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Objective  The objective of this study was to evaluate the effect of nano-SiO2 addition 
on the flexural strength (FS) of repaired acrylic denture base.
Materials and Methods  Heat-polymerized acrylic resin specimens were fabricated 
in dimensions of (65 × 10 × 2.5 ± 0.1 mm3 ) and then sectioned and prepared, creat-
ing repair gap with butt (90 degrees) and bevel (45 degrees) repair surface designs 
forming two main groups according to joint design. Further subdivision was done into 
four groups (n = 10) according to nano-SiO2 concentration: one unmodified group and 
three modified groups (0.25, 0.5, and 0.75 wt %) in the autopolymerized repair resin. 
Each pair of a specimen was assembled in a mold and repaired according to manufac-
turer’s recommendations.
Statistical Analysis  Three-point bending test was done to measure FS, followed by 
scanning electron microscope (SEM) examination for fracture surface analysis. Data 
were analyzed using ANOVA and Tukey’s post hoc test (α = 0.05).
Results  The addition of nano-SiO2 significantly improved FS of repaired acrylic resin 
in comparison to the unmodified group (p ˂  0.05). For butt joint, significant differences 
between nano-SiO2 reinforced groups were noticed (p ˂ 0.05), while reinforced beveled 
groups did not differ significantly (p ˃ 0.05). Bevel design remarkably increased FS 
compared with butt design per respective filler concentration. From the SEM images, 
improved FS was presented with a homogeneous distribution of nano-SiO2 within poly-
methyl methacrylate.
Conclusion  Nano-SiO2 addition to repair resin and 45 degree-beveled repair surface 
increased FS of repaired acrylic resin.
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Introduction
Polymethyl methacrylate (PMMA) denture base material has 
low impact and flexural strength (FS); therefore, denture 
fracture is very common.1,2 Repair of fractured denture is 
recommended to reduce the cost or the time needed for new 
denture fabrication.3,4 A satisfactory denture repair material 
has to be of the same color of the original denture base and 
restores its original strength. Autopolymerized acrylic resin 

was found to meet the first aforementioned requirement; 
however, due to its poor mechanical properties, repeated 
denture fracture may occur.5,6 Such situations act as major 
annoyance to clinicians and consume their time. Numerous 
researches investigated different repair materials, reinforce-
ments, surface treatments, and repair surface designs to 
improve the repair strength and avoid recurrent fracture of 
the denture base.3,7
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Repair surface design modifications were proposed as an 
attempt to improve repair strength.8,9 Butt joint is commonly 
used due to its ease of preparation and clinical application. 
On the other hand, bevel joint demonstrated high mechan-
ical properties.10 Moreover, the damaging tensile stress can 
be shifted to shear stress by having larger bonding area 
and creating 45 degrees bevel at the interface.3,9 Although 
surface design modifications improved the repair strength, 
the poor strength of repair material was reported based on 
the increased cohesive fractures within repair materials.11 
Therefore, reinforcement of the repair resin is considered 
an appropriate solution for denture repair. These reinforce-
ments included metal wires, fibers,11,12 or nanoparticles.3,12

Nanoparticles gained their importance due to their size, 
large specific surface area, and good interfacial interaction 
with organic polymers.13,14 Among these nanoparticles, sili-
con dioxide (nano-SiO2) was reported by previous studies1,15,16 
to produce high mechanical and thermal properties when 
incorporated with PMMA. Pervious study found that low con-
centrations of nano-SiO2 addition into PMMA denture base 
materials allowed uniform dispersion, prevented agglomer-
ation, and finally enhanced the mechanical properties of the 
nanocomposite.17 In 2014, Balos et al reported that adding 
low amount of nano-SiO2 to conventional PMMA dentures 
could strengthen them, improve their resistance to cracking, 
and make them more durable.18 In addition to the mentioned 
advantages, the properties of PMMA nanocomposite depend 
on the type, shape, concentration, and size of the nanofillers as 
well as their interaction with the PMMA matrix.1,19 Moreover, 
the treatment of reinforcement material with silane coupling 
agent improved the bond strength between the filler and the 
resin, subsequently enhancing repair strength.18

Up to now, the effect of nano-SiO2 on repair strength of 
acrylic resin has not been well evaluated. Therefore, this 
study was performed to assess and compare the effects of 
nano-SiO2 addition with different repair surface design on 
the FS of repaired PMMA denture base. The null hypothesis 
was that the addition of various concentrations of nano-SiO2 
and repair surface designs will not improve FS of repaired 
PMMA denture base.

