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where hy is the thickness of clip gauge holder; CMOD. is the crack opening displacement corresponding
to Fsmax; E is the tensile Young’s modulus.

Figure 5 depicts the test results of effective fracture toughness against age under four curing
conditions investigated. Although each point in Figure 5 denotes the mean values of the three replicate
samples, the error bars are not shown again for the sake of brevity. Interestingly, the scattering of data
observed in effective fracture toughness was smaller when compared with the case of fracture energy.
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Figure 5.  Effective fracture toughness for concrete exposed to dry environments with
different temperatures.

During the unstable propagation, redundant cracks appeared and the propagation path of the
main crack became more random; however, the energy consumed by these extra cracks was difficult to
calculate, so these energies were ignored when evaluating fracture energy. As a result, the fracture
energy produced larger randomness.

As can be presented in Figure 5, for each curing condition investigated, the effective fracture
toughness was closely related to age and its value increased with age, which was the same as fracture
energy with age. In the beginning, effective fracture toughness improved significantly with the growing
age, because at this stage the reaction rate of cement hydration was quite fast. The growth rate increased
by degrees and then reduced after maximizing. Subsequently, effective fracture toughness increased
slightly with age at a reducing rate and finally reached a constant as the age was further extended.
Typically, for 5 °C, the effective fracture toughness continuously increased from 0.889 MPam®? after
3 d of hydration to 1.043 MPam®5 after 7 d of hydration, 1.113 MPam®® after 14 d of hydration,
1.204 MPam®® after 28 d of hydration, and finally 1.306 MPam®?® after 60 d of hydration, with a
significant increase of 0.417 MPam®? or 46.9%. Similarly, for 60 °C, the effective fracture toughness
was 1.164 MPam5 at the age of 3d, 1.304 MPam?5 at the ageof 7 d, 1.395 MPam?5 at the ageof 14 d,
1.490 MPam®? at the age of 28 d, and 1.509 MPam’? at the age of 60 d. The fracture toughness at the
age of 60 d was only 1.3% greater than that at the age of 28 d. This also demonstrated that it takes a
shorter time for the effective fracture toughness to reach the constant value under higher temperatures.

Figure 5 also shows that, as observed in the fracture energy, there was also a temperature crossover
effect in the effective fracture toughness of concrete in dry environments. As the curing temperature
increased, concrete effective fracture toughness improved dramatically during the early ages, but this
situation did not hold after 28 d, in which greater ultimate value of effective fracture toughness was
acquired from the concrete kept at a lower temperature, and vice-versa. Specifically, at the age of 3 d,
the fracture toughness of concrete kept at 60 °C was 1.164 MPam®, which was 5.7% greater than at
40 °C, 21.1% greater than at 20 °C, and 30.9% greater than at 5 °C. Evidently, in the early days, higher
temperatures promoted the rapid development of concrete effective fracture toughness. However,
at the elevated temperature, the increasing rate of fracture toughness of concrete decreased faster with
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the extension of curing time. As a result, a larger later-age value of the effective fracture toughness was
measured by concrete kept at a lower temperature. For example, for 60 °C, effective fracture toughness
increased very litter beyond 14 d and almost reached a plateau value. In contrast, the specimens kept
at a lower temperature (5 °C and 20 °C) had a higher increasing rate of effective fracture toughness.
Representatively, at the age of 60 d, the fracture toughness of the concrete kept at 60 °C was only
greater 15.5% and 4.4% when comparing concrete kept at 5 °C and 20 °C, respectively, and was smaller
2.3% when comparing concrete kept at 40 °C. In other words, the difference in the fracture toughness
between different temperatures was decreasing as the curing age was prolonged. The fracture energy
curves of concrete kept at 40 °C and 60 °C crossed each other at about 43 d, demonstrating that
the effective fracture toughness of concrete cured at 40 °C was larger than that of concrete at 60 °C
beginning from the 43rd day. Considering the increasing rate of effective fracture toughness at 5 °C
and 20 °C, we can conclude that with the further extension of curing time, the curves at 5 °C and 20 °C
will doubtlessly cross the curves at the higher temperature. This clearly showed that the optimum
temperature propitious to the fracture energy development of concrete in dry environments was about
40 °C, which was the same as that for fracture energy.

