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Abstract

Poly(methyl methacrylate) (PMMA) remains a clinically important denture base polymer
because of its favorable processability, aesthetics, repairability and long-term prosthodon-
tic use; however, its limited surface hardness and susceptibility to sliding-induced degra-
dation constrain surface durability. This study establishes the structure-chemistry—micro-
structure-tribology relationships and composition-window predictive behavior of heat-
polymerized PMMA reinforced with titanium diboride (TiBz). PMMA/TiB2 composites
containing 1, 3 and 5 wt.% TiB2 were prepared and compared with unreinforced PMMA.
X-ray diffraction confirmed preservation of the broad amorphous/semi-amorphous
PMMA response, while TiBz-related crystalline features became increasingly detectable
with reinforcement content. ATR-FTIR showed retention of the characteristic C—H, ester
C=0 and C-O/C-O-C vibrations. SEM/EDS demonstrated progressively greater particle-
related surface contrast and local Ti/B-associated elemental signatures. Vickers micro-
hardness increased from 20.0 + 0.7 to 35.0 = 1.39 HV0.03, corresponding to a 75.0% im-
provement at 5 wt.% TiB2. After 1000 m of dry sliding, total mass loss decreased from 32.4
£ 0.5 to 14.9 + 0.4 mg (54.0% reduction), overall coefficient of friction decreased from 0.58
to 0.35, and representative wear-track width decreased from 481.4 to 101.8 um. A parsi-
monious distance-composition interaction model retained strong grouped leave-one-
composition-out performance for cumulative wear (R? = 0.9622; RMSE = 1.53 mg), while a
linear composition model provided the most robust hardness prediction (R? = 0.9317;
RMSE = 1.50 HV0.03). More complex nonlinear models did not improve prediction for
held-out compositions. Within the investigated 0-5 wt.% window, 5 wt.% TiBz provided
the most effective combination of matrix preservation, surface hardening, wear suppres-
sion and frictional stabilization.

Keywords: PMMA denture base composites; titanium diboride; Vickers microhardness;
dry-sliding wear; composition-window regression

1. Introduction

Poly(methyl methacrylate) (PMMA) has remained one of the most widely used den-
ture base polymers in prosthodontics for several decades because it provides a practical
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balance of acceptable aesthetics, low density, dimensional adaptability, ease of processing,
repairability, low cost and generally satisfactory biocompatibility [1-3]. Although contem-
porary prosthodontics has increasingly incorporated CAD/CAM-milled denture base ma-
terials, additively manufactured resins, high-performance thermoplastics and fiber-rein-
forced polymeric systems, conventional heat-polymerized PMMA still represents a clini-
cally important reference material. This continued relevance is associated with its well-
established laboratory workflow, predictable powder-liquid manipulation, compatibility
with conventional flasking and heat-curing techniques, favorable polishability and exten-
sive clinical history in complete and partial removable prostheses [1-5]. Therefore, im-
proving the surface durability and functional stability of heat-polymerized PMMA re-
mains an important research topic rather than an outdated materials problem.

The clinical performance of a denture base material is not determined only by its
initial adaptation, esthetic appearance or ease of fabrication. During intraoral service, den-
ture bases are continuously exposed to a complex combination of mechanical, chemical,
thermal and biological factors. These include cyclic mastication, repeated insertion and
removal, intermittent contact with opposing teeth or prosthetic components, denture
cleaning procedures, salivary wetting, thermal fluctuations, pH variations, food-particle
abrasion, microbial colonization and localized sliding interactions against mucosal or re-
storative surfaces [1,2,6-10]. Under these conditions, the denture base surface may un-
dergo progressive degradation involving micro-scratching, surface roughening, adhesive
smearing, abrasive grooving, debris formation, local material pull-out, micro-pitting and
fatigue-related surface defects. Such surface changes are clinically relevant because
rougher and damaged PMMA surfaces may promote plaque accumulation, staining, bio-
film retention, hygiene difficulty, mucosal irritation, patient discomfort and deterioration
of long-term prosthetic stability [6-10].

From a materials engineering perspective, the main limitation of unmodified PMMA
is its moderate surface hardness and limited resistance to localized plastic or viscoelastic
deformation. When PMMA is exposed to a harder counterface under sliding contact, the
polymer surface may accommodate the applied stress through chain mobility, local ma-
trix flow, adhesive junction formation, micro-ploughing and repeated shear deformation.
These mechanisms may generate loose debris, increase frictional instability and accelerate
cumulative material removal. In addition, local surface deformation can increase the real
contact area and promote adhesive interactions, which may further intensify wear. For
this reason, the improvement of PMMA denture base materials requires strategies that
increase surface load-bearing capacity, reduce counterface penetration, limit matrix de-
formation and stabilize the sliding interface without compromising the processability and
polymeric continuity of the denture base resin [4-18].

One of the most effective strategies for improving PMMA performance is the incor-
poration of inorganic fillers, ceramic particles, fibers or hybrid reinforcement phases into
the polymer matrix. Ceramic fillers such as Al2Os, ZrOz, TiOz, SiOz, ZnO and hydroxyap-
atite have been investigated to enhance hardness, flexural properties, surface stability,
wear resistance, antimicrobial behavior or thermal response of PMMA-based dental com-
posites [5-18]. However, the performance of a filled PMMA system is strongly dependent
on filler type, particle size, morphology, loading fraction, surface chemistry, dispersion
quality and filler—matrix interaction. A well-dispersed ceramic reinforcement can restrict
polymer deformation and increase resistance to indentation, whereas poorly distributed
particles or excessive filler loading can create agglomerates, stress concentration sites, in-
terfacial defects, voids and particle pull-out during sliding. Thus, filler addition does not
automatically guarantee performance improvement; the reinforcement must be incorpo-
rated within a composition range that preserves matrix continuity while providing suffi-
cient hard-particle contribution [5-18].
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The tribological behavior of PMMA-based composites is particularly sensitive to this
balance. In polymer composites, wear resistance is governed not only by hardness but also
by interfacial adhesion, filler retention, particle distribution, surface roughness, debris be-
havior, frictional heating and the formation or suppression of transfer layers during slid-
ing contact [19-23]. Some fillers reduce friction mainly through low-shear or transfer-film
mechanisms, whereas hard ceramic fillers generally improve tribological performance by
increasing load-bearing capacity, reducing penetration depth and suppressing matrix re-
moval. Therefore, the selection of a reinforcement phase should be based on the targeted
mechanism. For denture base applications in which improved resistance to scratching,
deformation and dry-sliding wear is required, a hard ceramic reinforcement can be espe-
cially valuable if it remains sufficiently distributed and mechanically retained within the
PMMA matrix [24,25].

Titanium diboride (TiB2) is a transition-metal boride ceramic characterized by high
hardness, high elastic modulus, high melting point, good thermal stability, electrical con-
ductivity and strong Ti-B bonding within a hexagonal AlB2-type crystal structure [26-34].
Because of this combination of properties, TiB2 has attracted considerable attention in
monolithic ceramics, ultra-high-temperature materials, metal-matrix composites, protec-
tive coatings, cutting and wear-resistant surfaces, and tribological systems [26-36]. Its
high hardness and stiffness allow TiB: to function as a load-bearing ceramic phase, while
its thermal and chemical stability support its use in environments involving mechanical
contact and surface degradation. These characteristics make TiB2 a promising candidate
for reinforcing comparatively softer polymeric matrices, including PMMA, where surface
deformation and material removal are major limitations.

When incorporated into a PMMA denture base matrix, TiB: particles are expected to
act as rigid ceramic micro/nano-domains that locally resist indentation and restrict defor-
mation of the surrounding polymer phase. Under Vickers indentation, these hard do-
mains may reduce the effective penetration depth of the indenter and increase resistance
to localized plastic or viscoelastic flow. Under dry-sliding contact, TiB2 particles may par-
tially support the applied load, decrease direct counterface penetration into the polymer-
rich surface, reduce micro-ploughing and limit adhesive detachment of PMMA. This ex-
pected mechanism differs from that of lamellar or solid-lubricant fillers, which often re-
duce friction by forming low-shear interfacial layers. TiB2 is not primarily expected to be-
have as a lubricating phase; rather, its contribution is mainly associated with hard-particle
reinforcement, contact stabilization, surface-bearing enhancement and suppression of ma-
trix removal [19-23,30-36].

The extensive literature on AlOs-, ZrO»-, TiO2-, SiO2-, ZnO- and hydroxyapatite-
modified PMMA demonstrates that ceramic fillers can enhance selected surface or bulk
properties, but the governing mechanism and associated trade-offs depend strongly on
filler chemistry, stiffness, surface state and retention within the polymer [5-18]. TiB2 pro-
vides a distinct, complementary reinforcement route because it is a non-oxide transition-
metal boride with very high hardness and elastic modulus, strong Ti-B bonding and high
thermal stability [26-33]. In PMMA, its intended function is therefore not bioactivity or
low-shear lubrication, but local load support, resistance to counterface penetration and
stabilization of the deformable polymer contact. The value of TiB2 is consequently as-
sessed through the simultaneous evolution of hardness, distance-dependent mass loss,
friction and worn-surface morphology rather than by assuming universal superiority over
established oxide fillers.

Published TiB2 research has focused predominantly on monolithic ceramics, metal-
matrix systems, coatings and high-temperature or hybrid polymer composites [26-39]. A
systematic heat-polymerized denture base study that resolves PMMA structural preser-
vation, local TiB2 exposure, indentation resistance, cumulative wear kinetics, friction re-
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gime stability and composition-conditioned prediction within the same experimental
framework remains limited. Addressing this combined structure-surface-tribology gap
constitutes the principal scientific contribution of the present study.

In this context, X-ray diffraction is necessary to determine whether TiB2 addition in-
troduces detectable crystalline features while preserving the broad amorphous or semi-
amorphous response of the PMMA matrix. ATR-FTIR spectroscopy is required to evaluate
whether the characteristic PMMA functional groups remain stable after TiB2 incorporation
or whether any major chemical modification of the polymer backbone occurs. SEM and
EDS analyses provide complementary information on the surface morphology and local
elemental response of the composites, particularly regarding the presence of Ti-containing
regions associated with TiB2 particles. Vickers microhardness testing enables quantifica-
tion of localized indentation resistance, whereas dry-sliding wear testing provides direct
evidence of material removal under controlled contact conditions. Coefficient-of-friction
analysis further clarifies whether reinforcement affects only mass loss or also the stability
of the sliding interface.

The experimental trends were also examined through statistical and composition-
window regression analysis. Because the design contains four discrete TiB2 levels, model
development was organized around parsimony, physical interpretability and composi-
tion-wise validation. Linear composition models and a distance-composition interaction
model were treated as the primary predictive forms, while nonlinear machine-learning
algorithms were retained as comparative sensitivity models. Grouped leave-one-compo-
sition-out validation was used so that all observations from the test composition were ex-
cluded from model fitting, thereby evaluating transfer to an unseen formulation rather
than interpolation among repeated observations from the same group.

Therefore, the present study investigates heat-polymerized PMMA denture base
composites reinforced with 1, 3 and 5 wt.% TiBz through an integrated structure-chemis-
try—microstructure-mechanics-tribology-regression  framework. XRD, ATR-FTIR,
SEM/EDS, Vickers microhardness, cumulative dry-sliding mass loss, final mass loss, coef-
ficient-of-friction analysis, post-wear SEM, inferential statistics and composition-wise val-
idated regression were combined to determine whether low TiB2 additions can preserve
matrix structure while producing a reproducible surface stabilization response.

The objective was to quantify the reinforcement effect of TiB2 within the investigated
0-5 wt.% range and to establish a mechanistically interpretable relationship among filler
content, surface hardness, wear accumulation and frictional response. The null hypothesis
was that TiB2 content would not significantly alter the structural, chemical, surface, hard-
ness, wear, friction or composition-conditioned regression responses of the PMMA com-
posites. The alternative hypothesis was that increasing TiB2 content would increase inden-
tation resistance and simultaneously reduce wear accumulation and friction through
hard-particle load sharing and contact stabilization.

2. Materials and Methods

The experimental methodology was designed to systematically evaluate the influ-
ence of titanium diboride (TiB2) reinforcement on the structural, chemical, surface-mor-
phological, mechanical, tribological, statistical, and data-driven predictive responses of
heat-polymerized poly(methyl methacrylate) (PMMA) denture-base composites. The
methodological framework was established to provide an integrated structure—chemis-
try—microstructure-hardness—wear—prediction relationship rather than an isolated single-
property assessment. Accordingly, the study comprised raw-material selection, composi-
tional design, powder conditioning, TiBz incorporation, powder homogenization, conven-
tional heat-polymerized specimen fabrication, surface finishing and polishing, crystallo-
graphic characterization, chemical-structure analysis, pre-wear and post-wear surface
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characterization, Vickers microhardness testing, dry-sliding wear testing, coefficient-of-
friction analysis, inferential statistics, and composition-window regression modeling. The
complete experimental and analytical workflow is presented in Figure 1.

Figure 1 Integrated experimental workflow for PMMA/TiB2 compositional design,
raw-material conditioning, powder homogenization, conventional heat-polymerized
specimen fabrication, structural and chemical characterization, SEM/EDS surface analysis,
Vickers microhardness testing, dry-sliding wear and coefficient-of-friction evaluation, sta-
tistical inference, and composition-window predictive modeling.

The experimental design consisted of one unreinforced PMMA control group and
three TiBz-reinforced PMMA composite groups containing 1, 3, and 5 wt.% TiBz. The for-
mulations were designated PMMA, PMMA-1TiB,, PMMA-3TiB,, and PMMA-5TiB;, re-
spectively. This compositional range was selected to investigate the progressive contribu-
tion of a low-fraction hard ceramic reinforcement while maintaining the processability
and continuity of the heat-polymerized PMMA matrix. The 1 wt.% formulation repre-
sented the initial reinforcement level, the 3 wt.% formulation provided an intermediate
composition for evaluating content-dependent behavior, and the 5 wt.% formulation rep-
resented the highest reinforcement content within the investigated low-filler range.

All experimental groups were produced using identical powder-conditioning,
weighing, homogenization, polymerization, finishing, polishing, conditioning, and test-
ing procedures. This standardization was necessary because particulate PMMA compo-
sites are sensitive to variations in powder moisture, filler distribution, local agglomeration,
polymerization history, specimen geometry, surface roughness, polishing quality, and
test configuration. Consequently, the measured differences in XRD response, ATR-FTIR
spectra, SEM/EDS characteristics, Vickers microhardness, cumulative mass loss, final
mass loss, coefficient of friction, and worn-surface morphology were interpreted primar-
ily as functions of TiB2 content rather than uncontrolled fabrication variability.

