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Abstract

Purpose: Polymethyl methacrylate resins are a class of materials used widely in dental practices. However,
reinforcement of PMMA resins is the most important issue for the fabrication of overdentures/dentures with long-
term durability. In the current study, the mechanical properties (in terms of tensile, bending, and impact
properties) and applicability of the heat-polymerized Polymethyl methacrylate denture base materials were
investigated by incorporating the synthesized sol-gel derived nano-porous silica aerogel.

Materials and Methods: Polymethyl methacrylate overdenture base materials were prepared by direct mixing of
liquid MMA component with the desired weight contents of the synthesized sol-gel derived silica aerogel (i.e., 0,
2.5,5,7.5, and 10 wt%) followed by thermal polymerization. The mechanical properties of the prepared nano-
composites were investigated in terms of tensile, impact, and bending strength, and the experimental results were
also compared with those commercial Triplex Hot acrylic base overdenture resin.

Results: The experimental results revealed that there is a meaningful correlation (P<0.05) between silica aerogel
weight content and mechanical properties of the as-prepared silica aerogel- Poly-methyl methacrylate composites.
Compared with commercial Triplex Hot base composite, fabricated Poly-methyl methacrylate base denture
composites containing only 7.5 wt% of silica aerogel show higher mechanical properties. At optimum
concentration, the bending, impact, and flexural properties of the composites reached 16.3 MPa, 22.9 MPa, and
38.1 Kj. m?, respectively.

Conclusion: The experimental results revealed that nano-porous silica aerogel is a promising alternative candidate
to be used as an efficient filler in the fabrication of overdentures. Fabricated nano-composites using silica aerogel
show higher mechanical properties, compared to fabricated commercial base composites. Furthermore,
denture/overdentures had better fracture toughness by using nano-porous silica aerogel, and no more space is
needed.
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1. Introduction

From the 1940s, PMMA was considered the most
popular and the main choice of materials for the
fabrication of removable prosthetics and overdentures.
Ease of processing, low cost of laboratory equipment
and available materials, as well as the aesthetic
appearance and high stability in the oral environment,
are some main advantages of using PMMA
composites in the field of dentistry. However, besides
the great features, the manufacturing and
serviceability of overdenture materials still suffered
from poor mechanical properties of PMMA resin,
including deformation and fracture of the denture base
materials. It should be noted that fatigue and impact
failure are two main reasons for overdenture fracture.
The experimental investigations revealed that the
fracture of overdentures/dentures occurs commonly
due to heavy occlusal forces or accidental damage.
Hence, manufactured implants cannot meet the
required structural characteristics and they are
suffered directly from occlusal forces such as fracture
attachment, implant failure, and attachment
dislodgement buffering. By improving the mechanical
properties of acrylic resins with reinforcements, the
required characteristic at low thickness could be
available. In this regard, many attempts have been
made to improve the mechanical properties of

PMMA-based overdenture materials [1-4].

The recent experimental results show that compared
with traditional reinforcements, the incorporation of
nanomaterials can significantly enhance the
properties of the fabricated dental
PMMA-based nanocomposites at very low filler
weight content. Zirconia (ZnQO;), alumina (Al>O3),

mechanical

titanium oxide (TiO) nanoparticles, as well as nano-
size fibers are some well-known nanomaterials that
are widely utilized in the reinforcement of PMMA
composites [5-7]. El-Shennawy et al. [8] investigate
the effect of TiO; nanoparticles (with different weight
contents from 1 - 5 wt%) on the mechanical properties
of two normal heat cures and high-impact acrylic base
resins. The experimental results revealed that in all
cases, utilization of 1 wt% of TiO; resulted in
enhanced flexural (102 and 114 MPa) and impact
strength (2.95 and 3.4 MPa). Farshid Sefat er al. [9]
investigate the effect of surface modification on the
mechanical properties improvement of
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PMMA/micron-sized inorganic particles, including
Ti0,, Si0,, ZrO,, and Al,O;. The experimental result
revealed that in all cases, the PMMA fracture
resistance was improved by silane modification of
filler particles due to the uniform dispersion of
reinforcements throughout the matrix. It should be
noted that the effect of weight content variation on
fracture toughness of the fabricated composites was
not investigated. Arksornnukit et al. [10] investigate
the effect of incorporation of silica nanoparticles on
the mechanical properties of the fabricated PMMA/
NP-silica nano composites. The experimental results
show that utilization of 1% wt of surface-modified
nano silica (optimum concentration) improved (~
15%) the mechanical properties of the fabricated nano
composites in terms of flexural strength and fracture
toughness. Although many attempts have been made
to improve the mechanical properties of the PMMA
dentures using low-cost and available fillers, high cost
of filler production, aggregation of nano size
reinforcements, stress concentration, low interfacial
bonding between fillers and matrix, and in some cases,

