International Journal of Biomedical Materials Research Sci PC
2026, Vol. 14, No. 1, pp. 8-16 cience

https://doi.org/10.11648/1.ijbmr.20261401.12 Science Publishing Group

Research Article

Flexural Performance and Surface Hardness of
Filler-Modified PMMA Designed for Denture Base
Applications

Rugaia Sharef’>” ©, William Thomas' @, Hazizan AKil> @,
Issam Mohamed Aldwimi?®

Faculty of Dentistry, Lincoln University College, Selangor, Malaysia
2School of Materials and Mineral Resources Engineering, Universiti Sains Malaysia (USM), Nibong Tebal, Malaysia
3The Faculty of Medical Technology of Msellata, Al-Morgab University, Treforest, Libya

Abstract

Polymethyl methacrylate (PMMA) is widely used in denture base fabrication; however, its relatively low flexural strength (FS)
and durability limit long-term clinical performance. Reinforcing with nanofillers such as Halloysite nanotubes (HNTs) has
emerged as a promising strategy to enhance the material's mechanical properties. This study aimed to evaluate the effect of
different HNT loadings on the FS and surface hardness (VH) of PMMA denture base composites. PMMA composites were
prepared using a heat-polymerised resin reinforced with treated HNTs at concentrations of 0, 1, 3, 5, 7, and 9 wt.%. To achieve
uniform dispersion, the nanofillers were ultrasonically dispersed in methyl methacrylate before conventional polymerisation; the
filler distribution and the effectiveness of silane functionalisation were examined through morphological and microchemical
characterisation using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX).
Mechanical performance was assessed by determining FS via the three-point bending test, while VH was measured using the
Vickers hardness method. Statistical analysis one-way Analysis of Variance (ANOVA) followed by Tukey’s post hoc test, with
significance set at p < 0.05 was performed, confirming that incorporating silane-treated HNTs significantly affected both tested
properties (p < 0.05), with the highest values for FS (98.1 MPa) and hardness (20.20 kg/mm?) observed at 5 wt% HNT loading,
representing substantial improvements over unmodified PMMA. At higher concentrations (7-9 wt.%), a decline in properties
was observed, attributed to nanoparticle agglomeration and reduced interfacial efficiency. HNT reinforcement effectively
enhances the mechanical performance of PMMA denture base materials, with 5 wt.% identified as the optimal concentration.
These findings support the potential application of HNT-reinforced PMMA to improve durability and clinical longevity of
denture prostheses.
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1. Introduction

In recent decades, advances in dental biomaterials have sig-
nificantly improved the properties and clinical performance of
restorative materials and techniques. A central focus has been
on developing new substances with superior biological com-
patibility and mechanical strength. Incorporating nanotech-
nology and using advanced ceramics, such as zirconia, have
notably enhanced durability, resilience, and biological com-
patibility compared with conventional options [1, 2].

Materials that lack adequate biocompatibility can trigger in-
flammation, tissue injury, and other adverse responses, which
may ultimately lead to implant failure or postoperative com-
plications. Another key challenge in dental prosthetics and re-
storative work is achieving a lifelike aesthetic, as patients in-
creasingly expect their restorations to integrate seamlessly
with their natural dentition and surrounding oral tissues [3, 4].

PMMA has been widely used in dentistry because of its
ease of fabrication and low density, affordability, reliable ad-
hesion to dental tissues, aesthetic qualities, and stability within
the oral cavity [5]. In addition, PMMA demonstrates favoura-
ble biocompatibility, making it suitable and safe for applica-
tion within the oral cavity [6, 7]. In dentistry, PMMA-based
materials are fundamental to removable denture fabrication,
which remains a widely adopted solution for tooth replace-
ment. Beyond dental and medical applications, PMMA adapt-
ability extends to numerous fields; its transparency, combined
with excellent impact resistance, makes it a favoured substi-
tute for glass in items such as aquariums and display cases [5,
8,91.