4. Discussion

As mentioned earlier, during the first 3 d, the Gy and Kjc of concrete improved quickly with
increasing age owing to the fast hydration rate of cement in this stage. The initial growth rate of concrete
fracture parameters increased progressively and then reduced after maximizing, accompanying a
steeper curve. As the curing temperature increased, the duration for this stage became shorter.
In the later stage, the rate of hydration went down, resulting in that the concrete fracture parameters
developed overtime at a smaller growth rate. In general, there should be the third stage, in which
the fracture parameters of concrete tended to their stable values, as the age was further extended.
However, at low temperatures, the third stage was not seen or was not notable because this study
only investigated the age of up to 60 d, meaning that there was a lot of un-hydrated cement inside the
concrete under these curing temperatures. This variation of concrete fracture parameters regarding the
age was consistent with other independent investigations [34]. For example, Beygi et al. [35] found that
with the increase of test age from 3 to 90 d, Gr and Kj¢ increase from 0.961 MPam?® to 1.448 MPam?®
and from 99.7 N'm™~! to 126.5 N-m™, respectively. Lee et al. [36] demonstrated that the fracture energy
shows a rapid increase during earlier and then starts to converge to a certain extent of 173.1 N-m™! at
28 d. The main reason for the increase of concrete Gr and K¢ with age was the strengthening of the ITZ
between the paste and aggregate. ITZ is the most sensitive area inside the concrete, where the largest
number of micro-cracks are formed [37]. In other words, the failure of concrete usually depends on the
strength of its weakest area. At an early age, there was a lot of un-hydrated cement in the ITZ, and it
resulted in high porosity in this zone [38]. The bridging effect of the aggregate was very strong causing
the cracks to propagate along with the interface, and a large number of aggregates were extracted from
the matrix, as presented in Figure 6a. As the reaction of cement hydration progressed, an increasing
number of hydration products accumulated in the ITZ and the ITZ pores were stuffed with hydration
products, indicating that the size and content of pores in ITZ and cement paste decreased. The ITZ and
cement paste also became stronger. As a result, the bridging effect of the aggregate became weaker
and a growing number of aggregates were broken. The fracture mode under load also changed from
around aggregate or bond zones through the aggregate directly, as presented in Figure 6b. Further,
the aggregate strength was greater than that of the ITZ and cement paste, demonstrating that more
energy was needed in order to get over the enhanced ITZ and cement paste and the aggregates.
Consequently, the greater values of fracture energy and effective fracture toughness were obtained at
later ages. However, as the strength of the ITZ and cement paste further improved, the fracture pattern
did not alter dramatically, where an only increasing number of aggregates were extracted. Therefore,
effective fracture toughness and fracture energy did not increase significantly, but gradually tended to
their stable values.
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(b)

Figure 6. The fracture surface of concrete at different ages: (a) at 3 d; (b) at 60 d.

More importantly, as is evident from the data in Figures 5 and 6, the effective fracture toughness
and fracture energy of concrete cured at elevated temperatures developed at a faster speed at the early
stage. For instance, after 3 d of hydration, the Gg and Kjc of concrete cured at 60 °C was 20.9% and
21.1% larger respectively than that of concrete cued at 20 °C. This promotion effect of temperature
on the early fracture parameters of concrete is related to the accelerated hydration reaction rate of
cement, and the finer pore distribution and denser microstructure [39]. Over time, however, the rate of
growth of the fracture parameters of concrete kept at high temperatures also decreased at a higher
rate, which resulted in these samples obtained the smaller ultimate values of Gg and Kjc than those of
samples kept at reduced temperatures. For example, after 60 d of hydration, the difference in the Gg
and K¢ between the samples exposed to 60 °C and 20 °C was reduced to 4.2% and 3.3%, respectively.
Even the values of G and Kjc at 60 °C were less than that at 40 °C beginning from the 43rd day and 41st
day, respectively. Further, the growth rate of fracture parameters at 5 °C and 20 °C also indicated that
with the further extension of curing time, the curves at 5 °C and 20 °C will doubtlessly cross the curves
at the higher temperature. Namely, although a higher temperature accelerated the rate of hydration
reaction of cement and promoted the development of Gy and Kjc in the early stage, it harmed the
development of the ultimate value of fracture parameters of concrete. The G and Kic of concrete
showed a temperature crossover effect, and the optimum temperature propitious to their development
was approximately 40 °C. Such a trend was in line with previous observations found by other scholars
with a slightly different method. Oswaldo et al. [40] claimed that curing at high temperatures was
conducive to rapid strength gain, but at later ages, the greatest strength was measured by concrete
cured at 20 °C. Boubekeur [41] found that the concrete compressive strength cured at 50 °C was 7%
smaller than that of concrete stored at normal temperature after 28 d. Lee et al. [42] demonstrated a 15%
reduction in the concrete compressive strength cured at 60 °C after 14 d compared to that cured at 40 °C.
Nasir et al. [43] clarified that after 28 d the tensile strength improved with the pouring temperature up
to 32 °C, but decreased these properties as a further increase in temperature.

