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a b s t r a c t

Objective. This paper studied in vitro the effect of the C-factor on interfacial debonding during

curing of composite restorations using the acoustic emission (AE) technique. Finite element

(FE) analyzes were also carried out to evaluate the interfacial stresses caused by shrinkage

of the composite resin in restorations with different C-factors.

Materials and methods. Twenty extracted third molars were divided into 4 groups of 5. They

were cut to form Class-I (Groups 1 and 2) and Class-II (Groups 3 and 4) cavities with different

C-factors. The average C-factors of the four groups were 3.37, 2.88, 2.00, and 1.79, respectively.

The cavities were then applied with an adhesive and restored with a composite, which was

cured by a halogen light for 40 s. A 2-channel AE system was used to monitor the interfacial

debonding, caused by shrinkage stress, between the tooth and restoration through an AE

sensor attached to the surface of the specimen. Recording of the AE started at the same time

as curing of the composite and lasted 10 min. Simplified FE models were used to evaluate the

interfacial stresses in restorations with different C-factors, with a thermal load (temperature

decrease) being applied to the composite resin to simulate its shrinkage.

Results. The mean and standard deviation of the total number of AE events for the four groups

were 29.6 ± 15.7, 10.0 ± 5.8, 2.6 ± 1.5, and 2.2 ± 1.3, i.e. the number of AE events increased with

an increase in the C-factor. The FE results also showed that, the higher the C-factor of the
restoration, the higher the interfacial tensile stress between the tooth and restoration.

Significance. From the results of the AE tests and FE simulations, it can be concluded that,

the higher the C-factor, the higher the shrinkage stress and the more likely is interfacial

debonding.

emy
© 2011 Acad

1. Introduction
The polymerization shrinkage of composite resins presents
one of the biggest challenges in their application to den-
tal restoration. It is ascribed to the shortening of distance
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between molecules in the cross-linked polymer networks fol-
lowing polymerization [1]. During curing of the composite,
because of restriction due to bonding to the tooth cavity walls,

shrinkage stresses are built up within the tooth structure
and restoration which may cause tooth deflection and post-
operative sensitivity. When the shrinkage stresses along the
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Fig. 1 – Schematic diagrams of the prepared tooth cavities
with dimensions of interest. The shaded areas are the free,
unbonded surface areas.
d e n t a l m a t e r i a l s

nterface exceed the bond strength, debonding will take place.
he latter, as demonstrated by both in vivo and in vitro exper-

ments, may lead to microleakage, marginal staining and even
econdary caries [2–5].

The magnitude of the shrinkage stress is affected by sev-
ral factors, for example, material properties, the restorative
echnique and configuration of the cavity [6]. The latter is
ften characterized by the so-called C-factor (C) of the restora-
ion, which is defined as the ratio of the bonded areas to the
nbonded areas [7–10]. Feilzer et al. [8] investigated the effect
f the C-factor on the shrinkage stress using a simulated cav-

ty where the composite resin was bonded to two opposing
igid parallel discs. They found that, after curing of the com-
osite, all specimens with C > 2 had fractured cohesively, while
nly some of the specimens with 1 < C < 2 had failed. Further,
ll specimens with C ≤ 1 had remained intact. Although the
ests were carried out in laboratory conditions, the results
ndicated that increasing the C-factor would increase the inci-
ence of interfacial failure, probably as a result of an increased
hrinkage stress. Similarly, Nikolaenko et al. [9] investigated
he influence of the C-factor on the bond strength of resin-
entin specimens prepared from composite-restored teeth.
he results showed that the higher the C-factor, the lower

he bond strength. Again, the reduced bond strength of the
pecimens was attributed to the higher shrinkage stress in
estorations with a high C-factor that had caused more inter-
acial debonding. Some studies indicated that volume of the
estoration also influenced the relationships between the C-
actor, the shrinkage stress and the amount of interfacial
ebonding [7,10].