biocompatibility are considered as the main
drawbacks of nano-fillers utilization [11-13].
In the field of nano-engineering, recent

experimental evidence reveals that the utilization of
nanostructured  (nano-porous)  materials  can
significantly improve the mechanical properties of
reinforced composites. Nanoporous materials are
organic or inorganic-based substances with a
meso/macropore size distribution. Zeolites, activated
carbon, ceramics, inorganic porous hybrids, and
aerogels/ xerogels are some typical instances of this
kind of natural or synthetic material [14-17]. Aerogels
are a class of nanoporous substances, which can be
prepared by the sol-gel process of both inorganic and
organic precursors. Thanks to their valuable intrinsic
properties, such as high porosity, high specific surface
area, and tunable pore size distribution, these materials
are used in various fields of engineering and medical
applications. From biocompatibility point of view,
silica aerogels/ xerogels are sol-gel-derived materials
formed in an open three-dimensional silica network
with unique properties such as high specific surface
area (800—1200 m?/g), high porosity (~%98) and very
low density (0.06 g/cm®) [18, 19]. Due to the
biologically inert properties of silica, it has been
specifically exploited in engineering and medical

applications, and it has received special attention for
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the development of drug delivery, enzyme
encapsulation, and mechanical improvement of
implant composites [20-23]. Recently, Hegedus ef al.
[24] investigated the applicability of the bio-activated
sol-gel-derived nano-porous silica in the field of
dentistry. The analysis of osteogenic sarcoma cells
shows that the bio-activated silica aerogel by
hydroxyapatite can improve cell attachment. The
behavior of osteosarcomas on both glass substrate and
the modified silica aerogel was the same, indicating
bio-activity and non-toxicity of silica aerogel for
practical applications in the field of dentistry.

The main objective of the present study was to
investigate the applicability of nanoporous silica
aerogel as a new efficient filler to be used in the
fabrication of denture bases with improved
mechanical properties. The main idea for developing
the current research is based on two hypotheses: first,
due to the foam-like nature of silica aerogel and the
regular arrangement of the silica species with a well-
defined distance in the fractal structure, the possibility
of better distribution of the reinforcement in the
polymer matrix is higher. Second, due to the foamy
nature of silica aerogel, PMMA-monomer can
penetrate inside the silica pores and fill them. When
the reaction starts, the polymerization will proceed
from the inside to the outside of the silica pores,
resulting in organic/inorganic  interpenetrating
networks that improve the connection between the
silica particles as reinforcement and the polymer
matrix, which can improve the mechanical properties
of the final composites. Furthermore, due to the
fractal-type structure of silica aerogel, the induced
stress can propagate across the composite in three
directions, improving the stress attenuation
characteristic of the fabricated nano-composites. To
achieve this goal, silica aerogel was prepared by using
sodium silicate as a silica aerogel precursor through
acid acid-catalyzed method, accompanied by chemical
surface modification and ambient pressure drying. The
reinforced PMMA base composites were prepared by
direct mixing of liquid PMMA monomer with the
desired weight contents of the synthesized silica
aerogel (i.e., 0, 2.5, 5, 7.5, and 10 wt%) followed by
thermal polymerization. The mechanical
characteristics of the prepared composites were
evaluated in terms of tensile strength, bending
strength, and impact properties. The experimental
results were also compared with commercial Triplex
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hot PMMA resin. The analysis of the experimental
results provided profound insight into the contribution
of aerogels as filler to improving the mechanical
properties of the fabricated PMMA base composites.

