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Abstract- The effects of nanobarium titanate (NBT) on the hardness and roughness of denture base nanocomposites before 
and after soaking in simulated body fluid (SBF) were evaluated. NBT was modified using a titanate coupling agent (TCA). 
Various concentrations of titanated NBT were impregnated, and pure denture base resin comprised the control group. Surface 
hardness and surface roughness were investigated after 60 days of immersion in SBF. Polymerization shrinkage was also 
evaluated. The titanated samples displayed higher surface hardness by 21.5% and 29% in dry and wet environment, 
respectively, compared with the control group. Surface roughness was not affected by the filler and humidity. However, a 
remarkable decrease in polymerization shrinkage was observed as filler loading increased. Improving the smoothness in the 
aqueous environment could potentially inhibit bacteria maturation and biofilm formation on denture base nanocomposites, 
leading to hygienically acceptable dentures. In addition, hydrolytic stability of restorative composites is important for their 
clinical longevity. 
 
Index Terms- Dental materials, Hardness, Roughness, Nanoparticles. 
  
I. INTRODUCTION 
 
Polymethyl methacrylate (PMMA) resins are the most 
frequently used material in denture fabrication 
because of their satisfactory results. The widespread 
use of removable dentures has resulted in a sharp 
increase in denture-related soft tissue infections [1]. In 
the aqueous oral environment, a denture base takes up 
saliva and water, and these two liquids percolate over 
time toward the inside of the denture. This process 
results in the inferior mechanical properties of the 
material and surface degradation leading to 
periodontal disease and an unpleasant smell because 
of bacteria maturation and biofilm formation, despite 
a patient’s adherence to appropriate dental prosthesis 
hygiene [2]. The rate of deposit accumulation on 
dentures can be affected by several factors, such as 
saliva composition, dietary intake, porosity, and 
surface texture of the denture base material [3]. 
Therefore, demands for high aesthetics and surface 
properties have substantially increased.  
Surface characteristics are of critical importance when 
suitability of materials is considered, because these 
properties strongly influence the clinical durability of 
restorations. Surface roughness (Ra) is one of the most 
important base properties. The Ra of any dental 
prosthesis is important because it directly or indirectly 
affects oral health, patient comfort, prosthesis 
longevity, and aesthetics [4]. Dental prostheses should 
have a smooth surface to maintain health of oral 
tissues and reduce retention of microorganism and 
plaque accumulation [5]. An acrylic prosthesis is 
finished and polished by sequentially using various 

finishing and polishing techniques to reduce Ra. The 
ultimate smooth and glossy finish is achieved by 
polishing using different commercially available 
polishing agents. Previous studies have suggested that 
clinically acceptable prostheses and dental 
restorations should not have average Ra values higher 
than 0.2 µm [4],[6]. The lowest Ra values were 
determined in specimens exposed to conventional 
laboratory polishing techniques [4].  
Surface hardness is another crucial property of 
restorative materials. This property enables the use of 
these materials in manufacturing denture bases that 
resist forces, such as those arising from occlusion and 
mechanical denture cleansing, thereby increasing the 
longevity of dental prostheses [7]. Material hardness 
correlates well to compressive strength, abrasion 
resistance, and degree of conversion (DC). Low 
hardness values are usually linked to poor wear 
resistance and susceptibility to scratching, which can 
compromise fatigue strength and lead to restoration 
failures [8]. Nanomaterials with small particle size 
and high specific surface area show unique physical 
and mechanical properties. Nanoresins improve the 
surface finish and longevity of the material [9]. Jain 
and Wadkar [10] concluded that nanofiller type, size, 
and distribution significantly influence the surface 
properties of composites. Although nanohybrid 
composite showed better initial surface polish, 
nanofilled composite exhibited better abrasion 
resistance.  
The warm and wet nature of the mouth entails filled 
resin restorative materials, as well as all other dental 
restorative materials, to maintain reasonable stability 
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in such an environment. However, exposing dental 
composites to an aqueous environment degrades their 
functional properties. Therefore, enhancements are 
more apparent when the dental composites are 
exposed to high humidity [11]. Simulated body fluid 
(SBF) test, a method that is well recognized to 
characterize dental composites, is performed by 
immersing the material in an aqueous SBF solution. 
The SBF is increasingly used to presumably mimic the 
effects of saliva or temporary environmental 
challenges [12]. In this study, nanobarium titanate 
(NBT) was used as a dental filler because of its 
favorable mechanical properties and excellent 
biocompatibility [13]. To date, no study has been 
conducted on the dental applications of NBT. 
Therefore, this study was performed to evaluate the 
effect of NBT loading on the Ra and hardness of 
PMMA denture base nanocomposites before and after 
soaking in SBF. 
 
