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Statement of problem. Poly(methyl-methacrylate) (PMMA) represents the most popular current denture material. However,
its major drawbacks are insufficient ductility and strength.

Purpose. The purpose of this study was to improve the mechanical properties of PMMA in denture base application by
adding small quantities of nanosilica.

Material and method. Silica nanoparticles were added to the liquid component of the tested materials. The standard heat
polymerizing procedure was followed to obtain 6 PMMA–silicon dioxide (/SiO2) concentrations (0.023%, 0.046%, 0.091%,
0.23%, 0.46%, and 0.91% by volume). Microhardness and fracture toughness of each set of specimens was compared with the
unmodified specimens. Furthermore, differential scanning calorimetry and scanning electron microscopy analyses were
conducted, and the results obtained were correlated with the results of mechanical properties.

Results. It was found that the maximum microhardness and fracture toughness values of the materials tested were obtained
for the lowest nanosilica content. A nanosilica content of 0.023% resulted in an almost unchanged glass transition tem-
perature (Tg), whereas the maximum amount of nanosilica induced a considerable increase in Tg. A higher Tg indicated the
possible existence of a thicker interfacial layer caused by the chain immobility due to the presence of the particles. However,
scanning electron microscopy results demonstrated extensive agglomeration at 0.91% nanosilica, which may have prevented
the formation of a homogenous reinforced field. At a nanosilica content of 0.023%, no agglomeration was observed, which
probably influenced a more homogenous distribution of nanoparticles as well as uniform reinforcing fields.

Conclusions. Low nanoparticle content yields superior mechanical properties along with the lower cost of nanocomposite
synthesis. (J Prosthet Dent 2014;111:327-334)
Clinical Implications
By adding low amounts of nanosilica with a hydrophobic surface layer,
conventional poly(methyl-methacrylate) dentures can be made thinner,
stronger, more resistant to cracking, and more durable. Thus,
improvement of mechanical properties of denture materials improves the
quality of life in patients.
Poly(methyl-methacrylate) (PMMA)

is the leading material for dentures
today. Its advantages are related to its
biocompatibility and esthetics, whereas
its drawbacks are insufficient ductility and
strength, which leaves opportunities for
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further improvement.1,2 One method of
improving the mechanical properties of
PMMA may be nanoparticle addition,
and one of the most common nano-
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Table I. Materials as specified by manufacturers

Materials and
Manufacturers

Powder/
Liquid Ratio

Composition Lot Numbers

Powder Liquid Powder Liquid

Triplex Hot; Ivoclar
Vivadent

23.4 g/10 mL PMMA, pigments, catalysts
(0.5-1.5% benzoyl peroxide)

MMA, EDMA (2.5%-10%) N17392 N47618

Polyhot; Polident 22 g/10 g
(30 mL/11 mL)

PMMA, pigments, catalysts MMA, other unspecified
additions

18 86

Biocryl-RN; Galenika 20 g/10 g PMMA, pigments and catalysts
(0.31%)

MMA, hydrohynon 1306 1524

AEROSIL R812;
Evonik Degussa

- 7 nm SiO2 nanoparticles, HDMS
hydrophobic surface layer

- 3158032735 -

PMMA, poly(methyl-methacrylate); MMA, methyl methacrylate; EDMA, ethylene glycol dimethacrylate; HDMS, hexamethyldisilazane.

Table II. Specimen group designation system

Nanosilica content, % Triplex Hot Polyhot Biocryl

0 T0 P0 B0

0.023 T002 P002 B002

0.046 T004 P004 B004

0.092 T009 P009 B009

0.23 T023 P023 B023

0.46 T046 P046 B046

0.92 T092 P092 B092
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In this study, the effect of nanosilica
addition to 3 PMMA-based denture ma-
terials was investigated. The approach
used was aimed at determining gen-
eral mechanical performance by testing
fracture toughness and hardness. Frac-
ture toughness offers answers related to
the behavior of materials in the presence
of a crack, whereas hardness provides
information about the resistance of ma-
terials to local plastic deformation.10-12

