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Abstract: The loosening or fracture of the prosthetic abutment screw is the most frequently reported
complication in implant dentistry. Thin diamond-like carbon (DLC) films offer a low friction coef-
ficient and high wear resistance, functioning as a solid lubricant to prevent the weakening of the
implant–abutment system. This study evaluated the effects of DLC nanofilms on the reverse torque
of prosthetic abutments after simulated chewing. Abutments with 8◦ and 11◦ taper connections, with
and without DLC or silver-doped DLC coatings, were tested. The films were deposited through
the plasma enhanced chemical vapor deposition process. After two million cycles of mechanical
loading, reverse torque was measured. Analyses with scanning electron microscopy were conducted
on three samples of each group before and after mechanical cycling to verify the adaptation of
the abutments. Tribology, Raman and energy-dispersive spectroscopy analyses were performed.
All groups showed a reduction in insertion torque, except the DLC-coated 8◦ abutments, which
demonstrated increased reverse torque. The 11◦ taper groups experienced the most torque loss. The
nanofilm had no significant effect on maintaining insertion torque, except for the DLC8 group, which
showed improved performance.

Keywords: dental implants; diamond-like carbon nanofilm; dental implant abutment
connection; torque

1. Introduction

The internal conical connections have been developed to improve the biomechanical
properties of implants [1] and to reduce the incidence of problems usually found in conven-
tional connections. Stability may vary according to the conicity degree, geometries, and
surface interface [2].

However, regardless of the connection type, screw-retained abutment systems present
a gap in the abutment–implant interface. This space allows for possible micro infiltra-
tion and bacterial colonization [3] and may be responsible for abutment micromovement,
leading to mechanical failures (loosening and fracture of the screw) [4] with consequent
preload loss.
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A screw system failure occurs in two stages. The first stage starts when external forces,
such as mastication, act on the system. At this point, screw threads slide over the implant’s
internal threads and/or wear out, causing thread height to diminish, consequently leading
to a loss of screw preload. The second stage occurs when the decrease in preload leads to
torque loss in the threads and, consequently, to loss of direct contact between the screw and
the implant’s internal threads [5].

The compression and preload amounts are determined by several variables. These
include the elasticity modulus of the materials used in the manufacturing of the fixing
screw and the parts to be attached to it, the coefficient of friction of sliding surfaces [6],
component adaptation, the lubrication system [7], applied torque and speed of application,
the head and screw threads geometry, and their superficial roughness [8].

Studies have shown that most of the screwing strength, when applied to prosthetic
screws, is lost due to the friction between micro-roughness and the metal surfaces, which
limits screw rotation [9,10].

The preload maintenance will depend, in part, on the accommodation effect (settling ef-
fect) obtained between the surfaces [11], since they are not smooth and full contact between
them does not occur. Additionally, such micro-roughness suffers wear and deformation,
which leads to contact loss between the coupling threads and consequent preload loss [12].

Reverse torque, the force required to remove an implant abutment, is crucial for
assessing the mechanical stability of implant–abutment connections. Studies have shown
that both indexed and non-indexed abutments experience significant torque loss after
insertion [13,14]. However, non-indexed abutments generally demonstrate better torque
retention compared to indexed abutments [15]. The implant material also influences reverse
torque values, with hydroxyapatite-coated implants exhibiting significantly higher torque
removal values than titanium implants [16]. Additionally, mandibular implants tend
to show greater torque resistance than maxillary implants. These findings suggest that
factors such as abutment design, implant material, and placement location play important
roles in maintaining implant stability. Understanding reverse torque values is essential
for determining appropriate torque levels for abutment fastening and ensuring the long-
term success of implant-supported restorations [13]. Hence, reducing friction between
metallic surfaces could increase rotation and, consequently, the preload. The addition of a
lubricant to this interface has been a proposed alternative [10]. Thin diamond-like carbon
coating (DLC) offers a low friction coefficient and high resistance to wear [17], acting as
a solid lubricant. The unique properties of DLC coatings depend on the ratio of sp3/sp2
phases, which can be tailored for specific applications [18]. These coatings are widely
used in orthopedic, cardiovascular, and dental applications, and for various biomedical
devices such as vascular stents, prosthetic heart valves, and surgical instruments [19].
Known for their hemocompatibility, they are applied to artificial heart surfaces in contact
with blood and are effective in pressure sensors, chemical electrodes, and biochemical
sensors. They promote rapid endothelization of implants, minimize platelet activation, and
reduce thrombus formation. DLC coatings are considered highly promising for biomedical
applications, with growing potential in automotive and adhesive uses as well [18,19].

