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Abstract

Polymethyl methacrylate (PMMA) is a type of polymer that is currently widely used in dentistry
due to aesthetic considerations, biocompatibility, availability, and ease of use. However, its
mechanical strength is not sufficient for the mechanical requirements of the prosthesis.

Attempts have been made to increase its mechanical strength by integrating high mechanical
performance TiO2 particles. This article comprehensively reviews the mechanical strength of

PMMA reinforced by TiO2 nanoparticles.

Aspects of mechanical strength reviewed include tensile strength, compressive strength, creep
strength, hardness, impact strength, and fracture toughness. The material's microstructure is
discussed to strengthen the review of the mechanical strength.
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Introduction

Poly(methyl methacrylate) PMMA is a
synthetic  polymer derived from methyl
methacrylate  (MMA) (C5H802) by a
polymerization process, and it is often used as a
denture material. It is a transparent and rigid
thermoplastic. PMMA is regarded as a preferable
material for a number of biomedical applications
because of its high processability, handling
characteristics, and  biocompatibility." In
biomedical applications, especially for denture
materials, this material replaces the previous
denture material which is made of porcelain®?,
gold*®, vulcanite, aluminum?3, and bakelite?
which has many weaknesses. This replacement
was carried out on the consideration of its
satisfactory mechanical properties, ease of
manufacturing process, good appearance,
biocompatibility, low toxicity, and low cost.®”#°

The mechanical properties of the PMMA are
however not optimal, especially the strength and
ductility, and leave a lot to be improved. Given
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that dentures are used primarily by the elderly,
often with mobility constraints, there have been
disruptions and a large issue with repairing
fractured products.”® Consequently, it is
important to increase the  mechanical
characteristics of the denture material without
compromising the existing advantages including
aesthetic appeal and biocompatibility.

A study examined several changes in the
chemical, reinforcement, and various cures to
address the weakness of PMMA-based
materials."”" A study by Wang et al."? recently
described the inclusion of nanoparticles in
denture resins to enhance mechanical
characteristics. Titanium dioxide, as it has
extraordinary characteristics in both micro and
nanoscale, plays an important role for
researchers.'??

Various works have been carried out in order

to enhance the properties of PMMA by
integrating particles into the host
matrix. 1516171819 A" nymber of studies have

reached the conclusion that the mechanical
properties of heat-cured PMMA-based materials
can be improved by using several types of

particles introduced into the resin
matrices.?%21221718 Thijs ijs a common method
used to enhance composite mechanical

characteristics. Among the particles that have
been widely used for this strengthening function
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is Titanium dioxide (Ti02).2"#24118  Tj02
particles have been widely applied in the field of
biomaterials, especially in dentistry because of
their color similar to natural human teeth, and
their high biocompatibility.?>*® The TiO2
nanoparticles (NPs) also have a good modulus of
elasticity (approximately 230 GPa). In addition,
its white color, low toxicity, and high internal
stability make TiO2 the main dental material.?’

This review aims to provide information on the
effect of the incorporation of TiO2 nanoparticles
into the PMMA host matrix as a denture material.
The articles reviewed include sources of data
and information available from various sources
including scientific articles, reviews, and
published abstracts that review the mechanical
properties of TiO2-PMMA composites including
tensile and compressive strength, creep strength,
hardness, impact strength, fracture toughness,
and microstructural characteristics.

Mechanical Properties

A wide range of filler particles has been
studied to enhance the characteristics of PMMA.
Due to their high area and better distribution
characteristics, the benefits of the use of
nanoparticles can be obtained.?®? The effect of
adding TiO2 to PMMA-based denture materials is
explained in the following explanation which
reviews the studies that have been carried out.

Particle effect on tensile properties

Various studies have been conducted to find
out more about the effect of TiO2 on the PMMA
matrix on the tensile strength of the material. It
has been reported by Shirkavand and
Moslehifard®® that the tensile strength of
composites increased up to 35% compared to
pure PMMA by the addition of 1 wt.% TiO2.
Further addition causes agglomeration of
particles which are considered as defects and
stress concentrations which can then act as
crack precursors that reduce the tensile strength
of the composite.®"*? The study conducted by
Shirkavand and Moslehifard showed that the
composite with a TiO2 concentration of 1wt.%
showed superior tensile properties compared to
other compositions.*® It is shown that the tensile
strength, maximum stress, modulus of elasticity,
and toughness modulus of the material increase
with increasing particle content up to 1 wt.% and
decreased with increasing particle content above
1wt.%. However, there are studies that found that
at 15 wt.% TiO2 content increased the tensile
modulus of composites to about 90% of pure
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PMMA.2® This phenomenon is related to the
strong adhesion at the particle-matrix interface so
that the load is effectively transferred at the
interface to the particles.