2. Materials and Methods

2.1. Materials

The materials implemented in the present study
include sodium silicate (Si: Na mol ratio =3.33) as sol
precursor, trimethylchlorosilane (TMCS) as chemical
surface modifier, n-hexane (as solvent exchange
agent), ethanol (as solvent), and Hydrochloric acid
(HCl) as a sol-gel polymerization catalyst. Benzoyl
peroxide, as a free radical polymerization initiator,
was obtained from Merck and used as received. D.I.
water was also used to prepare silica sol. For the sake
of comparison, commercial Triplex Hot Resin was
also used (Ivoclar Vivadent, Inc. LOT W86829). It
should be noted that in all cases to obtain the MMA
liquid component  with  triggered thermal
polymerization characteristics, MMA monomer was
mixed with benzoyl peroxide under the weight ratio of

99:1 prior to SiO,-PMMA sample preparation.
2.2. Preparation of Silica Aerogel

Figure 1 shows a flowchart overview of the
fabrication of hydrophobic silica aerogel. In a typical
procedure, silica sol was prepared by mixing sodium
silicate with the DI water to prepare a 12 wt% silica
sol. After that, the desired amount of 1M HCI was
added dropwise into the prepared silica sol to decrease
the solution pH from 13 to 4. For gelation, the as-
prepared silica sol was poured into an air-tight beaker
and kept at room temperature. After gel formation, the
prepared silica gels were aged in pure ethanol for 72
hr at a constant temperature of 30 °C. To improve the
mixing of MMA with silica aerogel particles, chemical
surface modification of the as-prepared silica wet gels
is necessary. For this purpose, the as-prepared silica
wet gels were immersed in TMCS/n-hexane (TMCS
concentration of 15 wt% in n-hexane) solution for 24
hr at room temperature. Finally, the surface-modified
wet gels were washed with fresh n-hexane and dried at
90 °C and 120 °C for 72 and 24 hr, respectively.
Finally, to prepare PMMA/ silica acrogel composites,
the synthesized silica aerogels were ground down and
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sieved to obtain silica aerogel particles with a mesh
size of 325.

Sodium silicate ‘ D.I water

I |
!
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Silica wet gel
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Figure 1. Schematic flow chart of the process for
fabrication of hydrophobic sodium silicate-based silica
aerogel

2.3. Composites Preparation

To investigate the impact of silica aerogel on the
mechanical characteristics of the prepared composites,
Si0,-PMMA was prepared by the direct mixing of the
grounded silica aerogel with the MMA monomer
(under varied weight contents from 0 to 10 wt%),
followed by thermal polymerization. For this purpose,
the synthesized silica aerogel powder was well
dispersed in the MMA monomer by using
ultrasonication. It should be noted that, following
impregnation of silica aerogel in MMA liquid, the
silica aerogel's appearance changed from opaque to
transparent  characteristic, since liquid MMA
monomer penetrated through silica aerogel pores and
filled them. This phenomenon is due to the open-pore
characteristic of silica aerogel. Hence, MMA
polymerization proceeded from the inside to the
outside of the silica pores, generating high-
performance homogeneous organic-inorganic
interpenetrating networks. Finally, the as-prepared
mixtures were cast into the specific molds, according
to ASTM sample dimensions, packed (using a 14 MPa
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hydraulic press), and cured (polymerized thermally) in
an oven. In all cases, thermal polymerization was
performed for 6 hr at 70 °C, 3 hr at 90 °C, and 2 hr at
100 °C under standard laboratory procedure for
preparing the nano-composites. Finally, based on the
type of mechanical analysis, 3 main groups of SiO»-
PMMA nano-composites, each containing 0, 2.5, 5,
7.5, and 10 wt% of SiO; filler, were fabricated. Each
subgroup also comprised 10 sample specimens, which
were subject to mechanical characterization. For the
sake of comparison, the commercial (Triplex Hot
resin) PMMA denture composites were also prepared
according to laboratory preparation instructions. The
details of the prepared samples are presented in Table
1.