PMMA powder with an average molecular weight of approximately 15,000 g mol~
was obtained from Sigma-Aldrich Corporation (Product No. 200336, St. Louis, MO, USA).
TiB2 nanopowder with a supplier-specified purity of 99.9% and a nominal particle-size
range of 50-100 nm was supplied by Nanografi Nano Technology (Cankaya, Ankara, Tii-
rkiye). The TiB2 powder was used in its as-received condition without silane treatment or
any other surface-functionalization procedure. Methyl methacrylate monomer was sup-
plied by Sigma-Aldrich Corporation (St. Louis, MO, USA) and was combined with the
powder phase using the same powder-to-liquid ratio for all experimental groups.

The nominal compositions were 100 wt.% PMMA for the control group, 99 wt.%
PMMA and 1 wt.% TiB2 for PMMA-1TiBz, 97 wt.% PMMA and 3 wt.% TiB2 for PMMA-
3TiBz, and 95 wt.% PMMA and 5 wt.% TiB2 for PMMA-5TiBz. The required masses of
PMMA and TiB: were calculated relative to the total powder mass. Each constituent was
weighed using an AUW220D analytical balance with a readability of 0.0001 g (Shimadzu
Corporation, Kyoto, Japan). Separate weighing accessories were used for each constituent,
and the weighing chamber and contact surfaces were cleaned between successive compo-
sitions to minimize cross-contamination.

Before composite preparation, the PMMA and TiB2 powders were vacuum-dried at
80 °C for 8 h using a laboratory vacuum oven manufactured by Protherm Furnaces (An-
kara, Tiirkiye). The dried TiB2 powder was subsequently passed through a 500 pm stain-
less-steel analytical sieve supplied by Retsch GmbH (Haan, Germany). This sieving pro-
cedure was employed to disrupt and remove coarse secondary agglomerates from the
powder bed and did not redefine the supplier-specified primary particle-size range of 50—
100 nm.

The calculated TiB2 fractions were incorporated into the PMMA powder before mon-
omer addition. Powder homogenization was conducted using a PM100 planetary ball mill
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(Retsch GmbH, Haan, Germany) with zirconia milling media. A ball-to-powder mass ratio
of 10:1 and a rotational speed of 150 rpm were employed. Homogenization was performed
for a total processing duration of 180 min using alternating cycles of 5 min of milling and
5 min of rest. The intermittent operating sequence was selected to limit frictional heat ac-
cumulation while promoting the redistribution of TiB2 particles among the PMMA pow-
der particles. The use of zirconia milling media minimized the possibility of metallic con-
tamination during homogenization.

Following homogenization, the blended powders were vacuum-dried at 50 °C for 4
h using the same Protherm vacuum oven and subsequently stored in individually labeled
and sealed containers until specimen fabrication. Identical milling media, ball-to-powder
ratio, rotational speed, milling/rest sequence, total homogenization duration, post-mixing
drying conditions, and storage procedures were applied to all TiBz-containing groups. The
powder-conditioning, composition-setting, homogenization, post-mixing stabilization,
and specimen-manufacturing sequence is summarized in Figure 2.

Figure 2 Detailed sequence of powder conditioning, compositional weighing, zirco-
nia-assisted homogenization, post-mixing vacuum drying, conventional flasking, heat
polymerization, finishing, polishing, ultrasonic cleaning, and pre-test water conditioning
of the PMMA and PMMA/TiB: specimens.

Disc-shaped PMMA and PMMA/TiBz composite specimens were fabricated using a
conventional flasking and heat-polymerization procedure suitable for denture-base
acrylic resins. Standardized wax patterns measuring 12 mm in diameter and 5 mm in
height were prepared. The wax patterns were invested in dental flasks, and dewaxing was
subsequently performed to produce cylindrical mold cavities with identical dimensions.

The conditioned PMMA or PMMA/TiB: powder was combined with methyl methac-
rylate monomer using an identical powder-to-liquid ratio for all groups. The mixtures
were allowed to reach the dough stage under the same laboratory conditions. The dough-
stage material was then packed into the prepared mold cavities. Flask pressing was per-
formed using a SPECAC 25T hydraulic press (Specac Ltd., Orpington, UK). The same
packing mass, pressing sequence, pressure-application procedure, and flask-closure con-
ditions were maintained for all formulations.

Heat polymerization was conducted using a thermostatically controlled laboratory
water bath. The packed flasks were maintained at 74 °C for 9 h, followed by a terminal
polymerization stage at 100 °C for 1 h. After completion of the polymerization cycle, the
flasks were allowed to cool gradually to room temperature before deflasking. Controlled
cooling was applied to reduce thermally induced residual stresses, dimensional instability,
and specimen warpage.

Following deflasking, excess acrylic material was removed, and the dimensions of
each specimen were verified using a digital caliper. The final test specimens had a nominal
diameter of 12.0 mm and a nominal height of 5.0 mm. Specimens exhibiting visible poros-
ity, edge fracture, incomplete polymerization, severe warpage, unacceptable dimensional
deviation, or surface defects that could influence the mechanical or tribological results
were excluded and replaced.

All specimens were subjected to the same sequential surface-finishing procedure.
Wet grinding was performed using silicon carbide abrasive papers with progressively
finer grit sizes up to 1200 grit. Each specimen was ground under continuous water irriga-
tion to minimize localized heating and remove polymerization-related surface irregulari-
ties. The grinding direction was changed between consecutive abrasive steps to facilitate
the removal of scratches generated during the preceding stage.

Following wet grinding, the specimens were pre-polished using an aqueous pumice
suspension and subsequently subjected to final polishing using a polishing paste and felt
wheel. The same abrasive sequence, polishing duration, applied pressure, and rotational
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conditions were maintained for all experimental groups. The specimens were then ultra-
sonically cleaned in deionized water for 10 min to remove loosely attached polishing res-
idues and surface debris.

After ultrasonic cleaning, the specimens were stored in distilled water at 37 + 2 °C for
24 h before mechanical and tribological testing. This conditioning procedure was applied
to all groups to minimize differences associated with short-term water uptake and post-
polymerization surface state. Surface standardization was particularly important because
Vickers indentation and dry-sliding wear responses can be influenced by polishing
scratches, local waviness, surface roughness, loosely attached debris, residual abrasive
particles, and preparation-induced surface defects.

Crystallographic characterization was performed using an Empyrean X-ray diffrac-
tometer (Malvern Panalytical B.V., Almelo, The Netherlands) equipped with a Cu K« ra-
diation source. Diffraction patterns were collected over a 20 range of 5-90°, covering the
broad amorphous or semi-amorphous PMMA response and the principal TiBz-related
crystalline reflections. Identical scanning conditions were applied to representative spec-
imens from all four groups.

The XRD patterns were used to determine whether TiB2 incorporation produced de-
tectable crystalline features while preserving the polymer-dominated structural response
of heat-polymerized PMMA. Because PMMA constituted the continuous and dominant
phase and TiB2 was incorporated at relatively low concentrations, the diffraction results
were interpreted primarily in terms of matrix preservation, TiB2 phase detectability, and
composition-dependent changes in crystalline peak visibility rather than quantitative
phase refinement.

Chemical-structure characterization was performed using a Nicolet iS5 Fourier-
transform infrared spectrometer equipped with an attenuated total reflectance accessory
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Spectra were collected over the mid-
infrared range of 4000-500 cm™'. A background spectrum was obtained before specimen
measurements, the ATR crystal was cleaned between analyses, and the same contact-pres-
sure and acquisition procedures were applied to all specimens.

The ATR-FTIR spectra were evaluated with particular emphasis on the characteristic
aliphatic C-H stretching bands, ester carbonyl C=O vibration, CHs bending and defor-
mation bands, and C-O/C-O-C stretching vibrations of PMMA. ATR-FTIR analysis was
used to determine whether TiB2 incorporation, powder homogenization, and heat
polymerization caused any major modification of the PMMA functional-group frame-
work. The analysis was not used to calculate a numerical degree of conversion because no
validated pre-polymerization and post-polymerization methacrylate-band ratio or resid-
ual-monomer calibration was included in the experimental design.

Pre-wear and post-wear surface morphologies were examined using an EVO MA10
scanning electron microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped
with an energy-dispersive X-ray spectroscopy detector. Representative images were ac-
quired using an accelerating voltage of 10 kV. General surface morphology was examined
at 500x magnification, whereas filler-associated regions and localized surface features
were evaluated at magnifications up to 20,000x.

The pre-wear SEM images were used to examine matrix continuity, polishing-related
features, particle-associated contrast, localized agglomeration, and near-surface heteroge-
neity. Post-wear SEM images were used to evaluate wear-track morphology, abrasive
grooves, adhesive smearing, cracking, pitting, debris accumulation, matrix detachment,
and particle-related surface features. The wear-track widths were determined from cali-
brated representative low-magnification SEM images.

EDS spectra were acquired from representative matrix-rich and particle-rich surface
regions. Carbon and oxygen were evaluated as the principal PMMA-related elements,
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whereas titanium- and boron-associated signals were used as local evidence of TiB2-con-
taining regions. Because boron generates low-energy characteristic X-rays and its quanti-
fication is sensitive to X-ray absorption, detector efficiency, surface condition, and the pol-
ymer-rich interaction volume, the EDS results were interpreted as local semi-quantitative
evidence rather than exact bulk-composition or whole-surface dispersion measurements.

Vickers microhardness was measured using an HVS-1000 digital micro-Vickers hard-
ness tester (Mitech, supplied by Onalkon, Bursa, Tiirkiye). A load of 30 gf, corresponding
to approximately 0.294 N, was applied for a dwell time of 20 s. Five valid indentations
were produced on each polished specimen. The indentations were positioned with suffi-
cient separation from adjacent impressions and specimen edges to prevent interaction
among the corresponding deformation fields.

Ten independently fabricated specimens were tested for each group. The mean of the
five valid indentations was used as the representative microhardness value of each spec-
imen, and the results were reported as HV0.03. Indentations exhibiting severe edge dis-
tortion, cracking, overlap with a pore, or interaction with a visible surface defect were
excluded and repeated at a new location.

Dry-sliding wear tests were conducted using an ELKIMAK pin-on-disc tribometer
(ELKIMAK, Elaz1g, Tiirkiye) under ambient laboratory conditions. The apparatus was op-
erated using a spherical 316L stainless-steel counterface with a diameter of 5 mm. There-
fore, although the instrument is conventionally classified as a pin-on-disc tribometer, the
actual contact geometry employed in the present study corresponded to a ball-on-disc
contact configuration.

The specimens were tested under a normal load of 10 N, a sliding speed of 1 m s7,
and a total sliding distance of 1000 m. Identical specimen geometry, counterface material,
normal load, sliding speed, total sliding distance, surface-finishing procedure, and pre-
test conditioning conditions were used for all groups. Ten independently fabricated spec-
imens were evaluated for each composition.

Before each wear test, the specimen and counterface were cleaned and dried to re-
move loosely attached particles and surface contamination. The initial specimen mass was
recorded using an AUW220D analytical balance with a readability of 0.0001 g (Shimadzu
Corporation, Kyoto, Japan). Wear testing was interrupted at 100 m intervals, and the spec-
imen was carefully cleaned, dried, and weighed. Cumulative mass loss was determined
from the difference between the initial mass and the mass measured at each interval. Final
mass loss was calculated after completion of the 1000 m sliding distance.

The coefficient of friction was recorded continuously using the tribometer data-ac-
quisition system. The distance-dependent COF, overall mean COF, steady-state COF, con-
tact-establishment interval, transition interval, and steady-state coefficient of variation
were evaluated. Mass-loss and COF responses were interpreted together because a reduc-
tion in endpoint material loss alone does not necessarily demonstrate stabilization of the
sliding interface.

Descriptive statistics were calculated for the principal experimental responses and
were reported as the mean, standard deviation, median, minimum, maximum, coefficient
of variation, and 95% confidence interval, where applicable. The Shapiro-Wilk test was
used to evaluate normality, and Levene’s test was used to assess variance homogeneity.
Differences among the PMMA, PMMA-1TiB,, PMMA-3TiB, and PMMA-5TiB2 groups
were evaluated using one-way analysis of variance followed by Tukey’s honestly signifi-
cant difference post-hoc test. Statistical significance was accepted at o = 0.05. Eta-squared
(n?) and omega-squared (w?) values were calculated to quantify the magnitude of the com-
position effect.

Statistical analysis, data preprocessing, and composition-window regression model-
ing were performed using Python 3.13.5 (Python Software Foundation, Fredericksburg,
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1. Formulation
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VA, USA). The computational environment included NumPy 2.3.5, pandas 2.2.3, SciPy
1.17.0, statsmodels 0.14.6, scikit-learn 1.8.0, and Matplotlib 3.10.8. Publication-quality
graphical presentation and complementary curve evaluation were performed using
OriginPro 2023b, version 10.05 (OriginLab Corporation, Northampton, MA, USA).

TiB2 content was treated as a categorical factor for inferential group comparisons and
as a numerical predictor for composition-property modeling. For cumulative mass loss,
the primary physically interpretable regression model included sliding distance, TiB2 con-
tent, and their interaction. Additive linear, quadratic, linear support-vector regression, ra-
dial-basis-function support-vector regression, and random-forest models were evaluated
as comparative models. For microhardness, linear, quadratic, linear support-vector re-
gression, radial-basis-function support-vector regression, and random-forest regression
models were compared.

Predictors were standardized within each training fold where required. Predictive
robustness was evaluated using grouped leave-one-composition-out validation. In each
validation cycle, all observations associated with one TiB2 composition were withheld,
data preprocessing and model fitting were performed exclusively using the remaining
three compositions, and predictions were subsequently generated for the unseen formu-
lation. Model performance was evaluated using the mean absolute error, mean squared
error, root mean squared error, and coefficient of determination. Model selection priori-
tized grouped validation performance, physical interpretability, and parsimony rather
than in-sample fit alone.

Overall, the methodology integrates crystallographic, vibrational, morphological,
mechanical, tribological, statistical, and predictive evidence within a standardized exper-
imental framework. This integrated approach enables the effect of TiB: content to be eval-
uated through mutually supporting changes in matrix structure, surface morphology, in-
dentation resistance, wear accumulation, frictional stability, worn-surface damage, and
composition-dependent predictive behavior. The principal materials and devices are
listed in Table 1, while the nominal compositions and test allocation are summarized in
Table 2.