Many works have reported that the flexural
strength evaluation is very important as the main
mode fracture for the loading characteristics
applied.*3* Many studies have shown that the
flexural strength of resin is restricted and the
introduction of TiO2 is not increased due to the
cluster formation in the host acrylic matrix, which
causes the composite to develop an unloadable
area as a result of not being enveloped by the
PMMA matrix.>**%3 In a study, Alhotan and co-
workers prepared composites with acrylic resin
as the matrix formed by conventional hot
polymerization processes of PMMA powder
which had added methyl methacrylate monomer
as the liquid component. The TiO2 nanoparticles
with weight concentrations of 1.5%, 3%, 5%, and
7% were added to acrylic. They reported that
increasing the content of TiO2 nanoparticles in
the PMMA resin decreased the flexural strength
which gradually decreased by about 2 MPa with
each increase in the TiO2 content added.?
Nazirkar and co-workers attributed the presence
of TiO2 NPs agglomerates, which act as
impurities and plasticizers that interfere with the
polymerization process, as the cause of the
decrease in flexural strength.?’

Numerous investigations also discovered that
even after TiO2 particles were added to PMMA
resin, the flexural strength kept rising. Increasing
the interfacial bond strength between TiO2 and
PMMA can improve the mechanical properties of
the material, including flexural strength.®3%4% An
increase in the value of flexural strength occurred
when NP TiO2 content of 1wt.%, 2wt.%, and
5wt.% was added. It was also explained that this
phenomenon occurs due to the reduction in the
size of the filler, which binds the polymer matrix
thereby increasing the flexural strength of the
composite.*® This argument is corroborated by
other studies which confirmed that silanization of
TiO2 NPs at a content of 1 wt.% increased the
intermolecular bond strength, increasing the
binding force at the interface between PMMA and
TiO2 NPs.*'#*2 |n addition, the absence of
agglomeration and good dispersion of TiO2 NPs
are also the main reasons for the increase in
flexural strength.*

In order to examine the mechanical properties
of the produced nanocomposite with additional
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filler, Naji and colleagues developed an alkali
hydrothermal process for TiO2 nano-tubes where
TiO2 was incorporated in the PMMA.* The
flexural strength was notably greater with a TiO2-
nanotubes content of 2,5wt.% and 5wt.% than in
the control specimens. The toughness of the
fractures in produced filled samples has also
been improved by up to (5%) NT-TiO2 and
strengthened (except for the one filled with 2.5%
Titania NTs).

An elasticity modulus at the surface of TiO2-
PMMA nanocomposites has been measured by
Alrahlah and colleagues by using a
nanoindentation machine at room temperature.*®
It was reported that the addition of TiO2
nanoparticles at weight concentrations of 1, 2,
and 3% resulted in a rise in the modulus of
elasticity of 10%, 16%, and 29%, respectively, as
measured at a penetration depth of 1200 nm.*®
The nano-modulus measured at various
penetration  depths tends to decrease
Improvement of the mechanical properties of
PMMA-based cement through the incorporation
of n-TiO2 was also reported by Khaled et al.*®
which was later confirmed by another study
conducted by Dafar and co-workers who reported
that Young's modulus increased  with
reinforcement of n-TiO2 in the composite.*’

Particle effect on compressive strength

Composite compressive strength is a material
property that often colludes with other objects in
its implementation.*® The compressive force of
PMMA filled with TiO2 treated with titanate was
reported to be higher than those of TiO2 not
treated.*® TiO2 was also reported as a pigment in
fixed prostheses composite opaques, which was
treated with titanate.

In the cylindrical PMMA-NP TiO2 composite
with a diameter of 25 mm and a length of 38 mm,
the compressive strength did not show a
significant difference in compressive strength
between the control specimens and the three
composites reinforced with TiO2 NPs which were
varied by 0.5, 1 and 2wt.%.*° The difference in
compressive strength was also not significant
between the control group and the composite
reinforced with 2wt.% TiO2 NPs, although there
was an increase in compressive strength from
23.04 MPa to 24.30 MPa.5! A significant increase
in compressive strength actually occurred in cold-
cured PMMA, which increased by 3.3% from the
compressive strength of the control specimen of
15.37 MPa.*" The profile of compression versus
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deformation force shows that the largest
deformation is in TiO2-reinforced heat cure
PMMA, and vice versa, the smallest deformation
is found in unreinforced cold cure PMMA.%"%2

