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داوملروحملايئانثينثلاةوقديدحتىلإةساردلاهذهفدهت:ثحبلافادهأ
.ةددحمهوشتتلادعميفةبكرملاجنتارلا

ةبكرملاجنتارلاداومنمةقيقدلانئاجهلانمنينثارايتخامت:ثحبلاقرط
يز(٢٥٠مايتيزكتلفو)١٠٠يز(مايتفتاروتسير١٠٠يزكتلف[

ميربسكتلف(ونانلاقيرطنعةأبعملاةبكرملاجنتارلاداومنمنينثاو،])٢٥٠
صارقألكشىلعتانيععينصتمتامك.)ةيفافشلايلاعكتلفويدوبيتسكا
متو.ينثلالماعمديدحتلجأنم،ةمسقمنوليانبلاوقمادختساب)مم١×١٢(
رابتخامتو.ةداملكنم)مم٢×٢×٢٥(نابضقلكشىلعتانيععينصت
ةفاجلافورظلايفهلماعمُوروحملايئانثينثلاةوقباستحلاتانيعلا
.اعوبسأ٥٢واعوبسأ١٣وعوبسأدعبةبطرلافورظلاو

يبما١٩-/١٦٢þ("٢٥٠يز"ـلروحملايئانثينثةوقىلعأتلجّسُ:جئاتنلا
"١٠٠يز"و)يأيبما١٦-/١٥٤þ(ةيفافشلايلاعكتلفاهعبتيو)يأ
)١٥٠þ/-١٣٦(يدوبيتسكاميربسكتلفو)يأيبما١٨þ/-يبما١٨
يئانثينثلاةوقةدايزبحضاوطمندوجوهوشتلالدعميفةدايزلاترهظأو.)يأ
روحملايئانثينثةوقتناك،رمغلانمدحاوعوبسأدعب.داوملايفروحملا

١٢٦þ/-١٢٤و"١٠٠يز"ـل١٨þ/-ىلعأتناكيتلا،"٢٥٠يز"ـل١٧
ةيفافشلايلاعكتلفويأيبما١٦-/٩٩þيدوبيتسكاميربسكتلفنم
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نمةعونصملانانسلأاميمرتداومءانحناتلادعموةوقضفخنت:تاجاتنتسلاا
ىلإلوصولادعبو.ءاملاباهعبشتنيحليئامطسويفاهرمغدنعجنتارلا
تاريثأتنإ.ةيبيكرتلاداوملاىلعرثؤيلارمغللمدختسملاطسولانإفنزاوتلا
نمةعونصملانانسلأاميمرتداوميفروحملايئانثينثلاةوقىلعهوشتلالدعم
.ةميقتاذتسيلجنتارلا

بط؛لماعمُ؛ةيكيناكيملاصاوخلا؛نانسلأابطداوم:ةيحاتفملاتاملكلا
يميمرتلانانسلأا

Abstract

Objectives: This study aimed to determine the biaxial

flexural strength (BFS) of resin composite materials at

distinct deformation rates.

Methods: Two micro-hybrid [Filtek Z100� Restorative

(Z100), Filtek� Z250 (Z250)] and two nano-filled [Filtek�
Supreme XT Body (FSB), Filtek� Supreme Translucent

(FST)] composite resins were selected. Disc-shaped

(12 � 1 mm) specimens were fabricated using nylon split

moulds. Bar-shaped specimens (25� 2� 2 mm) were fabri-

cated from each material to determine the flexural modulus.
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The specimens were tested for BFS and flexural modulus

under dry and wet conditions after 1, 13, and 52 weeks.

Results: The highest BFS was recorded for Z250

(162 � 19 MPa), followed by FST (154 � 16 MPa), Z100

(150 � 18 MPa), and FSB (136 � 18 MPa). The materials

exhibited a clear trend of increase in BFS with defor-

mation rate. Following immersion for 1 week, the BFS

was 126 � 18 MPa for Z100, and 124 � 17 MPa for Z250,

which were higher than those of FSB (99 � 16 MPa) and

FST (115 � 19 MPa) under comparable conditions.

There was a remarkable reduction in the flexural moduli

of the specimens immersed for 1 week compared to those

of the dry specimens: Z100 (from 18.3 � 1.2 GPa for dry

specimen to 15.7 � 0.8 GPa after immersion for 1 week),

Z250 (from 16.7 � 0.8 GPa to 13.3 � 1.4 GPa), FSB

(from 13.7 � 0.6 GPa to 11.0 � 2.1 GPa) and FST (from

12.7 � 2.3 GPa to 10.4 � 1.0 GPa).