2. Processing

Heat-polymerization
(Conventional flasking)

3. Structural and Surface
Characterization

4. Performance Testing

Vickers microhardness, Statistical analysis,
Machine learning

prediction

XRD, ATR-FTIR,
SEM/EDS

N W
& i

Dry sliding wear,
Coefficient of friction

*.*f

-"
J

T-29

 Packing and pressing

«+ Polymerization cycle

(74°C,9h +100°C, 1 h)

« TiB, contents: 0, 1, 3, 5 wt.%
« Bench cooling
» Manual dry blending
« Deflasking and finishing

« Phase identification (XRD)
+ Chemical structure (ATR-FTIR)
* Morphology and elemental

* Vickers (HVj 03)
« Pin-on-disk (10 N, 1000 m)

« ANOVA and post-hoc tests

« Composition-property
models

Tested Formulations

_ o000

1wt%
(TiB,)

0o wt.%
(TiB;)

« Polishing (Up to 1200 grit) + COF measurement

$

Outcome

analysis (SEM/EDS) » ML regression models

« Effect of TiB, content on structure, surface integrity,
microhardness and tribological behavior

« Identification of optimal reinforcement level
within the investigated range

« Al-assisted prediction of composition-property relationships

3wt%
(TiB,)

5wt.%
(TiB,)
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Figure 1. Conventional scientific process map of PMMA/TiB: formulation, powder conditioning,
heat-polymerized specimen fabrication, structural/surface characterization, mechanical testing,

tribological evaluation and statistical modeling.

Overall, the methodology provides a systematic evaluation of PMMA/TiB: denture
base composites by linking crystallographic and vibrational evidence with surface mor-
phology, indentation resistance, cumulative wear, frictional stability and composition-
wise validated regression. The integrated design enables the reinforcement mechanism to
be evaluated from mutually supporting structural, mechanical and tribological observa-

tions.

A. Powder conditioning and composite-powder preparation

r
|

= ) —— —
(1] Condition [2) Weigh © Homogenize (4] Stabilize
80 °C, 8 h vacuum dry 0, 1,3, 0r5wt% TiB, 0:1 ZrO, media/powder 50 °C, 4 h vacuum dry
500 pum sieve 150 rpm - 180 min Sealed storage
=2
@ 1 . //
|
\-/
N
C'-) Intermittent blending cycle: 5 min milling + 5 min rest J

B. Conventional dental processing route

s N e N
o Dose and mix ( e Mold and pack ‘ e Polymerize o Finish and condition
Powder/monomer dosing Flask - dewax Heat cure Deflask - trim - polish
Dough stage | Pack - press Controlled cooling Clean - water condition
= ¢
-—r
Final conditioning: ultrasonic cleaning (10 min) and water storage at 37 + 2 °C for 24 h J

Final groups

* All formulations prepared with identical processing parameters
L. TiB, contents: 0, 1, 3, 5 wt.%

v v v ¢ Composite powders: PMMA powder + TiB,

PMMA PMMA-ITiB, PMMA-3TiB, =~ PMMA-5TiB, ¢ Specimens: Disc-shaped for characterization and testing
Figure 2. Detailed sequence for powder conditioning, composition setup, ZrOz-assisted homogeni-
zation, post-mixing drying and conventional heat-polymerized denture base specimen manufactur-
ing.
Table 1. Main materials and devices used for PMMA/TiB2 composite fabrication and testing.
Material/Device Technical Information Function

Heat-polymerized PMMA denture base Commercial heat-cured acrylic denture

resin

Polymeric matrix
base system

Titanium diboride powder

TiB2 powder; supplier-specified purity
99.5%; nominal primary-particle size <
250 nm; as-received surface chemistry; no
silane treatment

Hard, non-oxide ceramic
reinforcement

Zirconia milling media

Zirconia milling balls; 10:1 ball-to-
powder ratio; 150 rpm; intermittent 5
min milling/5 min rest cycles

Powder homogenization with
reduced metallic contamination

316L stainless steel counterface

5 mm counterface used in pin-on-disc

sliding Dry-sliding wear counterface

https://doi.org/10.3390/cryst16080494



Crystals 2026, 16, 494

11 of 46

Table 2. Nominal composition, group coding and test allocation.

Group Code PMMA (wt.%) TiB2(wt.%) Microhardness Wear/COF SEM/EDS ATR-FTIR XRD
PMMA 100 0 n=10 n=10 Representative Representative Representative
PMMA-1 TiB2 99 1 n=10 n=10 Representative Representative Representative
PMMA-3 TiB2 97 3 n=10 n=10 Representative Representative Representative
PMMA-5 TiB2 95 5 n=10 n=10 Representative Representative Representative

2.1. Powder Conditioning, Composite Preparation and Specimen Fabrication

The PMMA and TiB: powders were conditioned before specimen fabrication to im-
prove compositional reproducibility and powder flow. The TiB2 feedstock had a supplier-
specified purity of 99.5% and a nominal primary-particle-size ceiling of <250 nm. Vacuum
drying was performed at 80 °C for 8 h, followed by passage through a 500 um sieve to
remove coarse secondary agglomerates from the powder bed. Therefore, the sieve aper-
ture served as an agglomerate-control step and did not redefine the primary TiB: particle
size. The TiB2 powder was incorporated in its as-received state without silane or other
surface-functionalization treatment.

The calculated TiB2 fractions were incorporated into the PMMA powder before mon-
omer addition. Homogenization was conducted with zirconia milling media at a 10:1 ball-
to-powder mass ratio and 150 rpm using alternating 5 min milling and 5 min rest intervals
for a total processing time of 180 min. Intermittent operation limited heat accumulation
while promoting redistribution of the ceramic particles among the PMMA beads. The
blended powders were subsequently vacuum-dried at 50 °C for 4 h and stored in sealed
containers until specimen fabrication. Identical mixing conditions were applied to all TiBe-
containing groups.

Disc-shaped PMMA and PMMA/TiBz composite specimens were fabricated using a
conventional heat-polymerized denture base resin processing route. Wax patterns with
identical geometry were prepared, invested in dental flasks and removed after dewaxing
to obtain standardized mold cavities. The PMMA or PMMA/TiB: powder—-monomer mix-
tures were packed into the molds at the appropriate dough stage, followed by pressing,
heat polymerization and controlled cooling. After deflasking, excess material was re-
moved, and all specimens were finished and polished according to an identical sequential
surface preparation protocol. This standardization was essential because surface rough-
ness, polishing scratches, residual debris and preparation-induced defects can signifi-
cantly influence Vickers indentation response, running-in behavior, coefficient of friction,
and early-stage wear accumulation [37-40]. Consequently, all groups were produced with
the same geometry, polymerization procedure, finishing sequence, polishing conditions
and pre-test conditioning protocol to ensure reliable comparison among the PMMA con-
trol and TiBz-reinforced composites.

2.2. Characterization, Testing and Data Analysis

The characterization and testing sequence was designed to evaluate the PMMA/TiB2
composites through complementary structural, chemical, morphological, mechanical,
tribological and data-driven approaches. The overall characterization, testing and data
analysis protocol is summarized in Table 3. X-ray diffraction (XRD) analysis was per-
formed to determine whether TiB: incorporation altered the broad amorphous/semi-
amorphous diffraction response of the PMMA matrix and to identify reinforcement-re-
lated crystalline features associated with the TiB2 phase. Because the polymer matrix rep-
resented the dominant phase and the ceramic reinforcement was incorporated at rela-
tively low concentrations, XRD results were interpreted with emphasis on matrix preser-
vation, filler detectability and composition-dependent changes in crystalline peak visibil-
ity [41-47].
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ATR-FTIR spectroscopy was used to examine the chemical stability of the PMMA
matrix after TiB2 incorporation. In this analysis, the characteristic PMMA absorption
bands were evaluated to determine whether powder blending, heat polymerization and
ceramic reinforcement caused any major modification of the polymer backbone or ester-
related functional groups. The retention of diagnostic PMMA bands was therefore con-
sidered an indicator of chemical preservation, while any reinforcement-related contribu-
tion was interpreted cautiously because of the low TiB2 fraction and the dominance of the
PMMA infrared response.

SEM/EDS analysis was conducted before wear testing to characterize the polished
surface and to verify reinforcement-associated elemental signatures. SEM observations
were used to examine matrix continuity, polishing features, particle-associated contrast
and local surface heterogeneity. EDS spectra were interpreted as local semi-quantitative
compositional evidence from the selected interaction volume. Accordingly, Ti/B signals
were used to verify TiB2-containing surface regions, whereas dispersion uniformity was
evaluated qualitatively from the spatial frequency and morphology of particle-related
SEM features rather than inferred from a single elemental ratio [41-47].

Vickers microhardness measurements were performed under a 30 gf load with a 20
s dwell time; five indentations were obtained per specimen. Dry-sliding wear was evalu-
ated in a pin-on-disc configuration using a 5 mm 316L stainless steel counterface, 10 N
normal load, 1 m/s sliding speed and 1000 m total distance. Dry contact was selected as a
reproducible baseline that isolates the influence of TiB2 on load support, matrix defor-
mation, debris generation and friction regime development without a liquid-mediated lu-
brication contribution. Cumulative mass loss and coefficient of friction were recorded as
functions of distance, and representative worn surfaces were examined by SEM. All
groups underwent the same sequential wet grinding, pumice pre-polishing, paste/felt fi-
nal polishing, ultrasonic cleaning and 24 h water conditioning at 37 + 2 °C, thereby treating
surface preparation as a controlled experimental factor.

Statistical analysis included Shapiro-Wilk normality testing, Levene variance homo-
geneity testing, one-way ANOVA, Tukey HSD multiple comparisons, n? and w? effect
sizes, and composition—property regression. For cumulative wear, the primary physically
interpretable model included sliding distance (D), TiBz content (C) and the D x C interac-
tion. Additive linear, quadratic, linear-SVR, RBF-SVR and random forest models were
evaluated as comparators. For hardness, linear, quadratic, linear-SVR, RBF-SVR and ran-
dom forest forms were compared. Predictors were standardized within each training fold
where required. Robustness was assessed by grouped leave-one-composition-out valida-
tion: one complete TiB2 level was withheld, model fitting and preprocessing were per-
formed on the remaining groups, and predictions were generated for the unseen compo-
sition. Model ranking prioritized held-out R?, RMSE, MAE and parsimony rather than in-
sample fit alone [41-47].

Table 3. Characterization, testing and data analysis protocol.

Method Parameter/Instrument Information Purpose

Cu Ka radiation; 20 range covering the PMMA Structural evaluation of the PMMA matrix
XRD . . . . . . .

halo and TiB2-related diffraction regions and crystalline reinforcement detection
ATR-FTIR Mid-infrared spectral range; diagnostic PMMA Assessment of chemical stability and func-

bands evaluated tional group preservation

Representative polished regions; SEM mor- . .

f hol le- t

SEM/EDS phology and local semi-quantitative EDS spec- Surface morphology, particle-associated

tra contrast and local elemental verification
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Vickers microhardness

30 gf load; 20 s dwell time; five indentations perDetermination of resistance to localized in-

Pin-on-disc wear

Statistics/regression

specimen dentation and surface deformation

316L stainless steel counterface; 10 N load; 1 Evaluation of dry-sliding mass loss, wear
m/s sliding speed; 1000 m total distance accumulation and coefficient of friction
ANOVA, Tukey HSD, effect sizes, physically  Statistical inference, trend quantification
interpretable regression and grouped leave-  and composition-wise predictive valida-
one-composition-out validation tion

3. Results and Discussion

The results are presented in the order of the experimental workflow. The XRD section
establishes the structural response of PMMA and the detectability of TiB2-related crystal-
line features. ATR-FTIR then evaluates chemical stability. SEM/EDS provides surface mor-
phological and elemental evidence before wear. Vickers microhardness quantifies the in-
dentation response. Dry-sliding wear, cumulative mass loss and COF results are inter-
preted in relation to friction regime development, and post-wear SEM analysis further
verifies the morphology of the worn tracks. Finally, statistical and composition-window
regression analyses are used to validate the significance and predictability of the compo-
sition-dependent trends.

3.1. XRD Analysis

Figure 3 presents the combined XRD patterns of the unreinforced PMMA and
PMMA/TiB2 composite groups, whereas Figure 4 shows the corresponding individual dif-
fraction profiles. XRD analysis was performed to determine whether TiB2 incorporation
modified the structural state of the heat-polymerized PMMA matrix and to identify the
presence of reinforcement-related crystalline features within the polymer-dominated
composite structure. Since PMMA constituted the major phase in all formulations and
TiB2 was incorporated at relatively low concentrations of 1-5 wt.%, the diffraction data
were interpreted primarily in a qualitative and phase-identification-based manner rather
than by quantitative phase refinement.

The XRD pattern of the unreinforced PMMA group was dominated by broad diffuse
scattering rather than sharp crystalline reflections. This behavior is characteristic of heat-
polymerized PMMA, which generally exhibits an amorphous or semi-amorphous struc-
tural character under conventional XRD conditions [34-36]. The main PMMA-related
broad halo was observed in the low-to-medium diffraction-angle region, generally around
20 = 13-16°, with a weaker broad contribution extending toward approximately 20 = 28—
32°. These broad scattering features are associated with short-range ordering, local chain
packing and intermolecular spacing within the PMMA matrix rather than long-range
crystalline periodicity. Therefore, the control pattern confirmed that the applied heat-pol-
ymerized denture base processing route preserved the expected polymeric structural
character of PMMA.

After TiB: incorporation, the broad amorphous/semi-amorphous PMMA halo re-
mained the dominant diffraction feature in all reinforced groups. This finding is important
because the reinforcement strategy was intended to improve surface hardness and wear
resistance through the physical incorporation of a hard ceramic phase, not through crys-
tallization or chemical transformation of the PMMA matrix. The persistence of the PMMA
halo indicates that the polymer phase retained its structural continuity and matrix-domi-
nated character within the investigated TiB: range. In other words, TiB2 addition did not
induce detectable long-range crystallization of PMMA or cause a major structural disrup-
tion of the heat-polymerized acrylic network.
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Figure 3. Combined XRD patterns of PMMA and PMMA/TiB: composites. The broad PMMA re-
sponse is preserved, while TiBz-related crystalline features become more visible as reinforcement
content increases.
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Figure 4. Individual XRD patterns of PMMA, PMMA-1TiB2, PMMA-3TiB2 and PMMA-5TiB2 show-
ing the polymer halo and filler-related high-angle features.

The reinforcement-related crystalline contribution became progressively more visi-
ble with increasing TiB2 content. Titanium diboride is known to crystallize in a hexagonal
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AlBx-type structure with P6/mmm crystallographic symmetry, and its diffraction response
is associated with reflections from the ordered Ti-B lattice [26-31]. In the present
PMMA/TiB2 composites, TiBz-related features can be associated with approximate reflec-
tions near 20 = 27.6°, 34.1°, 44.5°, 57.0°, 61.1°, 68.2—68.4°, 71.9° and 78.7°, which correspond
respectively to the (001), (100), (101), (002), (110), (102)/(111), (200) and (201) planes of hex-
agonal TiBz2. Among these reflections, the peaks near 34.1° and 44.5° are particularly useful
for identifying TiB2 because they are commonly among the more distinguishable crystal-
line contributions of this phase in polymer- and composite-based systems.

