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The effect of nonthermal plasma on the surface characteristics of commercially pure titanium (cp-Ti), and on the
shear bond strength between an autopolymerizing acrylic resin and cp-Ti was investigated. A total of 96 discs of
cp-Ti were distributed into four groups (n = 24): Po (no surface treatment), SB (sandblasting), Po + NTP and
SB+NTP (methane plasma). Surface characterizationwas performed through surface energy, surface roughness,
scanning microscopy, energy dispersive spectroscopy, and X-ray diffraction tests. Shear bond strength test was
conducted immediately and after thermocycling. Surface treatment affected the surface energy and roughness
of cp-Ti discs (P b .001). SEM–EDS showed the presence of the carbide thin film. XRD spectra revealed no crystal-
line phase changes. The SB + NTP group showed the highest bond strength values (6.76 ± 0.70 MPa).
Thermocycling reduced the bond strength of the acrylic resin/cp-Ti interface (P b .05), except for Po group.
NTP is an effective treatment option for improving the shear bond strength between both materials.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Acrylic resins — polymers based on polymethylmethacrylate
(PMMA) — are widely used as a superstructure material for implant-
supported fixed dentures [1,2] because of their similarity to oral soft tis-
sues, low cost, biocompatibility, easy handling [3,4], and its assumed
“cushion effect” onmasticatory loadings to the peri-implant hard tissue
[1,5]. Despite these advantages, denture durability might be affected by
the adhesion of PMMA to the metal framework [6]. Frameworks of
implant-supported fixed dentures are mainly fabricated with commer-
cially pure titanium (cp-Ti) due to advances in the casting procedures
[7] and the favorable properties such resistance to corrosion, biocom-
patibility and relatively low cost [3].

In vitro studies show that acrylic resins have poor bonding to metal
alloys [3,6–10]. Failure at the metal-resin interface may lead to signifi-
cant clinical complications [3,7,10]. In general, the failures are adhesive
in nature and allow the micro-leakage of oral fluids, microorganisms
and oral debris [3,7,8], resulting in biodegradation of the PMMAmateri-
al [4]. As a consequence, the strength of this bonding, which is relatively
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low, decreases, and fractures of the resin material may occur [8]. This
might be the major factor that is responsible for the high incidence
(from 43.75% to 66.6%) of resin superstructure fractures (most common
clinical problem) and prosthesis maintenance after 15 years of follow
up [11,12].

The use of autopolymerizing acrylic resins is considered to be an
economical and non-time-consuming method for performing repairs
of dentures with PMMA-based materials as superstructures [6,9,10].
However, the resin-metal interface may not be durable because the
strength of this chemical bonding decreases (≈60%) in the short-term
[6]. Therefore, developing treatments to improve the bonding of resins
to metal alloys has been the goal of some studies [3,7,8].

Several methods for improving the bonding between acrylic resin
superstructures and metal frameworks have been proposed [6–8,10];
sandblasting with aluminum oxide particles (Al2O3) is one of the most
effective methods for increasing the bond strength between these two
materials [8]. In addition, some studies have used nonthermal plasma
(NTP) treatments to improve the bonding values in dental ceramics;
these treatments are considered an alternative solution for the clinical
problems related to adhesion [13–17]. The plasma technique may in-
crease the adhesion of a substrate to newmolecules through improving
its wettability by inducing strong chemical bonds and new chemically
reactive sites [13–17]. NTP treatments are widely used in industry [18,
19], and a previous study demonstrated that the plasma created by
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methane gas (CH4) associated with ion bombing through high-energy
electro-pulses has a satisfactory result for improving the contact angle
and free surface energy of some metals (Ti and Ti–6Al–4V alloy) and
polymers (Teflon, silicone rubber, nylon, polyvinyl-chloride and poly-
urethane) used in biomedical devices [17]. Moreover, it has been
shown that high-energy electro-pulsing treatment also improves the
mechanical properties of Ti–6Al–4V (i.e. ductility and strength-
toughness), as well as its corrosion behavior [20,21].