Particle effect on creep behavior

The creep behavior of TiO2-PMMA
nanocomposites was observed using the RSA-
G2 analyzer to evaluate their creep-recovery and
relaxation behavior. The material creep behavior
has been evaluated by creep testing at different
loading and unloading of 10, 15, and 20 N over
240 minutes at 37°C. The RSA-G2, which is also
used to investigate relaxation behavior, was also
tested for 180 minutes under 1% strain.** They
reported that the material was in the early stages
deformed elastically in a really small space-time
as a result of stress growing steadily at steady
stresses. After unloading, the rest of the strain
was seen as an ongoing deformation and a
portion of the versatile strain quickly recovered
while the rest of the cramped strain recuperated
over time. After loading for 240 minutes, the
creep strain reached 2.4% at an applied load of
20 N. This phenomenon is similar to what has
been reported by other studies which reported
that an increase in load caused an increase in
the creep strain.®*

The creep relaxation behavior is time-
dependent, i.e., when the strain has not reached
1%. The phenomenon shown is the response to
strain with a decrease in stress over time even
though the stress is only about 30% of the initial
value after more than 3 hours. Incorporating TiO2
nanoparticles leads to an increase in matrix
stiffness by reducing the free-volume region and
molecular chain movability of the PMMA matrix.*®

Particle effect on hardness

Many studies show that the surface hardness
of PMMA increases by the incorporation of TiO2
NP.3°% There are two factors associated with the
increase in surface hardness properties of
PMMA: the accuracy of the filler composition and
the good interface bonded between the filler and
the matrix.*® This increase begins when the filler
fraction reaches 1wt.% and at 2wt.% TiO2, the
surface hardness value is the highest."'
Regarding this composition, it can be explained
that the matrix effectively covers the filler and
high energy is required to break the matrix-
particle bonds due to the high interfacial bond
between the particles and matrix.®" Incorporation
of 1 to 3 wt% TiO2 NPs can increase the
hardness up to 30% higher than pure PMMA.%
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This finding is confirmed by a study conducted by
Alrahlah et al.** Therefore, the most effective
increase in PMMA hardness is the addition of 3%
TiO2% although there are studies that suggest
adding TiO2 NPs up to 5wt.% to increase the
surface hardness even more, especially for
conventional and high-impact heat cure PMMA 3®
This phenomenon is elucidated because the
presence of TiO2 NPs in that content restricts the
plastic deformation of the PMMA matrix.

Investigations on the hardness of TiO2-PMMA
nanocomposites with variations in the weight
content of TiO2 NPs of 1%, 2%, and 3% showed
that at the same penetration depth, there was an
increase in hardness of 18%, 24%, and 35%,
respectively. Various values of nano hardness
(H) were measured using formula (1) as
follows.*®

H = 2.2 (h)~%35 4 0.2 (wt. %)
where h is the penetration depth (in nm) and
wt.% is 1, 2, and 3. Nano hardness as a function
of penetration depth.*

In the 1990s, researchers found a tube type of
hydrothermally synthesized TiO2 nanostructures.
Of that type, linear nanotubes have a larger
surface area. TiO2 nanotubes are one type of
nanotubes that have relatively large specific
surface areas of 170-250 m2/g.°%*° The effects of
the addition of titanium nanotubes (n-TiO2) to the
surface hardness of polymethyl methacrylate
(PMMA) used as a denture base have been
investigated by Naji and colleagues.** They
reported that the surface hardness of n-TiO2-
PMMA nanocomposites with 2.5 and 5 wt.% of n-
TiO2, was significantly higher than the control
groups. They elucidate that the oriented
nanotubes can aid in preserving reinforced
polymer cohesion. Another relevant study
reported that the increased hardness of PMMA
composites reinforced with TiO2 nanotubes was
due to the effect of the nanotubes being well
dispersed in the matrix.®® The length of the
synthetic nanotubes used also plays a very large
role in increasing the hardness of the composite
considering the higher contact area at the
nanotubes-polymer interface.®®®’ However, not
much literature discusses the hardness of PMMA
reinforced by TiO2 nanotubes. However, many
studies report that TiO2 nanotubes have been
successfully applied in biomedical fields such as
bio-scaffolds and implant materials.®%44
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Particle effect on impact strength

As a material for biomedical applications,
PMMA-based materials are often subject to
loading which causes deformation. For example,
in the case of mastication and PMMA as a
denture material, the effect of deformation is
more of a concern than the impact strength of the
material. Therefore, it is necessary to increase
deformation resistance and stress distribution
which can reduce material fracture.®®*®* The
impact strength of PMMA reinforced with TiO2
(both  on a micro and nanoscale) with
concentrations of 0.1, 0.4, 0.7, 1, 3, and 5 wt.%
showed that the incorporation of TiO2 had a
significant effect on increasing the impact
strength of the composite.®® The impact strength
profile is on the basis of a pure PMMA impact
strength of 4.7 kJ/m?.