There are many methods to assess the level of interfa-
ial debonding between the tooth and composite resin. The
ost common method is dye penetration, which needs the

ample to be immersed into a dye solution, sectioned into
lices and inspected under a profilometer or microscope [7,11].
lthough this method is widely used, its procedure is destruc-

ive and laborious, while the information provided by the 2D
ectional view is limited. Therefore, 3D non-destructive meth-
ds, such as X-ray microcomputed tomography (�CT), have
een used to evaluate the interfacial condition of composite
estorations [12,13]. However, because of its lower resolution,
CT cannot detect debonding at a submicron level. Further,
one of the techniques mentioned above can be used to mon-

tor debonding as it happens; they can only be used to examine
he restoration at the end of the polymerization process.

Recently, another non-destructive method, based on mea-
urement of acoustic emission (AE), was used to detect and
onitor in situ the interfacial debonding of composite restora-

ions during polymerization of the composite resin [14]. The
E technique uses transducers or sensors to detect the high-

requency sound waves produced as a result of the strain
nergy released within a material following fracture. It is

real-time, in situ, non-destructive and highly sensitive
ethod for structural integrity monitoring. It has been widely

sed in research and industry to monitor the development
f crack growth and fracture behavior in different structures.

n dentistry, AE has been used since the 1990s to moni-
or the fracture of restorations made of composite, ceramic
r fiber reinforced composite [15–18]. The experiments con-
ucted by Li et al. [14] demonstrated the effectiveness of the
AE technique for detecting interfacial debonding of restora-
tions during polymerization of the composite resin. Their
results showed clearly a relationship between the number of
AE events and interfacial debonding of the tooth restoration:
the more interfacial debonding there is, the higher the number
of AE events.

In the current study, AE would be used to evaluate the
interfacial debonding in composite restorations with different
C-factors during curing of the composite resin. Simple finite
element analyzes (FEA) would also be carried out to estimate
the shrinkage stresses due to polymerization so as to better
understand the effect of the C-factor on interfacial debonding
in such restorations. The hypothesis to be tested was that the
higher the C-factor of the restoration, the greater the shrink-
age stress and the more interfacial debonding there would be
between tooth tissue and composite resin.

2. Materials and methods

2.1. Specimen preparation

Twenty sound human third molars, which had been extracted
and stored in saturated thymol solution at 4 ◦C for one month,
were used to prepare the specimens. The teeth were washed
in running tap water and then kept in de-ionized water at
room temperature for 24 h. Then they were randomly divided
into four groups (n = 5): Group 1 with large Class-I cavities,
Group 2 with small Class-I, Group 3 with small Class-II and
Group 4 with large Class-II. All cavities were prepared by the
same operator following standard clinical procedures with
a high-speed handpiece and conically shaped carbide burs.
Fig. 1 shows schematically the Class-I and Class-II cavities pre-
pared and the dimensions of interest. The dimensions of each
specimen were measured with a micrometer (Mitutoyo, Japan)
whereby the C-factor was calculated. At least 3 measurements

were made for each aspect of the cavity and the average value
used for calculation. The average C-factors of the four groups
were 3.37, 2.90, 2.00 and 1.79, respectively, as shown in Table 1.

dx.doi.org/10.1016/j.dental.2011.05.008
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Table 1 – Dimensions and geometrical factors of the specimens used in the experimental study.

Cavity type Group Length (mm) Width (mm) Depth (mm) C-factor Bond area (mm2) Volume (mm3)

Class I 1 3.94 2.99 2.08 3.45 40.62 24.50
3.76 3.68 1.88 3.02 41.81 26.01
4.13 4.06 2.48 3.42 57.39 41.58
4.00 3.79 2.02 3.08 46.63 30.62
3.99 3.61 2.72 3.87 55.75 39.18

Mean (STD) 3.96(0.13) 3.63(0.39) 2.24(0.35) 3.37(0.34) 48.44(7.78) 30.68(7.72)
Class I 2 2.66 2.77 1.40 3.06 22.57 10.32

3.29 3.04 1.80 3.28 32.79 18.00
2.86 2.87 1.05 2.47 20.24 8.62
3.59 2.70 1.10 2.43 23.53 10.66
2.73 2.70 1.45 3.14 23.12 10.69