II. MATERIALS AND METHODS 
 
A. Materials 
The solid components consisted of PMMA (molecular 
weight: 996,000 GPC) and 0.5% benzoyl peroxide 
(BPO). The liquid component comprised methyl 
methacrylate stabilized with 0.0025% hydroquinone 
and cross linking agent 10% ethylene glycol 
dimethacrylate (EGDMA). Powder NBT constituted 
the filler. These materials were purchased from 
Sigma–Aldrich (USA). The titanate coupling agent 
(TCA) or isopropyl tri[di(octyl) phosphato] titanate 
was supplied by Kenrich Petrochemicals (Bayonne, 
USA). 
B. Methods 
Surface modification of NBT 
NBT (5 g) was added to 100 mL of acetone followed 
by 2 wt.% TCA under stirring for 45 min. The mixture 
was sonicated for 30 min at room temperature to 
deagglomerate particles. The slurry was stirred for 30 
min, and then the temperature of the mixture was 
increased to 80 °C to remove the solvent. Finally, the 
modified NBT was dried for 24 h in a vacuum oven at 
120 °C.  
Sample preparation 
Various ratios (1, 3, 5, 7, and 9 wt.%) of the treated 
filler were used. Control samples comprised pure 
PMMA. Modified NBT was added to the liquid part 
(MMA monomer and 10% EGDMA) under 
continuous stirring to realize complete wetting of the 
filler surface and then sonicated for 20 min. The 
mixture was transferred to a stirrer before the solid 
components (PMMA and 0.5% BPO) were added and 
mixed by hand. The powder/liquid solution in a 2.5:1 
ratio (by weight) was mixed until the dough stage was 
reached. The mixture was kneaded and packed into 
the prepared molds. Trial closure was performed at 

