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ABSTRACT

This study aimed to develop and characterize a heat- polymerized poly(methyl methacrylate) (PMMA) denture
base nanocomposite reinforced with hydroxyapatite nanoparticles (HA NPs) and economically synthesized date
seed nanoparticles (DS NPs) to enhance its mechanical and tribological properties. Nanocomposites were fabri-
cated with varying concentrations (0, 0.2, 0.4, 0.6, 0.8, and 1.0 wt.%) of HA NPs and DS NPs. The mechanical
performance was evaluated through compression testing and Shore D hardness measurements. Tribological prop-
erties were assessed using a pin-on-disk tribometer against emery paper, stainless steel and PMMA counterfaces,
measuring weight loss, wear rate (Wr), and the coefficient of friction (COF). X-ray diffraction (XRD) was used
to characterize the crystallographic structure and structural properties of nanocomposite. Differential scanning
calorimetry (DSC) for characterizing the thermal behavior and stability of materials. Morphological analysis of
wear tracks was conducted via scanning electron microscopy (SEM). The morphological features and aggregation
behavior of the synthesized DS NPs were investigated using transmission electron microscopy (TEM). The find-
ings revealed marked enhancements in the properties relative to unreinforced PMMA. Compressive strength and
Shore D hardness increasing by 21.88% and 9.16%, respectively. In addition, the W _and COF were reduced by
33.76% and 29.88%. SEM observations confirmed that the incorporation of nanoparticles effectively minimized
abrasive wear and surface cracking. Among all tested compositions, the 1.0 wt.% filler loading for both nanofiller
exhibited the most exceptional performance characteristics.

Keywords: heat-polymerized PMMA, hydroxyapatite nanoparticles, date seed nanoparticles, compressive
strength, Shore D hardness, wear rate, coefficient of friction.

INTRODUCTION

denture fabrication [2]. Within biomedical engi-
neering, a variety of materials are employed

In recent years, researchers, academics, and
industries have increasingly focused on polymer
nanocomposites for their diverse applications in
aerospace, automotive, electronics, military, and
infrastructure sectors. The mechanical and tribo-
logical performance of these materials is critical
due to their effectiveness as alternatives to metals,
owing to their superior optical, mechanical, and
electrical properties [1]. The introduction of clini-
cal polymer nanocomposites resins revolutionized

for restorative components, bio-implants, bone
cement fixation, prostheses, and dental dentures,
with PMMA being one of the most widely utilized
denture base material. Heat-polymerized PMMA
is a clinically proven material that continues to
serve as the gold standard for fabricating denture
bases due to its extensive history of successful
application [3]. PMMA powder typically contains
PMMA, benzoyl peroxide as an initiator, plasti-
cizers such as dibutyl phthalate, opacifiers like
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titanium and zinc oxides, along with fibers and
pigments or dyes. The liquid phase consists of
methyl methacrylate (MMA) monomer, ethylene
glycol dimethacrylate as a cross-linking agent,
and hydroquinone as an inhibitor [4]. PMMA
has long been considered the material of choice
for denture base fabrication due to its biocom-
patibility, ease of processing, aesthetic qualities,
and cost-effectiveness [5, 6]. However, despite
its widespread application, PMMA has inherent
limitations. Its relatively low mechanical prop-
erties make it prone to fracture during clinical
use, with nearly two-thirds of dentures fractur-
ing within the first three years, often at the mid-
line or tooth—denture junctions [7]. These short-
comings highlight the need for further material
enhancements [8, 9].

