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The present study evaluated the dynamic viscoelastic behavior of commercially available dental composites by a Split
Hopkinson pressure bar (SHPB) test machine. Five commercially available composite resins — namely, two conventional hy-
brid composites (Filtek™ Z100, Z100; Filtek™ Z250, Z250), a packable composite (Filtek™ P60, P60), a flowable composite
(Filtek™ Flow, FL), and a nanofill composite (Filtek™ Supreme, SU) — were evaluated. By means of SHPB technique, the
dynamic stress-strain curve, storage modulus, and loss tangent of the five dental composites were calculated. All specimens
exhibited a nonlinear stress-strain curve in the loading process, which resulted not only from the viscoelasticity — but also
from the plasticity — of matrix. In terms of storage modulus, no significant differences were exhibited among the five den-
tal composites (p>0.05). In terms of loss tangent, Z100 showed a significantly higher value than P60, FL, and SU (p<0.05).
Within the limitations of this investigation using SHPB, it was indicated that the loss tangent increased with increasing

filler content.
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INTRODUCTION

Dental composites are commonly used as a restora-
tive material for dental treatment”. A dental com-
posite is a dispersion-strengthened composite material
composed of silica glass and dimethacrylate. To en-
hance bonding between silica and resin matrix, silica
glass is treated with a silane coupling agent, which
has a methacryloyl group at its terminal end*?.

It is well known that filler content, filler size,
and matrix viscosity influence the mechanical proper-

ties of hybrid composites’ ®. Recently, two types
of dental composite were developed — namely,
packable™ and flowable™ composites. The intro-

duction of these materials necessitates a new classifi-
cation method, based on the viscosity of the compos-
ites. Packable composites, also called condensable
composites sometimes, were introduced to the market
with high expectations as an alternative to amalgam.
They are characterized by a high filler load and a
filler distribution that gives them a different consis-
tency when compared with traditional hybrid com-
posites. As for flowable composites, they build on
the chemistry of traditional hybrid composites but
contain smaller filler concentrations and in some in-
stances, modified resin formulations. They are char-
acterized by low elastic modulus and low viscosity,
and that they improve the wettability of tooth struc-
ture. In addition, dental composites based on
nanotechnology were recently developed'?. By lev-
eraging recent advances in nanotechnology, nanofill

composites that contain a unique combination of
nanofillers and nanoclusters embedded in an organic
polymer matrix are produced. They feature excellent
strength and wear properties when compared with
conventional hybrid composites.

Although the static behavior of dental compos-
ites has been documented, the dynamic response of
new dental composites such as packable, flowable,
and nanofill composites is not well known. To accu-
rately predict the stability of new dental composites
in oral functional conditions, stress analysis under
impact force must be performed.

Measurement of dynamic viscoelastic behavior is
a method that has been used to acquire useful infor-
mation about dynamic behavior of dental resins® 9.
In this connection, a number of studies have reported
on the dynamic viscoelastic behavior of composites
using various dynamic test techniques and test condi-
tions. For example, Fujii et al'¥ investigated the
dynamic viscoelastic properties of glass-fiber rein-
forced composite materials used for crowns and
bridges. Likewise, Papadogiannis et al.'® evaluated
the viscoelastic functions of four commercially avail-
able dental composites using a resonant dynamic me-
chanical analysis technique in torsion, and reported
that composites with low loss tangent might show
better clinical performance.

Split Hopkinson pressure bar (SHPB) is a unique
method employed for dynamic experiments in various
industrial fields'"?. Traditionally, SHPB was used
to investigate the dynamic behavior of metals'¥. But
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of late, it has been used to study the constitutive
properties of materials — such as composites and ce-
ramics — under dynamic conditions of high strain
rates and large strains. For example, Li et al.'” in-
vestigated the dynamic behavior of a unidirectional
graphite/epoxy composite material using SHPB
analysis technique. He et al.” also used SHPB to in-
vestigate the dynamic fracture behavior of layered
alumina ceramics with dense and porous layers, and
reported that it was the same as that of aluminum
alloy foam. However, to date, studies investigating
the viscoelastic behavior of new, commercially avail-
able composite resins such as packable and flowable
composites using SHPB have not been published.

The purpose of the present study was to investi-
gate the dynamic viscoelastic behavior of five com-
mercially available dental composites by SHPB tech-
nique. The composites were thus selected so that ef-
fects of filler type could be evaluated.