Nanosilica addition was kept at low
levels (volume %, between 0.023% and
0.91%) because low nanosilica content
and the posttreatment of the nano-
particles may prevent or hinder agglom-
eration.13-16 In this way, more uniform
nanoparticle dispersion and distribution
was obtained, thus increasing the me-
chanical properties.16,17 Another signifi-
cant property of a nanocomposite may
be the thickness of a nanoparticle-basic
material interface.18-22 The null hypoth-
esis was that no difference exists between
the mean fracture toughness or hardness
among the 3 materials, with a total of
6 silica levels.
MATERIAL AND METHODS

Three commercially available PMMA-
based heat-polymerizing denture base
biopolymer materials and a nanoparticle
modifier were used in this study. The
materials used in this study and their
properties are given in Table I. Silica dis-
persions (0.023%, 0.046%, 0.091%,
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0.23%, 0.46%, and 0.91%) were prepared
by mixing silica nanoparticles with the
methyl methacrylate (MMA). Stable dis-
persions of silica nanoparticles in MMA
were formed without phase separation or
sedimentation for 24 hours. To better
describe various specimen groups, a des-
ignation system was devised (Table II).
Nanoparticles were weighed on a labo-
ratory balance (accuracy, 0.0001 g) (Ad-
venturer Pro; Ohaus). The mixing of
nanoparticles and the liquid component
(MMA based) was performed by using a
magnetic stirrer (MM-530; Tehtnica) with
a speed of 500 rpm. The control group
did not contain nanosilica particles.

After the introduction of silica
nanodispersions in MMA, the material
was polymerized in the usual way. The
resulting 50 � 50 � 4-mm specimens
were cut with a standard metallographic
abrasive cutting machine (Discotom;
Struers) until exact specimen shapes
were obtained. Individual specimen di-
mensions were achieved by using 1500
try
grit silicon carbide paper (P1500;
Struers). The dimensions were checked
with a micrometer (accuracy, 0.01 mm)
(Altraco; Hyundai Measurement).

Fracture toughness was tested by
using a conventional tensile testing
machine (AT-L-118B; Toyoseiki) equip-
ped with a 4-point bending device. The
crosshead speed was kept constant at
50 mm/min. The single edge V-notch
beam method was used, which com-
prised a 4-point bending test and a
20/40 mm distance between the sup-
ports. Specimen dimensions were 45 �
4 � 3 mm, with a notch cut at the
longitudinal center of the beam. The
preliminary U notch was machined
manually with a precision drill/grinder
(FBS12; Proxxon) with a stroke of 3000
to 15 000 min-1 fitted with a diameter
of 20 � 0.8-mm silicon carbide disk. To
create the initial crack, a V notch was
cut manually into the center of the U
notch with a commercial razor blade
(Platinum; Gillette).14-16 The V-notch
Balos et al



Table III. Fracture toughness, Vickers hardness, and their corresponding
standard deviations

Specimen

Fracture
Toughness KIC,

MPam1/2
Hardness HV0.3,

kg/mm2

T0 1.54 �0.11 19.6 �0.6

T002 2.09 �0.03 25.1 �0.5

T004 1.93 �0.10 23.1 �0.3

T009 1.78 �0.09 22.5 �0.8

T023 1.77 �0.08 21.6 �0.8

T046 1.74 �0.08 21.6 �1.1

T092 1.55 �0.06 24.8 �0.5

P0 1.38 �0.11 21.4 �1.0

P002 1.62 �0.04 25.2 �0.7

P004 1.40 �0.09 22.4 �0.3

P009 1.39 �0.07 23.5 �0.3

P023 1.36 �0.08 24.4 �0.6

P046 1.37 �0.08 25.0 �0.7

P092 1.40 �0.06 25.1 �0.6

B0 1.01 �0.11 22.1 �0.6

B002 1.59 �0.21 25.5 �0.6

B004 1.73 �0.17 25.2 �0.5

B009 1.58 �0.26 21.3 �0.4

B023 1.48 �0.11 22.2 �0.4

B046 1.51 �0.09 21.6 �0.7

B092 1.02 �0.02 23.4 �0.8

Biocryl Polyhot
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1 Fracture toughness versus nanosilica content: Triplex Hot,
Polyhot, and Biocryl.
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depth was measured with a light
microscope (Orthoplan; Leitz/Leica).
Fracture toughness was calculated ac-
cording to the following equation:

KIC ¼ F

B
ffiffiffiffiffi
W

p S1�S2
W

3
ffiffiffi
a

p

2ð1�aÞ1:5Y
�

(1),

Y*¼1.9887�1.326a�(3.49�0.68a
þ1.35a2)a(1�a) (1þa)-2

where F is the maximum force (N), Sx is
the distance between the supports
(mm), a is the geometric factor
expressed as a/W, a is the overall notch
depth (mm), B is the specimen width
(mm), W is the specimen width (mm),
and Y* is a dimensionless factor of
specimen geometry. Fracture toughness
was determined on the basis of 5
specimens per tested group.

Microhardness was measured with
the Vickers microhardness tester (HVS-
1000; Huayin). A 2.94 N load was
applied by using 15 seconds dwell time,
and 5 indentations were made. Micro-
hardness was determined as the average
value and was calculated with the
following equation:

HV ¼ 1:8544 F

d2
(2),

where F is the load (kg) and d is the
average between 2 measured indenta-
tion diagonals (mm).

Mechanical properties were statisti-
cally analyzed by using 2-way ANOVA
and 2 predictive factors, material and
silica level. The Dunnett multiple com-
parison procedure was performed to
determine the statistically significant
difference between the control group
mean and the fracture toughness and
microhardness means of the modified
groups. Fracture surfaces were exam-
ined by a scanning electron microscope
(SEM) (JSM-6460LV; JEOL) operating
at 25 kV. The specimens were previously
coated with gold (SCD-005; Bal-tec/
Leica). Differential scanning calorimetry
(DSC) analysis was performed by using a
DSC device (Q20;TA Instruments). The
analysis was conducted within a 40�C to
160�C temperature range.
Balos et al
RESULTS

Fracture toughness, Vickers micro-
hardness results, and the corresponding
standard deviations for the control
group and modified groups are shown
in Table III. Trends regarding the me-
chanical properties and nanosilica
content are represented in Figures 1
and 2, which show fracture toughness
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2 Microhardness versus nanosilica content: Triplex Hot,
Polyhot, and Biocryl.

Table V. Analysis of variance for microhardness

Source Sum of Squares df Mean Square F Ratio P

Model 297.93 20 14.896 14.37 <.001

Residual 87.08 84 1.037

Corrected total 385.01 104

Table IV. Analysis of variance for fracture toughness

Source Sum of Squares df Mean Square F Ratio P

Model 6.72 20 0.336 21.74 <.001

Residual 1.30 84 0.015

Corrected total 8.02 104

Table VI. Multiple comparisons for fracture toughness by silica level

Contrast Significance Difference ± Limits

0.0203-0 * 0.455 0.123

0.045-0 * 0.374 0.123

0.091-0 * 0.272 0.123

0.227-0 * 0.224 0.123

0.456-0 * 0.229 0.123

0.917-0 0.010 0.123

P<.05 indicates significant difference.
*Results of multiple comparisons suggest all pairs represent fracture toughness, except the last
one (0.91-0) show statistically significant differences at the 95.0% confidence interval.

330 Volume 111 Issue 4
versus nanosilica content and micro-
hardness versus nanosilica content. It
can be seen that all modified Triplex
Hot specimens have an increased
The Journal of Prosthetic Dentis
fracture toughness compared with
the unmodified specimens. The highest
value was obtained for 0.023% of
added nanosilica (T002). For the higher
try
contents of nanosilica, the fracture
toughness values gradually diminish.
Similar trends were noted for the other
2 tested materials, Polyhot and Biocryl.

