR) and Raman spectroscopy. For FTIR analysis, a total of 32 scans
at 4 cm~! were obtained from each specimen between 400 and 4000 cm ™!, and all mea-
surements were recorded in attenuated total reflectance mode. All groups other than
no-coat had a perceivable peak at 3400.18 cm !, which corresponded to the FTIR spectra
and confirmed graphene deposition on specimen surfaces (Figure 2). Graphene peaks at
room temperature were evaluated using a Raman microscope (inVia Raman microscope;
Renishaw, Gloucestershire, UK) with a 735-nm laser. Atomic force microscopy (AFM,
Q-Scope 400; Ambios Technology, Santa Cruz, CA, USA) was used to evaluate the surface
topography of all groups. The gold-doped silicon cantilever of the AFM had a radius
smaller than 35 nm, and all images were taken at room temperature. Scanning frequency
was adjusted to 3 Hz and cantilever frequency was adjusted to 190 kHz. Specimens were
then subjected to 10,000 thermal cycles (SD Mechatronic Thermocycler; SD Mechatronic
GmbH, Feldkirchen-Westerham, Germany) at 5-55 °C with a dwell time of 30 s and a
transfer time of 10 s [13,29]. After thermocycling, AFM evaluations were repeated. Field
emission scanning electron microscopy (FESEM) images of one specimen from each group
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were also taken at 10 kV and x10,000 magnification before and after thermocycling for
surface characterization (Regulus 8230; Hitachi, Tokyo, Japan).
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Figure 2. Fourier Infrared Transform Spectroscopy analysis of graphene-coated groups (blue arrow
indicates transmittance peak of graphene).

2.3. Microhardness and 3-Point Flexural Strength Tests

Microhardness values of the specimens were measured 5 times, which were then
averaged, by applying 25 gf for 30 s with a Vickers hardness tester (Fischerscope HM2000;
Helmut-Fischer, Sindelfingen, Germany) [15]. For the 3-point bending test, the samples
were placed horizontally on 2 stainless-steel supports that were 50 mm apart. The load was
applied to the midpoint of the sample using a 5 kN load cell with a blunt-round end tip
(@ 2 mm) at a crosshead speed of 5 mm/min using a universal testing machine (Instron;
Instron Corp, Canton, MA, USA) [30]. The maximum load at fracture was noted and FS
of each specimen was calculated. Figure 3 illustrates the 3-point bending test and the
formula used for calculations [8]. High-energy coatings, such as TVA, are based on ion
implantation that leads to the doping of materials that are nano-level thin. Thus, this layer
is not treated as a secondary material during the 3-point bending test, which is performed
on a macro level, and the equation was taken from classical mechanics of materials to
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test the flexural strength of specimens with rectangular cross-sections. Nevertheless, the
thickness of SnO;-graphene-coated groups were measured prior to 3-point bending test
using the same digital caliper to ensure standardized thickness among groups.

3-Point Flexure Test . gF[  F=fore

b = width of the specimen

- L = span distance
2bd2 d = heigth of the specimen

Loading Pin

Supporting Pins
Figure 3. Schematic design of 3-point bending test.

2.4. Statistical Analysis

Shapiro-Wilk test was used to evaluate the normality of data. FS and Vickers micro-
hardness values were analyzed using 1-way analysis of variance (ANOVA) and Bonferroni
tests. All statistical analyses were performed using statistical software (SPSS v22.0; IBM
Corp, Armonk, NY, USA) at a significance level of o = 0.05.

3. Results

Descriptive statistics of FS values are given in Table 1. According to 1-way ANOVA, the
differences among the FS values of test groups were nonsignificant (df = 3, F = 0.622, p = 0.605).

Table 1. Mean +standard deviation flexural strength and Vickers microhardness values.

Flexural Strength (MPa) Vickers Microhardness (HV)

No-coat 68.1+18.62 31.24+10¢%

Coat-15 s 628 +17.12 409 £1232
Coat-20 s 639 +14.72 331+73%
Coat-30 s 716 £14°% 57.9 +10.4°

Different superscript letters in columns show significant differences (p < 0.05).

The descriptive statistics for Vickers hardness values are given in Table 1. There were
significant differences in hardness among test groups (df = 3, F = 14.326, p < 0.001). Coat-30 s
had the highest microhardness values (p < 0.003). However, no significant differences in
Vickers hardness values were observed among the remaining test groups (p > 0.166).