MATERIALS AND METHODS

Preparation of dental composites
The composites evaluated in this study were supplied
by 3M Dental Products, Japan. Two conventional
hybrid composites (Filtek™ Z100, Filtek™ Z250), a
packable composite (Filtek™ P60), a flowable com-
posite (Filtek™ Flow), and a nanofill composite
(Filtek™ Supreme) were evaluated. Table 1 lists the
dental composites, their codes, lot numbers, and
other information. All materials were of shade A3.
To fabricate the test specimens for dynamic
analysis, the restorative composite pastes were placed
in a circular gum mold (5 mm diameter X 2 mm
depth). Composite surface was covered with polyes-

Table 1 Materials used

ter strips (Striproll, KerrHawe, Bioggio, Switzer-
land) and then the molded composite was pressed by
a glass slide. By means of «-LIGHT II (J Morita
Tokyo Mfg. Corp., Tokyo, Japan), surface was irra-
diated with visible light for 90 seconds. After polym-
erization, the composite was carefully removed from
the mold. Both surfaces of the composite were pol-
ished using #800 and #1000 SiC papers under run-
ning water to remove residual monomers. Finally,
the composites were stored in distilled water for one
day at 37°C.

Experimental procedure

A SHPB apparatus was used to generate the dynamic
stress-strain curves of the prepared samples. Fig.1
shows the schematic diagram of the SHPB apparatus
used in this study, which consisted of two elastic
pressure bars made of polymethyl methacrylate
(PMMA). Samples were sandwiched between the
input (incident) and output (transmit) bars, which
were of 12 mm diameter. The bars were approxi-
mately 1000 mm long and supported by two bear-
ings.

A PMMA striker bar of 80 mm length and 12
mm diameter was propelled toward the end of the
input bar. Velocity was 376.8 mm/sec and air pres-
sure in the air gun was 0.6 MPa. On impact be-
tween the striker bar and input bar, an elastic com-
pressive wave would be generated within the input
bar. The energy wave was monitored by a strain
gauge (KFG-1-350-C1-11, Kyowa Electric Instruments
Co. Ltd., Tokyo, Japan). Strain gauges were bonded
to both input and output bars with cyanoacrylate.
For tests with the PMMA bars, their respective
strain gauges were connected to a bridge amplifier

Composite  Average filler  Filler content

1D Material Matrix monomer . Lot No.
type size (um) (vol%)
7100 Filtek™ 7100 BisGMA, TEGDMA Hybrid 0.01-3.5 66 20040824
] UDMA, BisEMA
: ™ ’ ’ : _
7,250 Filtek ™ Z250 BisGMA, TEGDMA Hybrid 0.01-3.5 60 20040831
UDMA, BisEMA
: ™ ) ) _
P60 Filtek ™ P60 BisGMA. TEGDMA Packable 0.01-3.5 61 20041019
FL Filtek™ Flow BISGMA’ TEGDMA, Flowable 0.01-6.0 47 20040726
Dimethacrylate polymer
SU Filtek™ Supreme UDMA, BisEMA, Nanofill 0.005-0.02 60 20040402

BisGMA, TEGDMA

BisEMA:
BisGMA: bisphenol-A-glycidyl methacrylate;
TEGDMA: triethylene glycol dimethacrylate;
UDMA: urethane dimethacrylate.

ethoxylated bisphenol-A-glycidyl methacrylate;
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Fig.1 Schematic diagram of the Split Hopkinson pressure bar (SHPB)

test machine.

(DB-350A, Kyowa Electric Instruments Co. Ltd.,
Tokyo, Japan) in such a way that the output signal
became proportional to the symmetric component of
the strains. Thereafter, the output signal from the
bridge amplifier would be fed to an amplifier (type
6M92, NEC-Sanei Co. Ltd., Tokyo, Japan) with a
cut-off frequency set at 100 kHz.

At the interface between the input bar and the
sample, the wave was partially reflected and partially
transmitted into the sample. When the sample de-
formed, the strain rate and stress within the sample
were related to the amplitudes of reflected wave and
transmitted wave respectively. The input and re-
flected waves were recorded by the strain gauge
bonded at the center of the input bar. The transmit-
ted wave was recorded by the strain gauge bonded
250 mm from the end of the output bar. In addition,
friction between the sample and input/output bars
could be ignored because the sample was coated with
grease.