Because the CH4 plasmas might improve the Ti wettability, it is
assumed that they might be used to improve the adhesion between
this material and other materials. However, to the best of the author's
knowledge, no study evaluated the NTP created by CH4 to improve
the chemical bonding of PMMA to cp-Ti. Artificial aging through
thermocycling is necessary for evaluating the performance of an adhe-
sive interface because this condition affects the bond strength of two
different materials and is considered a clinically relevant aging parame-
ter [22,23]. Thus, the aims of this studywere as follows: (1) to character-
ize the surface of cp-Ti discs with or without NTP treatment based on
surface energy, scanning electronic microscopy associated with energy
dispersive spectroscopy (SEM–EDS), and X-ray diffraction (XRD) analy-
ses; and (2) to evaluate whether the NTP treatment improves the shear
bond strength between an autopolymerizing acrylic resin and cp-Ti be-
fore and after thermocycling. The tested hypotheses were that the NTP
treatment would modify the surface characteristics of cp-Ti and would
improve the shear bond strength between PMMA and cp-Ti.

2. Materials and methods

2.1. Experimental design

The materials used in the present study are listed in Table 1. A total
of 96 discs of cp-Ti (8 mm in diameter × 2 mm in thickness) that were
grade IV according to the American Society for Testing Materials
(ASTM) were obtained (Conexão Sistemas de Prótese Ltd., Arujá, SP,
Brazil). The discs were randomly divided into 4 groups (n = 24) as
follows:

• Po group = control; no surface treatment was conducted.
• SB group = sandblasting with aluminum oxide particles (Al2O3).
• NTP group = nonthermal plasma treatment.
• SB + NTP group = sandblasting with Al2O3 + nonthermal plasma
treatment.

The cp-Ti discs were positioned in the center of cylinder cups
(SamplKups; Buheler, Lake Bluff, IL, USA) and embedded in an
autopolymerizing acrylic resin (JET, Classico, Sao Paulo, SP, Brazil).
After acrylic resin polymerization, the embedded cp-Ti discs were se-
quentially polished with 320-, 400- and 600-grit abrasive papers
(CarbiMet 2; Buehler, Lake Bluff, IL, USA) with constant water irrigation
in a semi-automatic polishing machine (Aropol 2V; Arotec, Cotia, SP,
Brazil). Then, the cp-Ti discs from the SB and SB + NTP groups (n =
48) were sandblasted with 120 μm particles of Al2O3 (Polidental
Industria Comercio Ltd., Cotia, SP, Brazil) deposited from a 50 mm dis-
tance with 90° of angulation using 0.45 MPa bar pressure for 30 s [24].
The cp-Ti discs were then cleaned with alternate ultrasonic baths in
Table 1
Materials used for the present study.

Material (identification) Composition (in % of weight)

Commercially pure titanium (cp-Ti) (grade IV) 0.03 N, 0.1 C, 0.0125 H, 0.3 Fe, 0.25 O,
Autopolymerizing acrylic resin (JET) Powder: methyl ethyl methacrylate co

(medium pink hue), peroxide
Liquid: methyl methacrylate monome

Methane (CH4) 100% methane vapor
Argon (Ar) 100% argon vapor
deionized water (1 min), 99.3% ethyl alcohol (5 min), and again in de-
ionized water (1 min) to remove the smear layer from the specimen
surface [14].