low pressure, and excess materials were removed. The 
molds were clamped and pressed under 14 MPa at 
room temperature for 25 min to allow proper 
penetration of the monomer into the polymer, even 
flow of the material, and outward flow of the excess 
material. The molds were immersed in a 
thermostatically controlled water bath at room 
temperature. The temperature was slowly raised to 
75±1 °C for 90 min and then elevated to boiling point 
for 30 min. The molds were allowed to bench cool 
before opening. The cured samples were carefully 
removed from the molds, excess flush was eliminated, 
and the specimens were polished with a fine sand 
paper. The adopted procedures are consistent with the 
prescribed standard method for preparing a 
conventional denture base in the dental laboratory 
[12]. 
Field-emission Scanning Electron Microscopy 
(FESEM) 
The morphology of the powder NBT was examined 
using FESEM (Supra 55VP) to determine the 
distribution of the particle size of the filler. Samples 
were prepared through dispersion, and one drop was 
pipetted onto a carbon support film on a 3 mm copper 
grid. The acceleration voltage was 5 kV. The image 
files were processed using more than 500 particles. 
Ra values 
All roughness measurements were obtained by atomic 
force microscope (AFM) in contact mode (Nanosurf 
EasyScan2, AFM) calibrated to 49.5 µm2 sample 
surface with a V-shaped silicon nitride probe with a 
tip height of 14 µm and a tip radius <10 nm at force 
constant of 0.2 N/m and resonant frequency of 13 kHz. 
AFM has a probe attached to a flexible cantilever that 
allows the sample to be scanned with subnanometer 
precision. The tip scans over the sample surface and 
records interactions between the probe and the atoms 
of the sample surface. Measured topography data were 
processed by SPM Control software V.3.0. 
Three Ra measurements were performed for each 
specimen before and after polishing using 
progressively finer grit grades (1200, 2400, and 4000) 
of silicon carbide paper, generating six measurements 
for each specimen. Parameters Ra and maximum 
peak-to-valley distance (Rz) of specimens were 
compared. The value of Ra was recorded in 
nanometers and could be visualized using computers 
in real time. 
The same procedures were performed after the 
samples were soaked in SBF at 37°C for 60 days to 
establish the effect of SBF immersion on the Ra of 
NBT/PMMA nanocomposites. 
Surface hardness test (VHN) 
VHN was applied in accordance with the ASTM E 
384-89 standard. A calibrated Vickers hardness Tester 
(Shimadzu DUH-W201S) was used to force a 
diamond indenter of 0.3 kgf for 15 s into the polished 
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surface of the sample and optically measure the 
diagonal length. The sample was hand-polished. 
During this process, the specimens were held by hand 
against an abrasive-charged rotating wheel and moved 
in an elliptical path around the wheel against the 
direction of rotation. Sequences of papers (800, 1200, 
2400, and 4000) were used for grinding. VHN was 
performed on several samples for all formulations of 
composites, and the average value of five readings at 
different points was obtained for each formulation of 
the composite samples. The Vickers hardness was 
computed using (1). VHN was repeated after a period 
of immersing the specimens in SBF at 37 °C using a 
water bath, after intervals of 1, 15, 30, 45, and 60 days. 
The outer surfaces of the specimens were then 
manually dried with soft tissue paper prior to 
performing the tests. 

21.8544P/d = HV                                                                (1) 
where  P = load, kgf, and d = mean two diagonals of 
indentation d1 and d2, mm. 
 
Polymerization shrinkage (PS) 
PS was calculated from the densities measured in 
accordance with Archimedes’ principle. Uncured 
specimens were removed from the mold and weighed 
in air and distilled water with an electronic balance 
with an accuracy of ±0.0001 g. Afterward, the same 
procedures were repeated with heat-cured specimens 
in a water bath, and the density of each specimen 
before and after curing was calculated using (2). 
Finally, the PS of each specimen was calculated using 
(3) [14], as follows: 
ρ = W1 / (W1 – W2)                                                             (2) 
where W1 and W2 are sample weights in air and water, 
respectively. The density of NBT as quoted by 
manufacturers is 6.08 g/cm3.  
 
PS (%) =   × 100                                  

(3) 
where ρuncured = the density of the uncured specimen 
(g/cm3), ρcured = the density of the cured specimen 
(g/cm3). 
 
III. RESULTS AND DISCUSSION 
 
C. Dispersed Phase Characteristic 
With the development of polymeric dental composites, 
several works have focused on the optimization of 
filler types, compositions, and loading. This 
optimization has led to the enhancement of the 
physical–mechanical properties of fillers [14]. Particle 
size is an important factor influencing the properties 
of the resultant composite. Small filler sizes contribute 
toward good surface polishing and, consequently, 
high gloss. Size reduction allows for close particle 
packing, which facilitates the fabrication of resin 

composites with a high filler volume fraction and good 
aesthetic properties without compromising their 
mechanical and wear characteristics [10].  
Nanocomposites reportedly possess improved 
mechanical, physical, and optical characteristics [9]. 
A decrease in filler particle size with a constant filler 
volume fraction enlarges the surface area of the 
dispersed phase and then increases the probable 
constraint upon the matrix phase. Thus, stress is 
inversely proportional to filler particle size for this 
factor. Filler particles are constrained by the matrix 
and undergo translation and rotational movement, 
thereby relaxing stress within the material[15].  
 
However, the same study presented a controversial 
finding, that is, composites with small filler particles 
exhibit a high shrinkage because of the effect of 
particle shape. One other advantage of nano-size 
reinforcing agents compared to micro-sized particles 
was the lower loading requirements. In the present 
study, NBT was used as a reinforcing filler to improve 
the properties of PMMA. Microscopy is the only 
method in which the sizes of individual particles are 
directly observed and measured [16]. The FESEM 
image of the filler in powder form is presented in Fig.  
 