The adverse effect of high-temperature on the later-age fracture properties of concrete makes
us wonder: What happened at the microscopic level at a high-temperature? We concluded that this
adverse effect of high-temperature on the effective fracture toughness and fracture energy of concrete
was related to some different mechanisms. Firstly, this phenomenon is caused by the non-homogeneous
dispersion of hydration products inside the pores of the hardened cement paste [44]. The hydration
reaction of cement was accelerated at elevated temperature, so there was neither sufficient time for the
hydration products to disperse surrounding nor sufficient time for them to precipitate and distribute
evenly. Consequently, more and more hydrated products were concentrated surrounding the hydrating
or un-hydrated particles of cement, resulting in a more non-homogeneous distribution of hydrated
products and causing the concrete to become a porous structure [45]. Secondly, the change in the
C-S-H apparent density at high-temperature was another important reason for the decrease of later-age
values of concrete fracture parameters [46]. Gallucci et al. [47] clarified that there was a remarkable
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enhancement in the C-S-H apparent density in the situation of elevated temperature, which came from
the different assembly of the C-S-H. Owing to this increase, the filling space of C-S-H was reduced,
leading to that the microstructure of the concrete was much coarser and porous, which had a detrimental
effect on the concrete fracture parameters. Other mechanisms that resulted in the temperature crossover
effect were cumulative of compact and low infiltration hydration products surrounding the cement
particles and the delayed diffusion of the hydrate in cement secondary hydration reaction [40]. Namely,
the elevated temperature might have resulted in the rapid evaporation of uncombined water in the
concrete, which restrained the further spread of cement and limited the progress of hydration reaction,
thereby restricting the forming of more C-S-H and the development of fracture parameters. Finally,
the deviation of thermal expansion coefficients among the concrete components was also related to
the negative effect [48]. In the situation of high-temperature, the concrete would expand in volume.
The deformation of each constituent of concrete is not equal because of the difference in thermal
expansion coefficients, which will cause a great stress build-up in the air void concentration area or
the ITZ. When this stress exceeds the matrix tensile strength, micro-cracks begin to emerge in weak
areas, especially those at the interface of the cement paste and the aggregate [49]. What is worse,
due to the capillary action, these micro-cracks will become an ideal moisture path and increase the
mobility of moisture inside the concrete, which can generate a pressure of expansion of the water
vapor due to swelling of water vapor more quickly than getting away from the sample, leading to
further micro-cracking. As a result, the fracture mode of concrete at elevated temperature has altered
due to higher porosity and micro-cracking, which means that a decreasing number of aggregates were
broken, as presented in Figure 7. In short, all the above factors, in particular the high porosity, together
deteriorated the properties of concrete at later-age and induced a reduction in the ultimate values of the
breaking fracture and the fracture toughness of the concrete at high temperature. On the other hand,
concrete stored under low temperature (5 °C and 20 °C) continuously underwent the favorable effect,
with a very slow hydration rate, which left the dissolved ions enough time to diffuse and resulted in a
more uniform hydration products distribution and lower coarse porosity [50].

(b)

Figure 7. The fracture surface of concrete at different temperatures: (a) at5 °C; (b) at 60 °C.

5. Conclusions

In the current research, the fracture properties of concrete in dry environments with different
temperatures were investigated using the wedge splitting specimens. Four different temperatures
(5°C,20°C, 40 °C, and 60 °C) were considered, which represented cold, normal, hot, and extremely
hot weather, respectively. The complete load-CMOD curves of specimens were obtained at 3, 7, 14, 28,
and 60 d. The key fracture parameters of concrete were also evaluated. The following conclusions can
be drawn from the experimental data:

1. Inadry environment, the gain in fracture energy of the concrete strongly depended on the curing
temperature. An elevated temperature was beneficial to the rapid development of concrete
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fracture energy at an early age. However, this situation did not hold at later ages, in which
a higher value of the fracture energy at a later age was obtained by concrete stored at lower
temperatures, and vice versa. Generally, at 60 d, the fracture energy of concrete cured at 60 °C
was only larger 7.7% and 3.2% when comparing concrete stored at 5 °C and 20 °C, respectively,
and even was smaller 2.8% when comparing concrete stored at 40 °C. Considering the early
growth rate and later-age value of fracture energy, the optimum curing temperature for fracture
energy of concrete under dry condition was around 40 °C.

2. In the case of the dry condition, the effective fracture toughness improved significantly as
the increase of curing temperature in the early stage, but the influence of temperature on the
concrete fracture toughness reversed after 28 d, wherein a relatively small ultimate value of
effective fracture toughness was measured by the samples stored at the higher temperature.
The temperature crossover effect was observed in concrete effective fracture toughness. From the
temperature investigated, the most suitable curing temperature for the development of effective
fracture toughness of concrete in dry environments was still 40 °C.

3. For a given curing condition, both the effective fracture toughness and fracture energy improved
speedily with age at the beginning. After the growth rate reached their maximum value, these two
fracture parameters increased slightly with age at a reducing rate, and eventually tended to
their stable values as the age was further extended. Further, the effective fracture toughness and
fracture energy tended to stabilize in a shorter time with the increasing temperature.