Kumar et al. f:@ e investigated the impact
strength of PMMA gterial reinforced with 1 wt.%
TiO2 nanoparticle using conventional microwave
and water bath techniques.®® The test samples in
groups | and Il were PMMA without and with
reinforcement, respectively,  which  were
processed with a conventional water bath.
Groups lll and IV were the test samples for pure
PMMA and PMMA with reinforced, respectively,
which were processed by the microwave
technique. They reported that the group IV test
sample had the highest impact strength, which
was followed by the group Il sample. With the
addition of 1 wt.% TiO2 nanoparticle for samples
treated with microwave, the impact strength
increased 6%, while with traditional water bath
techniques, the impact resistance was increased
by 16 percent by nanoparticle reinforcement.®®
They explained that the determination of the
reinforcement concentration (1 wt.%) was due to
a study conducted by other researchers who
recommended strengthening the mechanical
properties of composites by incorporating 1 wt.%
TiO2 nanoparticle.>®*

Impact strength is greatly affected by the use
of processing techniques. The water bath
technique is an easy and inexpensive procedure.
Also, this technique is reported to have frequent
cavity formation resulting in low-impact
strength.®® The microwave technique was
reported to be shorter than the water bath
technique in the formation of materials.®®

Particle effect on impact strength

The majority of biomaterials from PMMA-TiO2
composites are applied under impact loading

Volume - 16 - Number - 4 - 2023

Page 1800



http://www.ektodermaldisplazi.com/dergi.htm
http://www.jidmr.com/

Journal of International Dental and Medical Research ISSN 1309-100X

conditions, so the most prominent test to
evaluate the mechanical properties of dentures is
the fracture toughness test. The fracture
toughness of the denture was assessed based
on the shape and strength characteristics of the
impact test.”® Several studies reported that TiO2
nanotubes can be effectively used to increase
the fracture toughness of PMMA-based denture
materials.

TiO2 nanotubes have been added to
commercial PMMA and it is claimed to increase
the fracture toughness of composites by the
addition of 1wt.% TiO2 nanotubes.*® They also
attributed this increase in mechanical properties
to an increase in the bond strength at the
interface between TiO2 nanotubes-PMMA which
causes external force transfer to occur effectively
at the interface of PMMA-TiO2 nanotubes. In a
different study, the mechanical properties of
flowable dental composites reinforced with n-
TiO2 were reported to have increased fracture
toughness compared to those without n-TiO2
reinforced.*’ It was also reported that composites
with 3wt.% n-TiO2 showed the greatest fracture
toughness with the lowest flowability effects. A
study with n-TiO2 concentration greater than 3
wt.% was conducted by Naiji et al.** and found
that PMMA was reinforced by 5 wt.% n-TiO2
through an alkaline hydrothermal process had
significantly higher fracture toughness than that
without reinforcement (control group). At 2.5
wt.% n-TiO2 strengthen, the fracture toughness
was not remarkably superior to that of the control
group and was not significantly below 5 wt.% n-
Tio2.4

Microstructural Characteristics

At the 3 wt.% TiO2 concentration, it was
reported that the nanoparticles were uniformly
distributed in the host matrix, as reported by
Alrahlah and colleagues.*® However, it was also
reported that some TiO2 NPs exhibited
agglomeration at the nanoscale which is thought
to be due to the tendency of the nanoparticles to
reduce their contact surface with PMMA. Alhotan
et al. have observed the fracture surface of 7
wt.% TiO2/PMMA specimens after flexural
testing using a scanning electron microscope
(SEM). It was reported that the fractured surface
of the pure PMMA specimen exhibits ductile-type
failure behavior with irregular areas and small
nanopores. The reinforced nanocomposite
showed the presence of particle clusters with
small cavities which indicated that the
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nanoparticles were not uniformly dispersed.?®

The morphology in the cross-section observed
by Shirkavand and Moslehifard shows that the
TiO2 with a concentration of 1wt.% has a higher
distribution compared to the two other groups as
depicted in SEM images.®' They explained that
increasing the content of TiO2 nanoparticles in
the acrylic matrix from 1 wt.% to 2 wt.% caused
small cracks. This phenomenon also confirms a
previous study conducted by Nawaz and Rharbi
in which cracks were observed without the use of
stress.”

Dafar and colleagues evaluated the composite
fracture surface on TiO2 (n-TiO2) nanotubes,
after testing for fracture toughness. It was
reported that the unreinforced composite
(control), contained spherical nanoparticles. It
was also shown that the reinforcing particles
were distributed in the composite matrix in the n-
TiO2 reinforced composite. However, composites
with n-TiO2 functionalized silanes showed that
the nanotubes in the composite matrix are tightly
embedded (50).