The surfaces of the specimens were rough and compact before thermocycling, while
cracks and deteriorated surfaces were visible after thermocycling (Figure 4). Grains of SnO,
and plates of graphene were clearly visible in the before-thermocycling FESEM images of
Coat-15 s, Coat-20 s, and Coat-30 s that cannot be seen in the images of the No-coat group.
Granules and voids were noticeable in the before-thermocycling FESEM images of No-coat
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along with a rough surface for each group, which could be associated with the fact that
no polishing was performed. When after-thermocycling FESEM images were evaluated,
lines that indicate separation within graphene plates were visible in Coat-15 s, Coat-20s,
and Coat-30 s, while the granules had accumulated into plates with voids between them
in No-coat (Figure 5). The Raman shift spectra of each group, which show the G-peaks
of graphene for coated groups, are given in Figure 6. G-peaks are relatively short in
comparison with the other peaks related to the tested PMMA.
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Figure 4. Representative atomic force microscopy images of each group before and after thermocycling.
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Figure 5. Representative FESEM images (x10,000) of one sample from each group before and after
thermocycling. (Blue arrows indicate the cracks on surface coating after thermocycling.)
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Figure 6. Representative Raman shift spectra of each group.

4. Discussion

The duration of the TVA process did not significantly affect the FS of the tested denture
base resin. Therefore, the first hypothesis was rejected. However, the second hypothesis
was accepted, as coating duration affected the Vickers hardness and Coat-30 s had the
highest Vickers hardness among the test groups.

A denture base material should have a minimum FS of 65 MPa for proper functioning
without irreversible deformation [2]. Even though there was no significant difference
among the test groups in terms of FS, No-coat and Coat-30 s had mean FS values that were
higher and Coat-15 s and Coat-20 s had mean FS values that were lower than the reported
threshold of 65 MPa. However, the authors think that Coat-20 s also had acceptable FS
values, given that a difference of 0.1 MPa may be clinically negligible. Considering these
findings, it may be speculated that TVA affects FS values, and SnO,-graphene thin film
coating by TVA should not last less than 20 s or even 30 s, when Vickers hardness values
were also considered. FESEM images of the SnO,-graphene-coated groups also support
this hypothesis, as increased duration was shown to lead to increased number of SnO,
grains and graphene plates. Nevertheless, this interpretation needs to be supported by
future studies using different durations of the TVA process.

Differences in the Vickers hardness between test groups may be related to the distri-
bution of SnO,-graphene on specimens’ surfaces. The FTIR graphs of all SnO;-graphene-
coated groups had a perceivable transmittance peak at 3400.18 cm~!; however, the graph
of Coat-30 s had a different trend than those of Coat-15 s and Coat-20 s after this peak
(Figure 2). While Coat-15 s and Coat-20 s had a noticeable increase in transmittance after the
peak at 3400.18 cm !, a plateau was formed in Coat-30 s, which suggests a more uniform
coating with SnO,-graphene [31]. This result can be interpreted as the SnO,-graphene
coating enhancing the resistance of the tested heat-polymerized PMMA to thermocycling,
which appears to be dependent of the duration of the TVA process. A smoother surface with
a lesser number of separation lines that are relatively superficial within graphene plates
was also visible in the after-thermocycling FESEM image of Coat-30 s when compared with
those of Coat-15 s and Coat-20 s (Figure 5).