It should be noted that the aforementioned conclusions are only valid for the concrete studied in
this paper, and the general conclusions for other types of concrete need further study.
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Abstract: Background: Repairing a restoration is a more advantageous and less invasive alternative to
its total makeover. The aim of this study was to analyze the effects of chemical and mechanical surface
treatments aimed at increasing the roughness of a supra-nano composite resin. Methods: 27 cylindrical
blocks of microhybrid composite were made. The samples were randomly divided into nine groups
(n = 3). The samples’ surface was treated differently per each group: acid etching (35% H3POy,
30 s and 60 s), diamond bur milling, sandblasting and the combination of mechanical treatment
and acid etching. The samples’ surface was observed by a scanning electron microscope (SEM)
and a confocal microscope for observational study, and surface roughness (R,) was recorded for
quantitative analysis. Results: The images of the samples sandblasted with Al,O3; showed the greatest
irregularity and the highest number of microcavities. The surfaces roughened by diamond bur
showed evident parallel streaks and sporadic superficial microcavities. No significant roughness
differences were recorded between other groups. The difference in roughness between the control
group, diamond bur milled group and sandblasted group was statistically significant. (p < 0.01).
Comparison between the diamond bur milled group and the sandblasted group was also significant
(p < 0.01). Conclusion: According to our results, sandblasting is the best treatment to increase the
surface roughness of a supra-nano composite.

Keywords: surface roughness; microhybrid composite; sandblasting; surface treatment; composite
repair; minimal invasive dentistry

1. Introduction

Over the past few years, the quality of direct and indirect restorations has improved in terms of
the adhesion strength, longevity and composition of the resin matrix and filler [1].

However, like all dental materials, the composites undergo deterioration processes as a
consequence of mechanical (cyclic fatigue and wear) or thermal stresses and chemical degradation
(enzymatic, hydrolytic and acidic) [2,3].

Fractures, marginal bacterial infiltration, dentin treatments, teeth or restoration color changes,
indirect restorations or endodontic post detachment can also compromise the result and require a
makeover [4-9].
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In these cases, complete replacement can be a long and expensive procedure with the possibility
of further healthy dental tissue loss and an increased risk of pulp exposure. Therefore, repairing the
restoration by preserving parts or rebonding an indirect restoration can be an advantageous alternative
as these techniques are less invasive and allow the prolongation of the efficiency of conservative
therapies over time [5,10-16].

The prognosis of a repair and maintenance treatment depends on the adhesion strength achieved
between the old restoration and the new composite material layer [10].

In clinical practice, the adhesion techniques and mechanisms at the dental tissues—composite or
composite-composite interfaces are different [17].

The adhesion strength between two composite surfaces depends on their chemical composition
and characteristics such as the roughness, conditioning procedures and ability to become wet of the
polymerized surface [10].

Furthermore, contrary to what happens in the composite layering technique, during reparation,
the material integration process is hindered by the relative lack of unpolymerized monomers [18-20].

After intraoral photopolymerization, the conversion rate from monomer to polymer is between
45% and 70% because not all monomers participate in the polymerization and the remaining monomers
are available for new adhesion [21-23].

Considering that the number of unsaturated double bonds in monomers decrease over time,
the adhesion strength reduces by between 25% and 80%, and consequently the effectiveness of the
repair process is time-related [18-20].

The adhesion of new composite to an old restoration is achieved with a new bond established
by residual monomers and micromechanical retention that exploits the surface irregularities of the
old restoration.

In order to improve this type of adhesion, various surface treatments have been described in the
literature such as surface roughening with diamond burs of different granulometry, sandblasting with
aluminum oxide or silica sand, acid etching and the application of hydrogen peroxide or silane.

A systematic review of the data still appears insufficient to indicate the best method for repairing
Bis-GMA-based resins [11,14,18,21,22]. The aim of this study is to analyze the effects of chemical and
mechanical surface treatments and their combination on the roughness of a supra-nano composite
resin surface.

2. Materials and Methods

27 cylindrical blocks (height 4 mm and diameter 6 mm) of supra-nano composite col. Al
(Estelite Sigma Quick, Tokuyama Dental, Japan) were made using a silicone mold matrix.

Considering a power level of 85% with a type-I error = 0.05, for parameter roughness (Ra),
three samples for each independent group (surface-treated and independent control) were necessary.

The technical characteristics of the composite resin provided by the manufacturer were:
a resin matrix (bisphenol A-glycidyl methacrylate (Bis-GMA) and triethylene glycol dimethacrylate
(TEGDMA)) and particles of reinforcement (71% of the total volume) formed by spherical particles of
silica and zirconia, with sizes ranging from 0.1 to 0.3 um (average size of 0.2 pm).

The cylindrical blocks were obtained through two vertical composite increments of 2 mm inside
the silicone matrix. Using a LED curing lamp (Valo, Ultradent, South Jordan, UT, USA) the composite
layers were light-cured for 20" at a distance of 1 mm at 3.200 mW/cm?. In order to prevent the inhibition
of polymerization due to the presence of oxygen, and to create a homogeneous surface, the last layer of
composite was covered by a glass plate before light-curing.

To make the samples’ surface uniform, all the composite blocks were polished under
4x magnification (EyeMag Pro S, Zeiss, Oberkochen, Germania), using Soft-Lex (3M ESPE, St Paul,
Minnesota) coarse-grained, medium, fine and superfine discs for 10 s each. After each step the samples
were washed with distilled water and air dried.
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The samples were randomly divided into 9 groups (n = 3). The surface of the samples from each
group was treated with different roughening protocols:

A) Control group, no surface treatment.

B) Etching for 30 s.