Conclusions

The mechanical properties of PMMA filled with
TiO2 particles are reviewed extensively in this
article. In recent years a number of studies were
performed with an emphasis on further
improvements in PMMA's mechanical properties
by alteration using TiO2 particles. Acrylic
mechanical properties which include tensile
properties, compressive strength, creep strength,
hardness, impact strength, and fracture
toughness, can be improved by adding TiO2
nanoparticles to PMMA.

The effective increase in TiO2 concentration is
about 2.5 wt% and the mechanical performance
of TIO2-PMMA decreases at the content of TiO2
nanoparticles beyond 3 wt%. More significant
improvement of PMMA properties can be
obtained by combining nanotubes compared to
TiO2 nanoparticles. This is mainly due to a
higher surface-to-volume ratio of nanotubes than
the nanoparticles. Considering this review,
further studies are suggested to further suppress
the incorporation of TiO2 nanotubes as
reinforcement. This study is very prospective in
order to strengthen the mechanical strength of
denture materials.

Volume - 16 - Number - 4 - 2023 Page 1801



http://www.ektodermaldisplazi.com/dergi.htm
http://www.jidmr.com/

Journal of International Dental and Medical Research ISSN 1309-100X

Acknowledgments

This study was funded by the Directorate

General of Higher Education, Research and

Technology,

Ministry of Education, Culture,

Research and Technology of the Republic of

In

donesia on the PTUPT research scheme.
Declaration of Interest
The authors report no conflict of interest.

References

Shaari HAH., Ramli MM., Mohtar MN, Rahman NA, Ahmad A.
Synthesis and  Conductivity Studies of Poly(Methyl
Methacrylate) (PMMA) by Co-Polymerization and Blending with
Polyaniline (PANi). Polymers (Basel). 2021;13(12):1939.
Khindria SK, Mittal S, Sukhija U. Evolution of denture base
materials. J. Indian Prosthodont. Soc. 2009; 9: 64-69.

Sheejith M, Swapna C, George R, Prasad NS. Evolution of
denture base materials from past to new era. IOSR J. Dent.
Med. Sci. 2018; 17(11): 23-27.

Ladha K, Verma M. 19th Century denture base materials
revisited, J Hist Dent. 2011; 59(1): 1-11.

Yelick PC, Sharpe PT. Tooth bioengineering and regenerative
dentistry, J. Dent. Res. 2019; 98(11): 1173-1182.

Gautam R, Singh RD, Sharma VP, Siddhartha R, Chand P,
Kumar R. Biocompatibility of polymethylmethacrylate resins
used in dentistry. J Biomed Mater Res Part B. 2012; 100B,
1444-1450.

Pine KR, Silva KD, Zhang F, Yeoman J, Jacobs R. Towards
improving the biocompatibility of prosthetic eyes, Heliyon. 2021;
7(2), e06234.

Sheng TJ, Shafee, MF, Ariffin Z, Jaafar M. Review on poly-
methyl methacrylate as denture base materials. Malays. J.
Microsc. 2018; 14: 1-16.

Balos S, Puskar T, Potran M, Milekic B, Koprivica DD, Terzija
JL, Gusic I. Modulus, strength and cytotoxicity of PMMA-silica
nanocomposites. Coatings. 2020; 10(6): 583.

. Preoteasa E, Preoteasa CT, losif L, Magureanu C.M, Imre M.
Denture and overdenture complications. in emerging trends in
oral health sciences and dentistry. Ed. M.S. Virdi, London:
InTech. 2015: 195

. Gad, MM, Fouda SM, Al-Harbi FA. Napankangas, R. and
Raustia, A.: PMMA denture base material enhancement: a
review of fiber, filler, and nanofiller addition. Int J
Nanomedicine. 2017; 12: 3801-3812.

.Wang W, Liao S, zZhu Y, Liu M, Zhao Q, Fu Y. Recent
Applications of nanomaterials in prosthodontics. J. Nanomater.
2015; ID 408643: 1-11.

. Putri AS, Anggani HS, Ismaniati NA. Corrosion Resistance of
Titanium Alloy Orthodontic Mini-implants Immersed in
Chlorhexidine, Fluoride, and Chitosan Mouthwashes: an in-vitro
Study. J. Int. Dent. Medical Res. 2021;14(3): 996-1002

. Meng TR, Latta MA. Physical properties of four acrylic denture
base resins. J Contemp Dent Pract. 2005; 6(4): 93-100.

. Alla RK, Raghavendra KN, Vyas R, Konakanchi A.
Conventional and contemporary polymers for the fabrication of
denture prosthesis: part | - Overview, composition and
properties. Int. J. Appl. Dent. Sci. 2015; 1(4): 82-89.