2.2. NTP treatment

The cp-Ti discs from theNTP and SB+NTP groupswere subjected to
NTP treatment. Plasma treatmentwas performed inside a stainless steel
chamber by using a custom-made reactor from the Technological Plas-
ma Laboratory (LaPTec; Sao Paulo State University — Engineering Col-
lege, Sorocaba, SP, Brazil) evacuated to a background pressure of
3.6 × 10−2 Torr. Before the CH4 plasma depositions, argon (Ar) gas
was admitted into the chamber and cleaning plasmas were prepared
at a radiofrequency of 13.56 MHz (70 W) applied in the sample-
holder for 600 s under a constantwork pressure of 1.67× 10−1 Torr. Im-
mediately after this cleaning procedure, Ar was stopped, and the cham-
ber was evacuated again to the background pressure. Then, the plasma
depositionswere prepared frommixtures of 92% of CH4 gas and 8% of Ar
at 13.56 MHz (70 W) applied in the superior electrode for 600 s under
1.67 × 10−1 Torr. The plasmas were created with the ion implantation
and deposition by immersion in plasmas (IIDIP) technique using the fol-
lowing conditions: 3.12 kV, 299 Hz, 25 μs and 0.75% of working cycle. In
IIDIP, high pulses of negative tension are applied in the sample-holder
so that ions are accelerated and implanted (ionic bombing) on the sur-
face and subsurface of the cp-Ti discs, creating thin-filmswith improved
mechanical and tribological properties. The cp-Ti discs were removed
from the stainless glass chamber at a temperature of 33 °C, thereby pre-
serving the surface integrity.

2.3. Surface energy

Three cp-Ti discs from each group were subjected to surface energy
analysis using a goniometer (Ramé-Hart 100–00; Ramé-Hart Instru-
ment Co., Succasuanna, NJ, USA). A 0.5-μL drop of deionized water
(polar component) and diiodomethane (dispersive component) was
dropped through a 50-μL glass syringe. The contact anglewas calculated
by means of the Young equation: γsv = γsl + γlv cos ϴ; where ϴ is the
contact angle and g is the surface energy of the solid–vapor (sv),
solid–liquid (sl) and liquid–vapor (lv) interfaces. The surface energy
was calculated using the Owens–Wendt–Rabel–Kaelble method. The
relationship between the contact angle and the surface energywas eval-
uated using the formula γL = γDL + γPL, where γL is the total surface
energy, γDL is the dispersive (apolar) component and γPL is the polar
component. Ten measurements were performed per disc (n = 100
total readings).

2.4. Surface roughness

Surface roughnesswasmeasuredwith a profilometer (DektakD150;
Veeco, Plainview, NY, USA). Three discs from each experimental group
were used for the roughness test. The Ra (arithmetic mean of surface
roughness), Rq (root-mean-square roughness), Rz (height between
the maximum and minimum profiles over evaluation length), and Rt
(vertical distance between the highest peak and the deepest pit) values
were obtained by using a cutoff of 500 μm for 12 s. Three readings were
taken: 1 at the center of the specimen and 2 parallel readings to the
Batch number Manufacturer

balance Ti 142440 Conexao Sistemas de Protese Ltd.
polymer, organic pigments

r, dimethacrylate

015070 Classico

USLY001027 White Martins
15116/12 White Martins
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right and left of center. Then, the average was calculated. Initial results
were obtained in angstroms and converted to micrometers (μm).

2.5. SEM–EDS

One cp-Ti disc from each group was submitted to SEM (JSM 610LA;
JEOL, Tokyo, Japan). Discs were gold-sputtered at the moment of the
reading. Images were captured at 3.000×, magnifications. Simulta-
neously, the same disc that was used for the SEM analysis was submit-
ted to elemental chemical composition analysis at the order of 1 μm3

(cubic micrometer) through EDS. The goal of EDS was to characterize
the principal chemical elements of the disc surface before and immedi-
ately after NTP treatment. The configurations used for EDS analysiswere
as follows: 3 kV of accelerated voltage, working distance (WD) of 9 mm
and a spot size (SS) of 75.

2.6. Analysis of crystal structure

The same cp-Ti disc used for the SEM–EDS analysis was used to char-
acterize the crystal structure of the tested Ti discs using a high-
resolution X-ray diffractometer (Panalytical X'Pert Powder; PANalytical,
Almelo, Overijssel, Netherlands). The crystal structure was measured
using Cu Ka radiation at 45 kV and 40 mA. The spectrum was recorded
from 20 to 90° with an incident angle of 5° and a scan speed of 0.01°
per second.