In the literature, the coatings used in implant dentistry are intended for the prior
preparation of the implant and consider their advantages in the osseointegration process.
For example, common coating materials include carbon, bisphosphonates, bioactive glass,
fluoride, hydroxyapatite (HA), and titanium nitride (TiN) [20]. HA remains the most bio-
compatible, while bioglass shows promise. TiN coatings may reduce bacterial colonization,
enhance fibroblast proliferation, and improve mechanical properties [21].

The use of DLC film on screws offers another perspective on the use of coatings,
serving as a solid lubricant in the fixation of prostheses and aiming for the perfect coupling
of prosthetic components on implants.

The advantage of the use of this type of lubricant is the possibility of incorporating
nanoparticles (V, Ti, F, H, Ag) into its microstructure, allowing for an improvement of this
film with additional biological properties. The incorporation of silver particles may be
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particularly advantageous because of its known bactericidal effect [22]. To prevent supra-
and sub-gingival biofilm formation and plaque accumulation, allowing antimicrobial
function on implant abutments and/or prostheses would be advantageous for the preven-
tion of peri-implantitis, which would subsequently increase the long-term success of the
implant [23]. A suitable deposition method of DLC coating containing silver nanoparticles
is the plasma enhanced chemical vapor deposition [24].

Implants with conical connections are generally manufactured with a difference in
the angles of the conicities between the implant and the abutment. This fact directly
influences the behavior of the implant system in general, the size of the microgap, the
tension generated in the bone tissue, the loss of preload of the screw, and, in particular,
the removal torque [25]. Tapered implants show advantages in low-density bone and
immediate loading scenarios, increasing primary stability and minimizing stability loss at
compression sites [26]. Research on dental implant taper angles suggests that increasing the
abutment taper angle can significantly improve fracture resistance, with 8◦ and 10◦ angles
showing higher fracture forces compared to 6◦ [27]. When comparing internal conical
connections with different taper angles (5.4◦, 12◦, 45◦, and 60◦), no significant differences
were found in bacterial leakage under dynamic loading conditions [28].

This study aimed to cover the prosthetic abutments of two different conical connections
with DLC nanofilms to evaluate their effect on reverse torque after masticatory cycling.

The null hypotheses were:

• There is no influence of the presence of films on reverse torque after mechanical cycling.
Reverse torque is a critical parameter in assessing the long-term stability of dental
implants, as it reflects the ability of the abutment to resist loosening under functional
loads. By testing this null hypothesis, the study aimed to determine whether the
application of nanofilms introduces any beneficial or detrimental effects on reverse
torque, which could influence clinical outcomes.

• DLC coating does not present different mechanical behavior compared to silver
nanoparticle-doped DLC coating. This hypothesis was formulated to compare the
mechanical performance of two different types of coatings: pure DLC and silver-doped
DLC. Silver doping is known for its antimicrobial properties, but it is important to
evaluate whether adding silver nanoparticles affects the mechanical integrity of the
coating, particularly in terms of reverse torque after mechanical cycling. By examining
this hypothesis, this study sought to clarify whether silver doping compromises the
mechanical benefits of DLC or enhances them without negatively impacting reverse
torque stability.

• The DLC films do not interfere with reverse torque regardless of abutment wall
angulations (8◦ and 11◦). The angulation of the abutment walls can influence the
mechanical interaction between the abutment and the implant, potentially affecting
the distribution of stresses and the overall stability of the connection. This hypothesis
was crucial to determine whether the mechanical benefits or potential drawbacks of
DLC films are consistent across different abutment designs, or if they are dependent
on specific geometric factors.