. De Matteis V, Cascione M, Toma CC, Albanese G, de Giorgi
ML, Corsalini M, Rinaldi R. Silver Nanoparticles Addition in
Poly(Methyl Methacrylate) Dental Matrix: Topographic and
Antimycotic Studies. Int. J. Mol. Sci. 2019; 20: 4691

. Cascione M, De Matteis V, Pellegrino P, Albanese G, De Giorgi
ML, Paladini F, Corsalini M, Rinaldi R. Improvement of PMMA
Dental Matrix Performance by Addition of Titanium Dioxide

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

PMMA-TiO2 Nanocomposites
Purnomo et al

Nanoparticles and Clay Nanotubes. Nanomaterials 2021, 11,
2027.

Sabri BA, Satgunam M, Abreeza N, Abed A. A Review on
Enhancements of PMMA Denture Base Material with Different
Nano-Fillers. Cogent Eng. 2021, 8, 1875968

Mutiara S, Nasution H, Chairunnisa R, Harahap K, Harahap SA,
Yudhit A, Sari FR, Tarigan S. The Effect of Titanium Oxide
(Tio2) Nanoparticles Addition on Polymethyl Methacrylate
Denture Base Impact Strength, Tensile Strength, and
Hardness. J. Int. Dent. Medical Res. 2021; 14(4): 1442-1446
Zidan S, Silikas N, Alhotan A, Haider J, Yates J. Investigating
the mechanical properties of ZrO2-impregnated PMMA
nanocomposite for denture-based applications, Materials.
2019;12(8):1344

Nazirkar G, Bhanushali S, Singh S, Pattanaik B, Raj N. Effect of
anatase titanium dioxide nanoparticles on the flexural strength
of heat cured poly methyl methacrylate resins: an in-vitro study.
J. Indian Prosthodont. Soc. 2014; 14(1): 144-149.

Cevik P, Yildirim-Bicer AZ. The effect of silica and prepolymer
nanoparticles on the mechanical properties of denture base
acrylic resin, J Prosthodont. 2018; 27(8): 763-770.

Alhotan A, Yates J, Zidan S, Haider J, Silikas N. Flexural
strength and hardness of filler-reinforced PMMA targeted for
denture base application. Materials. 2021; 14(10): 2659.

Totu EE, Nechifor AC, Nechifor G, Aboul-Enein HY, Cristache
CM. Poly(methyl methacrylate) with TiO2 nanoparticles
inclusion for stereolitographic complete denture manufacturing -
the future in dental care for elderly edentulous patients? J Dent.
2017; 59: 68-77.

Jafari S, Mahyad B, Hashemzadeh H, Janfaza S, Gholikhani T,
Tayebi L. Biomedical applications of TiO2 nanostructures:
Recent advances. Int J Nanomedicine. 2020; 15: 3447-3470.
Chatterjee A. Properties improvement of PMMA using nano
TiO2. J. Appl. Polym. Sci. 2010; 118(5): 2890-2897.

Sodagar A, Bahador A, Khalil S, Shahroudi AS, Kassaee MZ.
The effect of TiO2 and SiO2 nanoparticles on flexural strength
of poly (methyl methacrylate) acrylic resins. J. Prosthodont.
Res., 2013); 7(1): 15-19.

Safi IN. Evaluation the effect of nano-fillers (TiO2, AL203,
SiO2) addition on glass transition temperature, E-modulus and
coefficient of thermal expansion of acrylic denture base
material. J. Baghdad Coll. Dent. 2014; 26, 37-41.

Zafar MS, Alnazzawi AA, Alrahabi M, Fareed MA, Najeeb S,
Khurshid Z. 18-Nanotechnology and nanomaterials in dentistry.
Editor(s): Khurshid Z, Najeeb S, Zafar MS, Sefat F. Advanced
Dental Biomaterials, Woodhead Publishing, 2019; 477-505.
Shirkavand S, Moslehifard E. Effect of TiO2 nanoparticles on
tensile strength of dental acrylic resins. J. Dent. Res. Dent. Clin.
Dent. Prospects. 2014; 8(4):197-203.

Mosalman S, Rashahmadi S, Hasanzadeh R. The effect of
TiO2 nanoparticles on mechanical properties of poly methyl
methacrylate nanocomposites. Int. J. Eng. Trans. B: Appl.
2017;30(5): 807-813.

Cazan C, Enesca A, Andronic L. Synergic Effect of TiO2 Filler
on the Mechanical Properties of Polymer Nanocomposites.
Polymers 2021, 13, 2017.

