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ABSTRACT

Polymethyl methacrylate (PMMA) possesses favorable properties such as a valuable
physical characteristic, low cost, and its ease and aesthetic fabrication. However, it
suffers from low hardness and tribological properties in denture base applications. In
this work, the mechanical and tribological properties of PMMA reinforced with
organic, inorganic, and hybrid of organic/inorganic nanoparticles (NPs) were
investigated. The used organic fillers were date seed (DS) NPs and inorganic fillers
were titanium dioxide (TiO2) NPs. TiO2 and DS NPs were characterized by
transmission electron microscope (TEM). PMMA-based non-hybrid and hybrid
nanocomposites were fabricated by using a self-curing method. To fabricate the non-
hybrid composites of C1 and C2, TiO2 and DS NPs were added at a constant weight
fraction (wt. %) of 1.2 to PMMA, respectively. For manufacturing hybrid
nanocomposites, C1 was reinforced by 0.1, 0.2, 0.3, 0.4, and 0.5 wt. % DS NPs. Also,
C2 was reinforced with TiO2 NPs at the same loading content of 0.1, 0.2, 0.3, 0.4, and
0.5wt. %. Unfilled PMMA, C1, C2, C1/0.4 wt. % DS NPs, and C2/0.4 wt. % TiO2 NPs
were analyzed by Fourier transform infrared (FTIR) technique. Vickers hardness
number (VHN), wear rate, and coefficient of friction (COF) tests were conducted to
study the effect of hybrid NPs content on the mechanical and tribological properties
of PMMA. The worn surfaces of rubbed specimens after the wear test were imaged
by scanning electron microscope (SEM).

The experimental results proved that the mechanical and tribological characteristics
of unfilled PMMA were significantly improved at content of 1.2 wt. % DS and TiOz
NPs for C1 and C2, respectively. Hence, the hybrid nanocomposites that reinforced
with 0.4 wt. % DS or TiO2 NPs recorded a distinct mechanical and tribological
behavior among other filler content. Also, the hybrid nanocomposites of C2/0.4 wt. %
TiO2 NPs showed significant improvement by 14.12, 16.66, and 2.96 % in the VHN,
wear rate, and COF, respectively compared to the hybrid nanocomposites of C1/0.4
wt. % DS NPs. Finally, samples costing study proved that the unit cost of the hybrid
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nanocomposites of C2/0.4 wt. % TiO2 NPs is lower than that of the hybrid
nanocomposites of C1/0.4 wt. % DS NPs by 47.61%.
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INTRODUCTION

PMMA is widely used as a denture base material since the 1930s because it has many
significant advantages such as simple manufacturing and repair techniques, ease of
handling and processing, low cost, and acceptable physical and mechanical
properties, [1- 3]. Unfortunately, this material has some inherent shortcomings, which
finally cause failure of prosthesis during clinical service, [4, 5]. Even after the
modifications, PMMA resin is far from a good material as denture base material and
requires more studies to provide an acceptable material, [6, 7]. Generally, PMMA
denture base material fractures when loaded under flexural or impact forces that
exceeding its mechanical capacity, [8- 10]. To improve the mechanical characteristics
of PMMA, several attempts have been conducted by adding various types of fibers
and nanofillers, [11].

Nowadays, nanotechnology has been applied in dental applications in which various
researches have been employed to overcome the mechanical performance drawbacks
of denture base materials, [12]. Several researches have been focused on enhancing
of PMMA properties in all curing methods by incorporation of nanofillers in its
composition, [13, 14]. Homogenous distribution of reinforcement material, as a filler
in the nanometer scale, in PMMA, as matrix material, and interfacial interaction
between them, led to improve the nanocomposites properties, [15, 16]. Polymeric
nanocomposites characteristics depend on the type of incorporated NPs and their size,
shape, concentration, and interaction with the polymer matrix, [17]. NPs that have a
small size and high specific surface area show ideal performance and excellent
features compared to conventional materials. Numerous studies shows that a wide
spread of nanomaterials such as silver NPs, zinc oxide (ZnO) nanostructures,
zirconium dioxide (ZrO2) nanotubes, silica NPs, and carbon nanotubes are
incorporated with PMMA to obtain denture base materials with enhanced
mechanical properties, [18- 21].

Among these additives, ZrOz NPs are known for their inherent suitable properties.
Previous studies emphasized an enhancement of the physical and mechanical
properties of PMMA/ZrO2 nanocomposite for denture base materials application,
[14, 22]. It was found that adding of 3- 5 wt. % ZrO2 NPs to PMMA nanocomposites
showed improved fracture toughness, flexural strength, and surface hardness, [23].
Also, tensile, fatigue strength, and wear resistance of acrylic PMMA resin were
improved after incorporating the modifying ZrO2 NPs, [24]. Moreover, mechanical
and tribological performance of self-cured PMMA reinforced by alumina (Al203)
nanowires and ZrOz NPs for denture applications were studied by Hassan et al. They
found that the mechanical and tribological properties were enhanced by adding Al2O3
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nanowires and ZrO2 NPs up to 0.5 and 0.7 wt. %, respectively, [14]. Also, Jasim et al.
found that adding of Al2Os3 NPs to PMMA improved the flexural strength and
decreased the thermal expansion coefficient of acrylic resin, [25].