Mean (STD) 3.03(0.40) 2.82(0.14) 1.36(0.30) 2.88(0.40) 24.45(4.83) 11.66(3.65)
Class II 3 2.09 1.85 1.68 2.01 14.00 6.50

2.35 1.92 1.42 1.92 13.91 6.41
2.30 1.91 1.73 2.03 15.66 7.60
2.39 1.94 2.02 2.13 18.21 9.37
2.11 2.10 1.70 1.90 15.18 7.53

Mean (STD) 2.25(0.14) 1.94(0.09) 1.71(0.21) 2.00(0.09) 15.39(1.75) 7.48(1.19)
Class II 4 3.75 3.34 2.47 1.89 39.30 30.94

4.18 3.39 2.72 1.97 46.13 38.54
4.49 3.36 2.19 1.88 42.11 33.04

.58

.80

.15(0.
3.63 3.51 1
4.57 4.50 1

Mean (STD) 4.12(0.42) 3.62(0.50) 2

2.2. Restorative procedure

After preparing the cavity, the new surfaces were cleaned
using ethanol pads, washed under running tap water thor-
oughly and then dried with compressed air. With the
total-etch adhesive AdperTM Single Bond Plus (3 M ESPE, St
Paul, USA) used as the bonding agent, the cavity was restored
with the composite Z100 (3 M ESPE, St Paul, USA) which was
bulk cured using a blue curing light (ESPE Elipar® Trilight)
for 40 s. The intensity of the halogen light curing unit was
measured at 550 mW/cm2 by the built-in radiometer prior to
testing. For ease of dimensional measurement, the top surface
of the composite restoration was flattened prior to curing.

2.3. AE test

A two-channel AE system (PCI-2, Physical Acoustic Corpo-
ration, USA) was used to monitor the interfacial debonding
between the tooth structure and composite resin during cur-
ing. The AE operational settings were: 40 dB pre-amplification,
100 kHz–2 MHz band pass and 32 dB threshold. Before curing
the composite resin, an AE sensor (S9225, Physical Acoustic
Corporation, USA) was adhered to the outer surface of the
tooth with cyanoacrylate adhesive (Super Bond, Staples Inc,
USA). The recording of AE started simultaneously with the cur-
ing and lasted for 10 min. During the test, the outer surface
of the tooth was wrapped with a piece of wet paper to keep
it moist so that it would not crack from drying and generate
spurious AE signals.

2.4. FE analysis
Six FE models were built to study the effect of the C-factor on
the interfacial shrinkage stress. Four Class-I and two Class-II
restorations were analyzed with axisymmetric and plane-
1.63 29.76 20.13
1.57 45.12 37.02

47) 1.79(0.18) 40.48(6.57) 31.93(7.26)

strain models, respectively. The commercial software Abaqus
(version 6.9, Dassault Systèmes Simulia Corp., USA) was used
for this FE study. All the models were constructed with the
same basic 2D rectangular mesh, which was 6 mm in width,
10 mm in height and included three materials (enamel, dentin
and composite restoration), as shown in Fig. 2(a). Depending
on the type of elements selected, the model could represent
an axisymmetric cylinder (Class-I) or a plane-strain rectan-
gular (Class-II) block; see Fig. 2(c and d), respectively. Thus,
CAX4 elements were used for the axisymmetric analysis and
CPE4 elements were used for the plane-strain analysis. Thick-
ness of the plane-strain models was set at 9 mm. By changing
the dimensions of the restoration, different C-factors were
achieved, i.e. 7, 5, 3 and 2 for the Class-I models and 1.04 and
0.46 for the Class-II models.

The interfacial bond between the tooth structure and the
composite resin was modeled by a contact pair which tied the
two surfaces together. This allowed stresses normal and tan-
gential to the interface to be evaluated. For the axisymmetric
models, the bottom of the tooth structure was fixed by con-
straining both the horizontal and vertical displacements. For
the plane-strain models, besides fixing the bottom surface, the
horizontal movement along the axis of symmetry was also
constrained.

Being simple but effective, the Maxwell model was used
to simulate the viscoelastic behavior of the composite during
polymerization, i.e.