Shamseer L, Moher D, Clarke M, Ghersi D, Liberati, A,
Petticrew M, Shekelle P, Stewart LA. Preferred reporting items
for systematic review and meta-analysis protocols (PRISMA-P)
2015: elaboration and explanation. BMJ. 2015; 349: g7647
Fouda SM, Gad MM, Ellakany P, Al Ghamdi MA, Khan SQ,
Akhtar S, Ali MS, Al-Harbi FA. Flexural Properties, Impact
Strength, and Hardness of Nanodiamond-Modified PMMA
Denture Base Resin. Int. J. Biomater. 2022: 2022: 6583084, 10.
Bangera MK, Kotian R, Ravishankar N. Effect of titanium
dioxide nanoparticle reinforcement on flexural strength of
denture base resin: A systematic review and meta-analysis.
Jpn. Dent. Sci. Rev. 2020; 56(1): 68-76

Gad MM, Abualsaud R. Behavior of PMMA Denture Base
Materials Containing Titanium Dioxide Nanoparticles: A
Literature Review. Int. J. Biomater. 2019. ID 6190610,14.

Salih SI, Oleiwi JK, Hamad QA. Investigation of fatigue and
compression strength for the PMMA reinforced by different

Volume - 16 - Number - 4 - 2023

Page 1802



http://www.ektodermaldisplazi.com/dergi.htm
http://www.jidmr.com/

Journal of International Dental and Medical R

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

ch ISSN 1309-100X

PMMA-TiO2 Nanocomposites

systems for denture applications. J. Biomed. Mater. Res. 2015;
3(1): 5-13.

Ahmed MA, EI-Shennawy M, Althomali YM, Omar AA. Effect of
titanium dioxide nanoparticles incorporation on mechanical and
physical properties on two different types of acrylic resin
denture base. World J. Nano Sci. Eng. 2016; 6: 111-119.

Harini P, Kasim M, Padmanabhan TV. Effect of titanium dioxide
nanoparticles on the flexural strength of
polymethylmethacrylate: an in vitro study. Indian J Dent Res.
2014; 25(4): 459-63.

Elshereksi NW, Ghazali MJ, Muchtar A, Azhari CH.
Perspectives for titanium-derived fillers usage on denture base
composite construction: A review article. Adv. Mater. Sci. Eng.
2014; 746252: 1-13.

Tandra E, Wahyuningtyas E, Sugiatno E. The effect of
nanoparticles TiO2 on the flexural strength of acrylic resin
denture plate. Padjajaran Journal of Dentistry.2018; 30: 35-40.
Cierec, M, Szerszen M, Wojnarowicz J, tojkowski W,
Kostrzewa-Janicka J, Mierzwinska-Nastalska E. Preparation
and characterization of poly(methyl methacrylate)-titanium
dioxide nanocomposites for denture bases. Polymers. 2020; 12:
2655.

Karci M, Demir N, Yazman S. Evaluation of flexural strength of
different denture base materials reinforced with different
nanoparticles: flexural strength of denture base materials, J
Prosthodont. 2018; 28(5): 572-579.

Naji SA, Behroozibakhsh M, Kashi TSJ, Eslami H, Masaeli R,
Mahgoli H, Tahriri M, Lahiji MG, Rakhshan V. Effects of
incorporation of 2.5 and 5 wt.% TiO2 nanotubes on fracture
toughness, flexural strength, and microhardness of denture
base poly methyl methacrylate (PMMA), J Adv Prosthodont.
2018; 10(2): 113-121.

Alrahlah A, Fouad H, Hashem M, Niazy AA, AlBadah A.
Titanium oxide (TiO2)/polymethylmethacrylate (PMMA) denture
base  nanocomposites: mechanical, viscoelastic and
antibacterial behavior, Materials. 2018; 11(7): 1096.

Khaled SMZ, Miron RJ, Hamilton DW, Charpentier PA, Rizkalla
AS. Reinforcement of resin-based cement with titania
nanotubes. Dent Mater. 2010; 26(2): 169-178.

Dafar MO, Grol MW, Canham PB, Dixon SJ, Rizkalla AS.
Reinforcement of flowable dental composites with titanium
dioxide nanotubes. Dent Mater. 2016; 32(6): 817-826.

Junior HC, Carvalho VHM, Basting RT. Hardness, compressive
strength and resilience of complete denture lining materials: an
in situ study. Rev Gaucha Odontol. 2020; 68: €20200004
Yoshida K, Matsumura H, Tanaka T, Atsuta M. Properties of
titanium dioxide-polymer composite with titanate coupling
agents. Shika Zairyo Kikai. 1989; 8(5): 629-635.

Moslehifard E, Anaraki MR, Shirkavand S. Effect of adding
TiO2 nanoparticles on the SEM morphology and mechanical
properties of conventional heat-cured acrylic resin. J. Dent.
Res. Dent. Clin. Dent. Prospects. 2019;13(3): 234-240.
Abdulridha WM, Almusawi RM, Al-Jubouri OM, Wally ZJ, Zidan
S, Haider J, Al-Quraine NT. Studying the effect of adding
titanium dioxide (TiO2) nanoparticles on the compressive
strength of chemical and heat-activated acrylic denture base
resins. Adv. Mater. Process. Technol. 2020; 1-13.