TiO2 NPs are among the biocompatible nontoxic materials, [11]. These NPs have
resistance against corrosion, chemical stability, and high refractive index, [26, 27]. As
reported by Sodagar et al., flexural strength of PMMA/ TiO2 composites was
improved after adding of 0.5 and 1 wt. % TiO2 NPs, [28]. Also, another study proved
that TiO2 NPs reduced the flexural strength without changing the flexural modulus,
[29]. However, an enhancement of both elastic modulus and flexural strength were
observed after addition of 0.5% TiO2 NPs, as observed by Rashahmadi et al., [30].
Recently, organic fillers are the most widely used in composites manufacturing
because of their low preparation costs, as well as relatively high strength values to
weight ratios can be obtained, [18]. Moreover, organic fillers are becoming
increasingly popular as environmental friendly and renewable alternatives, [31].
Also, they can be obtained from recycled waste materials such as ajwa dates,
pomegranate peels, [32], and fly ash, [33]. These materials have been incorporated
into a variety of biomaterials in order to induce antimicrobial activity and improve
the mechanical behavior, [34]. One of the most widely organic materials, DS NPs,
which distinguished by their low density, low preparation costs, and high mechanical
properties. Because of their effective properties, such as high chemical inertness and
excellent mechanical performance, DS NPs are considered to be attractive
reinforcement for polymer matrix composites, [35- 37]. A comparison of the effects of
DS NPs as reinforcement material for medium-density polyethylene (MDPE) and
polyethylene terephthalate (PET) was studied, [38]. This study concluded that the
wear surface hardness characteristics of MDPE and PET were improved at 0.75 wt.
% DS NPs.

Based on the previous literature surveys, ZrOz, ZnO, TiO2, and Al203 NPs had
significant improving effect on the mechanical properties of PMMA, however there
was a little data available related to their effect on the wear resistance and COF of
PMMA acrylic resin, so further investigations were needed. Moreover, there are no
studies that have yet been conducted to incorporate DS NPs into PMMA acrylic resin
for denture base applications. Hence, this work was performed to evaluate the
mechanical and tribological properties as well as economical effectiveness of PMMA
reinforced with hybrid DS and TiO2 NPs at various loading content of hybrid NPs.

EXPERIMENTAL WORK

Materials

In the present study, matrix material composed of powdered PMMA and MMA
monomer as a liquid hardener that were supplied from Acrostone Dental & Medical
Supplies Company, Cairo, Egypt. NPs of organic and inorganic materials such as DS
and TiOz were introduced as reinforcement materials to enhance the mechanical and
tribological properties of the composite. TiO2 NPs were supplied from Nano Tech.
Company, El-Giza, Egypt. Whereas DS NPs were prepared in Material Lab, Faculty
of Technology and Education, Beni-Suef University, Egypt, as reported by Elkhouly
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et al. [37]. DS was dried before being ground for 24 hours at 70 °C. Then, DS was
milled in a ball milling machine for 140 hours to reach the nano-scale size. To check
the nano size and morphology of TiO2 and DS, TEM was employed by National
Center for Research, Egypt.

Nanocomposites Fabrication

Fig. 1 shows a flowchart of non-hybrid and hybrid nanocomposites preparation. In
this work, self-curing technique was used to prepare the present C1 and C2, non-
hybrid composites, and hybrid nanocomposites of C1/x DS NPs and C2/x TiO2 NPs.
Samples code of C1, C2, and x was introduced in Table 1. Non-hybrid composites of
C1 and C2 were fabricated at a constant content of 1.2 wt. % of TiO2 and DS NPs,
respectively according to Ref., [39]. To prepare the hybrid nanocomposites, variable
contents of x, which varies from 0.1 to 0.5 wt. % of DS and TiO2 NPs, were added to
C1 and C2, respectively. Generally, for manufacturing of hybrid and non-hybrid
nanocomposites, TiO2 or DS NPs were added to PMMA powder in a glass beaker.
Then, the mixture was stirred continuously for 30 minutes in clockwise and
counterclockwise to obtain a homogenous mixture, [14]. For completing the
polymerization process according to self-curing technique, MMA monomer, as a
liquid, was added to the mixture at 1:2.5 ratio, [40]. Non-hybrid and hybrid
nanocomposites were then molded in a cylindrical tube which were kept in a vacuum
system under pressure of 30 psi for 24 hours to obtain the samples without porosity.
Finally, the specimens of 8 mm diameter and 25 mm length were prepared for further
tests.