Recent studies have reinforced PMMA
with fibers, metal oxides, polymers, and par-
ticularly nanofillers [10], which significantly
enhance its mechanical properties such as flex-
ural strength, hardness, and wear resistance as
well as provide added functionalities like anti-
microbial activity [11,12]. Aldwimi et al. [13]
incorporated halloysite nanotubes (HNTs) with
multi-walled carbon nanotubes (MWCNTs) into
PMMA denture base composites and reported
substantial enhancements in flexural strength
(109.1 MPa) and tensile strength (64.4 MPa),
along with moderate improvements in Vickers
hardness. Similarly, Gad et al. [14] reinforced
PMMA with zirconia nanoparticles and glass
fibers, achieving superior flexural and impact
strengths. The optimal formulation was identi-
fied as 2.5 wt.% ZrO: combined with 2.5 wt.%
glass fibers, which delivered the best overall
mechanical performance. Nabhan et al. [15]
investigated a hybrid filler system of Al.Os/TiO2
nanoparticles in PMMA denture bases. Their
results showed that a filler content of 0.8 wt.%
provided the most favorable improvements,
reducing the coefficient of friction by up to 20%
and the wear rate by 28% compared to unfilled
PMMA. The systematic optimization of PMMA
dental composite properties was achieved by
Sinossi et al. [16] through the application of the
Taguchi method, identifying that graphene filler
incorporation of a 0.5 wt.% loading with heat-
curing PMMA are the optimal parameters for
minimizing COF and weight loss (WL) while
maximizing hardness.

Alzayyat et al. [17] highlighted that low
concentrations of SiO: nanoparticles were most
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effective in enhancing the flexural strength and
elastic modulus of PMMA. In another study,
Alrahlah et al. [18] examined PMMA reinforced
with TiO2 nanoparticles and found improvements
in its mechanical properties, creep-recovery, and
relaxation behavior. Kanie et al. [19] identified fill-
er incorporation as one of the most effective strat-
egies for enhancing the mechanical performance
of composites. Zebarjad et al. [20] reinforced
PMMA with high loadings of nano-hydroxyapa-
tite (2.5-10 wt.%), which reduced ultimate and
yield compressive strength but improved wear
resistance. Aldabib [21] demonstrated that opti-
mizing the concentration of a silane coupling
agent significantly enhanced the tensile strength,
flexural strength, and fracture toughness of HA-
reinforced PMMA, as surface modification with
v-M silane improved interfacial bonding between
PMMA and HA. In a related study, Aldabib and
Ishak [22] showed that moderate HA filler levels
enhanced flexural strength, modulus, and impact
resistance, whereas excessive loading caused
agglomeration and diminished performance.
Similarly, Moudhaffar [23] reported that incor-
porating nano-ZrO: into PMMA led to marked
improvements in mechanical properties.

The increasing focus on polymer compos-
ites reinforced with natural fibers and fillers
stems from the global push for sustainability,
the need to lower carbon emissions, and the pur-
suit of high-performance materials for advanced
engineering application. Natural fiber and filler
reinforced polymer composites demonstrate sig-
nificant potential in sectors such as automotive,
aerospace, biomedical prosthetics, sports equip-
ment, and ballistic protection, where lightweight
properties and high strength are essential [24, 25].
The efficient use of natural resources and waste
materials is critical for promoting cleaner produc-
tion and fostering sustainable development. Con-
sequently, replacing synthetic fillers with natural
alternatives in polymer composites has gained
substantial interest, aligning with goals to reduce
global carbon emissions. Industries like construc-
tion and automotive are increasingly investing in
these eco-friendly composites due to their envi-
ronmental, economic, and social advantages [26].
For instance, Xu et al. [27] reported that incorpo-
rating 1.5 mm chopped ramie fibers at 10 vol%
loading increased the flexural modulus of heat-
cured PMMA from 2.50 GPa to 3.46 GPa, though
flexural strength declined at higher fiber contents,
potentially due to inadequate interfacial bonding.
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Similarly, Ruggiero et al. [28] observed improved
adhesion, cohesion, and wear resistance in epoxy
composites reinforced with waste date seed par-
ticles. A study by Saba et al. [29] demonstrated
that a 50% loading of date palm fiber (DPF) in
epoxy composites enhanced tensile strength,
impact resistance, and morphological proper-
ties. In another study, Salih et al. [30] developed
PMMA-based biocomposites reinforced with
nanoscale pomegranate peel powder and Ajwa
date seed powder at concentrations ranging from
0.4 to 1.6 wt.%. Their findings indicated notable
improvements in mechanical properties compared
to unreinforced PMMA. Rajkumar et al. [31] fab-
ricated PMMA with seashell nanopowder load-
ings of 2, 4, 6, 8, 12, 16, and 20 wt.%, alongside
an unfilled control specimen. Tribological testing
revealed a significant enhancement in wear resis-
tance. The composite containing 12 wt.% seashell
nanopowder exhibited the optimal performance,
demonstrating the lowest frictional force. How-
ever, a decline in performance was observed at
higher filler contents, with the 16 wt.% and 20
wt.% composites.