ε̇ = �

�
+ �̇

E
(1)
where � is stress, � is viscosity, E is Young’s modulus, and ε̇ and
�̇ denote the strain and stress rates, respectively. The tempo-
ral variations of volumetric shrinkage, Young’s modulus, and
viscosity of the composite, as shown in Fig. 2(b), were taken

dx.doi.org/10.1016/j.dental.2011.05.008


d e n t a l m a t e r i a l s 2 7 ( 2 0 1 1 ) 934–941 937

Fig. 2 – Models for FE analysis: (a) basic mesh, (b) temporal variations of volumetric shrinkage, Young’s modulus and
viscosity of the composite resin [19], (c) maximum principal stress distribution in an axisymmetric model representing a
Class-I restoration (C = 5), and (d) maximum principal stress distribution in a plane-strain model representing a Class-II
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estoration (C = 1.04).

rom the investigation of Li et al. [19]. The material properties
f dentin and enamel used in the FE study are listed in Table 2.

. Results

.1. AE results

ig. 3 shows the mean cumulative number of AE events against
ime for the four test groups, with the standard deviations
hown as vertical bars. AE caused by interfacial debonding
as first detected about 20 s into the curing of the composite
nd developed rapidly thereafter. Even after the curing light
as switched off at 40 s, significant debonding of the compos-

te could still be detected up till about 5 min. The mean and

Table 2 – Mechanical properties of enamel and dentin
used in the FEA.

Materials Young’s modulus, E (GPa) Poisson’s ratio, �

Enamel 84.1 0.30
Dentin 18.6 0.31

Fig. 3 – The cumulative number of AE events against time
for the 4 test groups.
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Fig. 4 – The total number of AE events as a function of the C-factor: (a) total number, (b) total number per unit bond area
m3).

Table 4 – Statistical significance (p-value) of the
difference in total number of AE events between
different groups.

Group 2 3 4
(/mm2), and (c) total number per unit composite volume (/m

standard deviation of the total number of AE events for the
four groups were 29.6 ± 15.7, 10.0 ± 5.8, 2.6 ± 1.5, and 2.2 ± 1.3
(Table 3), which showed an increase with an increasing C-
factor. Table 4 shows the statistical significance (p-value) of the

difference in total number of AE events between the different
groups. It can be seen that the differences were significant,
except that between Groups 3 and 4 which had very similar
C-factors.

Table 3 – Results from the AE tests: mean (standard
deviation).

Group Total number
of AE events

Total number
of AE events
per area
(/mm2)

Total number
of AE events
per volume
(/mm3)

1 29.6(15.7) 0.54(0.24) 0.89(0.37)
2 10.0(5.8) 0.39(0.14) 0.81(0.22)
3 2.6(1.5) 0.17(0.10) 0.36(0.21)
4 2.2(1.3) 0.05(0.02) 0.07(0.03)

1 0.031 0.005 0.005
2 0.025 0.019

3 0.667

In Fig. 4(a), the total number of AE events for all the spec-
imens were plotted against the C-factor. To account for the
differences in bond area or volume of restorations with simi-
lar C-factors, the total number of AE events per unit bond area
and that per unit composite volume are plotted in Fig. 4(b and
c), respectively, for comparison. The mean and standard devi-
ation of these normalized numbers for the 4 groups are also
listed in Table 3. Despite the large variations in the number of
AE events detected among specimens with similar C-factors,

it can be seen that the amount of debonding increased with
an increase in the C-factor. The trend remained the same even

dx.doi.org/10.1016/j.dental.2011.05.008
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Fig. 5 – Distribution of interfacial normal stress along Path A, shown in Fig. 2(a), predicted by FEA for restorations with
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hen possible influence from the bond area and restoration
olume was taken into account.