1. The NBT filler is composed of a fine powder that 
contains spherical particles. These particles promote 
good mechanical adhesion between the filler’s 
particles and the matrix. Satterthwaite et al. [15] 
described that spherical filler particles display better 
property enhancement and lower shrinkage–stress 
values than irregular filler particles. Spherical 
particles also provide uniform distribution, which 
maintains dimensional stability. In addition, the 
capability of the dispersed phase to move within the 
matrix and relax stress increases as the sphericity of 
the dispersed phase increases. Another study reported 
that the presence of spherical filler particles affects the 
microfracture mechanisms of dental resin composites 
and increases the bending strength and fracture 
toughness at a high rate for elastic modulus [17]. 

 
Fig. 1 FESEM images of the nanobarium titanate (NBT) 

nanospheres at X200.000 
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Table I Descriptive analysis of particle size data extracted from 

the FESEM images 
 
Data on particle size were obtained after counting 
more than 500 particles distributed on approximately 
18 FESEM images (Table I). Data on particle size and 
size distribution can be represented in either a tabular 
or graphical form. Particle size distribution was 
plotted on the basis of the particle size extracted from 
the FESEM images. A number–frequency histogram 
presents particle size and its distribution. A histogram 
is a bar graph that illustrates the frequency of 
occurrence versus the size range. Fig. 2 shows number 
frequency histograms of particle size data. Hundreds 
of particles could be measured to present statistically 
reliable mean size data. For instance, it has been 
proposed to measure 500-1000 grains for an optimum 
sample size [16]. 

 
Fig. 2 Number–frequency histograms showing particle size 
distribution of NBT. The particle size data is based on the 

FESEM images analysis of more than 500 particles 
 

B. Surface Roughness  
Surface quality of resin-based composite is a very 
important characteristic of the final restoration. The 
surfaces of dental prostheses should be as smooth as 
possible to maintain health of oral tissues and reduce 
retention of microorganisms and plaque accumulation 
because roughness may facilitate microorganism 
adhesion even if the patient follows appropriate dental 
prosthesis hygiene [4]. Moreover, roughness affects 
aesthetic appearance because of discoloration of 
restorations and gingival irritation [5]. In addition to 

interfering with the optical properties of the dental 
composites, Ra also affects the mechanical properties 
by decreasing the resistance and accelerating the 
abrasion of materials [18]. The Ra of the composites is 
influenced by several material factors, such as the 
type, shape, size, and distribution of the inorganic 
fillers [6]. 
The effect of NBT content on the Ra of PMMA 
nanocomposites before and after polishing is depicted 
in Table II. Ra and Rz parameters are also displayed. 
No notable changes were observed among the 
examined samples before polishing. However, the 
roughness of denture base materials evaluated in this 
study was much lower than those reported ideal values 
[4],[6]. The basal roughness of pure PMMA (11 nm) 
was significantly lower than those values proposed as 
reference for clinical use (< 200 nm) and lower than 
that reported in a previous study (93 nm) [5]. 
Significant difference was found despite being of the 
same polymer, probably because the materials were 
from different manufacturers. Therefore, the handling 
process and sample preparation procedures vary, 
although the compositions of the PMMA are quite 
similar. In addition, NBT/PMMA nanocomposites 
exhibited lower Ra. Such behavior could be attributed 
to the uniformly distributed and highly compacted 
NBT particles, thereby enhancing surface smoothness. 
These findings were consistent with those from studies 
which deduced that the strong chemical interaction 
between organic and inorganic phases and 
homogeneous dispersion of nanofiller results in 
uniform distribution and could minimize particle 
failure, leading to a significant decrease in surface 
damage of the resulting nanocomposites [17],[19]. 
Another possible explanation for the smoothness of 
the surfaces achieved with nanofilled composites 
could be the spherical shape of the NBT. Say et al. [6] 
stated that composites filled with spherical nanofiller 
have resulted in lower roughness and higher gloss 
values than nanohybrid composites filled with 
irregularly shaped fillers. 
 