While existing literature confirms that nano-
filler incorporation significantly enhances the
properties of PMMA, comparative studies on
the effects of organic versus inorganic nanopar-
ticles on the mechanical and tribological perfor-
mance of PMMA denture resins remain limited.
To address this research gap, the present study
aims to fabricate PMMA-based denture compos-
ites reinforced with HA NPs and DS NPs. The
specific objective is to assess the impact of incor-
porating 0.2—1.0 wt.% of these fillers on critical
performance characteristics, namely the elastic
modulus, compressive strength, wear resistance,
and coefficient of friction. A further objective is
to leverage low-cost organic nanofillers, such as
those derived from DS NPs, to create an econom-
ical denture base reinforced material.

EXPERIMENTAL WORK

Materials

The denture base composites investigated in
this study comprised a PMMA matrix reinforced
with HA NPs and DS NPs. The matrix material, a
heat-cured PMMA (Acrostone Dental & Medical
Supplies Co., Cairo, Egypt), possessed a density
of 1.18 g/cm?. Its polymerization was initiated

using methyl methacrylate (MMA) monomer, a
transparent, colorless liquid with a density of 0.93
g/cm?. The HA NPs (Nano Tech Co. for Photo-
electronics, Cairo, Egypt) consisted of white, rod-
like nanoparicles with a density of 3.02 g/cm? and
average dimensions of 100 = 5 nm in length and
20 £ 3 nm in diameter.

Preparation and characterization of DS NPs

Two-dimensional sheet-like morphology as
shown in Figure 1. Due to their atomically thin
structure and high surface area-to-volume ratio,
2D nanomaterials exhibit behaviors markedly
different from their bulk forms [32]. Numerous
comprehensive reviews have underscored their
scientific and technological significance, high-
lighting their exceptional characteristics such as
extremely high surface area, mechanical flexibil-
ity, and highly tunable electronic properties [33,
34]. These advantages make them far superior
to spherical or bulk nanoparticles for advanced
applications in energy storage and harvesting,
biomedical systems, and environmental reme-
diation [35, 36].

Sample preparation

Figure 2 presents a schematic overview illus-
trating the experimental methodology employed
in this study. The process began with the prepa-
ration of a control sample consisting of unrein-
forced, heat-cured PMMA to serve as a baseline
for comparison against the nanofiller reinforced
specimens. The composite samples were fab-
ricated by mixing the PMMA monomer liquid
with PMMA powder at a standardized ratio
of 1:2 for approximately 5 minutes. Subsequent-
ly, nanofiller was incorporated into the PMMA
matrix at varying concentrations of 0.2, 0.4, 0.6,
0.8, and 1.0 wt.%. The mixture was stirred thor-
oughly to ensure a homogeneous dispersion of
the nanofillers within the acrylic resin prior to
polymerization. The resulting nanocomposite
slurry was then poured into cylindrical molds (8
mm diameter x 30 mm height) and compressed
at 15 bar at room temperature for 45 minutes to
compact the material and minimize porosity.
The polymerization cycle was initiated by sub-
merging the sealed molds in boiling water for 40
minutes, followed by a gradual, controlled cool-
ing phase to room temperature to mitigate inter-
nal stresses and prevent crack formation. Final-
ly, the cured cylindrical samples were carefully
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Figure 1. TEM image of prepared DS NPs

extracted and trimmed to the precise dimensions
required for mechanical and tribological test-
ing [37]. The prepared nanocomposite samples
were systematically labeled based on their filler
type and concentration. For the composites rein-
forced with HA NPs, the nomenclature was HA
followed by a two-digit number indicating the
weight percentage (e.g., HA02 for 0.2 wt.%,
HAO04 for 0.4 wt.%, HA06 for 0.6 wt.%, HAOS
for 0.8 wt.%, and HA10 for 1.0 wt.%). Likewise,

composites containing DS NPs were labeled
DS02 for 0.2 wt.%, up to DS10 for 1.0 wt.%
for the corresponding concentrations. The unre-
inforced PMMA control sample was distinctly
labeled HDOO.