Table 1 Samples codes

Code Code interpretation
C1 Non-Hybrid composite of PMMA/1.2 wt. % TiO2 NPs
C2 Non-Hybrid composite of PMMA/1.2 wt. % DS NPs
X Hybrid-nanofiller content (0.1, 0.2, 0.3, 0.4, and 0.5 wt. %)

Nanocomposites Characterization

In the present study, non-hybrid and hybrid nanocomposites of C1, C2, C1/x DS NPs,
and C2/x TiO2 NPs were characterized mechanically and tribologically. Mechanical
characterization includes VHN test, while tribological characterization includes wear
and COF Tests.

Vickers Microhardness Test

Vickers microhardness test was conducted to estimate the VHN of the present
nanocomposites. According to ASTM E384-99, Vickers microhardness test was don
under testing load of 100 g for a dwell time of 10 s. VHN was calculated as follows:

P
VHN = 1854.4 (ﬁ)
1)
where: P is the applied load, gf, and d is the mean diagonal length of the indentation,

pm. To get accurate test results, each specimen surface was tested by five indentations
from center to the external periphery of the sample and average values were reported.
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Fig. 1 Flowchart of non-hybrid and hybrid nanocomposites preparation.
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Fig. 2 Pin-on-disc schematic diagram, [41].
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Wear Test

Wear test was carried out under dry sliding conditions using a pin-on -disk test rig,
as indicated in Fig. 2, according to ASTM G 99 standard [42, 43]. The sliding
counterface in the pin-on-disk setup was a carbon steel disc that has a surface
roughness (Ra) of 1.41pm, and surface hardness of 58-62 HV. Specimens were loaded
by 30 N at a constant sliding speed and sliding distance of 1.2 m/s and 450 m,
respectively. Before and after the wear test, the specimen was weighed by electronic
balance, which has accuracy of £0.1 mg. Wear rate is the difference between the initial
and final weights divided by sliding distance. Each specimen was tested three times
and averaged values wear reported to obtain sturdy results.

COF Test

At the same parameter of wear test, COF of the non-hybrid and hybrid
nanocomposites of C1, C2, C1/x DS NPs, and C1/x TiO2 NPs was measured during
the wear test, as indicated in Fig. 2. COF was calculated as follows:

COF (W) =~ )
Where F is the frictional force and N is the normal load. Friction force was measured
by a load cell of 40 kg and recorded each one millisecond by a calibrated data logger

that connected with a computer. The averaged value of three tests of each specimen
was reported.

Microstructure and Worn Surfaces Examination.

The microstructure and worn surfaces of the present hybrid and non-hybrid
composites were examined and imaged by SEM. Furthermore, the distribution of the
NPs within the hybrid nanocomposites was imaged. Also, after the wear and friction
tests, worn surfaces of hybrid and non-hybrid composites were examined imaged to
study the occurred wear mechanism and effect of hybrid NPs content on the
mechanical tribological properties of the PMMA.

FTIR Characterization

FTIR spectrophotometer was recorded using a Bruker (Vertex 70 FTIR-Raman)
spectrophotometer. It was done for scanning the pure PMMA, non-hybrid composites
of C1 and C2, and hybrid nanocomposites of C1/0.4 DS NPs and C2/0.4 TiO2 NPs.
Infrared light was employed to scan the molecular structure of the test samples. Also,
the utility of infrared spectroscopy arises due to different chemical structures that
produce different spectral.

RESULTS AND DISCUSSION

Examination and Characterization of NPs

As shown in Fig. 3 a TEM image, the TiO, NPs have an oval shape, a clumped distribution,
and an average size of ~23 nm. On the other hand, TEM analysis of prepared DS NPs proved
that the particles were successfully converted into nano-sized scale via ball-milling processing
and have an average size of ~ 4 nm, as shown in Fig. 3 b. Although the form and scale of TiO;
and DS NPs are highly variable in these images, each particle appears essentially spherical.
Similar observations about the shapes of NPs have been previously reported, [44]. These
shape and size variations lead to enhanced mechanical properties for the reinforced
materials.
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FTIR Analysis
Figure 4 shows the recorded FTIR spectra of the characteristic vibration bands of
pure PMMA, C1, C2, C1/0.4 wt. % DS NPs, and C2/0.4 wt. % TiO2 NPs. Firstly, the
bands of pure PMMA are as following. The band at 1,444 cm could be attributed to
the bending vibration of the C—H bonds from — CHs group. The absorption band 2,819
cmt could be assigned to C-H bond stretching vibration — CH2 groups, while that
appeared at 1,730 cm™ (C=0) and 1,380 cm! (C-O). Moreover, there is a vibration
band at 1,150 cm represents C—O and stretching bands at 975 cm-! and 831 cm™ C-
C which belong to the ester group for PMMA spectrum, [45]. Also, there are
absorption bands at 2947 cm™ and 2960 cm, which could be attributed to
characteristic stretching and bending vibrations of the —OH group. A distinct
absorption band 1,199 cm could be attributed to C-O-C stretching vibration. Also,
it could be considered that the band at 752 cm* showed O-C=0, while the absorption
band at 1,741 cm revealed the presence of the acrylate carboxyl group.