Materials and Methods
A pilot study done with nano-SiO2 concentrations of 0.25 to 
5% revealed that lower than 1% nano-SiO2 improved the FS of 
the resin base. The World Health Organization sample size 
calculation equation with 80% power and 0.05 significance 
value was used. Based on previous studies,3,16 the power anal-
ysis revealed that 80 specimens (total of eight groups, four 
groups per surface design, n = 10) were required to detect 
differences among different reinforcement groups and their 
effects on FS of repaired acrylic resin.

Specimens Preparation
Heat-polymerized (Major Base 20; Major Prodotti Dentari 
SPA, Moncalieri, Italy) acrylic resin specimens were pre-
pared in dimensions of 65 × 10 × 2.5 ± 0.1 mm according to 
ADA specifications no. 12 for denture base polymer.20 The 

specimens were fabricated according to the methodology 
described in previous studies.3,12 Once polymerized, finished, 
and polished, they were stored in distilled water at 37°C for 
1 week. Following that, specimens were prepared and stan-
dardized for repair as stated by Gad et al3 and illustrated in 
►Fig. 1, where specimens were sectioned and prepared with 
two surface designs; butt (90 degrees) and bevel (45 degrees) 
repair surfaces with 2.5 mm repair-gap measured at the 
intaglio side. Specimens per surface design were randomly 
categorized into four groups according to nano-SiO2 concen-
tration in the repair resin (►Table 1).

Nano-SiO2 (AEROSIL R812; Evonik-Degussa white color, 
99.5% purity, size 12 nm, specific surface area 150 to 550 m2/g, 
and intensity 2.2 g/cm3) was silanized using 97% (γ-MPS), 
(Shanghai Richem International Co., Ltd.) following the 
steps described by Karci et al,16 and da Silva et al.21 Salinized  
nano-SiO2 was weighted using digital balance (WENSAR Mab 
Dab Series Analytical Balance, DAB 220) in concentrations of 
0.25, 0.5, and 0.75 wt% of repair acrylic powder16,21 (Major 
Repair; Major Prodotti Dentari SPA, Moncalieri, Italy). To 
assure equal filler distribution within PMMA powder, the 
nano-SiO2 concentrations were independently blended with 
the PMMA powder at 400 rpm for 30 minutes.3,16,21

A metal mold with internal dimensions of 65 × 10 × 2.5 mm 
was used for repair procedure standardization. To repair the 
sectioned specimens, repair surfaces were treated with mono-
mer for 120 seconds22 and then each pair of a specimen was 

Fig. 1  Illustrated diagram for acrylic resin specimen dimensions, 
preparation, and repair. (A) Intact specimen; (B) butt joint prepa-
ration; (C) repaired butt joint specimen; (D) bevel joint preparation; 
and (E) repaired bevel joint specimen.

Table 1   Specimens grouping and coding according to surface 
design and nano-SiO2 concentration

Nano-SiO2 
concentration

Surface design

Butt joint 
(90 degrees)

Bevel joint  
(45 degrees)

0% BT0 BV0

0.25% BT25 BV25

0.5% BT5 BV5

0.75% BT75 BV75
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assembled in the mold insuring a repair gap of 2.5 mm at the 
intaglio side. Prepared repair resin with the different nano-
SiO2 concentrations was mixed independently according to 
manufacturer instructions and packed into the repair gap. The 
polymerization was done in a pressure vessel for 15 minutes 
at two bars and 55°C. After polymerization, the specimens 
were retrieved and tungsten carbide bur (HM 79GX-040 HP; 
Meisinger, Centennial, CO, United States) was used to remove 
excess resins, followed by polishing using progressively finer 
grits of silicon carbide papers (320, 400, and 600). Pumice 
(Steribim Super; Bego, Wilhelm-Herbst-Strabe, Germany) was 
mixed with water and used for final polish with soft bristle 
brush. A digital caliper was utilized to evaluate repaired spec-
imens’ dimensions. After that, the specimens were stored in 
distilled water for 48 hours at 37°C prior to testing.