C) Etching for 60 s.

D) Roughening with diamond bur.

E) Roughening with diamond bur and etching for 30 s.

F) Roughening with diamond bur and etching for 60 s.

G) Sandblasting.

H) Sandblasting and etching for 30 s.

I) Sandblasting and etching for 60 s.

Etching was performed with 35% orthophosphoric acid (Ultra-Etch, Ultradent) for 30 s in groups
B, E and H or 60 s in groups C, F and 1. After etching, each sample was washed with distilled water
and air dried.

Milling was carried out with a diamond bur with granulometry 151 pm (6837 KR Komet) mounted
on a handpiece for 3 s (groups D, E and F)

Sandblasting (20 s) was performed with an intraoral sandblaster using Al,O3 50 pm
(Dentoprep, Renvig Dental).

The observational analysis of the treated surface of the samples was carried out with an SEM
(Phenom G2, Phenom, Eindhoven, the Netherlands), at 2.100x magnification, with 5 kV voltage and
secondary electrons (SE). This SEM does not require any treatment of the sample surfaces [24,25].

The samples were then observed and analyzed with a confocal microscope (Leica DCM 3D,
Leica Microsystems) in order to measure roughness. In each sample an area of 2.5 mm? was selected
using a systematic random sampling protocol for stereological and morphometrical analysis and the
roughness (Ra) was calculated using the following formula:

/
Ra = %LiZ(x)ldx

For each experimental group the mean and quantitative parameter standard deviation (SD)
were calculated.

Data were analyzed using the Student’s t-Test and differences of p < 0.05 were considered
statistically significant.

The statistical analysis was performed using the SPSS 17.0 for Windows package and the Prism
software package (GraphPad, La Jolla, CA, USA).

3. Results

3.1. SEM Analysis

The SEM observation showed that the different types of roughening protocol exhibited no
substantial differences among samples of the same group.
Comparisons between groups showed different surface morphologies, displayed in Figure 1.
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GROUPA GROUPB

Figure 1. SEM images (2100x). Voltage: 5kV. Type of electron: secondary electron (SE). Groups A, B
and C show a surface without irregularities; groups D, E and F show evident parallel streaks resulting
from the bur action (arrows indicates the parallel streaks); groups G, H and I, the sandblasted samples,
show the highest number of microcavities (arrows indicate microcavities).

The surface of the control group samples (group A) was homogeneous, without irregularities and
without microcavities. Etching with 35% orthophosphoric acid for 30 s or 60 s (groups B and C) did not
cause any observational modification of the composite surface. The surface roughened by diamond bur
(group D) showed evident parallel streaks resulting from the bur action. The images of the sandblasted
samples (group G) show greater irregularity and a high number of microcavities. Etching using 35%
orthophosphoric acid for 30 s and 60 s (groups E, F, H and I) as an additional treatment to milling and
sandblasting caused no change on the sample surface.

In all experimental groups, the optical confocal microscope analysis shows three-dimensional
topographic images similar to the SEM observation (Figure 2).
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GROUPA GROUP B

GROUPD GROUPE g GROUPF

GROUP H GROUPI

Figure 2. Confocal microscope. Three-dimensional surface topography. Red expresses the peaks;
blue shows the depressions. Groups A, B and C show a surface with low irregularities; groups D, E
and F show a moderate presence of surface irregularities; groups G, H and I show the highest presence
of surface irregularities.

3.2. Profilometric Analysis

The mean values of roughness (R,) and the standard deviation (SD) for each experimental group
are shown in Figure 3.

Roughness
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Figure 3. Roughness (Ra) mean values of experimental group.
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There were no statistically significant differences in R, between groups A (94.2 + 44.7 nm),
B (78.6 + 23.3 nm) and C (60.7 + 35.3 nm).

The same result was obtained by comparing the values for groups D (1647.8
E (1812.3 +£ 300.7 nm) and F (1603.8 + 280.4 nm), and those for groups G (2955.6
H (2777.8 + 447.6 nm) and I (2855.6 + 494 nm).

The comparison of R, between group A (control) and groups D and G indicated statistically
significant differences (p < 0.01). Additionally, the difference in R, between groups D and G was
statistically significant (p < 0.01).

471.9 nm),
572.9 nm),

+
+

4. Discussion

The introduction into clinical practice of build-up and indirect restorations made of composite
resins requires the knowledge of adhesion mechanisms, especially when the surfaces are made of
already polymerized composite [26]. This analysis can also be linked to the necessity of following
a conservative approach in order to increase the longevity of direct restorations and the possibility
of further repairing processes [27]. The treatments used most often to enhance the adhesive’s action
are chemical and mechanical surface roughening [14,18,19,21,26]. In this study, two mechanical and
one chemical technique of surface conditioning and their combination were used. The mechanical
techniques consisted of surface roughening by the action of a diamond bur or sandblasting with Al,O3.
The chemical conditioning technique instead consisted of an etching procedure on the samples’ surface
with 35% orthophosphoric acid for 30 s or 60 s [28].