Typical dynamic strain histories €1y, €ger, and
e 7 representing input, reflected, and transmitted
waves are shown in Fig.2. Here the energy balance,
et Ergr— €7 1s always satisfied. From the product
of €1, cross-sectional area and elastic modulus of bar,
loading stress can be obtained. On the other hand,
strain can be obtained from the integration of € ggy.
The above technique gives information about the
storage modulus that defines the elastic energy
stored in the material. Loss tangent, which is the
ratio of storage modulus and loss modulus, describes
the dissipation of viscous energy relative to the
stored elastic energy of the material. Data detected
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Fig.2 Typical dynamic strain histories of input, reflected
and transmitted waves.

using the SHPB apparatus were processed on a com-
puter, and the storage modulus and loss tangent
thereby calculated. Each experimental value was the
average of four measurements.

Statistical analysis of data

Data were examined with analysis of variance
(ANOVA) and tested by Fisher’s multiple comparison
test among the means with p<0.05.

RESULTS

Typical dynamic stress-strain curves of materials are
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shown in Fig.3. The average stress value of compos-
ites ranged from 17.73 to 19.16 MPa and increased in
the order from SU, P60, FL, Z100 to Z250. The aver-
age strain value of composites ranged from 0.0124 to
0.0148 and increased in the order from FL, P60, Z250,
7100 to SU.

Fig. 4 summarizes the storage moduli of five den-
tal composites. The storage moduli of Z100, Z250,
P60, FL, and SU were 0.691, 0.756, 0.740, 0.760, and
0.675 GPa respectively. Thus, SU exhibited the low-
est storage modulus. However, no significant differ-
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ences in storage modulus were observed among the
different composites (p>0.05).

Fig. 5 shows the loss tangents of five dental com-
posites. The loss tangents of Z100, Z250, P60, FL,
and SU were 0.373, 0.351, 0.331, 0.309, and 0.326 re-
spectively.  Significant differences in loss tangent
were observed among the different composites
(p<0.05). Hybrid composite Z100 exhibited a signifi-
cantly higher loss tangent than P60, FL, and SU
(p<0.05). Meanwhile, there were no significant dif-
ferences in loss tangent between Z100 and Z250
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Fig.3 Typical dynamic stress-strain curves of the five dental composites tested.
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Fig.4 Storage moduli of the five dental composites.
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Fig.5 Loss tangents of the five dental composites. Val-
ues connected by horizontal bars with ‘*’ are sig-
nificantly different from each other (p<0.05).

(p>0.05).

Fig.6 shows the relationship between storage
modulus and filler volume content, and between loss
tangent and filler volume content. There was a weak
relationship between storage modulus and filler vol-
ume content (y=—0.0032x+0.9141, r=0.587). Con-
versely, there was a linear relationship between loss
tangent and filler volume content (y=0.0029x+
0.1651, r=0.834).

DISCUSSION

Dental composites are normally composed of a dis-
persion of inorganic filler particles within a resin
matrix. Based on recent advances in resin and filler
technologies, new composites have henceforth been
developed and evaluated by many researchers.
Knobloch et al? investigated the relative fracture
toughness of three packable composites, two conven-
tional composites, and one laboratory-processed com-
posite. They reported that the mean fracture
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Fig. 6 Relationship between storage modulus and filler
volume content, and between loss tangent and
filler volume content.

toughness value of glass fiber-reinforced packable
composite was significantly higher than any of the
other composites. Tjandrawinata et al.® evaluated
the flexural properties of eight flowable light-cured
restorative materials against two conventional re-
storative materials. They reported that the modulus
of resilience of flowable composites was higher than
that of conventional ones. Yap et al.?? investigated
the wear resistance of nanofill and hybrid compos-
ites, and reported that the wear resistance of nanofill
composite was comparable or superior to hybrid com-
posites. Nevertheless, to date, very little information
is available regarding the dynamic viscoelastic behav-
ior of new composite materials.

In the present study, five commercially available
composites including new composites such as
packable, flowable, and nanofill composites were
tested to determine their dynamic properties using a
SHPB apparatus. Tests were carried out using the
composite resins and bars made of PMMA. Mousavi
et al® also performed the SHPB test with PMMA
bars and polypropylene specimens. They reported
that good results were obtained for specimens with
aspect ratios of diameter/length = 0.5, 1.0, and 2.5,
whereas fair results were obtained for specimens
with aspect ratio of 5.0. With a slight modification
to that described by Mousavi and coworkers, we used
a specimen 5 mm in diameter and 2 mm in length,
corresponding to an aspect ratio of 2.5.