 
Table II Effect of nanobarium titanate (NBT) content on the Ra 

of polymethyl methacrylate (PMMA) nanocomposites 
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After polishing, all PMMA nanocomposites had 
relatively similar average Ra values. This 
characteristic indicates that the used abrasive papers 
successfully reduced the average roughness of the 
materials on relatively equal values. Rz is a relative 
indicator of Ra, and it does not show absolute values of 
height or depth of channels in the material. The 
superior polishability of NBT/PMMA nanocomposites 
may be attributed to the use of nanofillers in such resin 
composites, that is, the smaller the filler size, the 
lower the degree of filler pluck-out, and hence the 
better the polishability. Lainović et al. [9] found that 
nanofiller-containing composites allow more uniform 
surface topography after polishing. This type of fillers 
has improved bonding properties, and almost any 
particle in this field does not pluck out during 
polishing. Hence, the composite surfaces evaluated in 
this study can be assumed to possess highly smooth 
surfaces. Ra was far from the mentioned limit as ideals 
(<200nm) even without polishing, which present no 
risk of plaque accumulation. 
In the oral environment, resin composite materials 
come into extensive contact with oral fluids, food 
components, and drinks which could lead to resin 
surface degradation and inorganic filler leaching. 
These phenomena may cause microscopic changes 
that could alter material smoothness over time. The 
presence of a rough surface on dental restoration is 
conducive to bacterial adhesion, staining deposits, and 
gingival inflammation. These phenomena result in 
reduced longevity of restorations [20]. Successful 
clinical performance is achieved by requiring 
materials with long-term durability in the oral cavity. 
The effects of SBF on Ra of pristine PMMA and 
NBT/PMMA nanocomposites are presented in Table 
III. The polished and unpolished samples showed no 
significant differences in their surface roughness after 
a period of immersion. This behavior could possibly 
have been caused by the reasonable stability of TCA in 
the wet environment to maintain the chemical 
bonding between the NBT and the PMMA matrix, 
inhibiting the filler particle debonding, thereby 
enhancing the surface smoothness. This outcome is in 
agreement with results from other studies in which no 
significant alteration in the Ra of composites was 
found after a period of immersion [21]. Furthermore, 
other studies have stated that, although filler leaching 
probably occurred during storage, the composites 
showed no significant alteration in Ra between 
periods before and after immersion in water [8]. 
 

 

 
Table III Ra of the filled and unfilled PMMA samples after 

60-day storage in simulated body fluid 
 
The Ra and chemical degradation are dependent on 
the composite resin composition [22]. The filler 
particle size is correlated to the Ra and erosion of 
dental composites. Large filler particles will have 
rougher surfaces than smaller filler particles. 
Tantanuch et al. [20] concluded that nanohybrid resin 
composites presented greater Ra and erosion than 
nanofilled resin composites after immersion in 
artificial media. Polishing procedures are also 
indicated to improve aesthetics, degradation 
resistance in dampness, and longevity of composite 
resin restorations [18]. 
 