The images obtained with SEM and three-dimensional topography with an optical confocal
microscope in all experimental groups agree, showing that among samples of the same groups the
surface treatments cause substantially comparable morphological alteration. This highlights how the
response of the same type of material to various techniques does not change and is therefore predictable.

The control group (treated exclusively by polishing with abrasive discs) presented a smooth,
homogeneous surface without any irregularities or microcavities.

The surfaces roughened by a bur were irregular, with a limited number of microcavities distant
from each other and with parallel streaks resulting from the action of the bur. The sandblasted samples
showed greater irregularity and a high number of microcavities.

The comparison between the observations for these latter groups, according to previous studies,
confirms the hypothesis that sandblasting with Al,Oj is the most suitable treatment for increasing the
micromechanical retention of composite surfaces [29].

In our research, the treatment of etching alone, regardless of its duration, does not cause a significant
improvement of composite roughness. Furthermore, there are not any substantial modifications on the
surface even when the etching action is carried out on a previously mechanically conditioned surface.
This outcome is independent of the duration of acid application. The observational data, therefore,
seem to exclude any positive impact of the etching, according to Loomans et al., who stated that 35%
orthophosphoric acid is not able to cause significant alterations to the resin filler. This component can
be modified only by more aggressive acids, such as hydrofluoric acid [28].

The morphological findings (SEM and confocal) are confirmed by the profilometric analysis
quantifying the average roughness (R;) of the experimental groups.

The profilometric analysis (Figure 2) shows variable roughness among the experimental groups.
The color scale from red to blue expresses the difference in height at different points of the same sample.
To understand these data it is important to note that it is almost impossible to obtain a perfectly flat
sample by hand, and this is particularly evident in the A, B and C groups, where the analysis shows
the lowest R, values but red and blue areas are visible. This color expression afforded the researchers a
visual way of understanding the surfaces’ pattern and without comparing their height. Groups A, B
and C obtained the lowest R, values; moreover, there were no significant differences in the average
roughness between surfaces treated with etching only and the control group. Even when the effect
of the etching on milled or sandblasted surfaces was evaluated, the variation in roughness was not
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statistically significant. The concordance between the observations shows how chemical treatment
does not change the roughness of a smooth or previously mechanically roughened surface.

The average roughness increased significantly when comparing the control group to the samples
(D, E and F) whose surface was roughened by the action of a diamond bur. This statistical evaluation
was also valid for the sandblasted groups (G, H and I).

The comparison between the groups treated with mechanical conditioning shows that the
sandblasted samples had significantly higher average roughness. These data agree with the
observational findings and confirm that sandblasting is the best treatment possible for roughening a
composite surface [28].

SEM observation allows us to directly observe the surface morphology to understand the
modification related to different tools and the combination of materials and techniques [30].
The principal advantage of this technique is the possibility to directly observe samples without
any major surface modification, especially samples with irregular and reflective surfaces, where
producing bi-dimensional images does not give any information regarding surface roughness. In
particular, the SEM used in this study gives a precise and reliable surface image not requiring any surface
metallization prior to observation. The confocal laser microscope with profilometric analysis gives a
3D objective evaluation of the surfaces, providing a visual color scale that shows differences in height
among different points of the sample and so provides quantitative data on the sample microsurface [31].
The combination between SEM analysis and the confocal laser provides the possibility to obtain and
order numerical categories such as the smoothness, roughness and waviness of irregular and reflective
surfaces along with a precise and detailed bi-dimensional image [32].

The main limitation of this study is related to the experimental samples that evaluated just
one supra-nano composite. There is a need to compare the efficacy of this surface treatment on
other composites, considering that different composite materials with different physical-chemical
characteristics might respond to surface treatments in a specific manner.

In our experimental sample the specimens were not subjected to thermocycling procedures due
to the in vitro experimental setting of the research. The thermocycling process gives the researchers
the possibility to perform tests and evaluate the samples in a setting more similar to the clinical
world. In the literature it has been described how aged composite shows lower adhesion values
when compared to non-aged composite, probably due to hydrolytic degradation in the resin matrix
that occurs in the oral environment, and due to the reduction of free radicals available that can react
chemically with a fresh composite [20,33,34].

Moreover, further study is necessary to evaluate the bond strength of the composite surface and
its effect.

5. Conclusions

Considering the results of our research, it is possible to conclude that among the treatments
used to increase the roughness of a supra-nano composite surface, the most effective treatments are
mechanical ones. Within this category of conditioning, sandblasting creates the best environment for
the microretention of the adhesive system.

The use of orthophosphoric acid does not result in efficient surface roughness: the SEM images
show a different appearance after 60 s acid etching; however, there is no statistically significant
difference. According to our results, it can be concluded that sandblasting should be carried out to
increase the surface roughness of an already polymerized supra-nano composite.