2.7. Shear bond strength test

Eighty cp-Ti discs were subjected to the shear bond strength test.
Thus, a silicone mold (Zetalabor; Zhermack S.p.A., Sao Paulo, SP,
Brazil) with a perforation in its center (5 mm in diameter and 2.5 mm
in depth) was used to pour the tested autopolymerizing acrylic resin.
The siliconemoldwas fixed to the embedded cp-Ti disc with a cyanoac-
rylate adhesive (Super Bonder; LoctiteHenkel Ltd., Sao Paulo, SP, Brazil).
The tested autopolymerizing acrylic resinwasmanipulated according to
the manufacturer's instructions (1.097 g/0.5 mL of mixing ratio). Then,
the resin was poured directly into the perforation of the silicone mold.
This assembly was pressure-cured under 245 kPa for patronization of
the surface contact area until complete polymerization of acrylic resin
was achieved. Then, the silicone mold was carefully removed [25,26].

The shear bond test was performed on a Universal testing machine
(Instron Model 4400 Universal Testing System; Instron Corporation,
Norwood, MA, USA) at a cross-head speed of 1 mm/min [23,24]. The
load at fracturewas recorded inMPa. Half of the cp-Ti discs were imme-
diately used for shear bond strength test. The other half of the cp-Ti
discs were subjected to thermocycling in alternate baths of 5 ± 1 °C
Fig. 1.Main polar and dispersive components of Po, Po + NTP, SB and SB + NTP grou
and 55 ± 1 °C for 30 s per bath (1 cycle) until 2000 cycles prior to the
shear bond strength test. All cp-Ti discs were stored in distilled water
for 50 h prior the shear bond strength test.

2.8. Analysis of bonding failure

The pattern of bonding failure between the autopolymerizing acrylic
resin and the cp-Ti discs was evaluated through scanningmicroscopy of
10× magnifications. The failure pattern was quantified and classified
into three categories: adhesive, the failure at the cp-Ti/acrylic resin
interface; cohesive, the failure within the acrylic resin; and mixed, the
adhesive–cohesive failure. Representative images of each group were
obtained with the same magnifications mentioned above.

2.9. Statistical analysis

Data on the surface energy and surface roughnesswere examined by
one-way analysis of variance (ANOVA) (factor:surface). Data on the
shear bond strength were analyzed by two-way ANOVA (factor 1:sur-
face; factor 2:thermocycling). Tukey HSD test was used to compare
the mean values among the groups. T-test was used to compare the
shear bond strength value before and after thermocycling within the
group (α = .05) (SPSS version 20.0 — Statistical Package for the Social
Sciences, IBM Corp, Armonk, NY, USA). With 10 samples per group in
the shear bond strength test, a large size effect was obtained: Partial
Eta Squared F(3,69)= 160.037, P b .0001,Ƞp

2 = .874. and Cohen's effect
size d = 10.51, effect size r = .982.

3. Results

3.1. Surface characterization

The one-way ANOVA results indicated that the surface treatment
significantly affected the surface energy of the cp-Ti discs (F = 71.378
and P b .001). Fig. 1 displays the polar and dispersive components of
the groups, before and after NTP treatment. There was an increase of
both components for the Po + NTP group whereas those components
were slightly decreased in the SB + NTP group. However, there was
no significant difference between the groups (P N .05). There was a sig-
nificant difference only between the Po and SB groups (P b .001). Repre-
sentative images of the water contact angle were displayed in Fig. 2,
indicating a reduction to 0° after NTP treatment only for the Po + NTP
group.

Moreover, the one-way ANOVA for surface roughness indicated that
the surface treatment factor significantly affected the Ra (F = 61.241
and P b .001), Rq (F = 38.726 and P b .001), Rt (F = 30.728 and
ps. Different letters represent significant differences (P b 0.001, Tukey HSD test).