Mechanical and tribological tests

For mechanical tests surface hardness was
quantified using a Shore D durometer (ASTM
D 2240) [38], which measures a material’s resis-
tance to indentation on a dimensionless 0—100
scale. The value is derived from the penetration
depth (0-2.5 mm). For statistical reliability, five
measurements were taken on both the top and
bottom surfaces of each specimen, and the aver-
age value was reported. Compressive strength
was determined according to ASTM D695 using
a ZWICK Z010 universal testing machine.

Cylindrical samples were subjected to a uni-
axial load at a crosshead speed of 1.3 mm/min
until failure or until a maximum load of 10 kN
was reached. For tribological tests gravimetric
measurements of wear were obtained by deter-
mining the mass loss (Am) for each sample
pre- and post-experiment with a high precision
analytical balance (£0.0001 g). Wear rate is a
measure of how quickly a material wears down
under specific rubbing or friction conditions, and

-
Sample . Characterization
Preparation Compression Test Methods
(,MMA blended with PMI\JA\ N 4 N
powder for 5 min Then, g ] .
the nanofillers were added Shore D Hardness Test X-Ray Diffraction
and stirred at 200 tpm for (XRD)
an additional 20 min
. = AN AN J
N = N ' A
Poured into cylindrical
molds and Compressed for Wear and Friction Differential Scanning
45 min then immersed in Calori (DSC)
boiling water for 40 min Testes imetry
o AN /
4 .
Gradually cool the sample Tribological Scanning Electron
to ambient temperature and and Mechanical MC(OS(}‘-‘I?Y (SEM) &
isolate the end product Tests Transmission Electron
9 9 Microscopy (TEM) )

Figure 2. Flow chart summarizing the key experimental procedures
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it is determined by a standard formula (Equation
1, 2). A pin-on-disc tribometer (Figure 3) was
employed to simulate sliding wear under con-
trolled conditions. The test material, configured
as a stationary pin, was engaged against a rotat-
ing disc under incremental normal loads (4, 6, 8,
10, and 12 N).

Pin specimens were fabricated with a flat
contact surface of 4 mm radius. All samples ini-
tially underwent turning processing to achieve
surface smoothness, followed by precision lap-
ping against 1000-grit SiC abrasive paper under
controlled light load. This two-stage preparation
protocol ensured uniform surface topography and
perpendicular alignment to the sliding direction.
The effectiveness of this methodology was vali-
dated through post-test examination of wear scar
morphology, which consistently demonstrated
complete and homogeneous contact across the
entire pin surface.

To analyze performance across different
interfacial scenarios, three distinct counterface
materials were used: 1000-grit size emery paper,
polished stainless steel, and PMMA. For emery
paper to ensure reproducible abrasive wear con-
ditions, a fresh 1000-grit SiC abrasive paper was
used for each specimen, with a fixed test dura-
tion of 60 seconds. This approach minimized
confounding effects from paper clogging or deg-
radation, ensuring that measured wear responses
solely reflected the material’s resistance to a con-
sistently sharp abrasive surface. All tests were
conducted under controlled environmental condi-
tions following ASTM G99-95 standards.

W, = av 1
r_FN'd ()
Am

AV=T,d=2nr-N 2)

The volumetric wear rate (W) is calculated
by dividing the volume of material lost (AV) by
the product of the applied normal force (F) and
the total sliding distance (d). The volume loss
(AV) is derived from the measured mass loss
divided by the material density (p). For a pin-
on-disk test configuration, the total sliding dis-
tance (d) is determined by the wear track radius
(r) and the total number of revolutions (N) dur-
ing the test.