2. Materials and Methods
2.1. Samples

Seventy-eight internal conical-type abutments were randomly distributed into six
groups (n = 13) according to two variables: wall angulations (8◦ and 11◦) and surface
treatment (C, control group without coating; DLC, coated with DLC film; DLC-Ag, coated
with silver nanoparticles doped DLC).

Thirty-nine solid abutments (internal conical 8◦, Ø4.0 × 7.0 − thread M2.0) CMAC
7.0 − batch: 153012 (Titaniumfix—São José dos Campos, SP, Brazil) and thirty-nine direct
abutments (11◦ internal conical, Ø4.0 × 5.5 − thread M1.6) 406.015 − batch: 098510
(Titaniumfix) were used.
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Thirty-nine internal octagon implants (Ø4.0 × 13.0) with internal conical 8◦ abutments
and thirty-nine double hexagon implants (Ø4.0 × 13.0) with internal conical 11◦ abuments,
both manufactured by Titaniumfix, were used.

The implants were inserted in a polyurethane (elasticity modulus of 3.6 GPa—F16,
AXSON, São Paulo, Brazil) cylindrical sample, positioned through a clamp and a metal-
lic matrix to perform perforation and avoid movement. The samples were fixed at an
inclination of 30◦. A digital caliper (Digimess, São Paulo, Brazil) was used to ensure the
height of the installation. All these steps were performed as recommended in the ISO
14801:2007 standard. Briefly, the implants were positioned such that the platform was
precisely located at a height of 3.0 ± 0.5 mm above the surface of the fixation block. The
installation process used specialized wrenches tailored for the specific implants (codes
CMSWA and 612.305, Titaniumfix, São José dos Campos, Brazil), in conjunction with a
calibrated torque wrench. A digital caliper (Digimess, Nikeypar, São Paulo, Brazil) was
utilized to accurately verify the installation height. Subsequently, the abutments were
affixed using a torque wrench explicitly designed for the installation and removal of the
prosthetic abutments in use (code CMDTAC, Titaniumfix, São José dos Campos, Brazil),
with the tightening torque applied via a digital torque wrench (TQ-680, Instrutherm, São
Paulo, Brazil) featuring a precision of 0.01 Ncm. The tightening torque was administered
following the manufacturer’s specifications, applying 32 Ncm for the solid abutment and
20 Ncm for the direct abutment. Ten minutes after the initial tightening, the same torque
values were reapplied. Upon achieving the desired tightening torque, the hemispherical
loading devices were meticulously positioned on the abutments.

2.2. Film Deposition and Abutments Installation

The films were deposited over the abutments (threads and base) via pulsed DC-
discharged plasma-enhanced vapor deposition (PECVD) at 20 kHz.

After the substrate cleansing process (argonium plasma, flow 20 sccm) for 40 min
at 7.5 × 10−5 Torr), a silicon carbon-rich thin film was deposited over the samples as an
interlayer [29], using hexamethyldisiloxane (HMDSO, C6H18OSi2) as the precursor gas
at 1.0 × 10−2 Torr for 30 min. After this period, a transition layer was deposited using a
mixture of HMDSO and methane at a pressure of 1.6 × 10−1 Torr for 10 min.

For the deposition of the DLC nanofilm itself, the HMDSO flow was closed, and the
methane flow was maintained at 13 sccm and the argon flow at 5 sccm for 1 h and 30 min,
at a pressure of 1.1 × 10−1 Torr (groups DLC8 and DLC11).

Before the deposition of silver-doped DLC film, the silver–hexane solution (30–50 nm)
was stirred in ultrasound for 15 min to disperse particles homogeneously in the solution.
The same cleaning and transition layer deposition steps were performed. The silver-doped
DLC film deposition started; the hexane with silver nanoparticles flow was maintained at
12 sccm and the argon flow at 5 sccm for 1 h and 30 min, at a pressure of 8 × 10−2 Torr
(DLC-Ag8 and DLC-Ag11). The deposition power was maintained at around 200 w. The ca-
thodic tension and the electric current were kept constant during the entire deposition process.

After all the previous steps, each abutment (C8, C11, DLC8, DLC11, DLC-Ag8, DLC-Ag11)
was fixed over proper implants. The abutments were installed using a digital torque
meter (TQ-680, Instrutherm, São Paulo, Brazil) according to the manufacturer’s instructions
(32 Ncm for 8◦ solid abutment and 20 Ncm for 11◦ direct abutment). Ten minutes later,
additional screwing was performed with the same torque value.