The doping of the TiO2/ DS NPs could be assigned by studying the formation of new
peaks, or various shoulders, sharpening or change in the shape, shift of the absorption
bands, or intensity of the existing vibration bands in FTIR spectra as seen in Fig. 4.
For instance, Ti-O-C vibration band occurs at 831 cm™ and 975 cm™ revealed to the
formation of nanocomposites. These bands seem to be characteristic of the presence
of TiO2 nanoparticles, as previously declared, [47] . After the addition of TiO2 / DS
NPs the band at 1444 cm™ split into two peaks, the older one 1444 cm™ and a new
shoulder at 1450 cm™. Also, the band of 1380 cm™* was increased at the PMMA/TiOz
NPs and PMMA/DS NPs as shown in FTIR spectra, which could be assigned as an
indication for PMMA and TiO2/ DS NPs interaction. Moreover, an increase was
observed in the intensity of the stretching band at 1583 cm which related to the
carboxyl group (- COO") of the nanocomposites. Notably, the intensity of 2844 cm-!
band of (— CH) increased at the nanocomposites, which reflects the PMMA/TiO2 NPs
and PMMA/DS NPs interactions. Meanwhile, O-H increased with NPs addition, while
results showed that O-H intensity decreased with TiO2 addition, [48].
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Overall, DS NPs have smaller size than TiO2 NPs which led to more intensity of
PMMA/DS NPs FTIR bands than those of PMMA/TiO2 NPs. This result agrees with
Rahman et al. who found that bands height increased with decreasing the NPs size,
[49].

As can be seen, with the embedding of hybrid NPs into PMMA, interaction of the
oxygen atom in the carbonyl group (C=0) and the hydroxyl groups (OH) is the
possible interaction between the hybrid NPs and PMMA. By the addition of hybrid
NPs at C1/0.4 wt. % DS NPs, and C2/0.4 wt. % TiO2 NPs, two differences appeared
in FTIR spectra. The first, a shift from 2960 cm™ to 2952, and 2950 cm™, respectively.
Also, from 1741 cm™ to 1737, and 1735 cm?, respectively, indicate well TiO2 and DS
interaction with PMMA. That agrees with Aframehr, et al. who found that bands
shifted toward lower frequencies which indicates NiO interaction with Pl matrix,
[50]. Generally, if the shift happened toward lower wavenumber, it means the
interaction between the two phases is strong and leads to an increase in the strength
of the bonds between them, [50]. The second change was a decrease of the intensity of
the bands of the —OH group at 2952, and 2950 cm™), and of the acrylate carboxyl
group in 1737, and 1735 cm* which indicate well interaction between the hybrid NPs
and PMMA. This result agrees with Aframehr, et al. who proved that a decrease in
intensity of the free carbonyl indicates a good interaction between NiO and Pl matrix,
[50].

It is obvious that the interaction between hybrid NPs and PMMA at C2/0.4 wt. %
TiO2 NPs is more than at C1/0.4 wt. % DS NPs as the bands shifted toward lower
wavelengths and their intensity was the lowest.
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Fig. 4 FTIR spectroscopy.

Microstructure Observations of Produced non-hybrid and Hybrid Nanocomposites.
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Fig. 5 SEM of: a) non-hybrid composites of C1, b) non-hybrid composites of C2, c)
hybrid-nanocomposites of C1/0.4 wt. % DS NPs, d) hybrid-nanocomposites of
C2/0.4 wt. % TiO2 NPs, e) hybrid-nanocomposites of C1/0.5 wt. % DS NPs, and f)
hybrid-nanocomposites of C2/0.5 wt. % TiO2 NPs.

The microstructure of non-hybrid composites of C1 and C2 were explored by SEM,
as shown in Fig. 5 a, b, respectively. In these images, an excellent distribution of TiO2
and DS NPs at 1.2 wt. % within PMMA was observed. The uniform distribution of
NPs within the PMMA leads to increasing the mechanical and tribological properties
of the PMMA composites. Moreover, the microstructure of hybrid nanocomposites of
C1/0.4 wt. % DS NPs and C2/0.4 wt. % TiO2 NPs were shown in Fig. 5, ¢ and d,
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respectively. As shown in Fig. 5, ¢c and d, the hybrid NPs at 0.4 wt. % of DS and TiO2
were observed to be highly uniformly distributed within the C1 and C2 non-hybrid
composites, as indicated in the regions marked by the yellow rectangles. After
increasing the hybrid NPs content up to 0.5 wt. %, some agglomerations of NPs
appeared in the microstructure images of the hybrid nanocomposites, as shown by
the areas marked by the yellow ovals in Fig. 5, e and f. The well dispersion of 0.4 wt.
% NPs within the non-hybrid composites of C1 and C2 was the reason for the uniform
distribution of the loads. The well distribution of the content of 0.4 wt. % NPs was a
major reason for the uniform distribution of the loads into the PMMA matrix
material. In addition to that, these loads can also be transferred regularly to the
reinforcement NPs, thus improving the mechanical and tribological properties of the
nanocomposites. Therefore, the hybrid nanocomposites of C1/0.4 DS NPs and C2/0.4
TiO2 NPs showed the highest mechanical and tribological properties, as going to be
clear later.

