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INTRODUCTION

 After the development of dental resin-based com-
posites (RBC), their applications were mainly confined 
to anterior teeth. Subsequently, advancements in resin 
and filler technology and patients demand for tooth co-
loured restorations led to their applications for posterior 
restorations as a substitute to amalgam.1,2 However, 
fracture of RBC has been considered as a main cause 
of their failure in posterior restorations.3,4 To address 
this problem, substantial work has been carried out 
to determine the fracture pattern of RBC with regard 
to static strength, cyclic loading, fatigue crack growth 
and fracture resistance.5-8 RBC have exhibited different 
patterns of fracture as a result of different filler sizes, 

filler morphologies and their associated interfacial 
adhesion with the resins matrix.5

 The flexural strength of RBC is more or less deter-
mined at a single deformation rate across the world9 and 
the International Standard for Dental Polymer-Based 
Filling, Restorative and Luting Materials (ISO 4049, 
2000)10 has also advocated a limited choice of testing 
rates (0.75±0.25 mm/min) for the determination of 
the flexural strength of RBC. On the other hand, the 
nature of the masticatory forces will differ from person 
to person in relation to their anatomy, physiological 
chewing patterns, diet11,12 and position of restoration 
within the dentition. For instance, RBC restorations 
may experience constant forces13 for longer periods 
at low deformation rates in the patients with para-
fucnctional habits compared with the great amount of 
transitory loading forces in normal mastication.14

 It is clear that to investigate the flexural strength 
of RBC at one deformation rate is not sufficient to 
elucidate the material behaviour in the real clinical 
environment. Moreover, it is understood that many 
classes of dental restorative material will exhibit a 
deformation rate dependence on their strength.
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ABSTRACT

 The aim of this study was to determine the effect of filler particle size and nanoparticle addition 
on the bi-axial flexure strength (BFS) of the experimental resin-based composites (RBC) at varying 
deformation rates.

 In total, 9 RBC with different filler particle size and nanoparticle addition were investigated 
and for each RBC, 90 disc-shaped specimens (12 mm diameter, 1 mm thickness) were fabricated. All 
specimens were stored in distilled water at 37±1ºC for one week prior to testing. The BFS of each 
RBC was determined at 0.1, 1.0, and 10.0 mm/min deformation rates (n = 30) in a universal testing 
machine.

 A general linear model (GLM) ANOVA highlighted a significant effect of deformation rate, 
filler particle size and nanoparticle addition on the BFS (P<0.001). A general increase in BFS was 
identified with increasing deformation rate whereas a high volume percentage of nanoparticles and 
an increase in filler particle size led to a reduction in BFS. Two-way ANOVA revealed a significant 
effect of deformation rate (P<0.001) and nanoparticle addition (P<0.001) for BFS data sets for each 
RBC series with similar filler particle size.

 The deformation rate dependence of experimental RBC was not significantly affected by various 
combinations of filler particle size and nanoparticle addition.
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 In a previous study15, a significantly lower mean BFS 
of unfilled resins at the 0.1 mm/min deformation rate 
compared with the 1 and 10 mm/min deformation rates 
following the 1-week dry, 1-week wet and 13-week wet 
storage regimes was identified. However, filled resins 
exhibited no significant difference between BFS at all 
deformation rates following the 1-week dry and 13-week 
wet storage regimes. On the contrary, the BFS of 1-week 
wet filled resins specimens was significantly decreased 
at the 0.1 mm/min deformation rate compared with 
the 1 and 10 mm/min deformation rates. A lower BFS 
of the 1-week wet RBC specimens at the 0.1 mm/min 
deformation rate was indicative of the early failure of 
RBC restorations in patients with parafunctional hab-
its, where restorations might be experienced sustained 
force13 for extended periods at low deformation rates. 
Consequently, a further experiment was proposed to 
evaluate the effect of filler particle size and nanoparticle 
addition on deformation rate dependence, which might 
assist the designing of improved RBC with respect to 
various masticatory loading rates.