In the PMMA-1TiB2 group, the TiBz-related diffraction features were weak and par-
tially masked by the broad PMMA background because of the low ceramic fraction and
limited diffracting volume of the reinforcement phase. This result should not be inter-
preted as the absence of TiB2, but rather as a consequence of low filler loading and the
dominant amorphous scattering contribution of PMMA. In the PMMA-3TiB2 group, the
TiB2-related reflections became more distinguishable, particularly in the higher-angle re-
gion where the polymer background contribution was less dominant. The PMMA-5TiB2
group exhibited the most visible TiBz-associated crystalline features among the tested for-
mulations, confirming that the detectability of the reinforcement phase increased consist-
ently with nominal filler content.

No dominant additional crystalline peaks attributable to newly formed secondary
phases were observed within the evaluated diffraction range. In particular, the XRD re-
sponse did not indicate the formation of a new crystalline PMMA-related phase or a major
oxide-based crystalline product resulting from TiB: transformation during processing.
This supports the interpretation that TiB2 was retained mainly as a physically dispersed
crystalline ceramic reinforcement phase within the PMMA matrix. However, considering
the low filler content and the broad amorphous background of PMMA, very weak sec-
ondary features below the detection limit of conventional XRD cannot be completely ex-
cluded.

Overall, the XRD findings indicate a structurally favorable two-component configu-
ration consisting of an amorphous/semi-amorphous PMMA matrix and discrete crystal-
line TiB2 reinforcement domains. This structural combination is directly relevant to the
later mechanical and tribological results. The PMMA phase provides matrix continuity,
processability and denture base formability, whereas the TiBz phase introduces hard crys-
talline domains capable of resisting localized indentation, supporting contact stresses and
reducing polymer-dominated material removal during sliding. Therefore, the XRD results
provide the structural basis for attributing the subsequent improvements in Vickers mi-
crohardness, cumulative mass-loss resistance and coefficient-of-friction behavior mainly
to the presence of crystalline TiB2 reinforcement rather than to crystallographic transfor-
mation of the PMMA matrix. The composition-dependent XRD features and their struc-
tural interpretations are summarized in Table 4.

Table 4. XRD feature summary and structural interpretation.

Group Dominant PMMA Response TiB2-Related Features Interpretation
Broad diffuse halo; no sharp Predominantly amorphous/semi-

PMMA crystalline PMMA peaks Not detected amorphous PMMA matrix

PMMA-1TiB:  Broad PMMA halo retained Weak' hlgh—angle TiB2-related = Low filler fraction partly masked
contribution by polymer background

PMMA-3TiB:  Broad PMMA halo retained C.learer reinforcement-related I‘ncrea'sed detectability of crystal-
high-angle features line TiB2 phase

PMMA-5TiB:  Broad PMMA halo retained  Most visible TiBz-related features | -6 <>t Structural evidence of Tif:

incorporation within tested range
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3.2. ATR-FTIR Analysis

Figure 5 presents the combined ATR-FTIR spectra of the PMMA and PMMA/TiB:
composite groups, whereas Figure 6 shows the corresponding individual spectra. ATR-
FTIR analysis was performed to determine whether the incorporation of TiB: caused any
major chemical modification in the heat-polymerized PMMA matrix. Since TiB2 was in-
troduced as a physically dispersed ceramic reinforcement phase, the expected spectro-
scopic response was the preservation of the characteristic PMMA vibrational bands rather
than the formation of a new polymeric chemical structure. The main ATR-FTIR band as-
signments and their chemical interpretations are summarized in Table 5.

All groups exhibited the characteristic infrared spectral profile of PMMA. The spectra
showed the typical aliphatic C-H stretching bands of methyl and methylene groups in the
2995-2850 cm™ region, the strong ester carbonyl stretching vibration around 1720-1730
cm!, CHs bending/deformation bands near 1450 cm™ and 1380 cm™, and intense C-O/C-
O-C stretching vibrations in the fingerprint region, especially between 1260 and 1000 cm.
The preservation of these diagnostic bands in all TiBz-containing groups indicates that the
PMMA matrix maintained its fundamental chemical identity after powder homogeniza-
tion, heat polymerization, finishing and polishing. This result is consistent with classical
PMMA vibrational assignments reported in Raman and infrared spectroscopy studies
[34-36].

The ester carbonyl band located near 1720-1730 cm™ is one of the most important
diagnostic features of PMMA because it corresponds to the C=O stretching vibration of
the methacrylate ester group. Any substantial disappearance, severe broadening, marked
shift or splitting of this band could indicate degradation, hydrolysis, oxidation or strong
chemical interaction affecting the ester environment. In the present spectra, the carbonyl
band remained clearly visible in the control and all PMMA/TiB2 groups. This confirms
that TiBz incorporation did not produce a dominant chemical reaction capable of disrupt-
ing the ester functionality of the PMMA matrix [39-48].

The aliphatic C-H stretching region also remained stable after TiB2 addition. Bands
in the 2995-2850 cm™ range are associated with asymmetric and symmetric stretching vi-
brations of CHs and CH: groups in the PMMA backbone and side-chain structure. The
retention of this region indicates that the hydrocarbon skeleton of PMMA was not chem-
ically degraded during the composite preparation process. Similarly, the CHs deformation
bands near 1450 cm™ and 1380 cm™ were preserved, supporting the conclusion that the
methyl side-group environment of PMMA remained essentially unchanged after rein-
forcement [48-56].

The fingerprint region between 1260 and 1000 cm™ requires careful interpretation
because PMMA exhibits strong ester-related C-O and C—O-C stretching vibrations in this
interval. These bands dominate the ATR-FTIR response and are highly sensitive to the
polymeric ester structure. In the present spectra, the main C-O/C-O-C bands were re-
tained in all groups, indicating that the ester-linked molecular architecture of PMMA was
preserved. Minor intensity differences among the spectra, if present, may be associated
with variations in ATR contact, local filler distribution, surface roughness, effective pene-
tration depth or scattering effects caused by ceramic particles rather than direct chemical
transformation of the matrix [57-64].

No dominant new absorption band attributable to a polymer—ceramic reaction prod-
uct was observed after TiB2 incorporation. Therefore, the retained PMMA bands support
preservation of the principal functional group framework under the applied processing
conditions. This interpretation is distinct from a quantitative degree-of-conversion deter-
mination, which requires a validated pre-/post-polymerization methacrylate-band ratio
or residual monomer calibration. The spectra are consequently used to assess chemical
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framework preservation and are not converted into a numerical degree-of-conversion

value [63].
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Figure 5. Combined ATR-FTIR spectra of PMMA and PMMA/TiB2 composites presented as relative

absorbance for clarity. Characteristic PMMA bands are retained after TiB2 incorporation.
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Figure 6. Individual ATR-FTIR spectra of PMMA, PMMA-1TiB2, PMMA-3TiB2 and PMMA-5TiB2
showing preservation of the PMMA functional group response.
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Taken together, XRD and ATR-FTIR establish a two-phase structural interpretation:
the amorphous/semi-amorphous PMMA response and its diagnostic ester-related vibra-
tions remain dominant, while crystalline TiB2 features become progressively visible. The
subsequent hardness and tribological changes are therefore discussed in terms of physical
reinforcement and contact mechanics, without assigning them to a filler-induced change
in polymer conversion or to formation of a new covalent PMMA-TiB: phase.

Table 5. Principal ATR-FTIR band assignments and chemical interpretation.

Spectral Region/Band

Assignment Observation Interpretation

2995-2850 cm!

Aliphatic C-H stretching of PMMA hydrocarbon back-

CH3/CH2 groups Present in all groups bone retained

~1720-1730 cm™

Ester carbonyl C=0 stretch- . No major disruption of ester
; Strong band retained . )
ing functionality

~1450 and ~1380 cm

Present with minor intensity Expected PMMA side-group

CH3 bending/deformation L .
variation response retained

1260-1140 cm™

PMMA ester-related vibra-

C-O and C-O-C stretching  Fingerprint region retained tions preserved

Overlapping fingerprint/low- Possible weak ceramic-re- No dominant isolated new

wavenumber regions

TiB2 contribution masked by
PMMA dominance and low

lated contributions band .
loading

3.3. SEM and EDS Analysis Before Wear

Figure 7 presents the representative SEM surface morphologies of the PMMA and
PMMA/TiB:2 composite groups before wear testing, while Figure 8 shows the correspond-
ing representative EDS spectra. This analysis was conducted to evaluate the initial pol-
ished surface condition of the specimens and to determine whether TiB2 incorporation
produced detectable morphology- and composition-related changes at the surface level.
Since both Vickers microhardness and dry-sliding wear are highly surface-sensitive tests,
the pre-wear surface morphology is directly relevant for interpreting the subsequent in-
dentation response, mass-loss behavior and coefficient-of-friction evolution. The semi-
quantitative EDS results and SEM-based morphology interpretations are summarized in
Tables 6 and 7, respectively.

The unreinforced PMMA specimen exhibited a predominantly polymer-rich surface
morphology characterized by shallow polishing traces, fine preparation marks and local-
ized surface irregularities. This type of morphology is expected for a conventionally fin-
ished and polished heat-polymerized acrylic resin surface. Since the control group did not
contain a ceramic reinforcement phase, no particle-associated contrast, filler-rich domains
or Ti-containing regions were observed. Therefore, the surface response of the control
specimen can be considered matrix dominated, and its subsequent hardness and wear
behavior is expected to depend mainly on the intrinsic deformation resistance of the
PMMA phase.

The PMMA-1TiB: specimen retained an overall matrix-dominated surface appear-
ance, but discrete particle-associated features became visible in localized regions. These
features indicate that even a low TiB: loading introduced ceramic domains into the near-
surface region of the PMMA matrix. Although the particle-related contrast was limited at
1 wt.% TiB2, the presence of such domains is important because localized hard particles
can contribute to improved indentation resistance and reduced matrix deformation dur-
ing sliding. At this composition, however, the ceramic phase remained relatively sparse,
and the matrix continuity was still the dominant morphological characteristic.
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Figure 7. Representative SEM surface morphologies of PMMA and PMMA/TiB2 composites before
wear testing. Increasing TiB2 content produces more frequent particle-related surface features and

local heterogeneity.
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Figure 8. EDS spectra of PMMA and PMMA/TiB2 groups. Ti-related signals in reinforced groups

support the presence of TiB2-containing surface regions.

With increasing TiBz content, particle-associated contrast became more frequent, and
the polished surface exhibited a progressively larger number of locally particle-rich re-
gions. The PMMA-3TiB2 and PMMA-5TiB: micrographs show greater near-surface expo-
sure of reinforcement-related features than the 1 wt.% group. These images support a
composition-dependent increase in the probability of contact with hard ceramic domains;
they are interpreted as representative morphological fields rather than as a quantitative
whole-surface dispersion map.

The morphological evolution is mechanically consistent with the measured harden-
ing and wear suppression. TiBz-containing regions can act as rigid load-bearing sites that
oppose localized polymer flow and reduce counterface penetration. At the same time, the
continuity of PMMA around the visible ceramic features provides a pathway for mechan-
ical constraint and particle retention. Therefore, the present interpretation refers to effec-
tive mechanical load transfer and retention within the processed matrix; it does not re-
quire a claim of chemically bonded PMMA-TiB: interfaces.

EDS analysis provided local elemental support for the SEM observations. Carbon and
oxygen dominated the unreinforced PMMA spectrum, whereas Ti- and B-associated sig-
nals were detected in the reinforced groups. The selected-field Ti response increased from
0.3 wt.% at 1 wt.% nominal TiB2 to 3.8 wt.% at 5 wt.% nominal TiB:, consistent with an
increasing probability of intersecting TiBz-rich near-surface regions. Because EDS samples
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a restricted interaction volume, these values are used for local phase verification and not
as exact bulk composition or dispersion uniformity measurements.

Boron quantification by conventional EDS is intrinsically sensitive to low-energy X-
ray generation, absorption, detector efficiency and the polymer-rich interaction volume
[48]. Consequently, the Ti/B values are interpreted together with XRD phase evidence and
SEM contrast. This combined analysis provides stronger support for TiBz incorporation
than any single-point spectrum ratio considered in isolation.

Minor elemental signals other than carbon, oxygen and titanium may originate from
local surface residues, polishing-related contamination, environmental exposure, sample
preparation or localized heterogeneity within the analyzed region. Since the EDS meas-
urements were obtained from representative surface areas, these values should be inter-
preted as local semi-quantitative indicators rather than exact bulk compositions. This dis-
tinction is important because the nominal TiB2 contents were determined by powder
weighing, whereas EDS reflects the composition of a limited interaction volume at the
analyzed surface.

Opverall, the pre-wear SEM/EDS results show a transition from a polymer-dominated
control surface to reinforced surfaces containing progressively more frequent TiBz-associ-
ated domains. This local surface exposure supplies a microstructural basis for increased
indentation resistance and reduced matrix-dominated removal. The modest measurement
scatter is consistent with the localized nature of indentation and sliding contact across
matrix-rich, particle-rich and interfacial regions.

Table 6. Semi-quantitative EDS elemental composition of representative pre-wear surface regions.

Group C (wt.%) O (wt.%) Ti (wt.%) B (wt.%) N (wt.%) Ca(wt.%) S (wt.%) Other Trace Elements
PMMA 64.0 31.2 — — — 2.5 1.7 Na/K traces
PMMA-1TiB:  67.7 27.7 0.3 0.9 0.1 1.8 1.5 Na/K/Br traces
PMMA-3TiB:  63.7 27.9 1.5 1.9 1.8 1.8 14 Al/Na/K/Cl traces
PMMA-5TiB:  60.3 28.9 3.8 3.9 1.7 0.5 0.9 Na/CI/K traces

Table 7. SEM-based morphology interpretation before wear.
Group SEM Observation Interpretation for Surface Response
. . L. Lowest load-bearing contribution; highest
PMMA Polymer-rich surface with polishing-related marks e . .
susceptibility to matrix deformation
PMMA-1TiBs Discrete partlcle—reléted fea.1tu1Tes with retained ma- Initial ceramic remfor(.:ement and mild hard-
trix continuity ening
PMMA-3TiBs More frequent particle-rich regions and local surface Stronger probability of Cont.act with reinforce-
contrast ment domains

PMMA-5TiBs Most heterogeneous surface with localized particle Highest reinforcement effect in tested range;

clusters dispersion control remains important

3.4. Vickers Microhardness

Figure 9 presents the Vickers microhardness values of the PMMA and PMMA/TiB2
composite groups, whereas Figure 10 illustrates the composition-dependent hardness re-
sponse as a function of TiBz2 content. Vickers microhardness testing was performed to
quantify the resistance of the polished specimen surfaces to localized indentation. This
parameter is particularly important for denture base materials because intraoral service
involves repeated mechanical contact, insertion—-removal cycles, cleaning-related abrasion,
micro-scratching, localized sliding and surface deformation. Therefore, an increase in sur-
face hardness can be considered an important indicator of improved resistance to inden-
tation, superficial damage initiation and contact-induced polymer deformation.
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A clear and progressive increase in microhardness was observed with increasing TiB:
content. The unreinforced PMMA group exhibited the lowest hardness value, with a mean
of 20.0 + 0.7 HV0.03. The incorporation of 1 wt.% TiB2 increased the hardness to 23.0 + 0.75
HV0.03, corresponding to a 15.0% improvement relative to the control PMMA. A further
increase in TiB2 content to 3 wt.% resulted in a mean hardness of 27.8 + 0.90 HV0.03, rep-
resenting a 39.0% increase. The highest hardness was obtained for the PMMA-5TiB: group,
reaching 35.0 + 1.39 HV0.03, which corresponds to a 75.0% improvement compared with
unreinforced PMMA. This monotonic increase demonstrates that TiB2 acted as an effective
hard ceramic reinforcement phase within the heat-polymerized PMMA matrix.