Mechanical Properties

This section illustrates the effect of hybrid NPs addition on the VHN of the present
non-hybrid and hybrid nanocomposites. Figure 6 represents the microhardness
results of the present non-hybrid and hybrid nanocomposites, respectively. Materials
for denture base applications should have an abrasion resistance to abrasive denture
cleansers, foods, and general applied forces, [51]. Also, higher hardness of denture
base materials will reduce the abrasive wear mechanism. For the non-hybrid
composites of C1 and C2, DS and TiO2 NPs at 1.2 wt. % enhanced the VHN of the
pure PMMA by 39.56 and 67.47 %, respectively, as shown in Fig. 6 a.

(a) (b)
110
10+
10.5
8
= & 10.0
= =
% 67 =y
4 7 9.5
:
9.0
21 8 C1/hybrid DS NPs
85 —8— C2/hybrid TiO2 NPs
0 r r r r r r r r
Pure PMMA c1 Cc2 0.1 0.2 0.3 0.4 0.5
Non-Hybrid composites Hybrid NPs content, wt.%

Fig. 6 Microhardness results: a) pure PMMA, C1, and C2 non-hybrid composites, b)
C1/0.4 wt. % DS NPs and C2/0.4 wt. % TiO2 NPs hybrid nanocomposites.

The significant enhancement of the microhardness number of the present PMMA and
its nanocomposites was attributed to the strong interfacial adhesion bond between the
nano reinforcement materials and PMMA. Moreover, DS and TiO2 NPs act as
strengthening materials of the PMMA that led to improvement of the load carrying
capacity. Also, the molecular-level dispersion of DS and TiO2 NPs up to content of 1.2
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wt. % in PMMA may be the reason of higher microhardness of these nanocomposites.
The present microhardness results of PMMA/TiO2 NPs composites are consistent
with the microhardness results of the same composite that obtained by Alamgir et al.,
[52]. Whereas DS NPs, as reinforcement, achieved the highest microhardness number
of PMMA compared to TiO2 NPs.

Microhardness results of hybrid nanocomposites of C1/x DS NPsand C2/x TiO2 NPs
were plotted in Fig. 6 b. According to the VHN variations, as indicated in Fig. 6 b, DS
NPs increased the VHN of non-hybrid composite C1 by 4.01, 11.85, 13.61, 15.49, and
2.89 % at 0.1, 0.2, 0.3, 0.4, and 0.5 wt. % content, respectively. Also, TiO2 NPs
increased the VHN of non-hybrid composite C2 by 4.60, 6.27, 7.25, 9.84, and 0.84 %
at 0.1, 0.2, 0.3, 0.4, and 0.5 wt. % content, respectively. The optimum VHN of hybrid
C1/x DS NPs and C2/x TiO2 NPs nanocomposites was at 0.4 wt. % NPs content. This
may be because of the too small size of the DS NPs, ~4 nm, which led to their good
incorporation with TiO2 NPs and PMMA. Addition of hybrid NPs content beyond 0.4
wt. % up to 0.5 wt. % showed significant decrease in VHN which could be clearly
understood from Fig. 6 b. This may be due to the agglomerated NPs that led to
porosity formation at high content of NPs addition. Despite the decrease in the VHN
values after increasing the hybrid NPs content from 0.4 wt. %, the VHN of the hybrid
nanocomposites at 0.5 wt. % of NPs content is still higher than that of VHN of C1 and
C2 non-hybrid composites.

Figure 7 shows the details of the VHN that distributed on the optimum samples
surface by mapping hardness analysis. Generally, microhardness maps emphasize the
VHN distribution on X and Y axes. Therefore, as shown in Fig. 7 a, VHN of the pure
PMMA was 5.88 gf/um?, which is determined by the yellow color on the map, was
distributed regularly on the sample surface. Also, after adding TiO2 and DS NPs at
1.2 wt. %, VHN of pure PMMA increased up to 8.21 and 9.86 gf/um? for the non-
hybrid composites of C1 and C2, respectively. This is for the areas marked by green
and yellow colors that distributed on the hardness maps, as shown in Fig. 7 b and c,
respectively.

Indeed, experimental results of VHN for the hybridized samples at 0.4 wt. % NPs
content showed a significant improvement compared to the pure PMMA and the non-
hybridized samples of C1 and C2. The VHN distributed by values of 9.49 and 10.83
gf/um?, marked by yellow color, on the hybrid nanocomposite maps at 0.4 wt. % of
DS and TiO2 NPs content, as shown in Fig. 7 d and e, respectively. The improvement
in VHN results of the non-hybrid and hybrid nanocomposites may be due to the
improvement of the properties and strengthening of PMMA that occurred at the
molecular level by reinforcing with NPs, [53, 54]. Moreover, the uniform distribution
of the NPs within the PMMA matrix material as well as possess high specific surface
area led to an increase in the effectiveness of stress transmission to the NPs easily.
This result is in good agreement with those reported in Refs., [14, 55].
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Fig. 8 Wear rate of the tested nanocomposites. a) pure PMMA, C1, and C2 non-
hybrid composites, b) C1/0.4 wt. % DS NPs and C2/0.4 wt. % TiO2 NPs hybrid
nanocomposites.