The microhardness results for all
tested materials are shown in Table III
and Figure 2. The highest microhard-
ness results were obtained at 0.023%
nanosilica content. Microhardness of
specimens with higher nanosilica con-
tent was lower; however, a second-
ary maximum can be observed at
the maximum nanosilica content of
0.91%. The majority of modified
specimens had increased microhard-
ness compared to the control group
specimens.

The results of 2-way ANOVA statis-
tical analysis are shown in Tables IV
and V. The results of fitting a general
linear statistical model, which relates
fracture toughness to 2 predictive fac-
tors material and silica level are shown
in Table IV. The relation of microhard-
ness to material and silica level is
summarized in Table V. As indicated by
the P value, a statistically significant
relationship exists between both frac-
ture toughness and microhardness and
the predictor variables at the 95.0%
confidence interval.

The results obtained with the
Dunnett test are presented in Tables VI
and VII. Results of multiple compari-
sons suggest all pairs represent frac-
ture toughness, except the last one
(0.91-0) show statistically significant
differences at the 95.0% confidence in-
terval. However, multiple comparisons
of microhardness results indicate that
a statistically significant difference
exists in all pairs, as shown in Tables VI
and VII.

The DSC curves are presented in
Figure 3. DSC curves for Triplex Hot,
Polyhot, and Biocryl are shown in
Figure 3. Low nanosilica addition
(0.023 [0.046%]) contributes to a
moderate rise in glass transition tem-
perature (Tg) for Triplex Hot and Bio-
cryl materials. However, in the case of
Polyhot, nanosilica causes a marginal
decrease of Tg.

SEM macrographs and micrographs
of the fracture surface obtained for
Balos et al



Table VII. Multiple comparisons for hardness HV0.3 by silica level

Contrast Significance Difference ± Limits

0.0203-0 * 4.265 1.010

0.045-0 * 2.557 1.010

0.091-0 * 1.427 1.010

0.227-0 * 1.717 1.010

0.456-0 * 1.697 1.0010

0.917-0 * 3.43 1.010

P<.05 indicates significant difference.
*Results of multiple comparisons suggest all pairs represent fracture toughness, except last
one (0.91-0) show statistically significant differences at 95.0% confidence interval.
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the tested materials in an unmodified
condition and with nanosilica addit-
ion are shown in Figures 4 to 6. SEM
images of the specimens with added
nanosilica were obtained for 0.023%
and 0.91% nanosilica, that is, for min-
imum and maximum nanoparticle ad-
dition, respectively. Shown in Figure 4
are SEM macro images at a magnifi-
cation of �30 of Triplex in unmodified
condition (Fig. 4A), with 0.023%
nanosilica content (Fig. 4B) and 0.91%
nanosilica content (Fig. 4C). A similar
fracture mode for all the specimens is
shown in Figure 4A-C. The intense river
patterns near the initial crack indicate a
brittle fracture mode.

Shown in Figure 5 is the fracture
surface of Polyhot at a magnification
of �5000, of the unmodified (Fig. 5A)
specimen and the specimen modified
with 0.023%nanosilica addition (Fig. 5B).
The crack propagated from the ini-
tiation site, which created a radial
striped pattern, the occurrence of sta-
ble crack propagation up to the next
radial striped pattern. Thus, smooth
morphology is noticed at lower mag-
nifications, which indicates indiscrimi-
nate crack propagation through the
specimen.

Agglomerates found in the speci-
mens made of Biocryl modified with
0.91% nanosilica are shown in Figure 6.
A comparison of backscattering and
the secondary electron SEM mode of
operation is shown in Figure 6A, B. At
high magnifications (�50 000), a large
agglomerate of approximately 250 nm
can be seen to differ chemically from
the PMMA matrix.
DISCUSSION

The results obtained in this investi-
gation allow the rejection of the null
hypothesis. As the nanoparticle content
was increased, fracture toughness de-
creased for all tested materials. Such
results may be explained by the degree
of filler agglomeration, particle dis-
tribution, and the interfacial layer be-
tween the nanoparticle and the PMMA
matrix.