To measure the FS of repaired specimens, three-point 
bending test was performed using universal test-
ing machine (Instron 8871; Instron Co., Norwood, MA, 
United States) where specimens were positioned horizon-
tally on two vertical supports 50 mm apart. The load was 
applied centrally at the repaired area at intaglio surface of 
the specimens using a round-ended tip (2.5 mm diameter 
hardened steel rod) attached to a 5KN load cell. The load 
was applied at a crosshead speed of 5 mm/min until frac-
ture. The predetermined variables of distance between the 
supports (L), the width (b), and thickness (d) of the spec-
imen; all in (mm); in addition to the load at fracture (W) 
recorded in newton (N) were used to calculate the FS in 
(MPa) using the following formula:	                .7,22

Scanning Electron Microscopy
The nature of failure was examined by bare eye and SEM as 
described by Gad et al22 and Qaw et al.23 The morphology of 
the fractured surfaces of specimens was further examined 
using SEM (FEI; INSPECT S50, Czech Republic), where vari-
ous magnifications were used to classify the nature of fail-
ure. Compact and smooth surface represents brittle fracture, 
while rough and jagged appearance represents ductile frac-
ture mode.23

Statistical Analysis
Data analysis was performed using SPSS-20.0 (IBM soft-
ware; Chicago, IL, United States). Kolmogorov–Smirnov test 
assured that results were well distributed. The results were 
presented as means and standard deviations. Groups were 
compared by means of one-way ANOVA to study the effects 

of different nano-SiO2 concentrations on FS (between and 
within groups), followed by Tukey’s post hoc test for pair-
wise comparisons within groups at α = 0.05.

Results
The mean values, standard deviations, statistical signifi-
cances of FS between and within groups are summarized in 
►Table  2. The results showed that the mean values varied 
widely between unmodified and nano-SiO2 modified repaired 
groups. Regarding butt joint groups (BT), and in comparison 
to the control group, the FS was significantly increased with 
nano-SiO2 addition for all groups (p < 0.05). Among reinforced 
butt joint groups, there was no significant difference between 
BT25/BT5 (p = 0.310) and BT5/BT75 (p = 0.230) while a signifi-
cant difference in FS was found between BT25/BT75 (p < 0.05) 
with the latter showing lower value.

For bevel groups (BV), and in comparison to control 
group, FS was significantly increased with nano-SiO2 addi-
tion for all groups (p < 0.05). Among bevel joint reinforced 
groups, there was no significant difference between any of 
the groups (p > 0.05).

Comparing BT and BV groups, results showed a significant 
increase in FS for bevel groups per respective nano-SiO2 con-
centration (p < 0.05), and the highest FS value of any modified 
group reported in this study was with BV25 (81.54 ± 6.93 MPa) 
and the lowest was with BT75 (71.79 ± 6.32 MPa).

As shown in ►Fig. 2, for butt joint (BT0) and bevel joint 
(BV0), cohesive failure was more dominant. While for all 
modified groups (BT25, BT5, and BT75) and (BV25, BV5, and 
BV75), adhesive failure was more prevalent.

SEM analysis for the different types of fracture modes 
revealed that adhesive fracture was present at the edge profile 
of repaired surface, while cohesive fracture happened within 
repair material. A mixed type of fracture was clearly present 
as the fractured surface displayed two types of materials, den-
ture base resin and repair resin with different percentages. SEM 
examinations for fractured surfaces revealed that the control 
group specimens exhibited rough surfaces with few lamellae 
like structures as well as smooth background. According to the 
topography of fractured-surfaces of nano-SiO2 containing spec-
imens, more lamellae and deep pits were noticed suggesting 
ductile mode of fracture. Images also showed homogeneous 
distribution of nano-SiO2 within the resin matrix at low concen-
trations. The amount of particle aggregation increased as the 
percentage of nano-SiO2 increased in the polymer matrix with 
signs of particle agglomeration resulting in cluster formation.

Table 2   Mean (± standard deviation) and statistical significance of flexural strength (MPa) for all tested groups

Surface design Flexural strength-MPa (±SD)

Butt (90 degrees) BT0 BT25 BT5 BT75

54.23 (±5.21) 75.43 (±4.84)a 73.06 (±3.91)a,b 71.79 (±6.32)b

Bevel (45 degrees) BV0 BV25 BV5 BV75

61.34 (±5.09) 81.54 (±6.93)a 80.42 (±4.05)a 79.82 (±6.11)a

Abbreviations: BT, butt joint; BV, bevel joint; SD, standard deviation.
Note: Identical lowercase letters denote no significant differences within respective raw regarding nano-SiO2 concentration (p > 0.05), 
while per surface design, all groups show significant differences per column (p ˂ 0.001).

FS = 3WL
2bd2
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Discussion
Some important factors dictate which repair material is to be 
used including the material strength, repair surface design, 
and the use of repair reinforcements.11 Although previous 
studies investigated PMMA/SiO2 nanocomposite denture base 
properties and recommended using nano-SiO2 in low concen-
trations, its effect on repair strength has not been evaluated. 
Therefore, this study was conducted to evaluate the effect of 
nano-SiO2 addition and surface design on the repair strength 
of PMMA acrylic resin. According to the results, the null 
hypothesis was rejected because the addition of different con-
centrations of nano-SiO2 and the modification of repair surface 
design affected the FS of repaired PMMA acrylic resin bases.