Hemispheric loading devices were machined from stainless steel at A.S. Technology
Comp. Esp. Ltda. (São José dos Campos, Brazil), according to the parameters described
in ISO 14801:2007. The devices were custom-designed and machined for each abutment
model to ensure a perfect fit and to avoid movement.

2.3. Mechanical Cycling and Reverse Torque Analysis

These hemispherical loading devices were positioned over the abutments, and the set
was subjected to mechanical cycling (ER-11000 Plus, Erios, São Paulo, Brazil) at 2 Hz for
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2 × 106 cycles, with samples immersed in distilled water (n = 13). The sample size was
based on a previous study by Figueiredo et al. [30], which adopted a significance level
of 5% and a beta power of 80% using the Bonding test data, and determined that a total
of at least 8 samples were needed. The frequency and number of adopted cycles were
followed according to the parameters described in the ISO 14801:2007 norm. The applied
load was 120 Ncm, which is equivalent to the average physiological masticatory load. The
tip used for load application had a flat end, which provided a stable contact point on the
hemispherical loading device, as also specified by the ISO 14801:2007 norm. At the end
of the cycling, the samples were removed from the cycler, and reverse torque values were
registered using the same digital torque meter (TQ-680).

Two methods were adopted for data analysis. The first method considered the absolute
difference (Ncm) by subtracting the reverse torque (Tr) from the insertion torque (Ti). The
second method calculated the relative difference (%) by dividing the absolute difference by
the Ti.

2.4. Morphological Analysis of Abutments Adaptation

The samples (C, DLC, and DLC-Ag non-cycled and C cycled, DLC cycled and DLC-Ag
cycled) (n = 3) were analyzed via scanning electron microscopy (SEM Inspect S50, FEI
Company, Orlando, FL, USA) in BSE mode with 1000× magnification. For this analysis,
the implants with their respective fixed abutments were cut along their axis until the fixing
screw was exposed. Then, they were sanded with an automatic sanding machine polisher
using 400- and 1200-grit wet sandpaper and cleansed with alcohol in an ultrasound bath
(5 min).

2.5. Characterization of Films

The film thicknesses were obtained by measuring the steps formed between the
covered and uncovered surface of additional silicon samples positioned in the plasma
deposition chamber, using an Alpha-Step 500 profilometer (Tencor, San Diego, CA, USA).

During the process of film deposition over the abutments, additional titanium plate
samples (14 × 14 mm) were prepared and coated with the different nanofilms for analysis
and characterization. The scratch test was performed using a tribometer (CETR Biomedical
Tribometer, CETR-Bruker, Campbell, CA, USA). The adherence of the film to the substrate
and the coefficient of friction were analyzed on two coated plates (n = 2) at 24.8 ◦C and 46%
relative humidity. The test was carried out at the speed of 0.1 mm/s with a progressive load
from 0.2 Ncm to 20 Ncm over a 100 mm area using a Rockwell-type diamond tip (Rockwell
C, CETR-Bruker, Campbell, CA, USA). The initial failure point was determined as the point
at which a crack occurred, or film delamination was observed. Three tests were carried out
per sample, aiming to determine the critical load.

The coefficient of friction analysis was performed using a spherical steel tip (4 mmø)
with a progressive load of 2 Ncm (5 mm/s, 5 mm during 1000 s).

Roughness analysis (Ra) was carried out using a digital optical profilometer (WYKI NT
1100, Vecco, New York, NY, USA) in VSI mode at 20× magnification. Five Ra measurements
were made in each sample (n = 2) for each surface treatment (C, DLC, and DLC-Ag).

The chemical composition and structure of the films were analyzed via energy-
dispersive spectroscopy (EDS) and Raman scattering spectroscopy (Renishaw 2000, Ren-
ishaw, New Mills, UK), which operates with a scattered argonium laser at 514 nm.