For a pin-on-disk test configuration, the total
sliding distance (d) is determined by the wear
track radius (r) and the total number of revolu-
tions (N) during the test. Pin-on-disc testing was
performed against three distinct counterfaces to
evaluate wear behavior under different contact
conditions: (1) 1000-grit SiC abrasive paper with
14.5 um particles (~2500 HV) adhesively bonded
to the disc; (2) AISI 304 stainless steel with speci-
fied roughness parameters (Ra = 0.025 um, Rz =
0.177 um), 187 HV hardness, and 200 GPa mod-
ulus; and (3) cross-linked PMMA discs with Ra
=0.016 um, Rz = 0.151 um, 165 HV hardness,
and 2.8 GPa modulus. This counterface selec-
tion enabled systematic investigation of abrasive,
mixed adhesive-abrasive, and primarily adhesive
wear mechanisms respectively, providing com-
prehensive assessment of the composite’s tribo-
logical performance.

Rotating
Disc

Load Force

R & P ——

Rotation =

Figure 3. a) Pin-on-disc tribometer, b) representation of the pin-disc tribological contact
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Thermal, structural, and microstructural
analysis

X-ray diffraction (XRD) analysis was con-
ducted using a Bruker D8 DISCOVER diffrac-
tometer (Bruker AXS GmbH, Germany) with a
step size of 0.0205° (20) over a scanning range
of 3-70°. The glass transition temperature (Tg)
was determined by differential scanning calorim-
etry (DSC; Labsys DTA/DSC, Setaram, France).
Samples of approximately 17.71 mg were heat-
ed at a rate of 10 °C/min. In addition, the sur-
face morphology and wear characteristics of the
composite specimens were analyzed using scan-
ning electron microscopy (QUANTA FEG 250,
FEI, USA). Furthermore, transmission electron
microscopy (JEOL JEM-2100, JEOL, Japan)
was used to investigate the morphology, disper-
sion, and crystallinity of the synthesized date seed
nanoparticles (DS NPs).

RESULTS AND DISCUSSION

Figure 4 displays the average Shore D hard-
ness results, evaluating the reinforcement efficacy
of HA NPs and DS NPs and demonstrating the
correlation between nanofiller concentration and
the mechanical hardness of PMMA composites.
The data indicate that HA NPs offering slightly
better performance than DS NPs, whereas the
unreinforced sample exhibited the lowest, dem-
onstrated a baseline hardness of 85.42 (D index).

In comparison, the HA10 sample showed a
9.16% increase, reaching 93.25 (D index), while
the DS10 composite exhibited an 8.65% improve-
ment, attaining a hardness value of 92.81 (D
index). These results confirm that nanoparticles
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significantly enhance surface hardness [39]. At
higher filler loadings hardness decreased due to
particle overcrowding, which created voids that
served as crack initiation sites, promoting frac-
ture through defect interconnection and particle
matrix debonding [40, 41].

Figure 5 illustrates the compressive charac-
teristics of PMMA nanocomposites, revealing a
statistically enhancement in both compressive
strength and elastic modulus upon the addition of
nanofillers. Relative to the unreinforced polymer
(HDO0O0, 122.13 MPa), the compressive strength
increased to 148.86 MPa for the HA10 compos-
ite and 143.81 MPa for DS10. A corresponding
improvement was observed in the elastic modu-
lus, which rose from 1.31 GPa (HDO00) to 1.57
GPa (HA10) and 1.54 GPa (DS10). These findings
confirm the effectiveness of HA NPs and DS NPs
as reinforcing agents in strengthening the PMMA
matrix, aligning with existing literature [42, 43].

The observed mechanical enhancement is
primarily due to the role of nanofillers in bearing
mechanical stress and restricting the mobility of
polymer chains under load [13]. This reinforce-
ment mechanism is directly influenced by the high
modulus of the filler material, which enhances
the composite’s ability to resist deformation [44].
In addition, the size and distribution of particles
play a critical role in determining the mechanical
performance of composite materials [45]. How-
ever, at concentrations exceeding the optimal
threshold, nanoparticle agglomeration induces
structural defects that compromise mechanical
performance a trend consistently documented in
previous research [39, 46].