Repair surface design is considered one of the most import-
ant factors that affect repair strength.3,11 Beveling signifi-
cantly increased FS in comparison to butt joint and this was 
noticed even with nano-SiO2 addition. This might be due to 
the increase in the surface area available for bonding between 
denture base and repair material.4 Furthermore, having a  
45 degrees bevel at the interface could change the tensile 
stress into less damaging shear stress.9 This finding is in agree-
ment with previous studies,8,9 where it was found that bev-
eled surfaces improved the mechanical properties of repaired 
resin bases over butt surface design. The analysis of the nature 
of failure supported these suggestions, where BT groups failed 
mainly adhesively. This could be linked to the small surface 
area that butt joint offers for bonding.24 The BV had an over-
all more cohesive and mixed failures compared with the BT 
groups, confirming that repair surface beveling increases FS 
by increasing the interface and having larger bonding area.

With both surface designs, nano-SiO2 addition increased 
the FS in comparison to unmodified groups. The increase 
in low nano-SiO2 concentration may be attributed to the 
homogeneous distribution of nanoparticles and their abil-
ity to fill interpolymeric chain spaces and restrict their 
movement.16,25,26 Additionally, the silane treatment enabled 
nano-SiO2 to form strong bonds with the polymer matrix.27 To 
add to that, interfacial shear strength between nanoparticles 
and resin matrix owing to crosslinking or supramolecular 
bonding could prevent crack propagation and increase FS.28 
The results of this study agree with Balos et al,18 who con-
cluded that low nano-SiO2 content provides better mechani-
cal properties compared with high content.

The nanocomposites mechanical properties can be 
enhanced using different techniques, fillers with different 
shapes, sizes, concentrations, distribution, and connec-
tion to the polymer matrix.1 As nano-SiO2 concentrations 
increased from 0.25 to 0.75%, the FS gradually but signifi-
cantly decreased with butt joint while the reduction was 
insignificant with bevel joint. The 0.75% nano-SiO2 rein-
forced groups for both joint designs presented the lowest FS 
values for reinforced groups. This can be explained by silica 
nanoparticle aggregation and cluster formation responsible 
for weak bonding and stress concentration.16 Previous stud-
ies by da Silva et al,21 Zuccari et al,29 Mc Nally et al,30 Sodogar 
et al,31 and Mansour et al32 found similar results to those of 
the current study.

Generally, and as reported in the literature, SEM images 
of ductile type of fractures are characterized by rough frac-
ture surfaces, microcracks, crack deflection or restriction, 
and particle yielding,16 while brittle type of fracture is usu-
ally represented by mirror like appearance of fracture sur-
face with no cracking.23 Based on the SEM findings of this 
study, the nano-SiO2 addition in low concentrations resulted 
in features of ductile nature which proves the positive effect 
of nano-SiO2 on FS of repaired resin. While in high concen-
trations, loosely attached clusters were formed and may have 
acted as stress concentration areas leading to a decrease in FS.

Other confirming finding of the effect of reinforcement 
on the repair material is that the unreinforced groups failed 
mainly with cohesive type of fracture. While for reinforced 
groups, the most common failure type was adhesive, indi-
cating that the incorporation of nano-SiO2 into repair resin 
increased the strength of rapier material itself making the 
denture base/repair resin junction the weakest point, neces-
sitating more focus on the interface. The attention could be 
directed toward chemical, mechanical, or combination tech-
nique of modification with intermediate coupling agents in 
addition to repair material reinforcement.23

Clinically, low concentrations of nano-SiO2 addition to 
repair resin material could be a promising method for improv-
ing denture longevity and repair strength. Finally, the results 
of this study should be interpreted with caution due to its lim-
itations, such as conducting this study in a laboratory setting, 
which lacks the conditions seen in oral environment, one brand 
of acrylic resin was used, specimens configuration was stan-
dardized and did not reflect the actual geometry of a denture, 
and lack of chewing forces. Therefore, further investigations 
with different concentrations of nano-SiO2, different brands of 
acrylic resins and testing under conditions mimicking the oral 
environment with aging procedures are recommended.

Conclusion
Within the limitations of the current study, it could be 
concluded that:

1.	 The addition of low concentration of nano-SiO2 to repair 
material increased the FS.

2.	 Beveled repair surface design increased the FS of repaired 
denture base.

Fig. 2  Nature of failure of fractured specimens.
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