2.6. Statistical Analysis

A significance level of 5% was adopted. The GraphPad Prism 6 software program
(GraphPad Software, San Diego, CA, USA) was used to perform statistical analysis. The
data were tested for normality using the the D’Agostino–Pearson normality test. Reverse
torque tests were analyzed using the Kruskal–Wallis test and Dunn’s multiple comparison
test to evaluate the effects of the nanofilms. The Mann–Whitney test was used to determine
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differences in the mechanical behavior of each wall angulation. The methodology was
reviewed by an independent statistician.

3. Results

Some groups of data did not present a normal distribution according to the D’Agostino–
Pearson normality test.

The results for absolute difference (Ncm) and relative difference (%) are presented
in Table 1 and Figure 1. Positive values indicate torque loss and negative values indicate
torque gain. The Kruskal–Wallis test (for groups 8◦ and 11◦, respectively) demonstrated
significant differences for both groups in terms of absolute difference (p = 0.0396; p = 0.0017)
and relative difference (p = 0.0355; p = 0.0014).

Table 1. Medians from the statistical analysis of the absolute difference values (Ncm) and the relative
values (%). p-values, obtained by searching for the effect of conicity values using the Mann–Whitney
test are presented.

Group Unit Internal Conical 8◦ Internal Conical 11◦ p-Value

C 2.75 A 1.5 A 0.45
DLC Ncm −1.55 B 4.1 B <0.0001 *

DLC-Ag 1.45 AB 3.2 AB 0.08
C 8.52 a 7.39 a 0.81

DLC % −4.81 b 20.45 b <0.0001 *
DLC-Ag 4.52 ab 15.65 ab 0.0001 *

Values that do not share the same superscript letters are significantly different from each other (p < 0.05). Super-
script uppercase letters are results from Dunn’s test for absolute difference values; superscript minute letters
are results from Dunn’s test for the relative values. * Significant differences (−1.55 Ncm is lower than 4.1 Ncm;
−4.81% is lower than 20.45%; and 4.52% is lower than 15.65%).
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Considering the coatings, according to Dunn’s multiple comparisons test, differences
occurred between C and DLC groups for both 8◦ and 11◦. In the internal conical connection
with an angle of 8◦, the DLC group exhibited the lowest torque loss. In the internal conical
connection with an angle of 11◦, the DLC group exhibited the highest torque loss.

According to the Mann–Whitney test, torque loss values did not present differences
between the control groups with 8◦ and 11◦ wall angulations. In the coated groups, the
internal conical connection with an angle of 11◦, coated with both nanofilms, demonstrated
the highest torque loss values.

Morphological Analysis of Abutment Adaptation

Deformations observed on the threads of abutment screws and internal threads of
implants, apart from the internal connections of implants, were verified. The samples
presented a perfect adaptation of the pillar–implant interface for both cycled and non-
cycled groups, and there were no qualitative differences in the thread images (Figure 2).
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Figure 2. Thread images of C8 pre-cycling (A), post-cycling (B), DLC8 pre-cycling (C), and
post-cycling (D) at 90× magnification in SE mode.

The thickness of the DLC nanofilm was 1.58 µm and the thickness of the DLC-Ag
nanofilm was 2.91 µm. Since the deposition time was the same for both films, this difference
in thickness is probably due to the fact that each molecule of methane, the precursor gas for
the DLC film, has only one carbon atom, while hexane, the precursor gas for the AgDLC
film, has six carbon atoms.

Table 2 presents data from the scratch test. The results demonstrated that, during the
test, the film kept its adherence to the entire interior thread and was removed only in one
sample of the DLC-Ag at an applied force of 9.7 N. Thread analysis revealed a shell-format
film saturation, suggesting good adherence to the substrate. The mean values of the scratch
test were lower for the DLC-Ag nanofilm compared to the DLC nanofilm.

Table 2. Scratch test values for DLC and DLC-Ag. The moment of the first crack was LC1 and the
first delamination was LC2.

DLC DLC-Ag

LC1 (N) LC2 (N) Removal LC1 (N) LC2 (N) Removal
−5.8 −5.8 NO −4.5 −5.5 NO
−4.2 −6.0 NO −4.6 −5.0 NO
−4.7 −5.8 NO −4.7 −6.1 9.7 N.