Conclusion: This study concludes that the BFS and flex-

ural moduli of resin-based dental restoratives decline

when they are immersed in an aqueous medium until

saturation with water. However, after equilibrium is

established, the immersion medium does not affect the

restorative materials further. Variations in deformation

rate did not have a significant effect on the BFS of resin-

based dental restoratives.

Keywords: Dental materials; Mechanical properties;

Modulus; Restorative dentistry

� 2018 The Authors.
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Introduction

Restorative dental materials form the basis for replace-
ment of tooth structure lost due to disease or injury. Given
this significance, a variety of direct aesthetic restorative dental

materials has been developed; however, no restorative mate-
rial possesses ideal properties. For example, silicate cement,
the first tooth-coloured restorative material, was introduced
in the 1870s; it did not gain much acceptance due to its brit-

tleness, quick erosion, and marginal discoloration.1 The first
polymeric, tooth-coloured polymethyl methacrylate
(PMMA)-based composite was introduced in the 1940s.

Although, it was relatively better in terms of aesthetics, it
exhibited inferior properties such as high polymerisation
shrinkage, poor bonding, andmismatch of thermal expansion

coefficients.2 Subsequently, Rafael L. Bowen used high-
molecular weight epoxy and methacrylate derivatives to
overcome the deficiencies associated with PMMA-containing

composites.3 The advancement by Bowen significantly helped
industries develop novel resin-based composites (RBCs) as
restorative materials comprising resin and inorganic fillers.

Resin-based composites havebeenwidely accepted indental

practice due to key benefits such as minimal need of tooth
preparation4 and aesthetic properties.5However, they exhibit a
number of drawbacks including polymerisation shrinkage,6

bond strength,7,8 and inferior fracture toughness.9 Since the
development of RBCs, extensive research has been carried
out to improve their clinical life with focus being mainly on

the development of new monomers10 and fillers based on
particle size, content, and silanisation.11 One of the most
important developments in this field during the past decade

has been the incorporation of nanotechnology in RBCs.12e14

Nanotechnology is the manufacturing and handling of
materials and structures in the size range 0.1e100 nm using a
number of physical or chemical techniques.15 It is believed

that lower filler particle size and broader particle size
distribution enable enhanced filler loading, thereby reducing
polymerisation shrinkage and improving mechanical

properties such as flexural and tensile strength.16,17

Biaxial flexural strength (BFS) has been employed by re-
searchers to evaluate the mechanical properties of restorative

materials.18,19 The key benefit of using BFS as a parameter is
that tensile stress is mostly applied on the central loading
area, eliminating edge failures. The disc-shaped specimens
(12 � 1 mm) used to test the BFS simulate the average width

of molars. Additionally, BFS testing is not influenced by
specimen geometry and flaw directions.20

Clinically, restorative materials undergo variable stresses

in a cyclic pattern due to functional masticatory forces. The
stresses encountered vary in several aspects including
anatomical features, physiological chewing patterns, diet,

and individual variations.21 For instance, patients with para-
functional habits such as bruxism may exert higher stress on
restorations than would physiological forces of mastication

alone.22 Nevertheless, the strength of RBCs is determined
under a constant deformation rate. The international
standard for testing polymer-based restorative and luting
materials (ISO 4049) recommends a narrow range of

deformation rates (0.5e1.0 mm/min) to test flexural
strength.16 However, a constant deformation rate may
reflect the precise behaviour. Moreover, according to ISO

4049, 2000, it is recommended that the specimen be stored
in distilled water for 1 week prior to being tested for
flexural strength. However, long-term water storage at

body temperature is essential in order to simulate real clin-
ical environment and reveal any water-induced degradation
effects. This study was based on the hypothesis that the

RBCs would exhibit no difference in BFS at varying defor-
mation rates under storage conditions. Thus, this study
aimed to determine the BFS of RBCs at distinct deformation
rates (0.01, 0.1, 1.0, and 10.0 mm/min) and up to 1 year of

water storage regime. In addition, the effect of nanoclusters
and micro-hybrid fillers on the BFS of RBCs has been
comparatively analysed.
Materials and Methods