2.4. Characterization

The morphological properties of the samples were
investigated by using field emission scanning electron
microscopy (FE-SEM, TESCAN, MIRA3
LMH/LMU). The chemical functional characteristics
of the as-prepared samples were investigated by using
FTIR spectroscopy (Bruker Equinox 55LS 101 series,
Germany). The BET and BJH analyses were
performed to estimate the specific surface area and
pore characteristics of both the synthesized silica
aerogel and the commercial Triplex Hot filler powders
using Belsorp-mini (Nippon Bell, Japan). The
mechanical properties of the prepared composites,
including tensile strength, 3-point bending strength,
and impact analysis, were performed according to
ISO-527, ISO-178, and ISO-180, respectively. Tensile
and bending strength analyses of the composites were
performed by using a universal tensile test analyzer
(GOTECH AL-3000). To do so, the dumbbell-shaped
samples with the dimensions of 100*13*3mm were
used for tensile and bending analysis, and the samples
were fixed in a 50 KN load cell with a head speed of
20 mm/min. For impact analysis, the notched samples
with the dimensions of 100*13*3 mm were used. The
impact analysis of the prepared composites was
conducted using a Charpy impact tester (Frank,
Germany). Figure 2 represents the as-prepared
composites for mechanical characterization.
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Table 1. Details of PMMA/silica aerogel nanocomposites sample preparation

Main Groups Subgroup Description PMN:gA)/SlOZ slzgi);):s
Commercial Triplex Hot base composite
Al (For the sake of comparison) ) 10 Samples
A2 Neat PMMA (control group) 100/0 10 Samples
Ao tesy A3 PMMA with 2.5 wt% SiO; 97.52.5 10 Samples
A4 PMMA with 5 wt% SiO» 95/5 10 Samples
A5 PMMA with 7.5 wt% SiO» 92.5/7.5 10 Samples
A6 PMMA with 10 wt% SiO» 90/10 10 Samples
Commercial Triplex Hot base composite
Bl (For the sake of comparison) ) 10 Samples
. B2 Neat PMMA (control group) 100/0 10 Samples
B (Ben‘(lfs‘%ftlrgg)gth ) g3 PMMA with 2.5 wt% SiO, 97.52.5 10 Samples
B4 PMMA with 5 wt% SiO, 95/5 10 Samples
B5 PMMA with 7.5 wt% SiO, 92.5/7.5 10 Samples
B6 PMMA with 10 wt% SiO, 90/10 10 Samples
Commercial Triplex Hot base composite
cl (For the sake of comparison) ) 10 Samples
. C2 Neat PMMA (control group) 100/0 10 Samples
¢ (Ten(slﬂseos_tge;%th test) C3 PMMA with 2.5 wi% SiO; 97.5/2.5 10 Samples
C4 PMMA with 5 wt% SiO, 95/5 10 Samples
Cs PMMA with 7.5 wt% SiO» 92.5/1.5 10 Samples
Cé6 PMMA with 10 wt% SiO» 90/10 10 Samples

Figure 2. Photograph of the prepared samples for
mechanical properties evaluation, including bending
(A), tensile (B), and impact (C) analysis (according to
ISO-527, ISO-178, and ISO-180, respectively)

3. Results and Discussion

3.1. Morphology Characteristic of Filler
Samples

Figure 3 illustrates the surface morphology of the
commercial Triplex Hot powder and the synthesized
silica aerogel. In the case of commercial triplex hot
filler, the FE-SEM micrograph (Figure 3, A-1~A3)
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confirmed that the commercial filler is comprised of
non-porous filler particles with a micrometric size
spherical shape and micron-size fibers with a smooth
surface. On the contrary, the synthesized silica acrogel
(Figure 3, B1~B3) consisted of a 3D nano-sized
interconnected silica network with a nanosized pore
characteristic.

BET and FTIR Analysis

The results of texture analysis, as well as surface
chemistry analysis of the synthesized silica aerogel
and Triplex Hot base fillers, are presented in Figure 4.
The adsorption isotherm (from BET analysis) of
Triplex Hot base filler depicts a relatively horizontal
plateau with a constant slope in the hole process (i. e.,
0.99) accompanied by a rapid soar at high relative
pressure. The sorption isotherm shows a little nitrogen
adsorption at low relative pressure, which is
characteristic of materials with low micro-pore
properties. The desorption isotherm is also consistent
with the sorption isotherm, which is due to the
presence of pores with end-capped characteristics [25,
26]. From physisorption analysis, the Triples Hot base
filler demonstrates a specific surface area of 7 m?. g’!
and a maximum pore size distribution peaked at 1.7
nm. On the contrary, the adsorption-desorption
isotherm of the synthesized silica aerogel (see Fig. 4,
B-1) behaves like a type 1V, IUPAC classification
isotherm with the hysteresis loop type of H-3, which
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Figure 3. FE-SEM analysis of the commercial Triplex Hot
resin base filler (A-1~A3) as well as the as-prepared silica
aerogel (B-1~B-3). The EDAX analysis from the Triplex
Hot resin and silica aerogel fillers is presented in Figs. A-
4 and B-4, respectively