Fig. 2.Water contact angle of Po (A), Po+NTP (B), SB (C), and SB+NTP (D) groups. Contact angles of dropwith cp-Ti surfacewere 65° and 43° for non-treated groups and approximately
0° and 20° for nonthermal plasma groups.

40 A.J. Vechiato-Filho et al. / Materials Science and Engineering C 60 (2016) 37–44
P b .001) and Rz (F = 70.422 and P b .001) parameters. However, there
was no significant difference between the Po and Po + NTP groups re-
garding all of the tested parameters (Fig. 3). The cp-Ti discs from SB
and SB + NTP group showed the greatest surface roughness values
(P b .05).

SEM–EDS images are displayed in Fig. 4. The cp-Ti disc from the Po
group showed a homogenous surface and high amounts of titanium
(Ti) with the presence of carbon (C). The surface of the disc from the
SB group was almost entirely modified by the sandblasting, which dis-
plays an irregular deep and coarse surface. In addition, EDS graphics dis-
play a decrease in the amount of Ti and thepresence of aluminum (Al), C
and oxygen (O) for the SB group. The disc from the SB + NTP group
showed a reduction in the surface irregularities after the NTP treatment.
The EDS analysis showed the presence of C and nitrogen (N) for all of
the treated cp-Ti discs. Discs subjected to the NTP treatment showed
lower levels of Ti and higher levels of O than the other groups. More-
over, EDS revealed the presence of additional elements such as sodium
(Na) and fluorine (F). For the NTP treated groups, the carbide thin film
Fig. 3. Main surface roughness (Ra, Rq, Rt and Rz) of groups. Asterisks (*,**
was absent from cracks, adhered to the cp-Ti surface, and showed no
discontinuity.

Fig. 5 displayed the XRD spectra. No new peaks were detected in any
of the experimental groups. The peak changes observed in the SB and
SB + NTP groups occurred because of the minerals from the blasting
powder particles. The deposited carbide thin film was amorphous be-
cause no characteristic peaks were observed in the XRD analysis.

3.2. Shear bond strength

For the shear bond strength, two-way ANOVA revealed a significant
difference for surface (df = 3, F = 467.385, P b .001), thermocycling
(df = 1, F = 77.149, P b .001) and their interaction (df = 3, F =
15.430, P b .001). Table 2 displays the means and standard deviations
of the shear bond strength values for the groups. NTP treatment signif-
icantly increased the shear bond strength values of polished and
sandblasted cp-Ti discs both before and after thermocycling (P b .05).
SB + NTP exhibited the greatest shear bond strength value (P b .05).
and ***) represent significant differences (P b 0.001, Tukey HSD test).
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Thermocycling significantly reduced the shear bond strength of all of
the groups (P b .05) except for the Po group (P N .05).

Failures modes of all the groups are shown in Table 2. An increase in
mixed failures after NTP treatment for the Po + NTP (30%) and
SB + NTP groups (70%) was noted. However, there was a decrease of
this type of failure mode for both groups (17% and 40%, respectively)
after thermocycling. Even after thermocycling, both groups exhibited a
Fig. 4. Representative scanning electronmicroscopy images (original magnification at 3000×, b
(B), Po + NTP (C) and SB + NTP (D) groups.
higher number of mixed failures in comparison to the Po and SB groups.
Representative SEM images of failure modes are displayed in Fig. 6.