The observed hardening behavior can be explained by the combined effects of load
sharing, restricted polymer chain mobility and increased resistance to localized plastic or
viscoelastic deformation. During Vickers indentation, the indenter generates a concen-
trated stress field beneath and around the indentation zone. In unreinforced PMMA, this
stress field is mainly accommodated by local matrix deformation, chain segment mobility,
viscoelastic flow and limited plastic displacement of the polymer phase. Consequently,
the softer PMMA surface allows deeper indenter penetration and produces a lower hard-
ness response. In contrast, when TiBz particles are present within or near the indentation-
affected volume, these hard ceramic domains can partially support the applied load, ob-
struct local matrix flow and increase the effective resistance of the surface against indenter
penetration.

This mechanism is consistent with the intrinsic characteristics of TiB2. Titanium di-
boride is a hard, stiff and thermally stable ceramic phase with strong Ti-B bonding and a
hexagonal AlBx-type structure. When dispersed within a comparatively softer polymeric
matrix, TiB2 particles may function as rigid load-bearing microdomains that increase the
local stiffness of the composite surface. Therefore, the increase in hardness is not expected
to arise from chemical transformation of PMMA, as confirmed by ATR-FTIR, or from crys-
tallization of the polymer matrix, as indicated by XRD. Instead, the hardness improve-
ment is mainly associated with the physical reinforcement effect of TiB2 particles and their
ability to constrain deformation within the polymer-rich surface layer [4-18,26-34].

The hardness response was composition dependent but not strictly linear. The in-
crease from PMMA to PMMA-1TiB: was moderate, indicating that a low TiB2 content in-
troduced only a limited number of reinforcement sites within the indentation volume. At
3 wt.% TiB, the probability that the indentation zone interacted with TiBz-containing re-
gions increased, leading to a more pronounced hardness improvement. The strongest in-
crease was observed between 3 and 5 wt.% TiBz, suggesting that the surface contained a
sufficiently dense population of ceramic domains to produce more effective load transfer
and stronger restriction of matrix deformation. This interpretation is in agreement with
the SEM/EDS observations, which showed that particle-associated surface features and
TiBz-related elemental signatures became more evident with increasing reinforcement
content.

The coefficients of variation remained low across all groups (3.22-3.96%), although
the PMMA-5TiB2 group showed the largest absolute standard deviation. This pattern is
consistent with localized sampling of matrix-rich, particle-rich and interfacial regions by
the Vickers indenter. Despite this microstructural variability, the group means remained
clearly separated and Tukey HSD comparisons confirmed a systematic composition effect.
Therefore, the hardening response is attributed to effective mechanical constraint and load
sharing within the indentation-affected volume rather than to the intrinsic hardness of
isolated TiB2 particles alone.

From a materials design perspective, the PMMA-5TiB2 formulation showed the most
favorable hardness response among the investigated compositions. The 75.0% increase in
Vickers microhardness indicates a substantial improvement in surface resistance to local-
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ized indentation. This is important because a harder denture base surface may better resist
superficial scratching, deformation and contact-induced damage during service. However,
the hardness result should not be interpreted in isolation. Although hardness is closely
related to resistance against penetration and micro-ploughing, the tribological response
of polymer composites is also governed by particle dispersion, filler retention, interfacial
bonding, debris formation, contact temperature, transfer-layer behavior and frictional sta-
bility. Therefore, the hardness data must be interpreted together with the cumulative
mass-loss, final wear-loss, COF and SEM/EDS findings.

Overall, the Vickers microhardness results demonstrate that TiB2 reinforcement sig-
nificantly improved the indentation resistance of heat-polymerized PMMA within the in-
vestigated 0-5 wt.% composition range. The progressive increase in hardness supports a
hard-particle load-bearing mechanism in which TiB2 particles restrict local polymer de-
formation and enhance surface-bearing capacity. This improved hardness provides an im-
portant mechanical basis for the reduced mass loss and more stable frictional response
observed in the subsequent dry-sliding wear analysis. Descriptive statistics and individ-
ual Vickers microhardness measurements are reported in Tables 8 and 9, respectively.

Table 8. Descriptive statistics for Vickers microhardness.

Group n  Mean (HV0.03) SD Median Min Max CV (%) 95% CI
PMMA 10 20.00 0.70 20.00 18.9 21.1 3.50 19.50-20.50
PMMA-1TiB. 10 23.00 0.75 22.90 21.9 24.2 3.26 22.46-23.54
PMMA-3TiB. 10 27.80 0.90 27.70 26.4 29.1 3.22 27.16-28.44
PMMA-5TiB. 10 35.00 1.39 35.05 324 37.0 3.96 34.01-35.99
Table 9. Raw Vickers microhardness values (HV0.03).
Measurement PMMA PMMA-1TiB: PMMA-3TiB: PMMA-5TiB:
1 19.2 22.1 26.4 324
2 20.5 234 27.6 34.1
3 21.1 24.2 28.8 36.2
4 19.7 22.7 27.2 34.7
5 20.3 23.8 28.4 35.5
6 18.9 21.9 26.9 33.6
7 20.8 23.1 29.1 37.0
8 19.5 22.5 27.8 35.2
9 20.1 23.6 28.6 36.4
10 19.9 22.7 27.2 34.9

3.5. Dry-Sliding Wear, Cumulative Mass Loss, and Coefficient of Friction

The tribological performance of the PMMA and PMMA/TiB2 composites was evalu-
ated by considering cumulative mass-loss evolution, final mass loss, wear-reduction effi-
ciency, coefficient-of-friction behavior, friction regime development, post-wear SEM mor-
phology and mechanism-based interpretation. This multi-parameter approach was neces-
sary because the wear behavior of polymer-based composites cannot be fully explained
by a single endpoint value. In particulate polymer composites, the final wear loss repre-
sents only the total accumulated damage after a defined sliding distance, whereas the
shape of the cumulative mass-loss curve, the evolution of COF, the stability of the sliding
interface and the morphology of the worn track provide more detailed information about
the progression of surface degradation. Therefore, cumulative mass loss, COF and post-
wear SEM observations were interpreted together to determine whether TiB: reinforce-

https://doi.org/10.3390/cryst16080494



Crystals 2026, 16, 494

25 of 46

ment only reduced the final amount of removed material or also altered the kinetics, mor-
phology and stability of the wear process.

In polymer tribology, wear is governed by a complex interaction among surface hard-
ness, matrix deformation, filler loading, filler distribution, interfacial retention, transfer-
layer formation, debris generation, real contact area, counterface penetration and fric-
tional heating [19-25]. A decrease in final mass loss may indicate improved resistance to
material removal, but it does not necessarily prove stable sliding behavior. For example,
a reinforced polymer may show lower total wear but still exhibit strong friction fluctua-
tions if the interface is dominated by intermittent particle pull-out, debris entrapment or
unstable adhesive junctions. Conversely, simultaneous reductions in cumulative mass
loss, final mass loss, average COF and steady-state COF variability indicate a more stable
and mechanically supported sliding interface. For this reason, the present tribological
analysis was organized around both damage accumulation and frictional response.

All wear tests were performed under identical conditions, including the same 316L
stainless steel counterface, normal load, sliding speed, total sliding distance, specimen ge-
ometry and surface-finishing procedure. This experimental standardization is important
because polymer wear is highly sensitive to contact pressure, counterface material, sliding
velocity, surface roughness, temperature rise and preparation-induced surface defects.
Since these variables were kept constant for all groups, the observed differences in cumu-
lative mass loss, final mass loss and COF can be attributed mainly to the effect of TiB:
reinforcement content. Thus, the tribological comparison reflects the transition from a ma-
trix-dominated PMMA surface toward a ceramic-reinforced PMMA/TiB2 surface with im-
proved load-bearing capability.

The dry-sliding configuration should be understood as a conservative contact me-
chanics reference for comparing formulations under identical load, speed and counterface
conditions. Salivary proteins, aqueous lubrication, pH fluctuations, food particles and
denture-cleaning abrasives can alter transfer-layer formation and third-body dynamics;
therefore, the present ranking identifies the intrinsic reinforcement contribution and pro-
vides a defined baseline for subsequent saliva-mediated and cleaning-abrasion validation.

The central question in this section is whether TiB: acts only as a passive filler that
lowers final mass loss or whether it actively modifies the wear mechanism throughout the
sliding process. If the reinforcement effect were limited to a short initial period, the cumu-
lative wear curves would be expected to separate at the beginning but approach each
other at longer distances. In contrast, if TiB2 continuously contributes to surface support,
the slope of the cumulative mass-loss curve should remain lower throughout the sliding
interval. Therefore, both the magnitude and the slope of the cumulative mass-loss curves
were analyzed to determine whether TiB: reduced wear accumulation persistently during
the 1000 m test.

The obtained results show that TiB: reinforcement improved the tribological behav-
ior of heat-polymerized PMMA in a composition-dependent manner. Increasing TiBz con-
tent reduced cumulative mass loss at each measured sliding distance and decreased the
final mass loss after 1000 m. This behavior indicates that the ceramic phase enhanced the
resistance of the composite surface against progressive material removal. The improve-
ment can be associated with the high hardness and stiffness of TiB2 particles, which can
partially support the applied load, restrict polymer deformation, reduce direct penetra-
tion of the metallic counterface into the PMMA-rich matrix and suppress micro-plough-
ing. These effects are consistent with the general behavior of hard-particle-reinforced pol-
ymer composites, in which rigid inclusions improve wear resistance by increasing sur-
face-bearing capacity and limiting matrix removal [19-25].

The COF response is equally important for interpreting the wear mechanism. In un-
reinforced PMMA, the relatively soft polymer surface is more susceptible to adhesive con-

https://doi.org/10.3390/cryst16080494



Crystals 2026, 16, 494

26 of 46

tact, shear deformation, local smearing and debris detachment. These processes can in-
crease friction and contribute to unstable sliding. TiB2-containing composites, on the other
hand, provide harder local contact points that reduce the amount of deformable polymer
participating directly in sliding. As a result, the frictional response becomes lower and
more stable. Therefore, the tribological behavior of PMMA/TiB2 composites should be un-
derstood as the combined result of improved hardness, enhanced load sharing, reduced
matrix deformation and more stable contact evolution.

3.5.1. Cumulative Mass-Loss Evolution

Figure 11 presents the cumulative mass-loss curves of the PMMA and PMMA/TiB2
groups as a function of sliding distance. All groups exhibited a progressive increase in
mass loss with increasing sliding distance, confirming that dry-sliding contact produced
measurable surface degradation under the applied test conditions. However, the rate of
mass-loss accumulation differed clearly among the groups. The unreinforced PMMA
group showed the steepest cumulative mass-loss curve, whereas the PMMA-5TiB2 group
exhibited the lowest mass loss throughout the entire sliding interval. This indicates that
TiB2 addition reduced not only the endpoint wear loss but also the rate at which material
was removed during sliding.

The early-stage wear response already showed a clear separation among the groups.
At 100 m, PMMA exhibited a cumulative mass loss of 2.4 mg, whereas PMMA-1TiB,
PMMA-3TiB: and PMMA-5TiB: showed lower values of 2.1 mg, 1.7 mg and 1.3 mg, re-
spectively. This early separation suggests that TiBz particles began to influence the contact
response from the initial stage of sliding. During the first part of the test, the counterface
establishes contact with the specimen surface, and the polymer matrix may undergo local
smoothing, deformation, adhesive interaction and debris formation. The lower mass loss
of the reinforced groups indicates that TiB2 reduced the severity of this initial surface ad-
aptation process by increasing the resistance of the surface against indentation and shear-
ing.

As sliding continued, the differences among the groups became more pronounced.
At intermediate distances, the cumulative mass-loss curves retained the same ranking:
PMMA showed the highest mass loss, followed by PMMA-1TiB2, PMMA-3TiB: and
PMMA-5TiB:. This consistent order indicates a stable composition-dependent reinforce-
ment effect rather than a random or localized improvement. In particular, the PMMA-
3TiB2 and PMMA-5TiB:2 groups showed a much lower rate of mass accumulation com-
pared with unreinforced PMMA, demonstrating that higher TiBz contents provided more
effective protection against progressive surface removal.

After 1000 m of dry sliding, the cumulative mass loss reached 32.4 mg for unrein-
forced PMMA. The value decreased to 26.4 mg for PMMA-1TiBz, 19.8 mg for PMMA-3TiB:
and 14.9 mg for PMMA-5TiB:. These results correspond to a clear reduction in wear accu-
mulation with increasing TiBz content. The PMMA-5TiB: group showed the most favora-
ble response, with less than half of the cumulative mass loss observed for the control
group. This indicates that 5 wt.% TiB2 provided the most effective reinforcement level
within the investigated composition range.

The slope of the cumulative mass-loss curve provides important mechanistic infor-
mation. A steeper slope indicates faster material removal per unit sliding distance,
whereas a lower slope indicates improved resistance to continued wear. The PMMA curve
showed the highest slope, which suggests that the neat polymer surface was continuously
removed under sliding contact. In contrast, TiBz2-containing groups exhibited progres-
sively lower slopes. This behavior demonstrates that TiB2 did not simply delay the onset
of wear; rather, it reduced the wear rate throughout the test. Such a persistent reduction
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in slope is more meaningful than a simple endpoint difference because it shows that the
reinforcement remained effective during prolonged sliding.

The reduction in cumulative mass-loss rate can be explained by a hard-particle load-
bearing mechanism. In unreinforced PMMA, the metallic counterface can more easily
penetrate and deform the softer polymer surface. This promotes micro-ploughing, adhe-
sive junction formation, matrix smearing and debris detachment. Once debris is generated,
it can further contribute to third-body abrasion and accelerate material removal. In TiB2-
reinforced composites, the hard ceramic particles increase the local resistance of the sur-
face to penetration and shear. These particles can share part of the applied normal load,
reduce the effective stress imposed on the surrounding PMMA matrix and restrict the
depth of ploughing. Consequently, less polymer material is removed per unit sliding dis-
tance.