4 Triplex fracture surfaces obtained after fracture toughness test. A, unmodified. B, 0.023% nanosilica
addition. C, 0.91% nanosilica addition.

5 A, Polyhot in unmodified condition. B, Modified with 0.023% nanosilica.
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Investigation of the Tg in nano-
composites can lead to different results,
depending on the materials involved
and the method of mixing the nano-
particles with the polymer matrix. The
influence of the nanoparticles on Tg in
polymer composites is controversial
because, in nanocomposites, Tg de-
pends on a variety of factors.17-19 The
The Journal of Prosthetic Dentis
behavior of the silica-reinforced system
is influenced by the existence of the
interfacial layer caused by the chain
immobility within a few nanometers of
the filler surface.20,21

The change of the composite Tg
value is mainly associated with the
polymer immobility in the interfacial
layer. If the interfacial layer is thin and
try
a small amount of polymer is immo-
bilized, then no change in Tg is ex-
pected. Furthermore, if nanoparticles
are well dispersed at sufficiently small
distances apart, their modified
PMMA interfacial layers contact each
other, which forms a homogenous
reinforced field.18 On the contrary, in
the specimens with larger amounts of
Balos et al



6 Biocryl modified with 0.91% nanosilica, scanning electron microscope image of agglomerates.
A, Backscattering mode. B, Secondary electron mode. C, Groups of approximately 50 nm agglomerates.
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nanoparticles, agglomeration may be
observed and a larger portion of the
polymer chain may be immobilized,
which results in higher Tg. Interfacial
layer thickness can be calculated with
the following equation:

d ¼ dp
2

2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
ad
1�yp
yp

þ 1

!
3

vuut �1

3
5

(3),

where d is the interfacial layer thickness,
dp is the nanoparticle diameter, ad is
the fraction of monomer (polymer) that
forms the interfacial layer, and yp is
the nanosilica content in the nano-
composite.19 From Equation 3, it can
be seen that the interfacial layer thick-
ness is directly proportional to the
nanoparticle diameter. However, the
creation of agglomerates may cause a
theoretical threefold decrease in the
number of particles, which may lead to
the occurrence of gaps between the
reinforcing fields. As a result, during
Balos et al
fracture toughness testing, the crack
may propagate between the reinforced
fields.21

As the SEM imagery shows, ag-
glomeration was observed in speci-
mens with 0.91% silica. However, silica
nanofiller particles appear to be
embedded and semibonded to the
PMMA matrix, which may indicate a
relatively strong nanoparticle-matrix
interaction. Backscattering SEM imag-
ery indicates that large agglomerates
may fracture under load, while their
silica layer may remain firmly bonded to
the PMMA matrix. After the nanofiller
agglomerate fractures, the stress is
transmitted to the PMMA matrix, while
the crack propagates to the adjacent
filler particles. The lack of crack for-
mation and propagation during
microhardness testing indicates that
agglomerates may not fracture during
indentation. The high microhardness
value of specimens that, for example,
contain 0.91% of nanoparticles may be
explained by the high nanoparticle
content as well as the thick immobilized
PMMA layer around agglomerates.

A limitation of this study is the
testing of just 3 PMMA-based denture
materials. However, when bearing in
mind that most denture materials are
based on PMMA, the 3 selected mate-
rials may well represent the entire
group. Future research should address
the testing of a larger number of me-
chanical properties in PMMA-based
denture materials.
CONCLUSIONS

Within the limitations of this study,
the follow conclusions can be drawn:

1. Low nanosilica content yields
better mechanical properties than high
nanosilica content in terms of micro-
hardness and fracture toughness. As
nanosilica content increases, fracture
toughness decreases, whereas micro-
hardness has a secondary maximum
at 0.91% nanosilica content. These
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trends can be explained by the crack
development and its propagation as
well as the agglomeration, which occurs
with increased nanosilica content.

2. High nanosilica content results in
intensive agglomeration, where larger
particles are formed. This results in
distribution and the formation of
various modified immobilized layers
around nanoparticles.
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