Davari A, Kazemi AD, Mousavinasab M, Yassaei S, Alavi A.
Evaluation the compressive and diametric tensile strength of
nano and hybrid composites. Dent Res J. 2012; 9(6): 827-828.
Mourad A-HI, Fouad H, Elleithy R. Impact of some
environmental conditions on the tensile, creep-recovery,
relaxation, melting, and crystallinity behaviour of UHMWPE-
GUR 410-medical grade. Mater. Des. 2009; 30(10): 4112-4119.
Grbovi¢ A, Rasuo BP, Vidanovi¢ ND, Peri¢ M. Simulation of
crack propagation in titanium mini dental implants (MDI). FME
Transactions. 2011; 39(4): 165-170.

Alwan SA, Alameer SS. The effect of the addition of silanized
nano titania fillers on some physical and mechanical properties
of heat-cured acrylic denture base materials. J Bagh College
Dentistry.2015; 27(1): 86-91.

Xia Y, Zhang F, Xie H, Gu N. Nanoparticle-reinforced resin-
based dental composites. J. Dent. 2008; 36(6): 450-455.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

Purnomo et al

Hashem M, Al Rez MF, Fouad H, Elsarnagawy T, Elsharawy
MA, Umar A, Assery M, Ansari SG. Influence of titanium oxide
nanoparticles on the physical and thermomechanical behavior
of poly methyl methacrylate (PMMA): A denture base resin. Sci.
Adv. Mater. 2017; 9(6): 938-944.

Jia Y, Kleinhammes A, Kulkarni H, McGuire K, McNeil LE, Wu
Y. Synthesis and Characterization of TiO2
nanotube/hydroquinone  hybrid  structure. J.  Nanosci.
Nanotechnol. 2007; 7(2): 458-462.

Madarasz D, Poétari G, Sapi A, Laszlé B, Csudai C, Oszkd A,
Kukovecz A, Erdéhelyi A, Kénya Z, Kiss J. Metal loading
determines the stabilization pathway for Co2+ in titanate
nanowires: ion exchange vs. cluster formation. Phys Chem
Chem Phys., 2013; 15: 15917-15925.

Porras R, Bavykin DV, Zekonyte J, Walsh FC, Wood RJ.
Titanate nanotubes for reinforcement of a poly(ethylene
oxide)/chitosan polymer matrix. Nanotechnology. 2016; 27:
195706.

Arash B, Wang Q, Varadan V. Mechanical properties of carbon
nanotube/polymer composites. Sci Rep. 2014; 4: 6479.
Cantarella M, Sanz R, Buccheri MA, Romano L. PMMA/TiO2
nanotubes composites for photocatalytic removal of organic
compounds and bacteria from water. Mater Sci Semicond
Process. 2016; 42: 58-61

Asli HN, Moradian S, Asli MN. Comparison of transverse
strength of three different types of heat-cured resin acrylics.
Biosc. Biotech. Res. Comm. 2017; 10(2): 248-251

Gurbuz O, Unalan F, Dikbas |I. Comparison of the transverse
strength of six acrylic denture resins. Oral Health Dent Manag.
2010; 9(1): 21-24.

Yaseen ST, Khaleel AS. Study of the mechanical and thermal
properties of PMMA/TiIO2 nanocomposite. IOP Conf. Ser.
Mater. Sci. Eng. 2020; 757: 012004.

Kumar CA, Kumar CR, Vamshikiran K, Deepthi G, Kumar GN,
Akhilesh M. Evaluation of impact strength of dental acrylic
resins by incorporation of TiO2 nanoparticles using two different
processing techniques. J Contemp Dent Pract., 2019; 20(10):
1184-1189.

Abdulwahhab SS. High-impact strength acrylic denture base
material processed by autoclave. J. Prosthodont. Res. 2013;
57:288-293.

Jadhav R, Bhide SV, Prabhudesai PS. Assessment of the
impact strength of the denture base resin polymerized by
various processing techniques. Indian J Dent Res. 2013; 24(1):
19-25.

Abdulhameed NA. Flaskless curing of acrylic dentures by
microwave energy. EC Dent. Sci. 2016; 5(6):1202-1207.
Zappini G, Kammann A, Wachter W. Comparison of fracture
tests of denture base materials. The J Prosthet Dent. 2003;
90(6): 578-585.

Nawaz Q, Rharbi Y. Effects of the nanomechanical properties
of polymer nanoparticles on crack patterns during drying of
colloidal suspensions. Macromolecules. 2008; 41(15): 5928-
5933.

Volume - 16 - Number - 4 - 2023 Page 1803



http://www.ektodermaldisplazi.com/dergi.htm
http://www.jidmr.com/