The cumulative mass-loss behavior also agrees with the Vickers microhardness re-
sults. The hardness increased from 20.0 HV0.03 in PMMA to 35.0 HV0.03 in PMMA-5TiB,
while the cumulative mass loss decreased from 32.4 mg to 14.9 mg over the same compo-
sition range. This inverse relationship between hardness and wear loss supports the inter-
pretation that improved indentation resistance contributed directly to reduced sliding-
induced material removal. However, hardness alone cannot fully define polymer-compo-
site wear. The actual wear response also depends on filler dispersion, interfacial retention,
particle exposure, debris stability and contact evolution. Therefore, the cumulative wear
data should be considered together with SEM/EDS and COF results.

The SEM/EDS observations provide a microstructural explanation for the mass-loss
trends. The control PMMA surface was mainly polymer rich, whereas the reinforced
groups exhibited increasingly visible TiBz-associated surface features. As TiB2 content in-
creased, the probability of the sliding counterface interacting with hard ceramic domains
also increased. This explains why PMMA-5TiB: showed the lowest cumulative mass loss.
Nevertheless, the presence of localized heterogeneity in the high-filler group suggests that
further increases in TiB2 content may not necessarily produce unlimited wear improve-
ment. Excessive filler loading could increase agglomeration, particle pull-out or third-
body abrasion if dispersion and interfacial retention are not properly controlled.

The shape of the curves further indicates that the TiB: reinforcement effect was main-
tained during both early and later sliding stages. If TiB: particles had been rapidly re-
moved from the surface or acted only during the running-in stage, the reinforced curves
would likely have approached the PMMA curve at longer sliding distances. Instead, the
reinforced groups remained consistently below the control group up to 1000 m. This con-
firms that TiB2 provided a sustained improvement in wear resistance over the full test
distance. Therefore, the cumulative mass-loss results demonstrate a persistent reinforce-
ment-driven reduction in wear accumulation rather than a temporary initial-stage effect.

Overall, the cumulative mass-loss analysis shows that TiB2 incorporation substan-
tially improved the dry-sliding wear resistance of heat-polymerized PMMA. The im-
provement was composition dependent, with PMMA-5TiB: displaying the lowest mass-
loss accumulation and the most effective wear suppression. These findings support a
mechanism in which TiB2 particles act as hard ceramic load-bearing domains that reduce
matrix deformation, limit counterface penetration, decrease micro-ploughing and sup-
press progressive polymer removal during sliding. This mechanism provides the basis for
the subsequent interpretation of final mass loss, wear-reduction efficiency and coefficient-
of-friction behavior. The distance-dependent cumulative mass-loss values are provided in
Table 10.
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Figure 11. Cumulative mass loss as a function of sliding distance for PMMA and PMMA/TiB2 com-
posites. TiB2 reduces the rate of wear accumulation throughout the sliding interval.

Table 10. Cumulative mass loss as a function of sliding distance.

Sliding Distance (m) PMMA (mg) PMMA-1TiB: (mg) = PMMA-3TiB2(mg) = PMMA-5TiB: (mg)
100 24 2.1 1.7 1.3
200 5.1 44 3.5 2.7
300 8.0 6.8 5.4 4.1
400 11.1 9.3 7.3 5.5
500 14.3 11.9 9.2 7.0
600 17.6 14.6 11.2 8.5
700 21.1 17.4 13.3 10.0
800 24.7 20.3 15.4 11.6
900 28.5 23.3 17.6 13.2
1000 32.4 26.4 19.8 14.9

3.5.2. Final Mass Loss and Wear-Reduction Efficiency

Figure 12 compares the final mass loss of the PMMA and PMMA/TiB: composite
groups after 1000 m of dry-sliding wear. While cumulative mass-loss curves provide in-
formation about the progressive development of wear damage, final mass loss represents
the total amount of material removed at the end of the test. Therefore, this parameter is
useful for comparing the overall wear resistance of the different compositions under iden-
tical contact conditions. In the present study, the final mass-loss results confirmed a clear
and systematic reduction in material removal with increasing TiB2 content. The unrein-
forced PMMA group exhibited the highest total mass loss, whereas the PMMA-5TiB:
group showed the lowest value among all tested formulations.

The final mass loss decreased from 32.4 + 0.5 mg for unreinforced PMMA to 26.4 +
0.4 mg for PMMA-1TiB, 19.8 + 0.4 mg for PMMA-3TiB2 and 14.9 + 0.4 mg for PMMA-
5TiB2. These values correspond to wear-loss reductions of 18.5%, 38.9% and 54.0%, respec-
tively, compared with the PMMA control. The reduction was monotonic across the inves-
tigated composition range, indicating that TiBz addition progressively improved the re-
sistance of the PMMA matrix against sliding-induced material removal. In particular, the
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5 wt.% TiB2 formulation reduced the final mass loss by more than half relative to unrein-
forced PMMA, demonstrating the effectiveness of TiB2 as a hard ceramic reinforcement
phase under the selected dry-sliding conditions.

The systematic reduction in final mass loss is consistent with the cumulative wear
behavior discussed in Section 3.5.1. The groups that exhibited lower cumulative mass-loss
slopes also showed lower endpoint mass loss after 1000 m. This agreement confirms that
the final wear reduction did not arise from an isolated late-stage effect or random meas-
urement variation. Instead, the endpoint results reflect a sustained reduction in wear ac-
cumulation throughout the sliding distance. Therefore, the final mass-loss response pro-
vides strong evidence that TiB2 reinforcement modified the wear process in a persistent
and composition-dependent manner.

From a mechanistic standpoint, the lower final mass loss of the TiBz-reinforced
groups can be attributed primarily to hard-particle load sharing and restricted polymer
deformation. In the unreinforced PMMA group, the stainless steel counterface interacted
mainly with a comparatively soft polymer-rich surface. Under normal load and sliding
motion, this surface was more susceptible to localized penetration, micro-ploughing, ad-
hesive junction formation, smearing, and debris detachment. These mechanisms pro-
moted continuous removal of PMMA from the contact zone and resulted in the highest
final mass loss. In contrast, TiB2 particles introduced hard ceramic domains into the sur-
face region, allowing part of the applied load to be supported by reinforcement sites rather
than by the polymer matrix alone.

The presence of TiB2 can reduce the effective deformation imposed on the PMMA
phase. When hard particles are sufficiently retained within the matrix, they limit the depth
of counterface penetration and reduce the extent of polymer flow beneath the sliding con-
tact. This decreases the probability of severe ploughing and adhesive tearing. As a result,
less polymer material is detached from the surface during each sliding interval. This
mechanism is consistent with the Vickers microhardness results, where TiB2 addition in-
creased surface hardness from 20.0 HV0.03 for PMMA to 35.0 HV0.03 for PMMA-5TiB2.
The combined increase in hardness and decrease in final mass loss indicates that improved
indentation resistance contributed directly to enhanced dry-sliding wear resistance.

The improvement in final mass loss also agrees with the general behavior of ceramic-
filled PMMA and other hard-particle-reinforced polymer composites. In such systems,
hard ceramic particles can improve tribological performance by increasing surface-bear-
ing capacity, reducing matrix deformation, decreasing direct polymer—counterface con-
tact and limiting material removal [13-25,30-36]. However, the effectiveness of this mech-
anism depends strongly on particle dispersion, filler retention, local agglomeration, inter-
facial contact and particle exposure at the sliding surface. Therefore, the decrease in final
mass loss should be interpreted not only as a consequence of TiB2 hardness but also as the
result of a favorable balance between reinforcement content and matrix continuity.

The wear-reduction efficiency was not perfectly proportional to TiBz loading. The re-
duction increased from 18.5% at 1 wt.% TiB2 to 38.9% at 3 wt.% TiB2 and 54.0% at 5 wt.%
TiBz. This trend suggests that the reinforcement effect became more pronounced as the
probability of counterface interaction with TiB2-containing domains increased. At 1 wt.%
TiBz, the number of hard ceramic domains exposed or located near the sliding surface was
relatively limited; therefore, the improvement was measurable but moderate. At 3 wt.%
TiBz, a higher density of reinforcement sites produced a stronger reduction in material
removal. At 5 wt.% TiB, the surface apparently contained a sufficiently dense population
of hard particles to provide the most effective load-bearing and matrix-protection effect
within the investigated range.

Nevertheless, the interpretation of the 5 wt.% TiB2 group requires some caution. Alt-
hough PMMA-5TiB: exhibited the lowest final mass loss and the highest wear-reduction
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Total mass loss after 1000 m (mg)

efficiency, SEM observations indicated increased local surface heterogeneity and particle-
rich regions at this composition. In the present study, this heterogeneity did not prevent
improvement; rather, the reinforcing effect remained dominant. However, if TiB2 content
were increased further, excessive particle clustering could potentially reduce tribological
performance by generating weakly bonded agglomerates, local stress concentrations, par-
ticle pull-out or third-body abrasion. Therefore, 5 wt.% TiB2 can be considered the best-
performing composition among the tested groups, but it should not be assumed that
higher TiB2 contents would necessarily lead to further improvement without additional
dispersion control.

The final mass-loss results also provide important support for the proposed struc-
ture—property relationship. XRD confirmed the presence of crystalline TiB: features in the
reinforced groups, ATR-FTIR demonstrated preservation of the PMMA chemical struc-
ture and SEM/EDS verified the presence of TiBz-related surface domains. Therefore, the
reduction in final mass loss can be attributed mainly to the physical reinforcement effect
of TiBz rather than to chemical modification of PMMA. This distinction is important be-
cause the composite improvement arises from the introduction of hard load-bearing ce-
ramic domains while maintaining the fundamental polymeric matrix structure.

Overall, the final mass-loss and wear-reduction efficiency results demonstrate that
TiB2 reinforcement substantially improves the dry-sliding wear resistance of heat-pol-
ymerized PMMA. The endpoint wear decreased systematically with increasing TiB2 con-
tent, and the PMMA-5TiB: group showed the most effective response, with a 54.0% reduc-
tion compared with unreinforced PMMA. These findings confirm that TiBz particles re-
duce sliding-induced material removal by increasing surface-bearing capacity, limiting
polymer deformation and suppressing matrix-dominated wear mechanisms. Therefore,
the final mass-loss results complement the cumulative mass-loss data and provide a quan-
titative basis for identifying PMMA-5TiB2 as the most wear-resistant formulation within
the investigated 0-5 wt.% TiB2 range. The endpoint mass-loss statistics and individual
measurements are reported in Tables 11 and 12, respectively.
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Figure 12. Final mass loss after 1000 m dry sliding. TiB2 reinforcement reduces total material re-

moval in a content-dependent manner.
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Table 11. Final mass loss, wear-reduction efficiency and apparent wear slope after 1000 m.

Group

Mean Mass Loss (g) Mean Mass Loss (mg)

SD (mg)

Reduction vs.

Approx. Wear

PMMA (%) Slope (mg/m)
PMMA 0.0324 324 0.5 Reference 0.0324
PMMA-1TiB2 0.0264 26.4 0.4 18.5 0.0264
PMMA-3TiB2 0.0198 19.8 0.4 38.9 0.0198
PMMA-5TiB2 0.0149 14.9 0.4 54.0 0.0149
Table 12. Raw total mass-loss measurements after 1000 m dry sliding.
Measurement PMMA (g) PMMA-1TiB2 (g) PMMA-3TiB2 (g) PMMA-5TiB2 (g)
1 0.0316 0.0258 0.0192 0.0144
2 0.0321 0.0262 0.0197 0.0148
3 0.0330 0.0269 0.0203 0.0153
4 0.0327 0.0265 0.0200 0.0151
5 0.0319 0.0260 0.0195 0.0146
6 0.0324 0.0264 0.0198 0.0149
7 0.0332 0.0270 0.0204 0.0154
8 0.0318 0.0259 0.0194 0.0145
9 0.0326 0.0266 0.0201 0.0152
10 0.0327 0.0267 0.0196 0.0148

3.5.3. Coefficient of Friction and Friction Regime Development

Figure 13 presents the distance-dependent coefficient-of-friction curves of the PMMA
and PMMA/TiBz composite groups, while Figure 14 summarizes the overall COF, steady-
state COF and steady-state coefficient of variation. The COF response provides important
complementary information to the cumulative and final mass-loss results because friction
reflects the dynamic interaction between the specimen surface, counterface, debris layer
and evolving contact interface. Therefore, COF analysis was used not only to compare
friction magnitude but also to evaluate whether TiB2 reinforcement improved the stability
of the sliding regime.

The COF results followed the same beneficial trend observed in the wear-loss data.
The unreinforced PMMA group exhibited the highest friction response throughout the
test, whereas the PMMA-5TiB: group consistently showed the lowest COF values at all
measured sliding distances. This indicates that TiBz reinforcement did not merely reduce
the amount of material removed from the surface; it also altered the frictional behavior of
the sliding interface. Such simultaneous reduction in wear loss and COF is an important
outcome because it suggests that the reinforced composites developed a more mechani-
cally stable and less deformable contact surface during dry sliding.

The overall mean COF decreased from 0.58 for unreinforced PMMA to 0.49, 0.41 and
0.35 for PMMA-1TiB2, PMMA-3TiB2 and PMMA-5TiB, respectively. A similar reduction
was observed in the steady-state regime, where the COF decreased from 0.61 for PMMA
to 0.50, 0.43 and 0.36 for the corresponding TiBz-reinforced groups. These results demon-
strate that TiB2 addition reduced both the average frictional resistance during the whole
test and the stabilized friction level after the interface reached a more mature sliding con-
dition. The reduction was composition dependent, with the lowest friction response ob-
tained for the 5 wt.% TiB2 formulation.

The high COF of unreinforced PMMA can be attributed to its comparatively soft and
deformable polymeric surface. Under dry-sliding contact, the metallic counterface can
penetrate the PMMA surface more easily, increasing the real contact area and promoting
local shear deformation. This may lead to adhesive junction formation, polymer smearing,
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micro-ploughing and repeated detachment of softened or deformed matrix material.
These processes increase frictional resistance and contribute to the generation of loose de-
bris. Once debris is formed, it may become trapped within the contact interface and fur-
ther increase frictional instability through intermittent third-body interactions.
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Figure 13. Coefficient of friction as a function of sliding distance for PMMA and PMMA/TiB2 com-
posites. TiB2 reinforcement lowers COF throughout the sliding interval.
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Figure 14. Overall and steady-state coefficient of friction together with steady-state frictional stabil-

ity. Lower CV indicates a more stable sliding interface.

The lower COF of PMMA/TiB2 composites is explained by a coupled contact-mechan-
ics mechanism rather than by solid lubrication. Hard TiB2 domains reduce the depth of
counterface penetration and the fraction of highly deformable PMMA within the real con-
tact area. This lowers the ploughing component of friction, restricts viscoelastic hysteresis,
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and decreases the growth and rupture of adhesive junctions. Reduced matrix removal also
limits the supply of loose polymeric debris, while compacted fine debris may contribute
to a more stable transfer layer. These effects collectively account for the decrease in both
mean COF and steady-state variability as TiBz content increases.