This treatment makes it possible to integrate the chemical forces generated between the monomers
contained both in the adhesive and in the old composite surface with mechanical microretention.
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Abstract: background: resin-bonded fixed dental prosthesis (RBFDP) represents a highly aesthetic
and conservative treatment option to replace a single tooth in a younger patient. The purpose
of this in vitro study was to compare the fracture strength and the different types of failure on
anterior cantilever RBFDPs fabricated using zirconia (ZR), lithium disilicate (LD), and PMMA-based
material with ceramic fillers (PM) by the same standard tessellation language (STL) file. Methods:
sixty extracted bovine mandibular incisives were embedded resin block; scanned to design one
master model of RBFDP with a cantilevered single-retainer. Twenty cantilevered single-retainer
RBFDPs were fabricated using ZR; LD; and PM. Static loading was performed using a universal
testing machine. Results: the mean fracture strength for the RBFDPs was: 292.5 Newton (Standard
Deviation (SD) 36.6) for ZR; 210 N (SD 37.6) for LD; and 133 N (SD 16.3) for PM. All the failures of
RBFDPs in ZR were a fracture of the abutment tooth; instead; the 80% of failures of RBFDPs in LD and
PM were a fracture of the connector. Conclusion: within the limitations of this in vitro study, we can
conclude that the zirconia RBFDPs presented load resistance higher than the maximum anterior bite
force reported in literature (270 N) and failure type analysis showed some trends among the groups

Keywords: zirconia; digital dentistry; lithium disilicate; resin bonded bridge; fracture; adhesive
restorations; CAD/CAM; PMMA

1. Introduction

Traumatic loss [1], or congenital absence of one anterior maxillary incisor [2] in adolescents,
requires immediate treatment with temporary or definitive solutions for aesthetic and functional
reasons. Resin-bonded fixed dental prosthesis (RBFDP) represents a highly aesthetic and conservative
treatment option to replace a single tooth in a younger patient, before implant treatment becomes
available [3] or after orthodontic treatment [4]. In literature, survival rates of RBFDPs were 87.7% in
medium-term observation [5]. The main factors of failure include debonding [6], secondary caries on
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the abutment tooth [5], and fracture of the retainers [7]. These causes are determined by two prosthetic
characteristics of RBFDPs: retainer designs [3,8] and properties of the materials [9]. The framework
designed with two-retainer has been the most used by clinicians and dental technicians because it
was considered with higher fracture resistance than the frameworks with one retainer (cantilever).
However, several studies demonstrated that two-retainer RBFDPs have a higher fracture rate and lower
survival rate than cantilever RBFDPs [10-15]. Traditionally, the framework of RBFDPs is made of metal
alloy, but different metal-free materials with more aesthetics and bond strengths are available. Several
authors showed excellent longevity of zirconia [16,17] and lithium ceramic [18] cantilever RBFDPs
over 10-20 years with few mechanical complications. However, the mechanical complications were
different, according to the material. Debonding rate of 8% and one loss of restoration was revealed
by Kern et al. [17] for zirconia cantilever RBFDPs; no debonding was recorded by Sailer et al. [18]
for lithium disilicate cantilever RBFDPs. However, the assessment of the mechanical performance of
prosthetic materials through clinical trials is difficult because of several conditions and characteristics
of the patients.

In the last few years, digital technologies have been introduced in dentistry to improve patient
comfort, decrease operative time, and reduce clinical treatment [19-22]. The use of scanners,
computer-aided design (CAD) software, and computer-aided manufacturing (CAM) machines have
opened many possibilities to replicate and fabricate dental prosthesis in different materials.

Therefore, uniform fabrications of cantilever RBFDPs with different materials by the same standard
tessellation language (STL) file allow knowing the real performance of these materials, and the possible
adverse comportments on the abutment tooth in extreme conditions.

The purpose of this in vitro study was to compare, using the universal testing machine, the fracture
strength and the different types of failure on anterior cantilever RBFDPs fabricated using zirconia,
lithium disilicate, and PMMA-based material with ceramic fillers by the same STL file.

2. Materials and Methods

Sixty extracted bovine mandibular incisives were stored in physiological saline solution at a
temperature between 5 °C and 10 °C [23]. They were embedded in autopolymerizable methacrylate
resin block of dimensions 35 x 50 X 14 mm (ProBase Cold, Ivoclar Vivadent, Bologna, Italy), with the
cement—enamel junction above 1 mm and orthogonal the resin base. After horizontal preparation of
1-1.5 mm using a diamond chamfer bur on lingual surface near the cementum—enamel junction of
each tooth, air-polishing was performed (52, EMS) with sodium bicarbonate-based powders (EMS) on
60 teeth for 30 s at distance of about 3 centimeters on total surface of each tooth (Figure 1).

Figure 1. Air-polishing used to clean incisive embedded in resin block.

All teeth were imported in virtual environment by laboratory scanner (Smart Big Open Technology,
Rezzato (BS), Italy). Using a Cad software (Exocad DentaCad, Darmstad, Germany), one master model
of RBFDP with a cantilevered single-retainer was designed (Figure 2).
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Figure 2. Design of master model of cantilever BFDP.