Based on the elastic properties of the bars and
the recorded wave profiles, the dynamic stress-strain
data in the specimen could be measured (Fig.3).
Stress-strain data recorded with the SHPB method
were then used to evaluate the viscoelastic behavior
of dental composites. Judging from Fig.3, none of
the specimens exhibited a linear stress-strain curve in
the loading process. This resulted from not only the
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viscoelasticity, but also from the plasticity, of ma-
trix.

In the present study, there were no significant
differences in storage modulus among the five dental
composites (Fig.4). Meanwhile, storage modulus
tended to decrease with increasing filler content
(r=0.587), as shown in Fig.6. Z100 was filled with
silica glass at 66 vol% with particle size ranging
from 0.01-3.5 um, and had a higher filler content
than the other composites tested. Chung et al?* in-
vestigated the elastic modulus of resin-based dental
composite restoratives such as hybrid (Z100, Z250)
and flowable (Flow) composites using the micro-
indentation test method. They showed that the in-
dentation modulus of Z100 was significantly higher
than 7250 and Flow. In the static test as reported
by Chung and coworkers, the elastic modulus of the
composite resins depended mainly on the filler con-
tent, because the elastic modulus of filler was much
higher than that of matrix resin. On the other
hand, in a dynamic test such as the SHPB method,
the elastic modulus of matrix increases with strain
rate’. This is due to the viscoelasticity of matrix
resin. Further, with increasing filler volume content,
the influence of matrix resin on storage modulus is
decreased. This is another reason that account for
the negative relation between filler volume content
and storage modulus.

On the other hand, the loss tangent of Z100 was
significantly higher than those of P60, FL, and SU
(Fig.5). In addition, the present study showed that
the loss tangent increased with increasing filler con-
tent (r=0.834), as shown in Fig.6. However, con-
trary to our results, Papadogiannis et al.*® reported
that composite resin with higher filler content
showed the lowest value for loss tangent. Generally
speaking, increasing filler content reduces the strain
under constant stress. However, this phenomenon
occurs in the linear region. As already mentioned in
Fig. 3, the present results implied the effect of resin
plasticity. This thus explains the disparity in our
results with the previous study reported by
Papadogiannis and cowokers.

Generally, the loss tangent determines macro-
scopic physical properties such as the damping for
free vibrations, attenuation of propagated waves, and
the frequency width of a resonance response™. As
already mentioned, the loss tangent is also an index
of energy loss on deformation, and is an important
factor for explaining viscoelastic behavior. Thus, it
is thought that the properties of matrix resin have
more influence to loss tangent compared with filler
because the matrix resin is plastically deformed. Ad-
ditionally, these would suggest that a high value of
loss tangent is more effective for stress distribution
in clinical situations.

From the results obtained in the present work, it
is speculated that not only the filler content but also

the properties of matrix resin influenced the dynamic
viscoelastic properties of the composites. Although
most of the composites used in the present study
were based on BisEMA, BisGMA, UDMA, and
TEGDMA, matrix properties such as resin composi-
tion and resin viscosity which affect both the storage
modulus and loss tangent should be further investi-
gated.

The handling characteristics of a composite resin
exert significant influence in a restorative procedure.
Packable composites for use in posterior restorations
have been developed, and they have high viscosity
and handling characteristics that are similar to amal-
gam. Meanwhile, flowable composites are character-
ized by low elastic modulus and low viscosity, in re-
sponse to requests for easy handling properties.
Ersoy et al.® reported that packable composites are
more suitable for posterior restorations. Miguez et
al®” reported that although the incremental tech-
nique prevented gap formation regardless of the use
of a flowable resin, the use of a flowable composite
did not guarantee gap-free restorations with im-
proved bond strength of resin to dentin in bulk-filled
restorations. On the overall, majority of researchers
studying packable and flowable composites reported
that ease of use and operator performances were use-
ful for clinical applications. Thus, flowable and
packable composites have potentials for use variously
as restorative composites for different types of cav-
ity. Although the investigation on viscoelastic prop-
erties has been thus summarized as above, more re-
search is required to further examine the relationship
between the handling characteristics of dental re-
storative applications and the dynamic viscoelastic be-
havior determined by SHPB.

In conclusion, within the limitations of this in-
vestigation, the hybrid composite (Z100) exhibited a
higher loss tangent than other new dental composites
such as packable composite, flowable composite, and
nanofill composite. It was confirmed that the fillers
contained in composites are principally responsible
for the loss tangent.
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