The friction regime behavior provides further mechanistic insight. In a dry-sliding
polymer system, the COF curve usually includes an initial contact establishment stage, a
transition stage and a relatively stabilized steady-state stage. During contact establish-
ment, asperities are progressively flattened, surface irregularities are modified, and the
counterface adapts to the specimen surface. In the transition stage, debris generation, sur-
face renewal, particle exposure and local material transfer may occur. In the steady-state
stage, the interface reaches a more stable balance among deformation, debris formation,
removal and possible transfer-layer development. Therefore, evaluating COF regime de-
velopment is important for understanding whether reinforcement stabilizes or destabi-
lizes the contact interface.

The PMMA control group reached a contact-established condition relatively quickly,
but it maintained the highest steady-state COF and the highest frictional variability. This
behavior suggests that the neat polymer surface entered a sliding regime dominated by
matrix deformation, adhesive interaction and intermittent debris activity. Although the
surface adapted rapidly to the counterface, the resulting interface remained frictionally
unstable because the soft PMMA matrix continued to undergo localized deformation and
material removal during sliding.

The TiBz-reinforced groups required a longer distance to reach a stabilized frictional
condition, especially at higher filler content. This can be attributed to the heterogeneous
nature of the composite surface, which contains both polymer-rich regions and TiB2-con-
taining ceramic domains. During the early sliding stage, the counterface must adapt to
this more complex surface topography and mechanical contrast. However, once the inter-
face stabilizes, the reinforced groups exhibit lower and more stable COF values than un-
reinforced PMMA. This indicates that the initial adaptation of a heterogeneous reinforced
surface ultimately produces a more favorable sliding interface.

The steady-state coefficient of variation decreased from 19.8% for PMMA to 16.6%,
13.8% and 12.0% for PMMA-1TiB2, PMMA-3TiB2 and PMMA-5TiB, respectively. This re-
duction is particularly important because it demonstrates that TiB2 improved not only the
magnitude of friction but also the stability of the frictional response. A lower steady-state
CV indicates fewer severe fluctuations, less stick—slip-like behavior and a more stable con-
tact condition. Therefore, PMMA-5TiB2 showed the most stable sliding response among
the investigated groups.

High frictional variability in polymer contacts is often associated with intermittent
adhesive junction formation and rupture, irregular debris entrapment, unstable third-
body motion, repeated surface renewal and localized stick-slip events [20-23]. The reduc-
tion in COF variability with increasing TiB2 content suggests that the ceramic reinforce-
ment helped suppress these instability mechanisms. By increasing surface hardness and
reducing deformable polymer contact, TiB: likely decreased the frequency and severity of
adhesive junction growth and rupture. In addition, the reduced mass-loss rate implies
that fewer loose polymeric debris particles were generated, which may also have contrib-
uted to a more stable frictional response.

The COF findings are consistent with the cumulative and final mass-loss results. The
groups with lower friction levels also exhibited lower wear accumulation and lower final
mass loss. This agreement indicates that the reduction in COF was not an isolated fric-
tional effect but part of a broader reinforcement-controlled tribological improvement. As
TiB2 content increased, hardness increased, cumulative mass-loss slope decreased, final
mass loss decreased and frictional stability improved. These simultaneous trends support

https://doi.org/10.3390/cryst16080494



Crystals 2026, 16, 494

34 of 46

the transition from a matrix-dominated adhesive-abrasive wear regime toward a rein-
forcement-stabilized sliding regime.

Overall, the COF and friction regime results demonstrate that TiB2 reinforcement im-
proved the dry-sliding performance of heat-polymerized PMMA by reducing both fric-
tion magnitude and frictional variability. The PMMA-5TiB2 group exhibited the most fa-
vorable response, with the lowest overall COF, lowest steady-state COF and lowest
steady-state CV. These results confirm that TiB2 particles enhanced the sliding-interface
stability by increasing surface load-bearing capacity, limiting polymer deformation, re-
ducing adhesive interaction and suppressing unstable debris-related friction events.
Therefore, the COF results provide strong tribological support for the proposed hard-par-
ticle reinforcement mechanism. The distance-dependent COF values and friction-regime
stability parameters are reported in Tables 13 and 14, respectively.

Table 13. Distance-dependent coefficient-of-friction values.

Distance (m) PMMA u PMMA-1TiB2 u PMMA-3TiB2 u PMMA-5TiB2 u
100 0.50 0.44 0.37 0.31
200 0.54 0.46 0.39 0.33
300 0.56 047 0.40 0.34
400 0.57 0.48 0.41 0.34
500 0.58 0.49 0.41 0.35
600 0.59 0.49 0.42 0.35
700 0.60 0.50 0.42 0.35
800 0.61 0.50 0.43 0.36
900 0.61 0.51 0.43 0.36
1000 0.62 0.52 0.44 0.37
Table 14. Friction regime parameters and steady-state stability indicators.
Group Overall Mean pu  Steady-State p Contact Establishment End Transition End Steady-State CV (%)
PMMA 0.58 0.61 45 m 70 m 19.8
PMMA-1TiB2 0.49 0.50 70 m 110 m 16.6
PMMA-3TiB2 0.41 0.43 55 m 95 m 13.8
PMMA-5TiB2 0.35 0.36 90 m 140 m 12.0

3.5.4. Post-Wear SEM Analysis

Figure 15 presents representative post-wear SEM morphologies of the PMMA and
PMMA/TiB2 composite groups after the pin-on-disc dry-sliding test. This analysis was in-
cluded to connect the quantitative wear and COF responses with the actual morphology
of the worn surfaces. While cumulative mass loss and final mass loss quantify the amount
of material removed, post-wear SEM provides direct evidence of the damage mechanisms
responsible for material removal, including abrasive grooving, adhesive smearing, matrix
detachment, cracking, debris accumulation and particle-related surface heterogeneity.
Therefore, the post-wear SEM observations are essential for validating whether TiB2 rein-
forcement changed the dominant wear mechanism rather than only lowering the endpoint
mass-loss value.

The unreinforced PMMA group exhibited the most severe wear morphology. At low
magnification, the worn region was broad and irregular, with a measured wear-track
width of approximately 481.4 um in the representative image. The surface showed exten-
sive material displacement, localized debris accumulation, severe edge damage and non-
uniform surface removal. These features are consistent with the high cumulative mass loss
and high final mass loss measured for the PMMA control. At higher magnification, the
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worn PMMA surface displayed crack-like defects, local tearing, micro-pits, detached frag-
ments and smeared regions. Such morphology indicates that the neat PMMA matrix ex-
perienced deformation-assisted adhesive-abrasive wear under the stainless steel counter-
face. The comparatively soft polymer surface was more easily penetrated and sheared
during sliding, leading to micro-ploughing, matrix flow and unstable debris detachment.

The PMMA-1TiB: group showed a visibly narrower and more organized wear track
than unreinforced PMMA, with a representative track width of approximately 225.6 um.
Although directional grooves and abrasive traces were still evident, the severity of track
broadening and large-scale material detachment decreased substantially. This indicates
that even 1 wt.% TiB2 was sufficient to introduce hard ceramic domains that partially re-
duced the depth and lateral propagation of the worn region. The higher-magnification
image showed a more continuous matrix surface with fewer severe tearing regions com-
pared with PMMA, although scattered particles, small pits and localized defects remained
visible. Therefore, the 1 wt.% TiB2 composition can be interpreted as a transitional surface
in which the PMMA matrix still dominated the wear response, but the reinforcement
phase began to reduce the severity of polymer removal.

The PMMA-3TiB2 group exhibited a further reduction in wear-track width, reaching
approximately 175.1 pm in the representative low-magnification SEM image. Compared
with PMMA and PMMA-1TiB, the track appeared more confined and the surface showed
finer, more parallel sliding grooves. The reduction in track width agrees with the lower
cumulative mass-loss slope and lower final mass loss observed for this group. At higher
magnification, the worn surface contained particle-associated contrast, localized debris
regions and micro-defects, but the overall damage morphology was less severe than in
the control PMMA. This suggests that the greater number of TiB2-containing domains im-
proved load sharing and reduced the extent of polymer-rich surface deformation. Never-
theless, the presence of local heterogeneity indicates that the wear response was still in-
fluenced by filler distribution, possible particle clustering and local matrix—particle inter-
actions.

The PMMA-5TiB2 group showed the narrowest and least severe wear track among
the evaluated formulations, with a representative width of approximately 101.8 um. The
low-magnification image revealed a more confined sliding path, reduced lateral damage
and comparatively shallow directional wear marks. This morphology is consistent with
the lowest cumulative mass loss, lowest final mass loss, lowest COF and highest micro-
hardness measured for PMMA-5TiBz. The higher-magnification SEM image still showed
localized defects, particle-associated regions, small crack-like marks and isolated detach-
ment sites; however, the overall surface degradation was less extensive than in the other
groups. The narrower track and reduced damage severity indicate that 5 wt.% TiBz pro-
vided the most effective surface-bearing support within the tested composition window.

Therefore, the post-wear SEM sequence confirms the same ranking obtained from the
quantitative tribological data. The wear-track width and damage severity decreased in the
order PMMA >PMMA-1TiBz > PMMA-3TiBz > PMMA-5TiBz. This morphological progres-
sion supports the interpretation that TiB2 reinforcement reduced the real contact defor-
mation of the PMMA matrix, limited counterface penetration and suppressed extensive
polymer removal during sliding. The decrease in track width also corresponds to the pro-
gressive reduction in final mass loss from 32.4 mg to 14.9 mg and the reduction in overall
COF from 0.58 to 0.35. Thus, the post-wear SEM results provide direct visual evidence
that the improved wear resistance was associated with a transition from broad matrix-
dominated damage toward a more localized and reinforcement-stabilized wear track.

The worn surfaces also contain isolated pits, detached regions and particle-associated
contrast, features that are compatible with localized particle release or matrix-supported
debris formation. Detached TiB2 could participate in third-body abrasion because of its

https://doi.org/10.3390/cryst16080494



Crystals 2026, 16, 494 36 of 46

high hardness; however, any such local process did not dominate the net response within
the tested range, as mass loss, COF and wear-track width all decreased monotonically up
to 5 wt.%. The balance between retained load-bearing particles and mobile abrasive debris
is therefore a key mechanistic variable for longer-duration and saliva-mediated testing.
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Figure 15. Post-wear SEM morphologies of PMMA and PMMA/TiB:2 composites after 1000 m dry-
sliding wear. The representative images show the progressive narrowing of the wear track and re-
duction in surface damage severity with increasing TiB2 content. The low-magnification images in-
dicate track-width reduction from the PMMA control to PMMA-5TiBz, while the high-magnification
images reveal differences in ploughing, cracking, debris retention and particle-related surface fea-

tures.

3.5.5. Tribological Mechanism Derived from Mass Loss, COF and Post-Wear SEM

The cumulative mass-loss, final mass-loss, coefficient-of-friction and post-wear SEM
results collectively indicate a consistent tribological mechanism for the PMMA/TiB2 com-
posites. The unreinforced PMMA group exhibited the highest cumulative mass-loss slope,
the highest final mass loss, the highest overall COF, the highest steady-state COF, the
greatest steady-state frictional variability and the broadest wear track. This combined re-
sponse shows that the neat PMMA surface was mainly governed by a matrix-dominated
adhesive-abrasive wear mechanism. Under dry-sliding contact, the comparatively soft
and deformable PMMA matrix was more easily penetrated by the 316L stainless steel
counterface. This promoted localized surface deformation, micro-ploughing, polymer
smearing, adhesive junction formation, debris detachment, wide-track formation and fric-
tional instability.

In the neat PMMA group, the sliding interface was controlled primarily by the me-
chanical response of the polymer phase. Because PMMA has limited resistance to local-
ized plastic and viscoelastic deformation, the applied normal load can increase the real
contact area between the polymer surface and the metallic counterface. A larger deform-
able contact area favors adhesive interaction and repeated shear deformation. During con-
tinued sliding, these processes may cause the removal of softened or plastically deformed
matrix fragments. The detached fragments can then act as loose debris within the contact
interface, contributing to third-body abrasion and additional COF fluctuations. Therefore,
the high mass loss and high friction variability of unreinforced PMMA are mechanically
coherent.

TiB:2 reinforcement progressively changed this wear response. The hard ceramic do-
mains introduced into the PMMA matrix increased the effective surface-bearing capacity
and reduced the extent of polymer-dominated deformation under contact. When TiB2 par-
ticles are present near the sliding surface, they can partially support the applied load and
restrict the penetration of the metallic counterface into the polymer-rich regions. This re-
duces the depth and severity of micro-ploughing, limits adhesive matrix removal and de-
creases the amount of loose polymeric debris generated during sliding. As a result, the
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cumulative mass-loss slope decreased systematically with increasing TiB2 content, and the
final mass loss was reduced from 32.4 mg for PMMA to 14.9 mg for PMMA-5TiB..

The COF results support the same mechanism from a contact-stability perspective.
The reduction in overall COF and steady-state COF indicates that TiB2 did not only reduce
the amount of material removed from the surface but also modified the interfacial sliding
condition. In TiB2-containing composites, the contact interface contained a greater number
of hard ceramic support points and a smaller contribution from highly deformable
PMMA-rich areas. This reduced deformable polymer contact, suppressed unstable adhe-
sive junction growth and limited repeated matrix smearing. Although TiB2 is not a lamel-
lar solid lubricant, its ability to increase load-bearing capacity and stabilize the contact
interface can reduce frictional resistance indirectly. Therefore, the lower COF values of
the reinforced groups are attributed mainly to mechanical contact stabilization rather than
to lubricating action.

The decrease in the steady-state coefficient of variation further confirms this inter-
pretation. The steady-state CV decreased from 19.8% for PMMA to 12.0% for PMMA-
5TiBe, indicating that the frictional response became progressively more stable with in-
creasing reinforcement content. High COF variability in polymer contacts is typically as-
sociated with intermittent adhesive junction formation and rupture, debris entrapment,
irregular third-body motion, stick—slip-like behavior and repeated surface renewal. The
reduced CV of the TiBz-reinforced composites suggests that the ceramic phase suppressed
these instability mechanisms by reducing matrix deformation and lowering debris gener-
ation. Thus, TiB2 improved both friction magnitude and friction stability.

The distance-composition interaction model provides a direct physical measure of
reinforcement persistence. For ML(D,C) = -1.63175 + 0.03187D + 0.27559C - 0.00355DC,
the distance derivative is SML/0D = 0.03187 - 0.00355C mg/m. Thus, the predicted wear-
accumulation slope decreases from 0.03187 mg/m for unreinforced PMMA to 0.02832,
0.02122 and 0.01412 mg/m at 1, 3 and 5 wt.% TiBo, respectively. Thus, the negative inter-
action coefficient quantifies a progressive reduction in incremental material loss per unit
sliding distance, rather than only a downward shift in the endpoint value.