Mean −4.9 −5.87 −4.6 −5.53

Regarding the coefficient of friction (COF), performed using a spherical steel tip
(4 mmø) with a progressive load of 2 Ncm, the control group presented the highest COF
(0.46 ± 0.14), followed by DLC (0.15 ± 0.2) and DLC-Ag (0.12 ± 0.2). The low coefficient
of friction and high hardness of the DLC layer offered some benefits in preventing the
deformation of the implant top.

The average surface roughness measurements (Ra—mm), carried out using a digital
optical profilometer, were 0.4 ± 0.02 (C), 0.4 ± 0.07 (DLC), and 0.3 ± 0.01 (DLC-Ag).
Ra represents the average between the values of the peaks and valleys present in the
tested area.
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Figure 3 shows the Raman spectra of DLC and DLC-Ag. The Raman spectra revealed
that the G band was larger in the DLC nanofilm, indicating a higher concentration of sp2
hybridization in the silver-doped film. The D bands did not present significant changes.
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EDS quantitative analysis demonstrated an atomic percentage of 90.5% C, 2.4% Si,
7.1% Ti, and 0.5% Ag in the DLC-Ag group, and 89.0% C, 2.1% Si, and 8.5% Ti in the
DLC group.

4. Discussion

This in vitro assessment evaluated the effect of taper angles on the internal conical
connections of implant systems and two different DLC nanofilms on the reverse torque of
abutment screws after load cycling. We obtained great results with both DLC and DLC-Ag
nanofilms in the internal conical connection with an angle of 8◦. Torque loss values were
lower than the values of the control group. We only accepted the second null hypothesis,
which stated that DLC coating does not present a different mechanical behavior compared
to silver nanoparticle-doped DLC coating.

The results of the present study, particularly the differences in coating types
(DLC vs. silver-doped DLC) and abutment angulations (8◦ vs. 11◦), can have several
potential impacts on clinical outcomes. The DLC8 group showed superior reverse torque
compared to other groups, including those with silver-doped DLC. This suggests that
the DLC coating might provide better mechanical stability, reducing the risk of abutment
loosening. In clinical practice, this could translate to longer-lasting implant stability, less fre-
quent need for adjustments or retightening, and a lower risk of complications related to screw
loosening, ultimately reducing overall healthcare costs and improving patient satisfaction.

DLC coatings are known for their hardness and wear resistance [17], which can reduce
material wear over time. In contrast, the addition of silver nanoparticles, which could offer
antimicrobial properties [22] and reduce the risk of peri-implantitis, altered the mechanical
properties of the coating. The silver-doped DLC demonstrates lower mechanical stability,
which accelerates the wear and potentially shortens the lifespan of the abutment, increasing
the need for earlier intervention or replacement. This study showed that 11◦ abutments
experienced higher torque loss than 8◦ abutments. Clinically, this could mean that implants
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with a steeper taper (11◦) might be more prone to loosening over time, especially if not
coupled with an optimal coating. This could lead to a higher likelihood of abutment failure,
necessitating more frequent follow-ups, retightening, or even implant replacement.

Bone density is a critical factor in the success of dental implants and the planning
of treatment. Various preoperative methods exist for assessing jawbone density, many of
which show strong correlations with clinical outcomes [31]. Computed tomography pro-
vides valuable insights into bone quality before implant placement, highlighting significant
variations in density across different oral regions [32]. The anterior mandible typically
exhibits the highest bone density, followed by the anterior maxilla, posterior mandible, and
posterior maxilla [32]. Additionally, bone density varies significantly between individuals
and even within different areas of the same jaw [33]. Factors such as bone quality, bone
quantity, and overall patient health are critical to implant success [34]. While it is generally
observed that women have a lower bone density than men, no significant correlation has
been established between bone density and patient age [33]. These findings underscore the
importance of carefully selecting the abutment angulation and conducting a patient-specific
assessment to customize implant treatment according to each patient’s unique anatomical
and functional needs. For example, a patient with higher occlusal forces might benefit more
from an 8◦ abutment with a diamond-like carbon (DLC) coating, which can minimize the
risk of abutment loosening and enhance long-term stability.