 Therefore, the aim of this study was to determine 
the effect of filler particle size and nanoparticle addition 
on the BFS of RBC at varying deformation rates. The 
null hypothesis tested was that the distinct filler par-
ticle size and nanoparticle addition would not modify 
the deformation rate dependence of the RBC.

METHODOLOGY

 A light-curable resin formulation of bisphenol A 
diglycidyl ether dimethacrylate (Sigma Aldrich, Gillang-
ham, UK) and triethyleneglycol dimethacrylate (Sigma 
Aldrich, UK) at a 60:40 ratio by mass containing an 
initiator camphorquinone (CQ; Sigma Aldrich, UK; 0.2 
mass %), a co-initiator dimethylaminoethyl methacry-
late (DMAEMA) (Sigma Aldrich, UK; 0.3 mass %) and 
an inhibitor Butylated hydroxytoluene (BHT) (Sigma 
Aldrich, UK; 0.1 mass %) was prepared.

 Nine experimental resin-based composites (RBC1-
RBC9) with constant resin and filler volume ratio 
(45:55) were prepared. A similar resin formulation 
was used for all RBC. However, RBC were reinforced 
with varying filler particle size and nanoparticle con-
tent. The silanised barium glass filler particles of 0.7, 
3.0 and 5.0 μm size were purchased from Schott AG, 
Hattenbergstrasse, Germany and fumed silica; Aerosil 
R 711, of approximately 14 nm size was provided by 
Evonik Industries, Essen Germany. The summary of 
experimental RBC is shown in Table 1.

 In total, 810 specimens were prepared and for each 
RBC, 90 disc-shaped specimens (12 mm diameter, 1 mm 
thickness) were fabricated. Split black nylon molds were 
employed to assist specimen removal without setting up 
of spurious stresses. For each specimen, the mold was 
packed with RBC paste, and the upper and lower outer 
surfaces of each specimen were coated with a cellulose 
acetate strip (0.1 mm thickness) to minimize oxygen 
inhibition.16 All specimens were polymerized from one 

side by a quartz–tungsten–halogen curing unit (Optilux 
501; Kerr, Orange, CA, USA), with a 12 mm-diameter 
curing light guide tip for 40s. The cellulose acetate 
strips were immediately removed after curing of spec-
imen and then each specimen was taken out from the 
mold. Excess material on the edges of specimens was 
cut using a sharp blade. Prior to testing, all specimens 
were stored in distilled water at 37±1ºC for one week. 

 The BFS of each RBC was determined at 0.1, 1.0, and 
10.0 mm/min deformation rates (n = 30) in a universal 
testing machine (Model 5544; Instron, High Wycombe, 
Bucks, England) using a ball-on-ring set-up. The disc-
shaped specimens were supported on a 10 mm-diameter 
knife-edge support with the irradiated surface being 
placed under compression and non-irradiated surface 
under tension. The load was applied centrally on the 
each specimen by a 3-mm ball indenter. The load (N) 
at failure was noted, and the mean specimen thickness 
was calculated after specimen failure at the point of 
fracture of each piece with a screw-gauge micrometer 
(Moore and Wright, Sheffield, UK) precise to 10 μm. The 
BFS (MPa) was calculated according to the following 
equation:17

                                   (1)

where σmax is the maximum tensile stress (MPa), P is 
the measured load of fracture (N), a is the radius of 
the knife-edge support (mm), h is the sample thickness 
(mm), and ν is Poisson’s ratio for the material. A val-
ue of 0.25 was replaced for the RBC evaluated in the 
current investigation.18

Statistical analysis

 A general linear model (GLM) ANOVA was con-
ducted on the combined BFS data to highlight the 
effect of deformation rate (3 levels), filler particle size 
(3 levels) and nanoparticle addition (3 levels) with post 
hoc Sidak test comparison (P=0.05). Two-way ANOVA 
tests were run on BFS data for each filler particle size 
with deformation rate (3 levels) and nanoparticle ad-
dition (3 levels). One-way ANOVA and post hoc Tukey 
tests (P=0.05) were performed on BFS data at each 
deformation rate to highlight the difference between 
RBC with regard to filler particle size and nanoparticle 
addition. Main effects plots were produced to highlight 
the general trends in combined BFS data.