Materials

The current study used four resin-based dental restorative
composite materials (A3 shade): two micro-hybrid materials
[Filtek Z100� Restorative (Z100) and Filtek� Z250 (Z250)]
and two nano-filled materials [Filtek� Supreme XT Body

(FSB) and Filtek� Supreme Translucent (FST)]. In terms of

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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resin chemistry, Z250, FSB, and FST had similar types of
resins such as triethyleneglycol dimethacrylate (TEGDMA),

bisphenol-A-diglycidyletherdimethacrylate, bisphenol-A-
polyethylene glycol dietherdimethacrylate, and urethane
dimethacrylate (Table 1). In contrast, Z100 comprised only

TEGDMA and bisphenol-A-diglycidyletherdimethacrylate.
The inorganic components of Z100 and Z250 were zir-

conia silica fillers (84.5 wt.% and 66.0 vol.%, and 84.5 wt.%

and 60.0 vol.%, respectively), with particle size in the range
0.01e3.5 mm and averaging 0.6 mm. The FSB had individu-
ally dispersed silica nanoparticles (8.0 wt.%, 5e20 nm), and
zirconia and silica nanoclusters (71.0 wt.%, 0.6e1.4 mm)

constituting total filler content of 79 wt.%. The FST fillers
consisted of silica nanoparticles (40.0 wt.%, w75 nm) and
silica nanoclusters (30.0 wt.%, w0.6e1.4 mm), constituting

filler content of 70.0 wt.% and 57.5 vol.% in total.
Specimen preparation for BFS testing

For each material, 120 disc-shaped (12� 1 mm) specimens

were synthesised using nylon moulds. A split design was used
to facilitate stress-free removal of the specimens. Briefly, RBC
paste was weighed accurately (0.24 � 0.005 g) using an

analytical micro-balance (Mettler AE163, Mettler-Toledo
Ltd, Leicester, UK) prior to insertion into the mould. The
mould was placed on a strip of cellulose acetate and filled with
RBC in a single increment. It was then covered with another

strip of cellulose acetate, and the RBC was thumb-pressed.23

Each specimen was light-cured (23 � 2 �C, 20 s on each side)
using a quartz-tungsten-halogen lamp (Optilux-501, Kerr,

Orange, USA). A light guide was used to hold the curing tip
to ensure concentric alignment of the curing light. The in-
tensity of the curing light was calculated (w780e880 mW/

cm2) using a radiometer (Coltolux C-7900 Coltene/Whale-
dent Inc, Mahwah, USA) before each set of samples was
irradiated. The cellulose strips were discarded after the spec-
imens were removed from the moulds. Each specimen was

inspected carefully, and those exhibiting any defects such as
presence of air bubbles, voids, or visible cracks were excluded.

Prior to testing, all the specimens (n¼ 120 for eachmaterial)

were stored in polystyrene cylindrical containers (30 mL) for
variableperiodsof timeunderdifferent experimental conditions
(dry andwet conditions for 1, 13, and52weeks) at 37� 1 �C.To
provide a reproducible reference solution, deionised distilled
water was used for thewet storage of specimens throughout the
study.24 The storage medium was refreshed weekly for all the

specimens to prevent accumulation of leached constituents
from the resin composites.
Table 1: Description and composition of resin composite materials.

Material (abbreviation) Type Fillers

Filtek Z100 (Z100) Micro-hybrid Zirconia, silica; 0.

Filtek Z250 (Z250) Micro-hybrid Zirconia, silica: 0.

Filtek supreme body (FSB) Nano-filled Silica; 5e20 nm n

Zirconia silica; 0.6

nanoclusters (71.0

Filtek supreme

translucent (FST)

Nano-filled Silica; 75 nm nan

Silica; 0.6e1.4 mm
Specimen preparation for flexural modulus testing

For eachmaterial, 10bar-shaped specimens (25� 2� 2mm)

were fabricated using nylon split moulds. The material was
precisely weighed (0.26� 0.005 g) and filled into the mould in
a single increment. The surfaces were covered with trans-
parent cellulose acetate strips (0.1 mm) to reduce oxygen in-

hibition. After the mould was covered with cellulose acetate
strips, the RBC was pressed by applying finger pressure. In
accordance with ISO 4049, a curing-light tip of 12 mm and an

overlapping curing pattern were used to cure the 25-mm long
bar-shaped specimens.16 Briefly, the central part of each
specimen was irradiated for 20 s, followed by irradiation of

two overlapping positions for 20 s each to ensure that the
entire length of each specimen was cured. The curing,
inspection protocol, and storage of the specimens were