C. Surface Hardness 
Hardness is an essential measure of the resistance of 
restorative dental materials to undergo permanent 
surface indentation or penetration. Hardness provides 
a possible indication of the abrasiveness of the dental 
composites, which is the characteristic of the ease of 
finishing the material because of its resistance to 
in-service scratching during cleansing or handling 
[23]. This property enables the use of these materials 
in manufacturing denture bases that resist forces, such 
as those arising from occlusion and mechanical 
denture cleansing, thereby increasing the longevity of 
dental prostheses. Thus, substantial surface hardness 
of restoration materials is a principal requirement in 
posterior stress-bearing areas [24]. 
Fig. 3 shows the VHN values of the filled samples 
compared with those of the PMMA matrix in dry and 
wet environments. The filled samples exhibited higher 
surface hardness than the PMMA matrix. 
Nevertheless, the PMMA nanocomposites exhibited 
increased hardness with filler content. This result 
indicates a strong correlation between VHN and the 
filler volume fraction in the PMMA nanocomposites. 
The amount of filler particles can influence and 
improve VHN. This finding may be attributed to the 
high hardness value of the dispersed phase and the 
imposed restriction on matrix deformation caused by 
the uniform distribution of the dispersed phase. The 
increase in hardness could also have been caused by 
the fact that the durable bond of NBT to the resin 
matrix makes the polymerized acrylic resin become 
more rigid and present lower deformation. This result 
is consistent with previous studies which indicated 
that dental composites have high hardness values 
because of their high filler contents [7],[24],[25]. In 
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addition, Mathew et al. [23] found that coupling agent 
aid in protecting fiber surface and prevent inhibition 
of polymerization. Increasing the treated filler content 
in a polymer matrix improves composite hardness. 
Furthermore, the white color of ceramic fillers is not 
expected to affect adversely the aesthetic appearance 
of denture base resin [24]. 
After humidity exposure, dental composites should 
exhibit substantial stability and durability. A decrease 
in the microhardness value may indicate superficial 
degradation caused by the plasticizing effect [18]. 
Resistance to degradation in the oral environment is 
essential for longevity of dental restoration [26]. Fig. 3 
shows the absence of notable changes in the surface 
hardness of the PMMA nanocomposite after soaking 
in SBF. In general, the plasticizing effect was not 
observed at PMMA matrix under immersion in SBF 
for 60 days. This behavior could be attributed to the 
existence of TCA which led to better interaction of 
titanated NBT and PMMA matrix, protecting the 
interface from hydrolytic deterioration [11]. 
Moreover, removing the most superficial layer of 
composite resin, which is more vulnerable to abrasion 
and wear, by finishing and polishing procedures 
collaborates by showing the hardest surface of the 
restoration, making the resin more resistant to 
degradation by the SBF [18]. These outcomes 
contradict those of previous studies in which the large 
relative surface-area/volume of the nanofilled 
composites can increase their absorption of water 
which leads to the hydrolysis of the coupling agent and 
degradation of the filler/matrix interface. This process 
causes the dislodgement of filler particles from the 
outer surface, resulting in reduced surface hardness 
[27]. However, the present finding corroborates with 
the findings of previous studies that investigated the 
resin-based composites immersed in artificial storage 
media [21],[26]. Accordingly, titanated-NBT samples 
presented hydrolytic stability in a period of 
immersion. 

 
Fig. 3 Surface hardness of NBT/PMMA nanocomposites 

compared with that of the PMMA matrix before and after 
storage in SBF for 60 days at 37 °C 

 
D. Polymerization Shrinkage 
Dental composites undergo shrinkage during 
polymerization, which is associated with the increase 
in stiffness of the formed polymer network. This 
process generates stresses at the interface, potentially 

increasing the risk of premature failure. Such 
shrinkage is triggered by two phenomena. One event 
is when the van der Waals distance between the 
monomer molecules is replaced by a covalent bond 
during polymerization. The other phenomenon is 
when the intermolecular distance between polymer 
chains becomes smaller than those between 
monomers. The deleterious clinical effects of the 
shrinkage–stress are due to the alteration of the final 
fit of the denture. Therefore, PS can be reduced using 
monomers with large molar volume and inclusion of 
inorganic fillers [28]. Factors, such as monomer 
structure and content, as well as filler loading, type, 
and composition, influence shrinkage [14]. Although 
the positive effect of filler impregnation on shrinkage 
reduction has been reported [14],[29],[30], increasing 
the filler content has also been shown to be insufficient 
to reduce the overall shrinkage of composites [31]. 
The curing shrinkage of the PMMA composites was 
evaluated by weighing each specimen in air and in 
water using an analytical scale balance. Fig. 4 depicts 
the PS in the NBT/PMMA nanocomposites and pure 
PMMA. The shrinkage values of the PMMA 
composites were lower than those of the PMMA 
matrix. This result may be ascribed to the total organic 
matrix content of the composites. The shrinkage in the 
NBT-reinforced composites decreased from 9.6% 
(NBT 1%) to 6% (NBT 9%). An inverse linear 
relationship was noted between NBT content and PS. 
PS was considerably reduced with increasing NBT 
content in the PMMA matrix because of the decrease 
in the number of reactive methacrylate groups in the 
PMMA nanocomposites with high filler levels [29]. 
As the amount of NBT was increased, the interstices 
existing in PMMA could be assumed to be gradually 
embedded with these small fillers. Hence, the 
movement of the formed polymer chains might be 
further hindered during polymerization, and 
shrinkage may be minimized under the highest filler 
loading. These outcomes agreed with the generally 
accepted conclusion that high inorganic contents are 
associated with low polymerization stress values, 
which are directly related to shrinkage reduction 
[14],[30]. Other studies have found that epoxy 
resin-based nanocomposites demonstrated low 
shrinkage and high strength because of the strong 
interfacial interactions between the resin and 
nanoparticles [32]. 