Despite its widespread use, PMMA resin exhibits certain
mechanical drawbacks that limit its suitability for dental ap-
plications [7]. For example, its relatively low FS can contrib-
ute to cracks or fractures over time, while limited impact re-
sistance increases the likelihood of damage from accidental
drops or impacts [10, 11]. Furthermore, although maxillary
dentures provide functional and aesthetic benefits for individ-
uals with tooth loss, they remain vulnerable to breakage under
certain conditions, such as midline fractures [12, 13]. To min-
imise fracture risk, dentures must demonstrate superior me-
chanical properties to withstand the forces of routine oral
function without cracking or breaking [14]. Recent advances
in dental biomaterials have enabled the development of con-
temporary denture base materials incorporating reinforced
high impact composites, which provide improved durability
and greater fracture resistance than conventional types [8, 15,
16].

In recent years, nanotechnology has opened new avenues
for enhancing material performance, particularly through the
development of polymer-based nanocomposites [17]. These
are produced by dispersing nanoscale fillers within a polymer
matrix, resulting in improved properties and additional func-
tional benefits. One of the principal advantages of such nano-
composites is that the minute size of the filler particles pro-
vides a substantially larger surface area. Consequently, the

material contributes to increased mechanical strength and
hardness [18-20]. Promising outcomes have been reported in
specific applications, including enhanced wear resistance and
superior bonding strength [21, 22]. Incorporating nanoscale
reinforcements has also been shown to impart novel physical,
mechanical, and biomedical characteristics to PMMA nano-
composites, while simultaneously improving their biocompat-
ibility [7, 9, 23]. This study was undertaken to improve the
mechanical performance of PMMA, with particular focus on
flexural strength (FS) and Vickers hardness (VH), by incorpo-
rating HNT nanofillers.

2. Materials and Methods

2.1. Materials

In this study, the materials employed comprised PMMA
combined with 0.5% benzoyl peroxide (BPO) (Aldrich, USA).
The liquid phase consisted of 90% methyl methacrylate
(MMA), stabilised with 0.005% hydroquinone and 10% eth-
ylene glycol dimethacrylate (EGDMA) (Aldrich, USA),
which was incorporated as a cross-linking agent to increase
the degree of cross-linking within the PMMA matrix and
thereby contribute to the dimensional stability and mechanical
performance of the denture-base resin. HNTs sourced from
Aldrich (USA) were incorporated as nanofillers to reinforce
the PMMA composites, and 3-(Trimethoxysilyl) propyl meth-
acrylate (y-MPS), used as the silane coupling agent, was ob-
tained from Sigma-Aldrich (Germany).

2.2. Methods

2.2.1. Surface Silanisation of the Nanofiller

HNTs are naturally occurring aluminosilicate nanofillers
with the formula Al.Si2Os(OH)4-2H20. They exhibit a hollow,
multilayered tubular morphology formed by the curvature of
alumina and silica sheets, and are chemically related to kaolin.
Particle dimensions vary with geological source, typically 1-
15 um in length and 10-150 nm in diameter. In this study, Hal-
loysite G (Applied Minerals, Inc.; Cat. No. 685445) was used.
Manufacturer data indicate an average outer diameter of ~50
nm, inner lumen of ~15 nm, specific surface area of 65 m?/g,
pore volume of ~1.25 mL/g, refractive index of 1.54, and spe-
cific gravity of 2.53 g/cm?®. Surface silanisation of the HNTs
was performed using (y-MPS) as the silane coupling agent.
Briefly, 10 g of HNT powder was dispersed in 200 mL of tol-
uene, followed by the addition of y-MPS at 10 wt.% relative
to the HNT mass under ambient conditions. The suspension
was continuously stirred at 150 rpm for 15 h. The treated nan-
ofiller was subsequently recovered by filtration and purified
using a Soxhlet apparatus containing 300 mL of fresh toluene
for 24 h to remove unreacted silane and residual impurities.
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Finally, the modified HNT powder was dried in a vacuum
oven at 110°C for 3 h to remove residual solvent before further
use.

2.2.2. Preparation of the PMMA Denture Base
Composite

The PMMA denture base composite was prepared using a
powder component consisting of PMMA containing 0.5 wt.%
BPO as the initiator and a liquid component comprising 90 wt.%
MMA, 10 wt.% EGDMA, and 0.005 wt.% hydroquinone as a
polymerisation inhibitor. HNTs were incorporated into the
PMMA powder at concentrations of 0, 1, 3, 5, 7, and 9 wt.%,
designated as groups GO, G1, G3, G5, G7, and G9, respec-
tively.