precisely as described in the previous section.
BFS measurement

The BFS of each specimen was determined using variable

deformation rates obtained by adjusting the cross-head
speed (0.01, 0.1, 1.0, and 10.0 mm/min). Thirty specimens
of each material (n ¼ 30) were tested at each speed setting

using a ball-on-ring universal mechanical tester (Instron Ltd,
High Wycombe, UK). A ball-shaped indenter (3 mm) was
centrally loaded on the disc-shaped sample fixed to the knife-

edge support beam (10 mm). The load (N) was recorded at
the failure of each specimen. The average thickness of the
tested specimen at the point of fracture was determined using
a micrometer (Moore & Wright, Sheffield, UK). The BFS

(MPa) of the tested specimen was calculated using the
equation given below.25

smax ¼ p

h2

n
ðlþ nÞ

h
0:485� ln

�a
h

�
þ 0:52

i
þ 0:48

o

where smax stands for the maximum tensile stress (MPa), a is
the radius of the knife-edge support beam (mm), p is the

measured value of force to fracture (N), h is the thickness of the
sample (mm), and n is Poisson’s ratio (0.25 for all RBCs).26
Flexural modulus measurement

The specimens were loaded centrally using a cylindrical
roller (3 mm in diameter) across a support span (20 mm) and

a universal mechanical tester (Model5544, Instron Ltd, High
Wycombe, UK) at a fixed deformation rate of 1.0 mm/min.
Filler content Manufacturer

01e3.5 mm 84.5 wt.%

66.0 vol.%

3M ESPE,

St. Paul, USA

01e3.5 mm 84.5 wt.%

60.0 vol.%

anoparticle (8.0 wt.%);

e1.4 mm
wt.%)

79.0 wt.%

59.5 vol.%

oparticles (40.0 wt.%)

nanoclusters (30.0 wt.%)

70.0 wt.%

57.5 vol.%



Table 2: Bi-flexural strength (MPa) of various resin-based

dental restoratives in dry form determined at various defor-

mation rates.

Material Deformation rate (mm/min) ANOVA

0.01 0.1 1.0 10.0

Z100 150 � 18 161 � 20 163 � 21 165 � 21 P ¼ 0.183

Z250 162 � 19 169 � 22 170 � 23 174 � 24 P ¼ 0.380

FSB 136 � 18 150 � 18 158 � 19 160 � 21 P ¼ 0.201

FST 154 � 16 161 � 19 163 � 20 171 � 21 P ¼ 0.072

ANOVA P ¼ 0.058 P ¼ 0.089 P ¼ 0.073 P ¼ 0.071

Statistically significant (P < 0.05).
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The dimensions (mm) of the fractured sample were measured
using a micrometer (Moore & Wright, Sheffield, UK). The

load-deflection curve was plotted based on the load (N) and
deflection (mm). The flexural modulus (GPa) was calculated
using the equation given below.27

ðEÞ ¼ Fl3

4bh3d

where E denotes the flexural modulus, F denotes load (N), l
stands for specimen length (20 mm), b is specimen width
(mm), h is specimen thickness (mm), and d stands for

deflection (mm).
Scanning electron microscope (SEM) analysis

Biaxial flexural discs were used for image analysis of the
surface of the abovementioned commercial dental compos-
ites. Prior to testing, the RBC discs were stored for 24 h after

curing. At the end of the 24-h period, the discs were mounted
on to steel stubs with a fast-setting adhesive. The discs were
then sputter-coated with palladium gold alloy (Polaron 5000,

UK) for 90 s at 18 mA. The microscopic images were ana-
lysed at �2000 and �100 magnifications using a scanning
electron microscope (SEM, Philip, XL-30, Netherlands) and
SEM software. The voltage of the SEM was set at 20 kV.
Table 3: Bi-flexural strength (MPa) of various resin-based

dental restoratives under various storage regimes determined

at various deformation rates.