 
Fig. 4 Polymerization shrinkage of pristine PMMA and PMMA 

composites filled by different ratios of NBT 
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E. Correlation between Hardness and PS 
Hardness is important in characterizing and ranking 
dental restorative materials because of the relationship 
between hardness and other physical properties. Fig. 5 
presents the correlation between the hardness and PS 
of NBT/PMMA nanocomposites and pristine PMMA. 
An inverse relationship can be evidently observed. 
The specimens showed significantly different 
microhardness values at distinct levels of PS. This 
behavior could be attributed to constraining the 
molecular mobility at the filler-matrix interface 
during polymerization which decreases PS, resulting 
in improved VHN values. Although reverse 
correlation between polymerization contraction and 
mechanical properties, such as strength and modulus, 
has been reported [14],[32], direct correlation of these 
properties with hardness has been also documented 
[24]. Moreover, the use of bifunctional monomers, 
such as EGDMA, to form crosslinked chains 
improved the hardness values. Regarding the 
inorganic filler, the hardness values obtained are also 
dependent on the volume added to the material. When 
the quantity of particles increases, the surface 
hardness of the material also increases. Therefore, the 
quality of polymerization of the resin composite with 
respect to the polymer density may be superior to that 
of the acrylic resins tested. This outcome is consistent 
with those in previous studies in which the composites 
with the highest microhardness values exhibited the 
lowest percentages of PS [33]. In general, higher 
hardness values indicate more extensive 
polymerization. Accordingly, enhancement in 
hardness accompanied with decline in PS was 
expected. Fugolin et al. [34] found that increasing the 
amount of filler particles could lead to reduction in the 
volumetric shrinkage of the matrix because of their 
solidity and unshrinkability. At high filler loading, the 
volume occupied by the organic matrix decreased, 
resulting in a lower number of reactive methacrylate 
groups and diminished availability of the monomer for 
the treatment, thus producing lower total shrinkage. 
Therefore, increasing the amount of filler particles 
decreases the amount of matrix, minimizing PS and 
enhancing hardness.  

 
Fig. 5 Correlation between surface hardness and polymerization 

shrinkage 

However, microhardness is an indirect method to 
verify DC characterizing the monomer conversion. 
Thus, hardness values do not always predict the DC 
compared with different resin materials, which 
elucidates the finding of a previous study [28], in 
which no correlation was found between these two 
factors. However, this finding is not consistent with 
the results in this work. Decreasing PS stress is 
apparently a critical determinant on the effects of 
composite curing on the adhesive interface and does 
not necessarily result in the volumetric shrinkage of 
the restorative material [35]. 
 
CONCLUSION 
 
NBT inclusion remarkably improved the hardness and 
smoothness of the nanocomposites. Storage in SBF 
did not influence the evaluated properties. Such 
enhancements could increase the longevity of the 
denture base nanocomposites. This work provides a 
good foundation for future studies on the evaluation of 
the effects of NBT addition into PMMA for 
applications in denture fabrication in which enhanced 
mechanical properties are needed.  
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