Before mixing, the required amount of HNTs was dispersed
in MMA monomer using a Branson 3510 ultrasonic bath
(Branson Ultrasonics Corporation, Danbury, CT, USA) oper-
ating at a nominal frequency of 40 kHz and an ultrasonic
power of 130 W. The HNT/MMA suspension was sonicated

for 5 min to promote deagglomeration and achieve a homoge-
neous dispersion. During sonication, the suspension tempera-
ture was maintained at 25 + 2°C using appropriate cooling to
minimise heat generation. As the Branson 3510 is a bath-type
sonicator, no probe amplitude setting was applicable.

The HNT-dispersed MMA was then blended with the
PMMA powder until a uniform dough was obtained after ap-
proximately 15 min. The dough was packed into moulds, com-
pressed and subjected to a pressure of 14 MPa for 35 min.
Polymerisation was carried out in a water bath at 79°C for 90
min, after which the specimens were allowed to cool to room
temperature. The cured samples were subsequently finished
and polished using an X35 handpiece with 240-grit emery pa-
per. Altogether, 120 specimens were prepared: 60 for FS test-
ing and 60 for VH. Each formulation (GO - G9) was repre-
sented by ten specimens, giving n = 10 per group, and HNT
loading was defined as the weight percentage of HNTs rela-
tive to the total powder phase PMMA + BPO + HNTs (see
Tables 1 and 2).

Table 1. Specimen allocation by group and test.

Group HNT loading FS (n) VH (n)

GO 0 wt.% 10 10

Gl 1 wt% 10 10

G3 3wt% 10 10

G5 Swt% 10 10

G7 7 wt.% 10 10

G9 9 wt.% 10 10

Table 2. Formulation groups with PMMA, BPO, and HNT quantities.

Group PMMA BPO HNT

GO 99.50 g 0.50 g 0

Gl 98.50 g 0.50 g 1.00 g

G3 96.50 g 0.50 g 3.00¢g

G5 94.50 g 0.50 g 500¢g

G7 92.50 g 0.50 g 7.00 g

G9 90.50 g 0.50 g 9.00 g

Spectra were recorded over the range of 400-4000 cm™ at a

2.2.3. FTIR Analysis resolution of 4 cm™ with 32 scans per spectrum. The obtained

The chemical structure of the untreated and y-MPS-treated
HNTs was analysed using Fourier-transform infrared spec-
troscopy (FTIR) using a [Nicolet Avatar 360] spectrometer.

10

spectra were used to identify characteristic functional groups
and assess changes associated with y-MPS surface modifica-
tion.
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2.2.4. Specimens Measurements

(i). Flexural Strength

The three-point bending test was conducted in accordance
with ASTM D790-03 to evaluate the FS. All specimens were
assessed using a universal testing machine (Instron 3366, 10
kN load cell) operating at a crosshead speed of 2.0 mm/min.
Each sample was measured 100 mm X 13 mm X 3 mm and
was tested over a 50 mm support span. The loading nose and
support rollers had a diameter of 20 mm. FS was derived from
the load-deflection curves using Equation (1):

3PL
FS =
2bt2

(M

Where:
P=maximum applied load (N); L = support span (mm); b =
specimen width (mm); t = specimen thickness (mm).

(ii). Surface Hardness

The hardness of the material was assessed using the Vickers
test, in which a diamond pyramid indenter with a square base
was pressed into the specimen under a controlled load for a
specified duration. The VH value was determined by measur-
ing the diagonals of the resulting indentation. According to
ASTM E384-08, Testing was conducted using specimens
measuring 10 mm x 10 mm x 3 mm. A 0.3 kgf load was ap-
plied for 10 s with a diamond pyramid indenter angled at 136°.
For each composite specimen, diagonal lengths (d; and d))
were measured optically at five different points, and the mean
value was used to calculate VH according to the following
equation:

_ 1.854-L

VH = =

2
Where:
VH denotes Vickers hardness (kg/mm?), L is the applied
load (kg), and d is the average diagonal length (mm).

2.2.5. Morphological Evaluation and Microchemical
Assessment of Filler Particles

The fracture surfaces of the PMMA/HNT nanocomposites
were sputter-coated with a thin layer of gold using a Bio-Rad
E5000 sputter coater and examined using a Zeiss SUPRA 35
VP field-emission scanning electron microscope (FESEM) at
an accelerating voltage of 5 kV to enhance image resolution

and minimise electrostatic charging.