Material Deformation rate (mm/min) at week 1 ANOVA
Statistical analysis

The data was analysed using the computer software SPSS
(Version 20; IBM, USA). The BFS data in relation to
deformation rates as independent variables were analysed
using the two-way analyses of variance (ANOVA). In addi-

tion, post-hoc Tukey and one-way ANOVA tests were
applied to highlight the differences among the BFS and
flexural moduli of the materials in relation to deformation

rates and storage regimes. The post-hoc Tukey and one-way
ANOVA tests were applied to highlight the differences
among the flexural moduli of the materials in relation to

storage regimes. For statistical analysis, a value of P � 0.05
was considered to be an indicator of statistical significance.
0.01 0.1 1.0 10.0

Z100 126 � 19 132 � 21 135 � 20 138 � 24 P ¼ 0.101

Z250 124 � 17 133 � 22 137 � 21 155 � 25 P ¼ 0.100

FSB 99 � 16 112 � 17 117 � 18 118 � 17 P ¼ 0.092

FST 115 � 19 126 � 17 142 � 27 141 � 32 P ¼ 0.093

ANOVA P ¼ 0.538 P ¼ 0.060 P ¼ 0.059 P ¼ 0.072

Deformation rate (mm/min) at week 13

Z100 114 � 17 134 � 24 135 � 20 134 � 25 P ¼ 0.081
Results

The current study compared the BFS and flexural

modulus of micro-hybrid and nano-filled dental restorative
materials. In addition, the effects of storage medium and
variable deformation rates on flexural properties were
investigated.
Z250 114 � 16 135 � 14 139 � 23 142 � 25 P ¼ 0.088

FSB 96 � 12 115 � 11 117 � 16 122 � 15 P ¼ 0.074

FST 114 � 18 127 � 18 128 � 21 142 � 27 P ¼ 0.059

ANOVA P ¼ 0.141 P ¼ 0.079 P ¼ 0.069 P ¼ 0.078

Deformation rate (mm/min) at week 52

Z100 102 � 21 110 � 20 113 � 22 115 � 23 P ¼ 0.121

Z250 105 � 17 113 � 19 113 � 21 114 � 22 P ¼ 0.110

FSB 94 � 15 98 � 15 103 � 16 114 � 17 P ¼ 0.094

FST 101 � 12 110 � 21 123 � 19 127 � 22 P ¼ 0.109

ANOVA P ¼ 0.062 P ¼ 0.078 P ¼ 0.055 P ¼ 0.069

Statistically significant (P < 0.05).
Bi-axial flexure strength (BFS)

The average BFS of the dental composites was influenced
by material type and deformation rates when tested before
immersion into the medium. Using a deformation rate of

0.01 mm/min, the highest BFS was recorded for Z250
(162 � 19 MPa), followed by FST (154 � 16 MPa), Z100
(150 � 18 MPa), and FSB (136 � 18 MPa). There was no
remarkable difference between the restorative materials in

terms of BFS (Table 2).
The materials exhibited a clear trend of increase in BFS

with deformation rate but none exhibited a statistically sig-
nificant variation (Table 2). For instance, in the case of Z100,
the BFS was 150 � 18 MPa at a deformation rate of

0.01 mm/min, and this increased to 161 � 20 MPa,
163 � 21 MPa, and 165 � 21 MPa at deformation rates of
0.1, 1.0, and 10 mm/min, respectively. Similar trends were
observed in the other three materials. The BFS of the

materials aging under wet conditions are shown in Table 3.
Regardless of deformation rates, the BFS of all the
materials under wet conditions was significantly lower than

that of their dry counterparts (P < 0.05), suggesting that
ingress of water from the storage medium reduces the BFS.
The BFS also declined with aging in the storage medium;

the values of BFS at the end of 13 and 52 weeks were
lower than that at the end of 1 week but the declines were
not significant (Table 3).

At immersion duration of 1 week and deformation rate of

0.01 mm/min, the BFS was 126 � 18 MPa for Z100, and
124� 17MPa for Z250, which were higher than that for FSB
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(99 � 16 MPa) and FST (115 � 19) under comparable con-
ditions. When the deformation rate was increased from

0.01 mm/min to 0.1, 1.0, and 10 mm/min, all the materials
showed a slight increase in BFS but there were no significant
differences among the materials in terms of BFS under var-

iable deformation rates (Table 3). The deformation rates
produced similar effects on the specimens stored for 13 and
52 weeks. The only exception was that for all the materials,

the BFS values at the end of 13 and 52 weeks were lower
than that at the end of 1 week at each deformation rate,
but the reduction was not statistically significant.
Therefore, under all conditions of deformation rate and

aging time, the Z100 and Z250 specimens exhibited higher
BFS compared to the FSB and FST specimens (Table 3).