The FSs of the tested specimens in the present study was considerably lower than
those reported in previous studies on graphene-reinforced PMMA [12,14,15]. Two of those
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previous studies [12,15] evaluated the FS of prepolymerized PMMA disks with and without
nanographene reinforcement. The authors have concluded that nanographene-reinforced
PMMA had significantly higher FS values, with a mean value ranging from 89.58 MPa [15]
to 113.03 Mpa [12]. In another study on mechanical properties of subtractively manu-
factured, nanographene-reinforced PMMAs in two different shades, it was also shown
that the mean FS values were 145.4 MPa and 151.3 MPa [14]. The industrial polymer-
ization process of nanographene-reinforced PMMA disks [2] may be associated with the
higher FS results reported in those studies [12,14] compared with those in the present
study, as this standardized fabrication process possibly leads to an equal distribution of
graphene throughout the disks rather than covering the most superficial layer, as observed
in the present study. However, those studies on the Vickers hardness of nanographene-
reinforced PMMA disks [14,15] have reported lower values than those in the present study;,
particularly compared to the groups with SnO,-graphene coating. It should be noted
that a direct comparison between the present study and those previous studies [14,15]
might be misleading because the specimens tested in the present study were fabricated
from a heat-polymerizing PMMA. Nevertheless, the SnO;-graphene coating tends to al-
ter surface characteristics such as hardness, as TVA is a surface coating method [18] and
graphene has strong chemical bonds between its own molecules that lead to high mechan-
ical stability [14]. Di Carlo et al.’s [12] and Cakmak et al.’s [15] studies also support this
hypothesis, as nanographene-reinforced PMMA disks were shown to have higher FSs than
prepolymerized PMMA disks. The SnO,-graphene coating of prepolymerized PMMA
may be a cost-effective alternative to using reinforced PMMA disks, particularly when the
duration and the ease of SnO,-graphene coating process is considered. In addition, the
prepolymerized PMMA disks can be costly and require the use of CAD-CAM tools, which
are costlier than the equipment utilized to coat conventional heat-polymerized PMMA.
However, a comparison between the mechanical properties of SnO;-graphene-coated pre-
polymerized PMMA and nanographene-reinforced PMMA is needed to corroborate this
hypothesis. Nevertheless, based on these interpretations, the SnO,-graphene coating of
nanographene-reinforced PMMA using TVA for at least 30 s may be an alternative combin-
ing the advantages of both reinforcement techniques. Future studies should investigate
various PMMA modification possibilities.

In the present study, denture base resins were coated with SnO;-graphene. Graphene
was the essential component of the coating for the parameters tested in the present study
due to its high mechanical stability along with its low cost [32]. However, the other com-
ponent, SnO;, which has already been tested in dental studies [22,33], has an antibacterial
effect that may be particularly efficient considering that denture base materials are prone
to deterioration and increased surface roughness due to intraoral stresses [15]. Because
increased surface roughness might lead to denture stomatitis, one of the most commonly
encountered complications for denture wearers [34], coating the denture bases with SnO;-
graphene using the TVS method may be a suitable alternative to increase the longevity
of removable dentures, as graphene was also reported to have antibacterial activity [35].
Trends in the surface roughness of the tested groups also support this hypothesis, as the
Coat-20 s and Coat-30 s samples had smoother surfaces after thermocycling than before ther-
mocycling, whereas thermocycling led to rougher surfaces for the other groups (Figure 4).
However, it should also be noted that Coat-20 s and Coat-30 s had rougher surfaces than
other groups before thermocycling. Even though the average roughness of the specimens
ranged between 40 nm and 160 nm in the present study, which is lower than the previously
reported threshold of 0.2 um for plaque accumulation [5], future in vivo studies on the
surface roughness and bacterial plaque accumulation of SnO;-graphene-coated denture
base materials are needed to substantiate this hypothesis.

The fact that only one type of denture base resin was used in the present study is a lim-
itation, and other denture base resins may lead to different results. In addition, only three
time intervals for TVA were tested, and different application durations and other TVA set-
tings may affect the results. Even though the surface topography of all groups was analyzed
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using FESEM and AFM analyses, the structure of the SnO;-graphene thin films was not
evaluated using further analyses such as transmission electron microscopy. Thermocycling
was performed using distilled water, and using a different medium, such as artificial saliva,
may better simulate clinical conditions. In addition, no qualitative fractographic analysis
was performed after the three-point bending test, and elaborating the fracture pattern of
the specimens may broaden the effect of the SnO,-graphene coating on heat-polymerized
PMMA. Finally, even though FESEM and AFM images were used to qualitatively assess
the surface topography of the specimens after thermocycling, the present study did not
quantitatively analyze the effect of thermocycling on a SnO,-graphene-coated denture base.
Therefore, future studies should investigate different properties of SnO;-graphene-coated
denture base resins in different materials and the same properties using different tests
with broadened TVA parameters to better comprehend the effect of this procedure on the
properties of the materials it is applied on.

5. Conclusions

The graphene-doped SnO; coating of heat-polymerized PMMA using the tested
thermionic vacuum arc method may be a suitable alternative to increase the longevity of
removable dentures, as the surface roughness of the surfaces with this coating is low and
graphene has been reported to have antibacterial activity.
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