The tribological performance of the samples
was assessed through abrasive wear tests against

—o—HA NPs —e—DS NPs

94

92

920

88

Hardness [Shore D]

86

84

0 0,2 0,4

0,6 0,8 1

Filler Contentin PMMA [wt.%]

Figure 4. Hardness measurements vary systematically with the concentration of reinforcing nanofiller.
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Figure 5. Compressive strength and elastic modulus for pure and nanocomposite polymers

1000-grit size emery paper under incremental
normal loads (4-12 N). The use of relatively low
loads in the wear tests was intentionally select-
ed to mirror the actual functional conditions of
denture base materials. In the oral environment,
denture bases encounter only modest masticatory
forces generally just a few newtons because the
oral mucosa provides cushioning and the trans-
mitted bite force through the denture is inherently
limited. For this reason, a load range of 4-12 N
was adopted to closely replicate the stresses gen-
erated during normal chewing and routine func-
tional activities. This range ensures that the tribo-
logical assessment remains clinically meaningful,
providing an accurate evaluation of the material’s
wear performance and structural reliability under
realistic service loads, aligning with established
methodologies in the field [15,47-49].
Gravimetric analysis revealed a consistent
reduction in weight loss with increasing nanofiller
HA NPs and DS NPs reinforcements, as illustrated
in Figures 6, 7. Unreinforced PMMA exhibited the
highest weight loss. Conversely, composites rein-
forced with either HA NPs or DS NPs demonstrat-
ed a progressive decline in wear, achieving mini-
mal weight loss at the optimal loading of 1.0 wt.%
with optimal tribological performance at 6 N for
HAT10 (Figure 6) and at 10 N for DS10 (Figure 7).
This enhancement is attributed to effective
nanofiller dispersion and improved load bearing
capacity within the polymer matrix [50]. Further-
more, weight losses increased proportionally with
applied normal load for all nanocomposites, con-
sistent with established tribological principles.
Higher contact pressures induce greater shear
stresses and frictional energy dissipation, thereby
accelerating surface degradation [51, 52].

The relationship between nanoparticle con-
centration (HA NPs and DS NPs) and the COF in
PMMA nanocomposites is demonstrated in Fig-
ures 8, 9. The optimal tribological performance
was observed at a filler loading of 1.0 wt.%, where
both the HA10 and DS10 composites exhibited
an approximately 29% reduction in COF relative
to unreinforced PMMA with maximum reduction
at 6 N for HA10 (Figure 8) and at 4 N for DS10
(Figure 9), confirming the efficacy of nanofiller
in enhancing surface lubrication. The reduction
in COF varies significantly across composite sys-
tems and is influenced by the chemical properties,
morphological features, and distribution of the
filler within the polymer matrix [53]. Addition-
ally, the results indicate that higher normal loads
increase surface pressure and interfacial shear
stresses resulting an elevated COF, this reinforces
the conclusions drawn in earlier research [54].

The wear of unreinforced PMMA and the
extreme wear values of the nanocomposites
against emery paper were also compared against
stainless steel and PMMA counterfaces. Fig-
ure 10 compares the weight loss and COF of
the pure PMMA with nanocomposites contain-
ing 0.2 wt.% and 1.0 wt.% of HA NPs and DS
NPs, tested against stainless steel and PMMA
counterfaces. Evaluating the PMMA nanocom-
posites against emery paper, stainless steel, and
PMMA does not merely quantify wear; rather,
it provides a comprehensive assessment of their
tribological behavior under diverse and demand-
ing conditions. Such an approach enables a more
authoritative conclusion regarding the material’s
performance and its suitability for practical appli-
cations. Tribological evaluation against a stain-
less steel counterface revealed that the HA10 and
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DS10 nanocomposites incurred reduced average
weight losses of 3.15 and 3.35 mg, respectively,
under a load range of 4-12 N.

This represents a marked improvement
over the unreinforced PMMA, which exhibited
a higher weight loss of 4.17 mg under identi-
cal testing conditions. When tested against a
PMMA counterface, the nanocomposites main-
tained their superior performance. The HD0O
sample displayed 2.14 mg weight loss, while the
HA10 and DS10 composites achieved notably
lower loss of 1.53 and 1.59 mg, respectively,
confirming the enhanced wear resistance pro-
vided by both types of nanofiller across differ-
ent interfacial conditions. Consistent with the
wear results, the COF was reduced for the nano-
composites. Reductions of 24.18% (HA10) and

22.69% (DS10) were recorded against stainless
steel, while against PMMA, the reductions were
21.81% (HA10) and 26.17% (DS10).