The RBFDP presented the same parameter setting, shape, and size of the cantilever tooth,
independently from the anatomical morphology of the bovine mandibular incisives. The retainer
wings were fabricated with a uniform thickness of 0.7 mm. The connectors were designed with a height
of 3 mm and a width of 1.5 mm [24,25]. Twenty RBFDPs with a cantilevered single-retainer design for
the groups were fabricated with 3 different materials: zirconia (Katana ML, Kuraray, Milano, Italy),
lithium disilicate (TIPS e.max Press LT A2, Ivoclar Vivadent, Bologna, Italy), and PMMA-based material
with ceramic fillers (HIPC, Bredent GmbH, Senden Germany). Each RBFDP has been created by the
same CAD design with different procedures based on the type of material. The twenty RBFDPs in
HIPC were milled by a computer numerical control machine (Roland DWX-50, Roland DG Corporation,
Osaka, Japan). The excessive material was removed with tungsten bur (Komet Dental; H250NEX). All of
the samples were polished using a polisher machine (Sirio Dental, Meldola (FC), Italy). Twenty zirconia
RBFDPs were milled by a CNC machine (Roland DWX-50, Roland DG Corporation, Osaka, Japan),
polished using diamond burs, and sintered (Nabertherm LHT 01/17 D, Nabertherm, Lilienthal,
Germany) for 12 h at 1450 °C following the manufacturing instructions. The 20 RBFDPs in lithium
disilicate were fabricated with wax lost technique. A wax block (CeraWax, Co.N.Ce.P.T, Busseto
(PR), Italy) was used to mill the RBFDPs. A sprue was waxed onto the cantilever tooth of all RBFDPs.
They were then embedded in a universal investment material (IPS PressVest Premium investment,
Ivoclar Vivadent, Bologna, Italy), with 2 RBFDPs (Figure 3).

Figure 3. Cantilever RBFDPs milled in wax.
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The wax was removed in a heated furnace (Sirio SR 750-In Fire, Sirio Dental S.r.l.,, Meldola
(FC), Italy) and the RBFDPs were pressed with lithium disilicate glass-ceramic (IPS e-max Press LT A2,
Ivoclar Vivadent, Bologna, Italy) in the machine-calibrated furnace (Luxor Press-SR 862, Sirio Dental
S.rl., Meldola (FC), Italy) following manufacturer recommendations (Figure 4).

Figure 4. RBFDPs in lithium disilicate fabricated with wax lost technique.

The sprue was removed using a metallic disk and all RBFDPs in lithium disilicate were polish
with diamond burs. We obtained 60 comparable RBFDPs with a cantilever design without preparation
of the abutment in three different materials. The thickness of the wings of all RBFDPs were measured
using a caliper. All of the abutment teeth were treated with the same procedure: 15 s of etching
(Scotchbond Universal Etching, 3M, Milano, Italy), 15 s of rinsing with water, 15 s of drying, and the
bonding (Scotchbond Universal Adhesive, 3M, Milano, Italy) were applied for 20 s and polymerized
for 60 s using a lamp (Valo, Ultradent, South Jordan, UT, USA). All of the RBFDPs were cemented
with dual-cured resin cement (Relyx Ultimate, 3M, Milano, Italy) and polymerized for 60 s using led
lamp (400-500 nm), but with different procedures. Air abrasion was performed with 50 um Al,O3
particles at a 2.5 bar pressure for 15 s at a distance of 10 mm on the wings of RBFDPs in zirconia.
After drying, the wings were cleaned with 96% isopropanol for 3 minutes. The bonding (Scotchbond
Universal Adhesive, 3M, Milano italy) was applied on the wings for 20 s and polymerized for 60 s.
Air abrasion was performed with 110 um Al,O3 particles at a 2.5 bar pressure for 15 s, at a distance of
10 mm on the wings of RBFDPs in PMMA-based material with ceramic fillers. After drying, the primer
(Visiolink, Bredent, Seden, Germany) was applied on the wings and polymerized for 60 s. Instead,
the wings of RBFDPs in lithium disilicate were etching with hydrofluoric acid (Ceramic Etching gel,
Ivoclar Vivadent, Bologna Italy) for 60 s, 60 s of rinsing, and 30 s of drying. The bonding (Scotchbond
Universal Adhesive, 3M, Milano, Italy) was applied for 20 s and polymerized for 60 s. All procedures
were performed according to the manufacturer’s instructions. The samples were numbered through
the engraving on the resin of a code indicating the material. All samples were mounted on a 30° angled
support of a universal testing machine (Acumen 3, MTS Systems Corporation, Eden Praire, MN, USA)
and a static loading at a crosshead speed of 1.5 mm/min, until failure to the incisal edge of the pontic
tooth was performed to simulate real situation (Figure 5). The load was transferred through a 6-mm
diameter steatite ball in the middle of the incisal edge of the pontic tooth until failure [25].

Four types of failure were recorded: debonding of RBFDPs, fracture of the connector, debonding
of the RBFDPs with fracture of the abutment tooth, and fracture of the abutment tooth with the RBFDP
still bonded. All of the methods were synthetized in the following flowchart (Figure 6).
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