Tribological Properties

Due to the close similarity of the PMMA's physical and mechanical properties with
the properties of human dentin, the PMMA is widely used in denture base
applications, [56]. PMMA is rarely used in tribological applications because it has a
relatively low wear resistance compared to other tribological materials, [57].
Therefore, it is very important to seize the opportunity to study the tribological
properties of the PMMA. Here, the effect of organic and inorganic NPs, as hybrid
nanofillers, on the tribological performance of PMMA was studied at low loading
contents. Thus, the fabricated specimens were rubbed against carbon-steel
counterpart under applied load of 30 N at constant sliding speed and sliding distance
of 1.2 m/s and 450 m, respectively.

Figure 8 shows the wear rate as a function of hybrid organic and inorganic NPs
content. It was declared that the pure PMMA recorded the highest wear rate value
compared to non-hybrid and hybrid nanocomposites. After addition of TiO2 and DS
NPs up to 1.2 wt. %, wear rate significantly improved by 31.81 and 40.9 % for the
non-hybrid composites of C1 and C2, respectively (Fig. 8 a). This may be due to good
distribution of TiO2 and DS in PMMA matrix material that led to reducing the wear
rate by protection of PMMA matrix from abrasion and fracture during the wear
mechanism, as indicated by SEM images in Figs 10 b and c, respectively. These results
were in accordance with Rohim et al study, [58]. They reported a 58.33% reduction
in wear rate for the PMMA reinforced with NPs composites compared to the unfilled
PMMA matrix material.

The wear rate curves of hybrid C1/x DS NPs and C2/x TiO2 NPs nanocomposites were
displayed in Fig. 8 b. It can be noticed that the behavior of the wear curves decreases
significantly with the increase of the hybrid NPs content up to 0.4 wt. %. As for the
hybrid nanocomposites of C1/x DS NPs, wear rate of non-hybrid composite C1
reduced by 3.33, 8.33, 16.66, and 20 % at 0.1, 0.2, 0.3, and 0.4 wt. % DS NPs,
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respectively. Similarly, the wear rate of the non-hybrid composite, C2, decreased
significantly by 7.69, 13.46, 17.30, and 23.07 % at 0.1, 0.2, 0.3, and 0.4 wt. % TiO2
NPs, respectively. The improvement in the wear rate of the hybrid nanocomposites
compared to the non-hybrid composites may be due to the increase in the surface
mechanical properties of these hybrid nanocomposites.

Also, the hybrid NPs size that are used as reinforcement materials play an important
role in improving the wear rate of these nanocomposites. For this reason, the
interfacial adhesion bonding between the hybrid NPs and the matrix PMMA is
improved at the molecular level due to the small size of hybrid NPs. It is noticed that
there is a strong relationship between the wear rate and hardness number according
to Archard equation, [59]. Upon the microhardness results of the present non-hybrid
and hybrid nanocomposites, wear resistance of PMMA recorded the highest value at
1.2 wt. % NPs content, for non-hybrid composites, and 0.4 wt. % for hybrid
nanocomposites. After increasing the hybrid NPs content up to 0.5 wt. %, the
behavior of the wear rate curves began to increase compared to the optimum NPs
content at 0.4 wt. %, but it was better than the non-hybrid composite of C1 and C2.
This may be attributed to the agglomeration of NPs, which occurred at higher
concentrations.
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Fig. 9 COF of the tested nanocomposites. a) pure PMMA, C1, and C2 non-hybrid
composites, b) C1/0.4 wt. % DS NPs and C2/0.4 wt. % TiO2 NPs hybrid
nanocomposites.

Amongst important tribological properties that must be considered in denture base
applications are the friction coefficient properties. COF was measured during the
wear test. According to the variations of COF, experimental results of the friction test
showed a significant improvement at 1.2 wt. % of TiO2 and DS NPs content compared
to pure PMMA, as shown in Fig. 9 a. It was declared that the unfilled PMMA achieves
the largest value of the COF. Therfore, COF of PMMA was enhanced by 12.81, and
21.87 % for non-hybrid composites of C1 and C2, respictively. This improvement in
the COF results may be attributed to the small size of the NPs as well as their good
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distribution, which act as self-lubricating materials on the PMMA matrix material
surface. It is worth noting that the improvement percentage in the COF of unfilled
PMMA after adding of 1.2 wt. % DS NPs was close to double the improvement
percentage after adding 1.2 wt. % TiO2 NPs. This is may be due to the samaller size
of DS NPs than that of TiO2 NPs.