is characteristic of the mesoporous structure. The rapid
rise at high relative pressure (in the sorption isotherm)
with the out-of-level characteristic results from the N»
capillary condensation in mesopores of the silica
aerogel [27-29]. From the N, physisorption analysis,
the synthesized silica aecrogel shows a specific surface
area of 427 m?. g! with the main pore size distribution
peaked at 12.4 nm.

Figure 4, A-2 represents the recorded FTIR
spectrum from the Triplex Hot base filler. The
observed vibration bands at wavenumbers of 2950 cm”
"'and 3009 cm™, as well as 1459 cm™!, correspond to
the stretching and bending modes of the C-H group,
respectively. However, the observed bands at 3533
cm”! and 3625 cm! are related to N-H stretching
vibration, whereas the observed peaks at 1639 ¢cm™,
1459 cm™, 1430 cm™, 978 cm™, 838 cm’!, and 486 cm’
Iare the adsorption band frequencies characteristic of
TiO, [30-33]. Figure 4, B-2 illustrates the surface
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chemistry properties of the synthesized silica aerogel.
Asrevealed in the FITR analysis, the adsorption bands
at wavenumbers of 3437 cm” and 1650 cm are
corresponding to the vibrational mode of the hydroxyl
group (O-H), as a result of the presence of unreacted
O-H on the SiO; surface (i. €., Si-OH) or the adsorbed
water in form of humidity. The adsorption bands at
2920 cm™ and 1409 cm™ are due to the stretching and
bending vibration modes of the C-H group,
respectively, which is introduced during the chemical
surface modification process. The observed peaks at
1124 cm! (intensive peak), 817 cm™ and 490 cm™ are
related to the asymmetric, symmetric, and bending
modes of silane chemical bonds (i. e., Si-O-Si),
respectively. The observed peaks at wave numbers
2920 cm™ and 1422 cm! are also due to the presence
of the Si-C chemical group [34-36].

3.2. Mechanical Characteristic Analysis

Figure 5 illustrates the mechanical properties (i.e.,
tensile, impact, and bending strength) of the fabricated
PMMA control group and the SiO.-PMMA
nanocomposites (as a function of SiO filler content).
From the experimental results, it was found that the
tensile strength of the neat PMMA and Triplex Hot
base composite were equal to 12.1 and 14.6 MPa,
respectively, as defined in Figure 5 by the red
rectangular scatter. In the case of SiO;
nanocomposites, the tensile strength of the prepared
samples increased significantly (from 12.7 to 16.3
MPa) when SiO, filler content increased from 0 to 7.5
wt%. On the contrary, the tensile strength of the
prepared composites decreases by about 14% (from
16.3 to 14.2 MPa) by a further increase in SiO» content
from 7.5 to 10 wt%. Similar results were observed for
impact and bending strength of the fabricated
composites in the same range of silica aerogel filler
content (i.e., from 0 to 10 wt%). When the loading
content of SiO, varied from 0 to 7.5 wt%, the impact
strength of the fabricated composites improved
significantly from 15.7 to 22.9 MPa. On the contrary,
when SiO; content increased from 7.5 to 10 wt%, the
impact strength of the composites decreased abruptly
(about 20%). However, the impact strength of the
Triplex Hot base composite (control group) was found
to be 19.8 Kj.m™, as presented in Figure 5 by the red
rectangular scatter. In the case of bending strength, the
bending strength of composites is enhanced from 23.7
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Figure 5. The mechanical properties of the fabricated PMMA dental base composites. (The red symbol is ascribed to the
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to 43.1 MPa when the silica aerogel weight content
increases from 0 to 10 wt%. The bending strength of
the Triplex Hot base composite was also found to be
30.3 MPa.