3. Results

3.1. FTIR and FESEM/EDX Characterisation
of y-MPS-Modified HNTs

The FTIR spectrum of y-MPS-treated HNTs exhibited char-
acteristic absorption bands at 1093 cm™ (Si-O-Si), 1265 cm™
(Si-O-C), 1640 cm™ (C=C), 1703 cm™* (C=0), and 3621 cm™
(O-H). The appearance of bands associated with the organic
functional groups of y-MPS, together with changes in the
characteristic HNT bands, supports the surface modification
of the HNTs with y-MPS. Additional hydroxyl stretching
bands at 3696 and 3621 cm™ indicate hydroxyl groups on the
HNT surface. FESEM micrographs revealed morphological
differences following y-MPS treatment, while EDX spectra
showed an increased silicon signal relative to untreated HNTs.
These observations support surface modification and the pres-
ence of y-MPS-derived material on the HNT surface. The
modified surface is expected to promote improved compati-
bility between the nanofiller and the PMMA matrix.

3.2. Flexural Strength

The FS values of PMMA denture base composites rein-
forced with varying concentrations of HNTs are summarised
in Table 3 and Figure 1. PMMAO showed a baseline FS of
77.5 £2.06 MPa, representing the mechanical performance of
conventional PMMA. Incorporating HNTs progressively im-
proved FS, with PMMAI recording 81.3 + 1.69 MPa,
PMMA3 reaching 87.6 + 1.89 MPa, and PMMAS achieving
the highest value of 98.1 + 1.66 MPa. This corresponds to an
approximately 26.6% increase relative to the control group.

At higher filler loadings, however, the FS declined, with
PMMA7 showing 85.7 £ 2.79 MPa and PMMAY9 decreasing
further to 79.9 + 1.54 MPa. Despite this reduction, the values
remained comparable to or marginally above those of the con-
trol. ANOVA demonstrated a statistically significant effect of
HNT concentration on the FS of the PMMA denture base
composites (F (5,54) = 139.83, p < 0.001). Tukey’s HSD
post-hoc test confirmed statistically significant differences be-
tween all pairwise group comparisons (p < 0.001). This
demonstrates that the concentration of HNTs has a pro-
nounced effect on the FS of PMMA denture base composites.

Table 3. FS of PMMA denture base composites with varying HNT loadings. Values are mean + SD (n = 10).

Group HNT (wt%)

PMMAO 0

11

n FS (MPa),
Mean + SD
10 77.5+2.06
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Group HNT (wt%)
PMMA1 1
PMMA3 3
PMMAS 5
PMMA7 7
PMMAO9 9
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Figure 1. Effect of different HNT loadings on FS of PMMA compo-
sites.

3.3. Surface Hardness

The influence of varying HNT concentrations on the VH of

n FS (MPa),

Mean + SD
10 81.3+£1.69
10 87.6 +1.89
10 98.1 +1.66
10 85.7+2.79
10 79.9 +1.54

PMMA denture base composites is shown in Table 4 and Fig-
ure 2. Hardness was expressed in kg/mm? (mean + standard
deviation). The PMMAOQ exhibited a baseline hardness of
16.28 + 1.57 kg/mm?. Incorporation of HNTs produced a pro-
gressive increase in hardness up to 5 wt% loading, with
PMMAI1 recording 17.60 + 1.14 kg/mm? and PMMAZ3 reach-
ing 17.71 + 1.26 kg/mm?. PMMAS5 exhibited the greatest
hardness (20.20 = 1.21 kg/mm?), reflecting the highest en-
hancement across all tested groups.