4. Discussion

The tested hypotheses of the present study were accepted once the
NTP treatment modified the surface characteristics of cp-Ti and
ar= 5 μm, 3 kV,WD= 10mm) and energy-dispersive spectroscopy analysis of Po (A), SB



42 A.J. Vechiato-Filho et al. / Materials Science and Engineering C 60 (2016) 37–44
improved the shear bond strength of the tested acrylic resin to cp-Ti, be-
fore and after the thermocycling challenge.
Fig. 5. XRD patterns of Po (A), Po + NTP (B), SB (C) and SB + NTP (D) groups. Note that
NTP treatment did not alter the crystalline structure of cp-Ti and did not deposit a crystal-
line layer (characterizing a nonthermal plasma).
4.1. Surface characterization

The deposition of the CH4 (carbide-based) thin film was respon-
sible for the reduction in the water contact angle on the surface of
the Po + NTP group [14,15]. Probably, the IIDIP plasma deposition
technique, in which ions from the plasma generation are accelerated
by a negative potential (sample-holder) and implanted by bombing
in the cp-Ti surface creates a surface with high energy potential and
might be responsible for this dramatic reduction in the water con-
tact angles [17]. However, once the determination of the surface en-
ergy requires angles to be at least 10°, the values used for this
calculation will be higher than those presented in Fig. 2(C) [14].
The water contact angle was not reduced for the SB and SB + NTP
groups. Some authors propose that the sandblasting procedure
with ≈120 μm particles of Al2O3 produces a net negative charge
on the cp-Ti surface because the blasting of the powder particles
might remove the oxide layer (TiO2) and create a slight hydropho-
bicity pattern on the cp-Ti surface. This fact explains the non-
reduction of the water drops even after the NTP treatment [27–29].

The gritting effect from the sandblasting procedure also induces
surface damage by removing portions of the external layer of the
cp-Ti surface [3,27], which is responsible for the highest values for
cp-Ti roughness in the SB group compared to the other groups. More-
over, the sandblasting procedure promoted the highest surface ener-
gy values for the SB and SB + NTP groups compared to the other
groups. In fact, the irregularities on the Ti surface were filled with
water droplets (polar component of the Owens–Wendt equation)
[14,15,30], reducing the surface contact angle and increasing the sur-
face energy values. Furthermore, the Al2O3 particles increased the
surface contact area by promoting better surface wettability, which
is also determined by the roughness (dispersive component of the
Owens–Wendt equation) [15]. The association of both factors may
be the driving force toward higher surface energy results in the
sandblasted groups than the other groups, even with water contact
angles more than 0°.

However, the lower surface roughness in the SB + NTP group
compared to the SB groupmight be explained by the thin film depos-
ited on the cp-Ti surface, which sealed the irregularities created by
the sandblasting procedure [14]. This fact also justifies the slight re-
duction in the surface energy of the SB+ NTP group because the CH4

thin film might have decreased the wettability, not only because of
the reduced surface roughness but also because of the smaller irreg-
ularities on the cp-Ti surface, which are filled with smaller amounts
of water [30]. Such affirmation is consistent with the SEM images
where the NTP treatment sealed some of the irregularities created
by the sandblasting procedure on the cp-Ti surface. Moreover, a re-
duction in the Ti levels and an increase in the C content indicate
that the carbide-based thin film deposition was effective. The pres-
ence of O and N elements is most likely due to adsorption from the
residual atmosphere because Ti is a strong getter [17]. The presence
of F might be confused for the iron (Fe) element by the EDS tester
and is most likely incorporated on the Ti surface during the treat-
ment as a consequence of the plasma interactions with the glass
chamber and metallic parts [31]. In addition, the Na may represent
some impurity. Thus, these two elements were disregarded from
the data analysis.