We proved that the internal conical angle of 11◦ resulted in higher torque loss values,
consequently enhancing the chance of implant failure. Although clinical studies have
verified that a low torque (less than 30 Ncm) is sufficient to ensure dental implant osseoin-
tegration [35], and all studies reviewed by Lemos et al. [36] reported high survival rates
irrespective of the insertion torque, we suspect that the torque loss in the 11◦ internal cone
was related to the insertion torque of 20 Ncm used in our study, which is considered a
low torque.

The thickness of DLC coatings plays a significant role in their performance, with
thicker coatings providing better friction reduction under elastohydrodynamic lubrication
conditions [37]. Additionally, DLC coatings can serve as an effective galvanic corrosion
barrier between titanium abutments and nickel–chromium superstructures without com-
promising the fit and integrity of prosthetic assemblies [38]. While DLC coatings have
shown potential to enhance the reliability of dental implant-supported restorations, their
effectiveness may vary depending on the coating method and thickness [37,39].

A significant difference in the implant survival rates (14% failure rates for regular or
low insertion torque as compared with 0% for high insertion torque) has been reported in
implants with immediate loading [40]. Additionally, the torque loss observed in the 11◦

group here agrees with Ottoni et al. [41], who reported that low insertion torque (20 Ncm)
is associated with a high risk of failure (9 of 10 implants failed) in implant-supported
single crowns.

Based on previous studies [42,43], which showed that low-frequency cycling is more
effective than continuous frequency increase cycling, a change in the ISO 14801 norm was
adopted in the methods of the present study. As expected, the results demonstrated a
decrease in the reverse torque values of all groups after mechanical cycling, which indicates
a decrease in the torque of the screws. The DLC8 group had the lowest reverse torque loss.

The promising mechanical behavior of the DLC8 group in the present study is in
accordance with previous studies [44]. Higher reverse torque values for abutment screws
with DLC coating have been reported [43]. The main difference from the present study
was the cycle type used. The authors performed cyclic loading using a thermomechanical
testing device to represent approximately one year of clinical usage [44]. In contrast, this
study used 2 × 106 cycles at 2 Hz and 120 N and water immersion, to simulate two and a
half years of masticatory function [45]. In external-hex implants, the DLC coating did not
influence torque loss when compared to the control group [46].

Research on the mechanical cycling of implant–abutment connections reveal significant
effects on their stability and performance. Short-term cycling (36 × 104 cycles) leads to
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improved adaptation and sealing ability, with decreased microgap size in Morse taper
connections [47]. Some studies employed long-term cyclic loading using five million cycles
as the upper limit [47–49]. Fatigue limits varied across designs, ranging from 210–240 N for
different connections to 300–800 N in another study [48]. Internal connections generally
showed higher fatigue strength than external ones, while external hex designs exhibited
higher static strength [49]. Zirconia abutments demonstrated higher fatigue strength than
titanium in external hex configurations [49].

Some studies have evaluated the performance of coated dental prosthetic abutments
under simulated masticatory loads and torque tests. DLC coatings on abutments have
shown mixed results. One study found that DLC coating reduced screw loosening
after mechanical cycling [46]. However, another study reported no improvement in
torque maintenance for DLC-coated screws with or without diamond nanoparticles [50].
Bacchi et al. (2015) [51] observed that conventional titanium screws maintained higher loos-
ening torque values than DLC-coated screws after cyclic loading. For zirconia abutments,
a study found that ceramic coating did not significantly affect their mechanical behavior
under static and dynamic loading conditions [52]. These studies demonstrate that while
various coatings have been investigated for dental prosthetic abutments, their effectiveness
in maintaining torque and mechanical stability varies, highlighting the need for further
research in this area.

As a result of the abutment threads analysis, none of the groups presented changes
in the adaptation, wear, or deformation after mechanical cycling, confirming results from
previous literature [53]. Screw joint failure begins with external functional loading, which
gradually reduces the preload in the joint. The DLC layer’s lower friction coefficient and
greater hardness compared to pure titanium may help prevent implant abrasion, erosion,
and deformation [54]. The superior torque results in the DLC8-coated groups can also be
explained by this. Dziedzic et al. [55] reported that the carbon coating on screw threads
reduced interface friction and enhanced preload values, thereby increasing the clamping
force between the abutment and the implant platform. The DLC’s low friction coefficient
enables greater preload with the same torque, thereby improving joint stability.