The experimental results indicate that compared
with Triplex hot base composite containing TiO: filler
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weight content of 10 wt%, incorporation of low weight
content of nanoporous silica aerogel (i.e., 7.5 wt%)
can elevate the mechanical properties of the MMA
resin effectively. At optimum weight content of SiO»,
the mechanical properties of the SiO/PMMA
nanocomposites in terms of impact, tensile, and
bending strength are enhanced by about 18.7%, 8%,
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and 25%, respectively. The reason for such a
significant difference in mechanical properties of the
reinforced PMMA resin with the synthesized silica
aerogel and commercial Triplex Hot fillers could be
explained by the difference in interfacial bonding
between polymer matrix/ fillers, indicating that
chemical surface modification, as well as porous
characteristic of the silica aerogel, can augment the
interfacial bonding and consequently the mechanical
properties of the final composites. It is well known that
both specific surface area and interfacial bonding
between polymer matrix and filler are two top critical
key factors ameliorating the mechanical properties of
composites. Hence, in the present study, to improve
the interfacial bonding and miscibility between SiO;
fillers and PMMA matrix, the chemical surface
modification of the as-prepared nano-porous silica wet
gels with silane chemical functions has been
performed. On the other hand, the preparation of
hydrophobic silica aerogel resulted in high adhesion
between filler and matrix, and consequently, the
formation of SiO/PMMA nanocomposite with
homogenized dispersion of SiO» particles, which can
hinder crack initiation and crack deflection
mechanisms. The previous studies on the topic also
prove that the utilization of nano-sized reinforcements
has positively influenced the flexural properties of
PMMA-based overdenture composites with the
optimum concentration below 10 wt%. As shown in
Figure 5, the presence of porous silica also improves
the bending strength of the composites, and under the
present experimental conditions, it is enhanced
significantly from 23.7 to 43.1 MPa when the silica
aerogel weight content increases from 0 to 10 wt%.
However, the bending strength of the Triplex Hot base
composite was calculated to be 30.3 MPa, as defined
in Figure 5 by the red rectangular scatter.

The pore characteristic of the filler is also a crucial
variable influencing the mechanical properties of the
final composites. In the case of structural
characteristics of the reinforcement, it was concluded
that, compared with neat PMMA and Triplex hot base
composite, incorporation of nanoporous silica aerogel
can elevate the mechanical properties of the
overdenture base acrylic resin. The cage-like structure
of the silica aerogel can confine the MMA monomer
during the mixing, resulting in proceeding MMA
polymerization proceeding from inside to the outside
of the nanoporous silica particles and the formation of
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a uniform structure with strong interfacial interactions
that lead to improved stress propagation and greater
stiffness of the final SiO,/PMMA nanocomposites. It
can be concluded from the literature that there is a lack
of research about the effect of porous silica on the
mechanical properties of acrylic base composites.
Zang et al [37] investigated the structural
characteristics of the prepared PMMA/meso-cellular
foam silica nanocomposites through batch emulsion
polymerization. The TEM analysis showed that during
polymerization, the MMA monomer can penetrate
through silica open pores and fill them, resulting in the
formation of a uniform structure with enhanced
thermal and mechanical properties (10 wt% loading),

including tensile strength (15%) and Young’s

modulus (19%).
To investigate the relationship between
microstructural  characteristics and mechanical