As for the hybrid nanocomposites, it was observed that the friction coefficient of C1
and C2 decreased clearly with the increase of the hybrid NPs content up to 0.4 wt. %.
Therefore, the optimum result of the frictional behavior was achieved at 0.4 wt. %
NPs content. Nevertheless, it may be noticed that the hybrid nanofiller content when
increased up to 0.5 wt. %, led to a regression of the COF behavior imrovement, as
shown in Fig. 9 b. By examining the obtained experimental results, the COF of C1
was enhanced by 3.93, 12.45, 17.72, and 22.47 % at 0.1, 0.2, 0.3, and 0.4 wt. % DS
NPs, respectively.

Also, the similar trends of curves were obtained by testing the hybrid nanocomposites
of C2/x TiO2 NPs. Hence, COF of C2 was significantly reduced by 3.33, 8.81, 14.3, and
16.05 %, at 0.1, 0.2, 0.3, and 0.4 wt. % TiO2 NPs, respectively. Generally, the hybrid
TiO2 NPs /DS NPs has a prominent role to reduce the COF of C1 and C2 composites.
This may be attributed to the hybrid TiO2/DS NPs acts as a self-lubricating film on
the contact area that reduced friction between the rubbing surfaces. Furtheremore,
the hybrid NPs dispersion within the PMMA matrix material increases the grain
refinement that leads to improvement the elasticity of the hybrid nanocomposite
according to the Hall-Petch relation that reduces plasticity, [60]. As a result, an
improvement in the hybrid nanocomposite stiffness and the reduction in indentation
depth during rubbing surfaces were done, which reduces the deformation and wear
debris, [61].

Worn Surfaces Examination.

To study and examine the wear and friction mechanisms, worn surface of the selected
specimens was scanned and imaged after rubbing againist carbon-steel disc by SEM.
It known that the worn surfaces of the scanned specimens clearly reflect the TiO2 and
DS NPs loading-dependent wear behavior. The worn surface details of unfilled
PMMA, C1, C2, C1/0.4 wt. % DS NPs, and C2/0.4 TiO2 NPs, respectively were
introduced in Fig. 10. As indicated in Fig. 10 a, the detailed image of the wear marks
of unfilled PMMA proved that the wear tracks formed on the specimens surfaces.
Also, it can be obviously noticed that the contact surface area of unfilled PMMA
specimen exhibits rougher texture that leds to spread of the wear and ploughed marks
on the worn surface. Therefore, the wear mechanism was distinct with adhesive and
ploughing wear. Due to the increased softening of the unfilled PMMA surface, which
caused by the high temperature between the PMMA surface and asperities of carbon-
steel disc, significant adhesive wear occurred. Also, the fractuers and ploughed zones
were caused due to the penetration of abrasive asperities counterface easily into the
unfilled PMMA, which led to occurrence of microploughing and microcutting on the
worn surface. Furthermore, the weak layers that removed from the unfilled PMMA
surface led to an increase in the shear resistance and, consequently, the COF and
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wear rate. Moreover, the surface toughness of the unfilled PMMA decreased due to
the increased surface roughness resulting from brittle failure during the rubbing
process, which usually raises the wear rate and COF.

On the other hand, after addition of 1.2 wt. % TiOz and DS NPs, the worn surfaces
of C1 and C2 non-hybrid composites had less ploughed marks than that of the unfilled
PMMA, as illustirated in Figs 10 b and c, respictively. Due to the good distribution of
TiO2 and DS NPs at 1.2 wt. % for C1 and C2 non-hybrid composites, as well as the
mechanical properties improvement, the worn surfaces showed less wear and
ploughed marks compared to the pure PMMA. As a result, the wear rate and COF of
these composites were decreased due to the small number of deteriorated layers from
the worn surface.
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Fig. 10 SEM of worn surfaces after the wear test: a) unfilled PMMA, b) non-hybrid
composites of C1, ¢) non-hybrid composites of C2, d) hybrid-nanocomposites of
C1/0.4 wt. % DS NPs, e) hybrid-nanocomposites of C2/0.4 wt. % TiO2 NPs, f)
hybrid-nanocomposites of C1/0.5 wt. % DS NPs, and g) hybrid-nanocomposites of
C2/0.5 wt. % TiO2 NPs.