Flexural modulus

A comparative analysis of the dry and wet specimens
immersed for 1 week revealed a similar trend in the flexural
moduli of all four RBCs. The flexural moduli of the dry

specimens were significantly higher (P < 0.001) than all three
sets of wet specimens (stored under immersion for 1, 13, and
52 weeks), whereas no significant differences (P > 0.001)

were observed amongst the wet samples themselves (Table 4).
In dry form, the flexural moduli of Z100 (18.3 � 1.2 GPa)
and Z250 (16.7 � 0.8 GPa) were significantly higher

(P < 0.05) than those of FSB (13.7 � 0.6 GPa) and FST
(12.7 � 2.3 GPa). The flexural moduli of the samples under
wet aging conditions were lower than under dry conditions,

and this trend was observed in all the materials (Table 4).
The reduction in the flexural moduli of the different mate-

rials was as follows: Z100 (from 18.3 � 1.2 GPa under dry
conditions to 15.7� 0.8 GPa following immersion for 1 week),

Z250 (from 16.7 � 0.8 GPa to 13.3 � 1.4 GPa), FSB (from
13.7 � 0.6 GPa to 11.0 � 2.1 GPa), and FST (from
12.7� 2.3GPa to 10.4� 1.0GPa). Therewas further reduction

under wet conditions for 13 and 52 weeks, but these changes
were not statistically significant (P > 0.05) when compared to
the value obtained following immersion for 1 week.

Scanning electron microscope (SEM) analysis

Representative surface SEM images of the four com-
mercial dental composites are displayed in Figure 1a. It is

evident from Figure 1a and 1b that the particle size of the
fillers is larger in Z250 and Z100 (micro-sized fillers) than
in FSB and FST (nano-sized fillers). The SEM images of

the two micro-hybrid composites reveal better filler-
Table 4: Flexural modulus of various resin-based dental re-

storatives under various storage regimes.

Flexural modulus (GPa)

Z100 Z250 FSB FST

Dry 18.3 � 1.2 16.7 � 0.8 13.7 � 0.6 12.7 � 2.3

1 week wet 15.7 � 0.8 13.3 � 1.4 11.0 � 2.1 10.4 � 1.0

13 weeks wet 15.5 � 1.0 14.0 � 0.7 10.5 � 0.7 10.7 � 0.5

52 weeks wet 16.2 � 1.0 13.2 � 0.9 11.5 � 0.9 10.5 � 0.7

Statistically significant (P < 0.05); Deformation rate of 1.0 mm/

min.
monomer interaction in Z250 than in Z100, which is indic-
ative of the higher values of strength in the former compared

to the latter. On the other hand, between the two nano-filled
composites, FST exhibited better filler-monomer interaction,
suggesting higher values of strength, compared to FSB.
Discussion

The current study highlighted the variations in BFS among
variousRBCdental restorativematerials as a function of aging

in wet medium and variable deformation rates. However, the
difference between the BFS of each material at varying defor-
mation rates was insignificant under all storage regimes, thus
validating the initial hypothesis. There is little time for viscous

flow in the RBCs at higher deformation rates, which limits
stress relief and affects BFS.28 The BFS sensitivity of the RBCs
to deformation rates under dry and wet conditions varied

widely (Tables 2 and 3) and affected the interpretation of
data. Therefore, the evaluation of mechanical properties
using a fixed deformation rate may yield different results if

the loading parameters were changed.28,29

To explore the effects of filler and resin composition, three
commercial RBCs (Z250, FSB, and FST) with different fillers
but similar resin matrices, and two materials (Z100 and

Z250) with similar fillers but different resin polymers were
studied. The overall chemical structure and properties of the
resin composites vary significantly depending on their con-

stituents, chemistry, and interaction with each other. Such
variables may alter the materials’ susceptibility to the oral
environment, leading to variations in degradation and frac-

ture. For instance, a number of mechanisms have been re-
ported for the failure of resin composites based on monomer
type,30,31 degree of monomer conversion,32,33 fillers,34 and

silanisation of the filler-resin interface.35

A number of studies have revealed mechanical similarities
between nano-hybrid and micro-hybrid materials based on
filler types, morphologies, and volume fractions.36 On the

other hand, researchers have also reported superior18,37,38 or
inferior39,40 properties of micro-hybrid materials compared
to nano-filled composites. Such variations are mainly due to

the use of different characterisation techniques and parame-
ters.41 For instance, a number of variables such as resin
chemistry and photo-initiators may affect the properties of

the materials.36 Therefore, it is vital to determine and control
experimental parameters to validate the research data.