properties of the as-prepared composites, the FE-SEM
analysis was conducted from the surface of the
fractured samples (from tensile analysis), and the
results are presented in Figure 6. The SEM analysis
indicates that the polymerized PMMA resin (see
Figure 6A) exhibits the brittle type surface fracture
with a river-like stress propagation, which is a result
of the stress propagation across the PMMA resin. On
the contrary, the prepared commercial Triplex Hot-
based composite (see Figure 6B) shows surface
fracture with debonding characteristics, which is due
to the low interfacial bonding between TiO: fibers and
MMA resin. This phenomenon is responsible for the
weak mechanical properties of the prepared Triplex
Hot-based composite during the tension processes.
The surface fracture of the silica aeroge/PMMA
nanocomposites (Figures. 6C~ E) reveals that the
prepared SiO/PMMA nanocomposites containing
2.5-7.5 wt% of SiO presented a condensed texture
structure due to the homogenous dispersion and well-
embedded nano-porous silica aerogel in MMA matrix.
As presented in Figure 6C, the fractured surface of
PMMA composite containing 2.5 wt% of SiO»
displays a large cleavage plane with a uniform facet
along the tension direction, which is a typical form of
brittle fracture. Although the fractured surface of
Si0,/PMMA composite containing 2.5 wt% is rougher
than neat PMMA, the prepared sample demonstrates a
brittle failure. On the contrary, composites containing
5 and 7.5 wt% of SiO, show a ductile failure with
plastic deformation of the polymer matrix. The ductile
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fracture characteristic of the prepared nanocomposite
is due to the high surface compatibility between the
synthesized silica aerogel and MMA, which are
characteristic of composites with higher strength and
modulus at optimum filler concentration. By a further
increase in SiO, content from 7.5 to 10 wt%, the
fracture morphology of the prepared composites
changes significantly (Figure 6F). From the
experimental results, it can be concluded that by such
an increase in SiO, weight content beyond a critical
value (i. e., 7.5 wt%) the strong attractive force
between SiO; particles leads to a decrease in the filler
dispersion and formation of a large spot of SiO;
agglomeration. On the other hand, the SEM analysis
from the fractured surface of the composites
containing 10 wt% of SiO, maintains that the fracture
behavior of the prepared composites is ductile,
accompanied by evidence of filler agglomeration
appearing as white spots.

Besides the effective influence of nanoporous silica
aerogel on the mechanical properties of the prepared
mechanical

nanocomposites, interestingly, the

River Like
Stress Propagation

characteristic of the as-prepared SiO,-PMMA
composites also decreases at high loading levels of
silica aerogel (i.e., generally higher than 7.5 wt%).
Such behavior in the mechanical properties of the as-
prepared SiO,-PMMA composites may reflect the
changes in bonding characteristics between silica
aerogel and polymer matrix due to the high
agglomeration level of SiO, particles. A high
concentration of reinforcement filler leads to an
increase in filler-filler interactions, which causes the
formation of filler agglomeration, acting as a point of
stress concentration. This phenomenon leads to non-
uniform stress distribution and reduces the mechanical
properties (i.e., fracture toughness) of the prepared
Si02/PMMA nanocomposites. On the other hand, the
formation of voids and clustering of the fillers cause
stress concentration and crack propagation by crossing
the loaded stress across the filler cluster, resulting in
the reduction of the mechanical properties (such as
tensile, impact, and bending strength) of the prepared
composites.

Figure 6. The FE-SEM analysis from the fractured surface of the as-prepared composites. Neat PMMA (A), commercial
Triplex Hot composite (B), SiO2/PMMA composites containing 2.5, 5, 7, and 10 wt% of SiO, (C, D, E, and F,
respectively). It should be noted that the surface fracture analysis was performed on samples which were subjected to

tensile analysis
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728



S. Sadeghi, et al.

Based on the

necessary to compare the performance of the

available
reinforcement of PMMA -based denture materials, it is

research  about

synthesized aerogel with that in other research. A
summary of available research is provided in Table 2.
In total, the literature focused on using nano-silica

Table 2. Comparison of the performance of organic solvent removal from acidic electrolytes using different methods