RESULTS

 The GLM-ANOVA highlighted a significant effect of 
deformation rate, filler particle size and nanoparticle ad-
dition on the BFS (P<0.001) (Figure). A general increase 
in BFS was identified with increasing deformation rate 
whereas a high volume percentage of nanoparticles and 
an increase in filler particle size led to a reduction in 
BFS (Figure). Two-way ANOVA revealed a significant 
effect of deformation rate (P<0.001) and nanoparticle 
addition (P<0.001) for BFS data sets for each RBC 
series with similar filler particle size. The mean BFS 
and associated standard deviations of all experimental 
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RBC at 0.1, 1.0 and 10.0 mm/min deformation rates 
are shown in Table 2.

DISCUSSION

 All RBC exhibited a decrease in the mean BFS at 
0.1 mm/min deformation rate compared with higher 
deformation rates (Table 2) which highlight the inher-
ent viscoelastic behaviour of polymer-based materials. 
The relevant material examples are silicones or sili-
con-based materials19 such as polydimethylsiloxane, 
which exhibits unusual properties dependent upon the 
speed of force that is used to manipulate the material; 
if pulled apart slowly the material will stretch, but will 
fracture if given a sharp blow. At low strain rate, the 
polymeric chains of materials are allowed to uncoil and 
move relative to each other and subsequently lead to 
plastic deformation, whereas at high strain rate, the 
polymeric chains are not likely to move relative to each 
other and thus result in brittle failure.

 A decrease in the mean BFS of all RBC with 
different filler size and nanoparticle combinations at 
0.1 mm/min deformation rate compared with higher 
deformation rates (Table 2) suggested that filler par-
ticle size and nanoparticle addition have no significant 
effect on the deformation rate dependence of RBC at 

the filler volume fraction used. It may be assumed that 
an equivalent volume of resin (45 vol%) is likely to be 
responsible for similar deformation rate dependence 
pattern across the range of RBC investigated. Conse-
quently, a further investigation with different resin 
formulations is warranted which may give an insight 
into the material behaviour. In a preliminary study, 
RBC formulations with various filler/resin ratios were 
carried out, however the mixing device was capable to 
mix maximum 55:45 filler/resin volume ratio utilized 
in the current experiment, which is comparable with 
many commercially-available RBC.

 Generally, a significant reduction in mean BFS 
of RBC with increasing filler particle size was iden-
tified at all deformation rates (Table 2). In previous 
studies,20,21 researchers also found a similar pattern. 
Tanimoto et al. (2006)21 evaluated the flexural strength 
of RBC with varying filler size and also investigated 
the corresponding stress distribution using three-di-
mensional finite element (FE) analysis. The authors 
found an increased stress concentration at resin/filler 
interface and a resultant decrease in flexural strength 
with increasing particle size of filler. Generally, the ad-
dition of nanoparticles either did not exhibit any effect 
or reduced the BFS (Table 2). A possible explanation 

TABLE 1: CONSTITUENTS OF THE EXPERIMENTAL RESIN-BASED COMPOSITES ALL RBC WERE 
COMPRISED OF SIMILAR RESIN CHEMISTRIES

Experimental  Resin Composites Microfiller (diameter/load) Nanofiller (diameter/load)
RBC1 0.7 μm; 55.0 vol% 14 nm; 0.0 vol%
RBC2 0.7 μm; 50.5 vol % 14 nm; 4.5 vol%
RBC3 0.7 μm; 46.0 vol % 14 nm; 9.0 vol%
RBC4 3.0 μm; 55.0 vol% 14 nm; 0.0 vol%
RBC5 3.0 μm; 50.5 vol % 14 nm; 4.5 vol%
RBC6 3.0 μm; 46.0 vol % 14 nm; 9.0 vol%
RBC7 5.0 μm; 55.0 vol% 14 nm; 0.0 vol%
RBC8 5.0 μm; 50.5 vol% 14 nm; 4.5 vol%
RBC9 5.0 μm; 46.0 vol % 14 nm; 9.0 vol%