The factors that influence the settling effect and, consequently, screw loosening include
preload, the coefficient of friction, and retightening [56]. The coefficient of friction in the
DLC and DLC-Ag groups was lower than that obtained in the control group. In agreement,
Raman spectra in the present study demonstrated higher sp2 hybridization concentrations
in the DLC-Ag nanofilm. Tribological tests have proven that coatings with high sp2 content
tend to have lower friction coefficients in dry conditions [57]. Despite differences in the
coefficient of friction, our roughness measurements, expressed as Ra values, were similar
in all groups. This coefficient depends not only on the roughness of the contacting surfaces,
but also on loading, the hardness of the threads, and the presence, quantity, and quality of
the lubricant on the surfaces. When decreased to appropriate values, the friction coefficient
increases the preload and decreases the chance of screw loosening [56]. The DLC coating is
an alternative method to prevent screw loosening [44].

Peri-implant diseases present a prevalence rate of 43% across Europe and 22% across
South and North America [58]. Both peri-implant mucositis and peri-implantitis have
an infectious etiology based on the accumulation of a biofilm composed of periodontal
pathogens on the implant surface [59]. EDS analysis confirmed the successful deposition of
a silver-doped film over our samples, thus our antibacterial coating on abutments could be
advantageous in preventing peri-implantitis and implant failures.

This study presents certain methodological limitations that could be addressed in
future research. Regarding the selection of implants, to standardize the clinical scenario,
implants with the same external diameter (4.0 mm) were chosen. However, these im-
plant models exhibit specific design characteristics that influence this standardization.
The implant with an 8◦ taper (c-fix; Titaniumfix, Brazil) features an M2.0 internal thread
(2 mm diameter) and an octagonal indexing system. In contrast, the implant with an 11◦

taper (b-fix; Titaniumfix, Brazil) has an M1.6 internal thread (1.6 mm diameter) and a dual
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hexagonal indexing system. The indexing systems impact the area occupied by the taper,
which may affect the active area of each implant model. Consequently, the load distribution
across each thread differs, given the variation in the threaded area and active taper area
in each model. Future studies should consider standardizing the internal thread diame-
ter and selecting implants with different diameters to determine if the active taper area
associated with thread diameter influences reverse torque values after mechanical cycling.
The tribological analyses conducted were qualitative only. The results for the coefficient of
friction, average roughness, and scratch hardness were not subjected to statistical analysis.
More detailed studies are necessary to investigate whether there is a correlation between
tribological results and reverse torque values. Another analysis that was not statistically
tested involved scanning electron microscopy images. The assessment of taper adaptation
and thread wear was purely visual, and quantitative evaluations are required for more
significant and conclusive results. Additionally, regarding the adaptation of the abutments,
the application of DLC and AgDLC films was carried out across the entire active area of the
abutments (taper and threads), but the effect of the films on abutment adaptation was only
evaluated after fatigue testing. The differences in reverse torque values between coated
and uncoated abutments may not have been as apparent due to potential misadaptation in
the taper area of the abutments with DLC and AgDLC films, which could have influenced
the reverse torque values. Future studies should examine the thickness of the films and
their influence on taper adaptation before fatigue testing to achieve film thicknesses that
do not affect adaptation.

5. Conclusions

Based on the findings of this in vitro study, it can be concluded that the use of diamond-
like carbon (DLC) coatings, particularly with an 8◦ abutment angulation, significantly
enhances the mechanical stability of abutment screws by minimizing torque loss after
load cycling. The DLC coating proved more effective than silver-doped DLC, which
exhibited reduced mechanical stability. These results suggest that DLC-coated abutments
may offer greater implant longevity and fewer complications related to screw loosening
in clinical settings. However, the study’s limitations include the specific conditions under
which the tests were conducted, which may not fully replicate the complexities of the oral
environment. Further in vivo research is necessary to validate these findings and assess the
long-term clinical performance of DLC coatings in various implant scenarios.
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