The BFS values of all wet specimens were significantly
different than those of their dry counterparts at various

deformation rates. The wet environment leads to plasti-
cisation of RBCs, thereby causing these differences at
different loading rates. Overall, the wet specimens of FSB

exhibited low BFS compared with other wet RBCs despite
the amount of filler content being comparable among all
specimens. The presence of nanoclusters in FSB make it least

likely to penetrate through silane and resin and cause failure
at lower stresses. In addition, the FSB had a lower depth of
cure due to reflection of light by the nanoclusters, and this

may have affected its BFS. The BFS values of Z250, FSB,
and FST under dry and wet conditions using a fixed cross-
head speed (1.0 mm/min) and variable storage protocols
have previously been determined.18 Strength deterioration

was greater in the specimens subjected to longer immersion



Figure 1: (a) Representative surface SEM images of four different commercial composite materials Z250, Z100, FST and FSB. Their

different filler sizes along with filler-monomer interaction could provide insight into the strength and modulus values of the four com-

mercial dental composite materials investigated. (b) SEM image of the fractured surface of Z250 after dry BFS testing. Numerous pores

can be seen between the polymer network and filler, and this gives an indication of air entrapment during mixing or poor monomer-filler

phase.
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time (52 weeks) than in their dry counterparts. The authors

also identified greater BFS degradation in RBCs
containing nanoclusters, which is in agreement with the
results from our study.

The dry specimens of Z100 andZ250 exhibited significantly
greater flexural moduli than did those of FSB and FST. The
immersed specimens of theRBCs included in this study didnot

demonstrate any significant variation in flexural moduli
(Table 4). The decrease in flexural modulus in an aqueous
medium is due to sorption and ingress of water by the
specimens upon immersion. Deterioration in mechanical

properties (tensile/flexural strength, fracture toughness, and
flexural modulus) has been frequently associated with
moisture content and aqueous degradation of the ingredients

of RBCs.33,42,43 Two mechanisms explain the mechanical
deterioration of RBCs following immersion in aqueous
media: the first is the softening and swelling of the resin due

to water sorption, which leads to monomer leaching,44,45

and the second is the impact of the failure of resins and
inorganic filler bonds on the RBCs’ mechanical

properties.34,36,46 Due to equilibration of the polymer
network, the flexural modulus of RBCs does not change
significantly following further immersion.47

The flexural modulus of Z100 was the greatest among all
the RBCs examined, corresponding to its higher TEGDMA
content and conversion of carbonecarbon double

bonds.33,48 Although Z250, FSB, and FST have identical
resin chemistry, FSB and FST exhibited lower flexural
moduli than did Z250, and this can be attributed to the
lower filler mass fraction in nano-filled materials. Addition-

ally, the flexural moduli of micro-hybrid materials have been
found to be significantly higher than those of nano-filled
materials; this may be attributed to greater filler content

(by weight) in micro-hybrid restorative materials than in
nano-filled composites.49 A correlation between filler content
and flexural modulus has been previously reported,17,50 with

researchers identifying higher flexural moduli associated with
higher filler content. Masouras et al.50 identified an increase
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in flexural modulus with filler particle size in RBCs.
Similarly, in the current study, the reason for greater

flexural modulus in both the micro-hybrid RBCs than in
the nano-filled RBCs could be the larger filler particle size of
the former. It can be assumed that large filler particles could

potentially play a significant role in sustaining greater load
than small filler particles can, thereby reducing the distortion
of polymer chains.

It is clear that all the RBCs, whether micro-hybrid or
nano-filled, tested in this study may perform better at varying
masticatory rates (loading speed). However, there are certain
limitations; this is an in vitro study in which clinical oral

environment parameters (such as cyclic loading of mastica-
tion, pH and temperature fluctuations, chewing patterns,
and anatomy) were not simulated. The maximum deforma-

tion rate applied was 10 mm/min beyond which the materials
could not be tested due to the inertial effects associated with
the universal testing machine. The current study tested only

commercial RBCs; however, similar studies on experimental
RBCs could provide further insight and add to the current
basic understanding of these materials.

Conclusions

The difference in the flexural strength of RBCs under
varying deformation rates was not statistically significant,
and this suggests that resin composite restorative materials

can perform at variable masticatory rates. Nano-filled RBCs
revealed lower flexural strength compared to micro-hybrid
resin composites and, hence, cannot be considered for

load-bearing restorations.
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