Figure 11 display the complete frictional
behavior of the tested samples, including the opti-
mal compositions (HA10 and DS10), the lower-
performing formulations (HA02 and DS02), and
the control sample (HDO00), under an applied
load of 4 N. The COF-time profiles clearly illus-
trate the distinct tribological responses among the
formulations. The optimal samples (HA10 and
DS10) exhibit a more stable and lower coefficient
of friction throughout the test duration, indicat-
ing enhanced surface compatibility and effective
load-bearing capability. In contrast, the lower-per-
forming compositions (HA02 and DS02) and the
control (HD00) show higher and more fluctuating
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COF values, reflecting increased surface interac-
tions and less efficient frictional stability. These
results confirm the beneficial influence of the opti-
mized nanoparticle content on improving the over-
all frictional performance of the composite system.

Figure 12 presents the wear rates of the com-
posite materials, categorized by counterface
type. The results demonstrate that wear severity
was directly influenced by the counterface, with
emery paper causing the most substantial mate-
rial loss, followed by stainless steel, and finally
PMMA, which induced the least wear. Across
all testing conditions, the unfilled control sample
(HDO0O0) consistently exhibited the highest wear
rate, underscoring the enhanced wear resistance
imparted by the nanoparticle fillers.

In contrast, the HA10 nanocomposite showed
significantly enhanced wear resistance, reduc-
ing wear by 33.76%, 24.54%, and 28.76% on
emery paper, stainless steel, and PMMA surfaces,
respectively, compared to the unreinforced poly-
mer. Similarly, the DS10 composite demonstrated
considerable improvement, with wear reductions
of 30.58%, 19.75%, and 25.96% on the corre-
sponding counterfaces. A clear inverse correla-
tion exists between hydroxyapatite and date seed
nanoparticles concentration and the composite’s
wear rate. This behavior results from the incor-
poration of rigid ceramic particles (HA NPs),
which enhance the material’s surface hardness
and thereby its resistance to abrasive wear [55].
The mechanical durability of pure PMMA is sig-
nificantly enhanced through the strategic incorpo-
ration of optimal weight percentages of ceramic
nanoscale reinforcements [56].
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The tribological performance is further
enhanced by the inherent lubricating properties of
date seed nanoparticles, which perform as natu-
ral solid lubricants, consistent with findings in
prior research [57].This functionality is achieved
through two principal mechanisms: the genera-
tion of a protective tribofilm that shields the poly-
mer from direct contact with the counterface, and
the shear-induced reorientation of the nanopar-
ticles’ graphitic structures to form low-friction
interfaces that promote smoother sliding.

Table 1 show the ANOVA results in Table
reveal that both filler content and normal load
have a statistically significant influence on the
weight loss of the composite samples, as indi-
cated by their very low P-values (P = 0.000 <
0.05). This confirms that variations in these fac-
tors meaningfully affect the wear behavior. The
F-values further demonstrate that normal load (F
= 294.56) has a much stronger effect than filler
content (F = 44.29), indicating that the applied
load plays a dominant role in determining the
material’s wear response. Overall, the analysis
confirms that both parameters significantly affect
the tribological performance, with normal load
being the most influential factor in controlling
weight loss during wear testing.

Figure 13 displays XRD patterns for HDOO
sample and its nanocomposites HA02, DS02,
HA10, and DS10. The pattern for the pure sample
showed a primary broad peak at approximately
14.5° and two secondary low-intensity bands at
30.9° and 41.3°, consistent with previous stud-
ies [58,59]. Which indicating the non-crystalline
nature of the PMMA polymeric structure [60].
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Figure 12. Influence of counterface material on wear rate for pure and nanocomposite polymers

Table 1. Analysis of variance for weight loss (mg)

Source DF SS MS F P
Filler content 5 136.02 27.203 44.29 0.001
Normal load 723.64 180.911 294.56 0.001
Error 20 12.28 0.614
Total 29 871.94

Critically, all nanocomposite patterns retained
this amorphous halo without exhibiting any new
crystalline phases. This indicates that the incorpo-
ration of either HA NPs or DS NPs did not alter
the amorphous nature of the PMMA matrix. The
absence of additional peaks further confirms the
lack of chemical interaction between the nano-
fillers and the polymer, suggesting that the rein-
forcement occurred primarily through physical
dispersion without the formation of new chemical

compounds or induced crystallization, this is con-
gruent with prior findings [61, 62].