At concentrations above this level, the hardness decreased,
with PMMAT recording 18.77 + 1.11 kg/mm? and PMMA9
registering 17.85 = 1.34 kg/mm?, although both remained
higher than the control. Statistical analysis confirmed signifi-
cant differences among all groups (p < 0.001). This indicates
that varying HNT loadings significantly affect the hardness of
PMMA composites. In summary, the results show that mod-
erate HNT incorporation enhances VH and peak reinforce-
ment was observed at 5 wt% loading.

Table 4. Summary of mean VH values with standard deviations and sample counts.

Group HNT (wt%)
PMMAO 0
PMMAL 1
PMMA3 3
PMMAS 5
PMMA7 7
PMMA9 9

12

N VH (Kg/mm?),
Mean + SD
10 16.28 £1.57
10 17.60 £1.14
10 17.71 £1.26
10 20.20+1.21
10 1877+ 1.11
10 17.85+1.34
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Differnt formlations of HNTs/PMMA composites

Figure 1. Effect of different HNT loadings on VH of PMMA
composites.

(a)

SU8700 2.00kV 6.0mm X20.0k UD

3.4. Fracture Surface Morphology of
PMMA/HNT Composites

FESEM analysis revealed distinct changes in the fracture
morphology of PMMA composites with increasing HNT con-
tent, as shown in Figure 3. The PMMAQO exhibited relatively
smooth fracture surfaces containing microcracks and voids,
indicating brittle fracture behaviour. In contrast, PMMA1 and
PMMA3 exhibited rougher, more irregular fracture surfaces,
suggesting improved nanotube dispersion and stronger filler-
matrix interactions.

Among all groups, PMMAS5 exhibited the most compact
and homogeneous microstructure, with minimal nanotube ag-
glomeration and clear evidence of crack bridging and nano-
tube pull-out. At higher HNT loadings (PMMA7 and
PMMADY), the fracture surfaces showed pronounced nanotube
agglomeration, void formation, and irregular morphology, in-
dicating poorer filler dispersion.

(b)

2,00um

Figure 3. FESEM micrographs of PMMA/HNT composites containing (a) 0 wt.% HNT, (b) 1 wt.% HNT, (c) 3 wt.% HNT, (d) 5 wt.% HNT, (e)

7 wt.% HNT, and (f) 9 wt.% HNT.

13
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4. Discussion

The FTIR findings support surface modification following
v-MPS treatment. The bands associated with Si-O-Si, Si-O-C,
C=C and C=0O groups are consistent with the presence of
silane-derived functional groups on the treated HNTs. Incor-
porating y-MPS may improve compatibility between the HNT
surface and the PMMA matrix because the methacrylate func-
tionality of y-MPS can interact with the polymerising MMA
phase, potentially improving filler—matrix adhesion.

The FESEM and EDX findings supported the FTIR results
by demonstrating successful surface functionalisation. In-
creased silicon content suggests effective silane coating,
which promotes better filler dispersion, stronger interfacial
bonding, and more efficient stress transfer within the compo-
site.

These findings agree with previous studies reporting that
silane-treated HNTs improve filler dispersion, interfacial ad-
hesion, and the mechanical performance of PMMA nanocom-
posites [24-27].

The null hypothesis was not upheld, as both FS and VH of
PMMA resins varied following HNT reinforcement. Key fac-
tors influencing filler incorporation include its distribution
within the polymer matrix, particle morphology and size, and
the extent of interfacial bonding with the matrix [25, 28, 29].
For effective reinforcement, the filler is sufficiently dispersed
to create a uniform mixture and penetrate between linear mac-
romolecular chains, thereby limiting their mobility. This in-
hibited the development of a heterogeneous mixture and al-
lowed the nanoparticles to occupy pores between the polymer
particles. Consequently, polymer chain mobility was reduced.

Incorporating HNTs significantly improved both the FS and
VH of PMMA denture base composites, with the optimum per-
formance achieved at 5 wt% HNT loading. The control PMMA
exhibited the lowest FS (77.5 MPa) and VH (16.28 kg/mm?),
which is consistent with the inherent limitations of conventional
PMMA and values reported in previous studies [5, 7, 28, 30].
The gradual increase in FS and VH at 1 wt% and 3 wt% HNTs
suggests that well-dispersed nanotubes enhanced stress transfer,
strengthened the filler-matrix interface, and restricted polymer
chain mobility, thereby improving mechanical performance.
Similar findings have been reported for HNT- and nanoparticle-
reinforced PMMA composites [31-33].