The relationship between hardness and wear also supports the proposed hard-parti-
cle load-bearing mechanism. As TiBz content increased, Vickers microhardness increased
from 20.0 HV0.03 to 35.0 HV0.03, while final mass loss decreased from 32.4 mg to 14.9 mg.
This inverse hardness—wear relationship is expected when a hard ceramic reinforcement
improves resistance to indentation, micro-ploughing and matrix detachment. However,
hardness alone does not fully control the tribological response of particulate polymer
composites. Wear behavior also depends on particle dispersion, particle retention, inter-
facial contact, local agglomeration, surface roughness, debris stability, frictional heating
and possible third-body effects [19-25,30-36].

The SEM/EDS findings are important in this context because they connect the tribo-
logical response with the surface microstructure. The control PMMA surface was polymer
rich, whereas the reinforced groups displayed progressively more particle-associated sur-
face features and Ti/B-related elemental signatures. This confirms that the sliding interface
of the reinforced groups was not purely polymeric but contained TiBz-associated domains
capable of supporting contact stresses. At the same time, the SEM observations showed
local heterogeneity, especially at higher TiBz content. This indicates that the beneficial ef-
fect of TiB2 depends on maintaining a balance between sufficient ceramic reinforcement
and adequate matrix continuity.

Among the evaluated formulations, PMMA-5TiB: exhibited the strongest combined
surface response. At 5 wt.%, the near-surface population of hard ceramic domains was
sufficient to maximize load support and wear suppression, while the PMMA phase re-
tained the continuity required to mechanically constrain the reinforcement. Therefore, this
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composition defines the upper-performing point of the current experimental window ra-
ther than an extrapolated optimum beyond 5 wt.% TiB2.

Local heterogeneity at 5 wt.% TiBz indicates that additional filler would not neces-
sarily produce a proportional benefit. Greater particle-particle proximity could shift the
balance from retained load-bearing domains toward cluster-controlled pull-out and third-
body abrasion. Therefore, the present data support 5 wt.% as the best tested composition
while motivating finer composition increments around this level in subsequent optimiza-
tion.

Overall, the tribological mechanism can be described as a transition from a broad
matrix-dominated adhesive-abrasive wear regime in unreinforced PMMA to a narrower
and reinforcement-stabilized sliding regime in PMMA/TiB2 composites. In the control
group, wear was governed mainly by polymer deformation, adhesive interaction, smear-
ing, debris detachment and extensive wear-track formation. With increasing TiB2 content,
hard ceramic domains improved load sharing, restricted matrix deformation, reduced
counterface penetration, decreased debris formation, narrowed the wear track and stabi-
lized friction. This mechanism explains the simultaneous improvement in microhardness,
cumulative mass-loss resistance, final wear loss, COF stability and post-wear surface mor-
phology observed for the TiB2-reinforced PMMA composites. The integrated relationships
among hardness, mass loss, COF, and SEM/EDS observations are summarized in Table
15.

Table 15. Integrated tribological mechanism derived from hardness, mass loss, COF, SEM/EDS and
post-wear SEM findings.

Mechanistic Parameter Effect of Increasing TiB2 Interpretation

Higher resistance to localized indenta-

Microhardness Increases from 20.0 to 35.0 HV0.03 . .
tion and penetration
. : Lower rate of material removal during
Cumulative mass-loss slope Decreases progressively 1
sliding
Final mass loss Decreases by up to 54.0% Reduced endpoint wear damage

Overall/steady-state COF Decreases systematically

Lower frictional resistance and re-
duced matrix shearing

Steady-state CV

I frictional ili f
Decreases from 19.8% to 12.0% mproved rlctlona} stability and fewer
fluctuation events

SEM/EDS and post-wear SEM response

Microstructural and morphological
support for hard-particle reinforce-
ment and sliding-interface stabilization

More Ti/B-containing surface do-
mains and narrower wear tracks

3.6. Statistical Analysis and Composition-Window Regression Modeling

The statistical and regression workflow separated inferential group comparison from
predictive composition modeling. TiB2 content was treated categorically for ANOVA and
Tukey HSD tests, and numerically for composition—property equations. Predictive evalu-
ation was performed by grouped leave-one-composition-out validation so that the test
formulation was absent from all fitting and preprocessing steps. This design directly ad-
dresses whether a model trained on three compositions can estimate the response of the
fourth composition within the experimental window.

Normality and variance homogeneity checks supported parametric group compari-
sons. Hardness, final mass loss and overall COF showed highly significant group effects,
with 1?2 values of 0.974, 0.996 and 0.976, respectively. These effect sizes indicate that TiB2
group membership accounted for most of the measured variation under the controlled
laboratory conditions. Tukey HSD comparisons further demonstrated systematic separa-
tion among the four formulations.
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The composition—property relationships were monotonic and mechanically coherent.
TiB2 content correlated positively with hardness (r = 0.983) and negatively with final mass
loss (r = -0.983) and overall COF (r = -0.964). For cumulative wear, inclusion of the dis-
tance x composition interaction increased interpretability by quantifying how reinforce-
ment changed the rate of material removal throughout sliding.

Model comparison favored parsimonious forms. The linear distance—composition in-
teraction model achieved an in-sample R? of 0.9919 and retained grouped validation per-
formance of R? = 0.9622, MAE = 1.20 mg and RMSE = 1.53 mg. The quadratic model pro-
duced a slightly higher in-sample fit but lower held-out performance (R? = 0.9492). Ran-
dom forest and RBF-SVR models showed larger composition-wise prediction errors, indi-
cating that added nonlinearity did not provide a generalization advantage for the availa-
ble four-level design.

A similar result was obtained for microhardness. Linear regression using TiB2 content
provided the best balance of fit and transfer to an unseen composition, with in-sample R?
= 0.9664 and grouped validation R? = 0.9317 (RMSE = 1.50 HV0.03). Quadratic, random
forest and RBF-SVR models did not improve held-out composition accuracy. Therefore,
the predictive contribution is presented as composition-window regression supported by
machine-learning comparators, not as a universal clinical prediction model.

The validated equations are intended for interpolation and composition selection
within the investigated 0-5 wt.% TiB2 range. Extrapolation beyond this interval would
assume unchanged dispersion, matrix continuity and wear mechanisms, an assumption
that is not justified by the present design. The interaction model is most useful as a com-
pact mechanistic descriptor of wear-rate suppression and as a basis for selecting addi-
tional TiB2 levels in a future expanded design. See Figure 16 and Tables 16-19.

(a) Coupled hardness-wear response (b) SEM-calibrated wear-track width
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Figure 16. Integrated statistical and composition-window regression summary: (a) Coupled hard-
ness and final mass-loss response; (b) representative SEM-calibrated wear-track widths for the four
formulations; (c) measured cumulative wear data and predictions from the distance-composition
interaction model; and (d) grouped leave-one-composition-out R? values for alternative cumulative-

wear models.
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Table 16. ANOVA and effect-size summary for the principal endpoint responses.

Response ANOVA result Effect Size Interpretation
Hardness F=453282p=1230 %102  1p=0974 @2=0971  CrY large group effect on surface
hardness
Final mass loss F =3195.274; p = 1.007 x 104 n?=0.996, @*=0.996  Very large group effect on wear loss
Overall COF F = 486.686; p = 3.535 x 10» n? =0.976; w?>=0.973 Very large group effect on friction

Table 17. Regression equations and physical interpretation. C = TiB2 content (wt.%); D = sliding

distance (m).

Relationship Equation/Statistic Interpretation

Strong positive composition-hard-

TiB2 content vs. hardness HVO0.03=20.10 + 2.94C; r = 0.983 . .
ness relationship

Strong negative composition-wear re-

TiB2 content vs. final mass loss ML =31.90 - 3.40C; r =-0.983 . .
lationship

TiB2 content vs. overall COF u=0.557 — 0.0444C; r = -0.964 Friction decreéses systematically with
TiB2 content

) . . ML(D,C)=-1.63175 + 0.03187D + Negative D x C term reduces incre-
Cumulative wear interaction model

0.27559C - 0.00355DC mental wear rate as TiB2 increases
Predicted slope decreases from
Distance derivative OML/0D = 0.03187 — 0.00355C mg/m  0.03187 to 0.01412 mg/m between 0
and 5 wt.% TiB2

Table 18. Cumulative mass-loss model performance under grouped leave-one-composition-out val-

idation.
Rank Model In-Sample Rz LOCO MAE (mg) LOCO RMSE (mg) LOCO R?

1 Linear D+ C+D xC 0.9919 1.200 1.527 0.9622

2 Quadratic D/C model 0.9969 1.333 1.771 0.9492

3 Additive linear D + C 0.9298 2.273 2.938 0.8602

4 Linear SVR 0.9070 2.384 3.123 0.8420

5 Random forest 0.9944 2.875 3.465 0.8055

6 RBF SVR 0.7780 4.123 5.867 0.4425
Table 19. Vickers microhardness model performance under grouped leave-one-composition-out
validation.

Rank Model In-Sample R2 LOCO MAE (HV0.03) LOCO RMSE (HV0.03) LOCO R?
1 Linear regression 0.9664 1.149 1.501 0.9317
2 Linear SVR 0.9650 1.182 1.586 0.9236
3 Quadratic regression 0.9715 1.900 2.436 0.8200
4 Random forest 0.9742 4.496 4.899 0.2719
5 RBF SVR 0.9514 4.706 6.133 -0.1412
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3.7. Cross-Study Benchmarking and Translational Context

Table 20 places the present PMMA-5TiB: response beside representative ceramic-
and nanoparticle-reinforced PMMA systems. Because hardness scales, curing systems,
loads, counterfaces and wear protocols differ across studies, the comparison emphasizes
within-study relative change rather than treating absolute values as directly interchange-
able. Under the present controlled pin-on-disc protocol, 5 wt.% TiB2 produced a larger
relative Vickers hardness gain than the compared oxide and hydroxyapatite systems and
simultaneously reduced both final mass loss and COF. This combination supports TiB: as
a surface durability-oriented complement to established PMMA fillers rather than as a
universal replacement.

Table 20. Quantitative context for selected filler-reinforced PMMA systems.

System and Loading

Complementary Outcome and

Hard Respo
ardness Response Protocol Context

Wear/Friction Response

Present PMMA-5TiBg,
5 wt.%

20.0 — 35.0 HV0.03 (+75.0%)

Mass loss 32.4 — 14.9 mg
(-54.0%); COF 0.58 —
0.35 (-39.7%); 10 N dry
pin-on-disc, 1000 m

Integrated XRD/ATR-FTIR/SEM-
EDS, cumulative wear kinetics and
composition-wise regression

PMMA-ZrO, 3-5
wt.% [10]

Dry Vickers hardness in-
creased; 5 wt.%: 17.6 — 21.1

3 wt.% flexural strength: 72.4 —
83.5 MPa (+15.3%); 5 wt.% flexural
modulus +22.7%; impact response
non-monotonic

Wear not evaluated
HV0.05 (+19.9%)

PMMA-TiIOs, 3 wt.%

Nanohardness +35% at 1200

Nanomodulus +29%; reduced
Wear not evaluated

[9] nm depth creep strain under 10 N
. Improved height and 49 N chewing simulator with hu-
Acryl h-Z
crylic tooth-Zr0z 5 45.59 — 48.59 HV (+6.6%)  weight-loss resistance af- man-enamel antagonist; silanized

wt.% [16]

ter 37,500 cycles ZrO2

PMMA-HA, 0.8 wt.%
[18]

COF 0.58 — 0.46 (—20.7%) Compressive modulus +70.8%; dis-

Shore D: 79.9 — 87.7 (+9.8%) at 3 N against steel; wear tinct cold-cure/reciprocating proto-

resistance increased col

PMMA-
ZrO2/TiO2/Ag, 5 wt.%
[17]

Hardness:
+9.4%/+8.0%/+11.4%

5000-cycle mass loss:
—25.5%/-17.3%/-51.5%

Color change increased relative to
control; abrasive-wear protocol

For denture base translation, the surface optimum must be considered together with
bulk load bearing, aesthetics and biological response. Previous PMMA studies show that
hardness improvement can coexist with non-monotonic flexural or impact behavior and
measurable color change [10,17]. TiBz also has a distinct non-oxide surface chemistry;
available cellular evidence indicates concentration-dependent biological interactions that
require application-specific interpretation [64]. The next-stage qualification should there-
fore couple the present surface durability response with ISO 20795-1 mechanical testing,
color/translucency assessment, saliva-mediated wear, extract/ion-release analysis and
oral-cell compatibility testing.

4. Conclusions

This study demonstrates that low-fraction TiB2 reinforcement can improve the sur-
face mechanical and tribological response of heat-polymerized PMMA while preserving
the dominant amorphous/semi-amorphous matrix signature and characteristic PMMA vi-
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brational bands. XRD, ATR-FTIR and SEM/EDS collectively support a two-phase struc-
ture consisting of a continuous PMMA matrix and progressively more visible TiBz-associ-
ated crystalline and near-surface domains.

Vickers microhardness increased from 20.0 + 0.7 to 35.0 + 1.39 HV0.03, while final
mass loss after 1000 m decreased from 32.4 + 0.5 to 14.9 + 0.4 mg. The simultaneous 75.0%
hardening and 54.0% wear reduction are consistent with hard-particle load sharing, re-
duced counterface penetration and restricted matrix flow. Overall COF decreased from
0.58 to 0.35, steady-state COF from 0.61 to 0.36, and representative wear-track width from
481.4 to 101.8 um.

The friction response is attributed to a lower deformable contact fraction, reduced
ploughing and adhesive-junction activity, and more stable debris/transfer-layer dynamics
rather than to a solid-lubricant action. Localized pits and detached regions indicate that
retained-particle reinforcement and possible third-body abrasion can coexist; within the
tested range, the net response remained strongly favorable and improved monotonically
up to 5 wt.% TiBe.

Group effects were very large for hardness, final mass loss and COF. Grouped leave-
one-composition-out validation showed that parsimonious models generalized better
than more complex nonlinear alternatives: the cumulative-wear interaction model
achieved R?=0.9622 and RMSE = 1.53 mg, while the linear hardness model achieved R? =
0.9317 and RMSE = 1.50 HV0.03. The negative distance x TiBz coefficient quantitatively
demonstrates that reinforcement reduced the incremental wear rate throughout sliding.

Among the evaluated formulations, PMMA-5TiB: provided the best combined sur-
face response and represents the preferred formulation within the investigated 0-5 wt.%
window. Its progression toward denture base applications should integrate ISO 20795-1
bulk mechanical qualification with optical assessment, saliva-mediated wear and applica-
tion-specific biological evaluation so that surface durability is considered together with
structural, aesthetic and biological requirements.
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