Also, Figs 10 d and e indicates the worn surfaces of hybrid nanocomposites of C1/0.4

wt. % DS NPs and C2/0.4 wt. % TiO2 NPs, respectively. As observed from Figs 10 d
and e, the worn surfaces smoothness of hybrid nanocomposites increased with
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increasing hybrid NPs content up to 0.4 wt. %. Consequently, the surface morphology
of hybrid nanocomposites changed from having deep wear marks to small wear
marks. This can be attributed to the load carying capacity of the hybrid NPs as well
as the large hardness and strength of PMMA hybrid-composites that led to an
enhancement in the wear resistance and COF. Also, the high surface mechanical
properties of hybrid composites at loading of 0.4 wt. % NPs have a prominent role in
preventing the formation of deep wear marks on the worn surface. Besides surface
characteristics, the transfer films that formed during sliding process also play an
important role in enhancing the wear behaviour of the materials, [62]. The mixture
of hybrid NPs (TiO2/DS NPs) were easily released from the PMMA/hybrid NPs
nanocomposites and transferred between the counterface, and the hybrid
nanocomposites contact zone. Thus, these hybrid NPs act as modifiers and self-
lubricating material between the contacting surfaces during the sliding process, and
then prevented the direct contact between them, [63]. Therefore, the less wear marks
and small grooves on the worn surfaces of the hybrid nanocomposites were observed,
which led to increasing wear resistance and a clear reduction in the COF results.
Hence, the hybrid nanocomposites exhibited the highest mechanical and tribological
properties at hybrid NPs content of 0.4 wt. % compared to non-hybrid composites of
C1 and C2. After increasing of hybrid NPs content up to 0.5 wt. %, the wear marks
and grooves on the worn surfaces of hybrid C1/ 0.5 wt. % DS NPs and C2/0.5 wt. %
TiO2 NPs composites began to increase again, as shown in Figs 10 fand g, respictevely.
As mentioned previously, when the hybrid NPs content exceeds 0.4 wt. %, they tend
to agglomerate and aggregate in some areas of the specimen surface. Therefore, the
worn surfaces shows greater roughness and wear marks compared to the hybrid NPs
content of 0.4 wt. %. As a result, the COF increased as well as the wear resistance and
surface hardness decreased.

Economic Analysis for PMMA-Based Hybrid NPs Costs.

Considering the nanocomposites manufacturing costs, we found that decreasing
nanofillers costs decreases that of manufacturing. Based on the aforementioned
results, the hybrid nanocomposites achieved remarkable improvement percentages
in the mechanical and tribological properties compared to the non-hybrid composites,
as shown in Fig. 11. Hence, the hybrid composites containing 1.2 wt. % DS NPs
(C2/0.4 wt. % TiO2 NPs) showed a higher mechanical and tribological improvement
than the hybrid composites containing 1.2 wt. % TiO2 NPs. It is worth noting that
date seeds are cheap materials, and the cost of 1 kg of nano-sized DS is approximately
$15. While the price of 1 kg of TiO2 NPs is approximately $65. Therefore, the unit
cost of hybrid samples containing of 1.2 wt. % TiO2 NPs and 0.4% DS NPs is $0.00168
per unit. Also, the unit cost of hybrid samples containing 1.2 wt. % DS NPs and 0.4
wt. % TiO2 NPs is $0.00088 per unit. Although the unit cost of the hybrid C2/0.4 wt.
% TiO2 NPs composites decreased by 47.6 % compared to the unit cost of the hybrid
C1/0.4 wt. % DS NPs composites, it achieved a significant improvement in the
mechanical and tribological properties, as shown in Fig. 11.Therefore, the hybrid
composites containing 1.2 wt. % of organic fillers are considered an ideal choice for
denture base applications economically, mechanically, and tribologically.
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Fig. 11 Improvement percentages in the VHN, wear rate, and COF for hybrid and
non-hybrid nanocomposites compared to unfilled PMMA.

CONCLUSIONS

In the present study, two types of hybrid NPs, DS and TiO2 were used as
reinforcement material of PMMA/1.2 wt. % TiO2 NPs (C1) and PMMA/1.2 wt. % DS
NPs (C2) composites, respectively. It was concluded that the non-hybrid composites
of C1 and C2 showed higher mechanical and tribological properties than that of
unfilled PMMA. VHN, wear rate, and COF of C1 were improved by 39.56, 31.81, and
12.81 % compared with the unfilled PMMA, respectively. Also, for C2, VHN, wear
rate, and COF were improved by 67.47, 40.9, and 21.87 % compared with pure
PMMA, respectively. Experimental results indicated that the mechanical and
tribological properties of C1 and C2 were enhanced by adding hybrid NPs content up
to 0.4 wt. %. Therefore, after addition of 0.4 wt. % DS NPs to C1 composites, the
VHN, wear rate, and COF were improved by 15.49, 20.0, and 22.47 %, respectively
compared with C1 composites. Also, the hybrid nanocomposites of C2/0.4 wt. % TiO2
NPs exhibit improvement percentages of VHN, wear rate, and COF by 9.84, 23.07,
and 16.05 %, respectively compared to non-hybrid composites of C2. Moreover, the
hybrid nanocomposites of C2/0.4 wt. % TiO2 NPs showed significant improvement
by 14.12, 16.66, and 2.96 % in the VHN, wear rate, and COF, respectively compared
to the hybrid nanocomposites of C1/0.4 wt. % DS NPs. Also, the unit cost of the hybrid
nanocomposites of C2/0.4 wt. % TiO2 NPs is lower than that of the hybrid
nanocomposites of C1/0.4 wt. % DS NPs by 47.61%.
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