The optimum enhancement was achieved at 5 wt.% HNTs,
where FS rose to 98.1 MPa, surpassing the ISO threshold for
denture base polymers, while VH reached 20.20 kg/mm?. FS
was evaluated in accordance with ISO 20795 1:2013, which
specifies a minimum requirement of 65 MPa for Type I den-
ture base polymers. VH was also measured as a supplementary
property, although the standard does not specify a minimum
requirement. This improvement is attributed to the uniform
dispersion of HNTs, their high aspect ratio, and strong inter-
facial bonding, which collectively increased matrix stiffness
and resistance to bending and surface deformation [34-37].

14

However, increasing the HNT concentration to 7 wt.% and 9
wt.% reduced both FS and VH, attributed to nanotube agglom-
eration that generated weak interfacial zones and defects,
thereby hindering stress transfer. Previous investigations have
likewise reported similar tendencies [31, 38]. The present
findings indicate that 5 wt.% HNT provides an effective bal-
ance between filler incorporation and mechanical reinforce-
ment. Nevertheless, several limitations should be acknowl-
edged. The present study was conducted under controlled la-
boratory conditions and did not assess the effects of prolonged
ageing or cyclic fatigue. Wear resistance, fracture toughness,
and biocompatibility were also not evaluated. Although
FESEM provided qualitative evidence of HNT dispersion and
agglomeration, quantitative assessment of filler dispersion
was not performed. These limitations should be addressed in
future studies to provide a more comprehensive evaluation of
the long-term mechanical performance and clinical applicabil-
ity of y-MPS-treated HNT-reinforced PMMA denture-base
composites.

The FESEM analysis supported the mechanical findings by
showing that the PMMA composite containing 5 wt% HNT
exhibited a compact and homogeneous fracture surface, indi-
cating good nanotube dispersion and strong interfacial bond-
ing. This promoted effective stress transfer and enhanced
crack resistance, thereby improving fracture behaviour, in line
with earlier findings on silane-treated HNT-reinforced
PMMA composites [24, 25]. In contrast, the 7 wt.% and 9 wt.%
HNT groups exhibited evident nanotube agglomeration and
voids, creating stress concentration sites that diminished rein-
forcement efficiency and compromised mechanical perfor-
mance, a phenomenon also noted in earlier research [30, 31].
Overall, these findings confirm that 5 wt% HNT is the opti-
mum concentration for improving the fracture resistance and
durability of PMMA denture base composites [32].

5. Conclusions

Silane-treated HNTs enhanced the mechanical performance
of heat-polymerised PMMA denture-base composites, with
FS and VH increasing up to an optimum 5 wt.% loading. This
improvement stemmed from effective dispersion and strong
filler-matrix interaction, promoting stress transfer and restrict-
ing polymer-chain mobility. At higher concentrations, ag-
glomeration and stress-concentrating defects reduced perfor-
mance. Overall, 5 wt.% HNT offered the best balance between
reinforcement and structural integrity. Future work should as-
sess water ageing, fatigue, wear, residual monomer release,
biocompatibility, and quantitative dispersion to establish
long-term performance and clinical applicability.

Abbreviations

PMMA  Polymethyl Methacrylate
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DBM Denture Base Material

BPO Benzoyl Peroxide

MMA Methyl Methacrylate

EGDMA Ethylene Glycol Dimethacrylate

HNTs Halloysite Nanotubes

NP Nanoparticle

FESEM  Field Emission Scanning Electron Microscopy

SEM Scanning Electron Microscopy

FS Flexural Strength

VH Vickers Hardness

SENB Single-Edge Notched Bending

v-MPS 3-(Trimethoxysilyl) Propyl Methacrylate

ASTM American Society for Testing and Materials

ANOVA One-Way Analysis of Variance

EDX Energy-Dispersive X-ray Analysis

FTIR Fourier Transform Infrared Spectroscopy

SD Standard Deviation
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