No alteration in the crystalline phase of the cp-Ti surface of the ex-
perimental groupswas noted. The NTP treatment applied in the present
study showed no phase transformation andwas considered amorphous.
The amorphous nature of the deposited thin film is a result of the low
temperature of the deposition process [32], so that no thermal stress
on the Ti material was created. Thus, the NTP treatment is assumed to
not induce a corrosion process on the Ti material because thermal fluc-
tuations also play a role in this process [33,34].
4.2. Shear bond strength

In this study, thermocycling was used to verify the quality and
durability of the tested surface treatments. Artificial aging allows
the water penetration at the resin-metal interface [3,8,9] and also in-
duces stress in the acrylic resins [4], which decreases the bond
strength. The physical and the chemical alterations created by
sandblasting and/or the NTP treatment might be one of the factors
that are responsible for the higher bond strength results in the
Po + NTP, SB and SB + NTP groups. Thus, it can be assumed that
the NTP treatment achieved bond quality because the Po + NTP
and the SB + NTP groups showed the highest shear bond strength
values after the thermocycling. These results might be obtained be-
cause carbide-based thin film have unsaturated C–C bonds and addi-
tional functional groups (C–O, C–OH) that establish strongly stable
secondary chemical reactions with the polymeric chains of the acryl-
ic material, resulting in a resin-metal interface that is resistant to the
hydrolysis of water [14,15,17]. This fact also explains the increase in
the percentage of mixed failure in the Po + NTP and SB + NTP
groups.

In spite NTP resulted in higher bond strength results, the groups
subjected to such experimental treatment do not show a clinically
acceptable strength (10 MPa) [35]. However, the extrapolation of
such value to the clinical situation should be performed with caution
since the bond strength could be enhanced by surface imperfections
such as grooves created by sandblasting or retentive features that are
performed on the metallic infrastructure of full-arch implant-
retained prostheses. Regardless these conflicting results, our bond
strength results are similar to other published data [36–38]. More-
over, the carbon coating we tested is known to be useful for other
goals, such as improving osteoblasts adhesion [39,40]. To the best
of the author's knowledge, this is the first approaching for enhancing
the adhesion between metallic substrates and acrylics by using the-
ses thin-films.

The present study had some limitations, including the analysis of
only one type of acrylic resin among all the different types and
brands available on the market. However, the results suggest that
the experimental treatment might produce promising results with
the other types of acrylics because autopolymerizing acrylic resins



Table 2
Means and standard deviations of the shear bond strength (in MPa) and failure mode of groups.

Group Initial Shear bond strength (MPa) Failure pattern

Failure pattern After thermocycling

Po 0.29 (0.14)Aa 100% adhesive 0.20 (0.07)Aa 100% adhesive
Po + NTP 1.21 (0.26)Ba 70% adhesive

30% mixed
0.77 (0.09)Bb 83% adhesive

17% mixed
SB 5.58 (0.78)Ca 90% adhesive

10% mixed
3.79 (0.80)Cb 90% adhesive

10% mixed
SB + NTP 6.76 (0.70)Da 30% adhesive

70% mixed
4.68 (0.40)Db 45% adhesive

55% mixed

Statistically significant differences between groups are indicated by different superscript uppercase letters (within column) and between periods by different superscript lowercase letters
(within row).
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are less ideal than the thermopolymerizing acrylic resins (by heat of
microwave energy). Moreover, the EDS analysis was conducted only
in one cp-Ti disc. Therefore, further investigations are warranted to
validate this finding. The artificial aging profile was implemented
Fig. 6. Representative SEM micrographs of adhesive failure mode (A) and mixed failu
to evaluate the long-term durability, stability, and hydrolytic degra-
dation of the resin-metal bonding interface, and it might be an ad-
vantage compared to other studies that evaluate only the 24-h
storage adhesion [22].
re mode (B). Original magnification at 10×, bar = 2 mm, 15 kV, WD= 41 mm.
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5. Conclusion

Within the limitations of this in vitro study, the following conclu-
sions were drawn:

1. NTP treatment with CH4 plasma enhanced the surface energy of the
cp-Ti surface, did not alter the surface roughness, and the carbide
thin film deposited showed a homogenous pattern with increased
C and O amounts.

2. NTP treatment improved the shear bond strength of the
autopolymerizing acrylic resin to the cp-Ti material, even after the
thermocycling challenge. Thus, it might be a solution for the
debonding of the superstructure material of the implant-supported
fixed dentures.
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