Differential scanning calorimetry (DSC) was
performed on the control (HD0O0) and the top-
performing composites, HA10 and DS10 (Fig-
ure 14). The glass transition temperature (Tg)
increased from 84.76 °C for pure PMMA to
89.45 °C for DS10 and 97.83 °C for HA10. This
significant rise in Tg indicates that both hydroxy-
apatite (HA) and date seed (DS) nanoparticles
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Figure 13. XRD pattern for pure and nanocomposite polymers
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Figure 14. Differential scanning calorimetry curves for pure and nanocomposite polymers

Figure 15. SEM micrographs of the worn surfaces for a) HD0O, b) HA02, ¢) DS02, d) HA10, and ¢) DS10
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enhance the thermal stability of the polymer,
likely by promoting cross-linking and restricting
chain mobility within the PMMA matrix [63, 64]

Figure 15 displays scanning electron micros-
copy images of the wear scars for samples HD0O,
HA02, DS02, HA10, and DS10. Figure 14a
reveals severe surface degradation on the HD0O
sample, manifested by deep abrasive grooves,
delaminated layers, and adherent wear debris.
These features collectively indicate pronounced
adhesive and abrasive wear mechanisms aris-
ing from contact with a harder counterface. The
observed grooving further confirms high inter-
facial shear stresses and intense contact during
sliding, this finding aligns with previous studies
[46]. At lower loading (0.2 wt.%), composites
HAO02 and DS02 (Figures 14b, c) also showed
evidence of ploughing and cracking, with visible
surface scratches, delaminated layers and debris
formation. In contrast, composites with 1.0 wt.%
nanofillers (HA10 and DS10, Figures 14d, e)
exhibited notably smoother wear tracks with shal-
lower scratches, a clear dependence on nanofiller
concentration was observed. This improvement
is attributed to enhanced stress transfer from the
polymer matrix to the well-dispersed nanoparti-
cles, which promotes more uniform load distribu-
tion, reduces localized stress concentrations, and
effectively mitigates abrasive wear.

CONCLUSIONS

PMMA remains the primary material for
denture bases owing to its history of use and
practicality. Nevertheless, its limited mechani-
cal strength often leads to fractures during func-
tion. In this study, the mechanical and tribologi-
cal properties of reinforced nanocomposites were
assessed for denture base applications. The for-
mulation containing 1.0 wt.% HA nanoparticles
delivered the most well-rounded enhancement,
with a 21.88% increase in compressive strength,
a 9.16% improvement in hardness, and a 29.29%
and 33.76% reduction in the coefficient of friction
and wear rate compared to pure PMMA. Simi-
larly, the composite reinforced with 1.0 wt.% DS
nanoparticles demonstrating a 17.75% increase in
compressive strength, an 8.65% rise in hardness,
and a 29.88% and 30.58% decrease in friction
coefficient, along with wear rate.

Overall, the incorporation of nanoparticles
significantly enhanced the wear resistance of

PMMA across all tested counterfaces (emery
paper, stainless steel, and PMMA), underscoring
their effectiveness in improving the tribological
reliability of denture base materials. Morphologi-
cal analysis confirmed that the nanoparticles miti-
gated abrasive wear mechanisms by improving
surface hardness and acting as solid lubricants.
These findings confirm the potential of organic-
inorganic nanofillers to develop advanced, dura-
ble dental materials with extended service life.

The main limitations of this work include the
lack of direct interfacial temperature data and
the restriction of time-dependent COF analysis
to a single load. Consequently, future work will
implement real-time thermal monitoring to quan-
tify frictional heating and will extend the COF-
versus-time measurements to higher loads for a
more comprehensive tribological profile.
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