Proposed method Key process Highlights Ref.
At the optimum concentration, the
Tncorporation of nanoporous The maximum meche'mical properties qf mechanical propertigs of the
silica acrogel as composite SlOz-PMMA comeS}tes were reaghgd in prepa{red composues, 11_101ud1ng Present
reinforcement composites containing 7.5 wt% silica tensile, bending, and impact study
aerogel. properties, reached 16.3 MPa, 38.1
MPa, and 22.9 Kj. m™2, respectively.
Enhancement of fracture properties in
PMMA -nanosilica composite materials by
hybrid copolymers of methyl incorporating interface modification Thin PEA layers lead to toughening
methacrylate and techniques, specifically through the through crack smoothing, but the [38]
methacryloyl grafted employment of multilayered structures Young's modulus decreases, while
nanosilica featuring thin soft poly(ether-ester) (PEA) or thicker PMMA layers produce
hard poly(methyl methacrylate) (PMMA)
interlayers.
i The addition of 7 nm 0.05% SiO2 is
Effect of adding different The autopolymerized poly(methyl the most effective in increasing
quantities of nanosilica to methacrylat@ (PMMA) dentur.e reline resin flexural modulus and strength of
autopolymerized poly(methyl was modified by incorporating treated autopolymerized poly(methyl [39]
methacrylate) on its hydrophobic fumed silica (7 nm) with methyl 1 thacrylate) based on nanosilica.
mechanical propertics methacrylate liquid component at varying
’ loadings (0.05%, 0.2%, and 1.5% nanosilica).
The resulting nanosilica/PMMA
super.c.ritical processing .of Nanosilica/PMMA composites were composite containir}g nanopartic}es
nanosilica sol in composites . . . . . obtained by supercritical processing
s . investigated for their mechanical properties -
with improved mechanical . . . of the nanosilica sol showed an [40]
. using both conventional and supercritical . . o
properties compared to neat coating methods increase in hardness by 44.6% and
PMMA. ' elastic modulus by 25.7% relative
to neat PMMA.
-Thermal stability (the temperature
the combination of graphene - at 10% and 60% weight loss), Td10
oxide (GO) and me;goplz)rous Offefrshthe p(;ssﬂ()illlty (})1f ﬁ}rﬂ;er enhar}cemsnt and Td60 increased by 46.5 °C and
micro-silica particles with of thermal and mec amca p?opemes o 32.3 °C, respectively. [41]
varying pore sizes was used polymer-based compo§1tes .by mcorporat}ng
. . more than one filler with diverse properties. . .
as fillers in PMMA matrices -Tensile strength increased
remarkably.
fumed silica specimens with a
concentration of 1% by weight
(Wt%) exhibited the highest energy
storage capacity (3.24 GPa at
30 °C) and glass transition
Effect of fumed silica weight temperatqre, thereby igdicaFing that
content on mechanical and The effect of adding fumed silica at different thefmax(;m};m sgturaltlon hrlrlntlof
structural properties of contents (0.5%, 1%, and 2%) to PMMA umed silica in poly(methy [42]
. ; . . methacrylate) (PMMA) denture
PMMA denture base mechanical properties was investigated. b . . .
material. ase mate.rlal was achieved at this
concentration. Conversely, samples
containing 2% fumed silica
exhibited increased brittleness, an
effect attributed to the surface
accumulation of fumed silica
particles.
The study concludes that the
. . addition of nanohydroxyapatite
Effect of multicomponent Effect .Of ad(.img qanohydroxyapatlte (nHA) (nHA) and micro—z};rconi}; ?ZrOz)
. . and micro-zirconia (ZrOz) particles, as well .
additives on mechanical ) d Kevlar fib th particles, as well as E-glass and
properties of PMMA based a5 L-glass and heviar Hbers, on the Kevlar fibers, improves the [43]

prosthetic complete denture
materials

mechanical properties of poly methyl
methacrylate (PMMA) cold cure resin used
in prosthetic dentures.

mechanical properties of poly
methyl methacrylate (PMMA) cold
cure resin used in prosthetic
dentures
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under different processing conditions to improve the
mechanical properties of  the resulting
nanocomposites.

4. Conclusion

Within the consideration of the present study's
limitations, the following conclusions can be inferred.
The incorporation of silica aerogel enhances the
tensile, bending, and impact fracture of the heat-
polymerized PMMA-based overdenture resin. The
experimental results show that in all samples except at
SiO; filler loading of 2.5 wt%, the tensile strength of
the as-prepared nano-composites is higher than that of
commercial acrylic overdenture base materials. The
maximum mechanical properties of SiO,-PMMA
composites were reached in composites containing 7.5
wt% silica acrogel. At the optimum concentration, the
mechanical properties of the prepared composites,
including tensile, bending, and impact properties,
reached 16.3 MPa, 38.1 MPa, and 22.9 Kj. m?,
respectively. The results revealed that the utilization
of 3D nano-porous silica aerogel can improve the
mechanical properties of the fabricated composites
due to the increase in tension propagation pathways
along with the 3D directions. Hence, increasing the
propagation pathway of the induced forces can
effectively dissipate the kinetic energy of the loaded
forces, improving the mechanical properties of the
reinforced PMMA resin by using nanoporous silica
aerogel.
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