TABLE 2: THE MEAN BFS AND ASSOCIATED STANDARD DEVIATIONS OF EXPERIMENTAL 
RESIN-BASED COMPOSITES  (RBC1-RBC9) AT 0.1, 1.0 AND 10.0 MM/MIN DEFORMATION RATES

Experimental  
Resin Composites

Microfiller 
(diameter/load)

Nanofiller 
(diameter/load)

BFS (MPa) 
0.1 mm/min

BFS (MPa) 
1.0 mm/min

BFS (MPa) 
10.0 mm/min

RBC1 0.7 μm; 55.0 vol% 14 nm; 0.0 vol% 89(11)12b 106(14)1a 106(16)1a

RBC2 0.7 μm; 50.5 vol% 14 nm; 4.5 vol% 95(13)1b 103(14)12ab 104(17)1a

RBC3 0.7 μm; 46.0 vol% 14 nm; 9.0 vol% 82(17)2b 95(13)2a 98(21)1a

RBC4 3.0 μm; 55.0 vol% 14 nm; 0.0 vol% 62(9)3b 70(10)3a 75(13)2a

RBC5 3.0 μm; 50.5 vol% 14 nm; 4.5 vol% 47(10)4b 66(12)34a 61(10)34a

RBC6 3.0 μm; 46.0 vol% 14 nm; 9.0 vol% 53(10)34b 69(12)3a 66(15)234a

RBC7 5.0 μm; 55.0 vol% 14 nm; 0.0 vol% 48(6)4b 58(9)4a 61(12)34a

RBC8 5.0 μm; 50.5 vol% 14 nm; 4.5 vol% 45(8)4b 55(7)4a 59(8)4a

RBC9 5.0 μm; 46.0 vol% 14 nm; 9.0 vol% 52(7)4c 59(9)4b 72(14)23a
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may be that agglomeration of nanoparticles occurred in 
RBC batches and caused the weakening of the RBC due 
to increased stress concentration. In a previous study, 
the influence of various mass fractions of nano fibrillar 
silicate (1%, 2.5% and 7.5%) on the flexural strength 
of resin composites was investigated22 and the authors 
identified an increase in the flexural strength with 1 
and 2.5 % nano fibrillar silicate addition while no fur-
ther increase with 7.5% mass fraction. The increased 
flexural strength was attributed to highly separated 
and uniformly distributed nano fibrillar silicate. It was 
further proposed by authors that two effects, either 
reinforcing due to highly separated and uniformly 
distributed nano fibrillar silicate, or weakening due to 
the agglomeration that may occur in resin composites. 

 It is clear that filler particle size and nanoparticle 
addition have significant effects on the mechanical 
properties of RBC, however, various combinations of 
both variables did not highlight any effect on the de-
pendence of deformation rate. Consequently, a further 
study is warranted with regard to resin formulations 
and also a greater filler/resin ratio which may aid the 
development of improved materials.

CONCLUSIONS

 The deformation rate dependence of experimental 
RBC was not significantly affected by various combi-
nations of filler particle size and nanoparticle addition. 
Thus, null hypothesis was accepted. The BFS of RBC 
decreased with increasing filler particle size.
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Fig 1: The main effects plots highlighting the significant 
effect of filler particle size, nanoparticle addition 
and deformation rate on the combined bi-axial 
flexure strength of experimental resin-based 
composites.