.2. FEA results

ig. 2(c and d) shows the distributions of the steady-state
aximum principal stress in a model Class-I and Class-II

estoration, respectively. High stresses can be seen along the
ooth-restoration interfaces, especially at the occlusal sur-
ace and at the bottom corner of the restorations caused by

aterial and geometric mismatches. The stresses normal to
he interface for models with different C-factors are plotted
n Fig. 5 against the normalized distance along Path A as
efined in Fig. 2(a). It can be seen that there is a very high
ensile stress concentration near the occlusal surface (normal-
zed distance < 0.1) for all the models. However, the interfacial
tresses reduce rapidly as the depth increases. It can also
e seen that, along most of the interface, the normal tensile
tress increases with an increase in the C-factor. An average
tress over the length of the interface was calculated for all
he C-factors (0.46–7) considered in the FE study (Fig. 5) and,
hrough linear interpolation, representative stress values were

etermined from the results for the 4 experimental groups
ccording to their C-factors (1.79–3.37). These were then plot-
ed against the total number of AE events recorded to illustrate

ig. 6 – The total number of AE events plotted against the
verage interfacial tensile stress, as interpolated from the
EA results, for the 4 test groups.
their relationship, as shown in Fig. 6. It can be seen that the
number of AE events detected increased dramatically when
the shrinkage stress was greater than 40 MPa.

4. Discussion and conclusions

In this study, to minimize the inherent variations among the
specimens, the 20 selected third molars were all of similar
shapes and dimensions. Also, for consistency, all the speci-
mens were prepared by the same operator, using the same
composite resin and bonding agent. Despite these efforts, it
can be seen from Fig. 3 that the AE results still exhibited very
large variations within each of the 4 groups of specimens.
From Table 1, it can be noticed that the dimensions and C-
factors of the restorations in each group were quite different,
which reflects the significant variations in cavity preparation
and partly explains the data scattering within each group seen
in the AE results in Fig. 3. However, Fig. 4 shows that, even
for specimens with restorations of similar dimensions and C-
factors, the level of debonding, as indicated by the number of
AE events recorded, during curing of the composite could still
be very different.

Nevertheless, the trend of increasing debonding with an
increasing C-factor is clear from the results presented in
Figs. 3 and 4, and the differences among groups with very
different C-factors are statistically significant (see Table 4).
This is in accord with other studies [20–23] which showed that
the higher the C-factor, the lower the remnant bond strength
and the more microleakage observed. It is worth pointing out
that standalone composite samples undergoing free shrink-
age, i.e. with a zero C-factor, have been shown not to create
any AE events [14], which is consistent with our current find-
ings in Figs. 3 and 4. Possible influences of the bond area and
restoration volume are considered in Fig. 4(b and c), respec-
tively. However, no obvious effect of these two factors can be
discerned from the figures.

Compared with traditional approaches for studying inter-

facial bonding/debonding in composite restorations, e.g. dye
penetration followed by microscopy examination [6,7], the
main advantage of the AE technique is that it can non-
destructively monitor interfacial debonding and provide

dx.doi.org/10.1016/j.dental.2011.05.008
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real-time information during curing of the composite, even
though it cannot provide visual evidence of its occurrence.
The results from our previous study [14], which compares the
shrinkage behaviors of different composite materials and uses
micro-computed tomography for verification, have already
demonstrated the viability of the AE technique for assess-
ing interfacial debonding due to shrinkage stress. The current
work shows that, in addition to considering the influence of
material properties, the method is also sensitive enough for
considering the geometrical effects of the restoration on the
development of interfacial debonding. However, it must be
emphasized that, during testing, the tooth specimen must be
kept moist at all times to prevent cracking through dehydra-
tion. Otherwise, spurious results will be obtained.

Although the models used for the FE analysis were rather
simplistic, they were very useful in assessing the effect of the
C-factor of the composite restoration on the magnitude of the
shrinkage stresses generated. It can be seen from Fig. 5 that,
overall, the interfacial tensile stress increases with an increase
in the C-factor, which helps to explain mechanistically the
corresponding increase in the level of interfacial debonding
detected using the AE technique. The interfacial stresses from
our simple FE analysis were very close to the bond strength
reported for the same adhesive materials (13.8–36.1 MPa) [24].

Since composite restorations with a high C-factor tend to
create high shrinkage stresses with bulk curing, special tech-
niques may be needed for placing the restoration in order to
minimize the shrinkage stress and, subsequently, the level
of debonding. There are several ways to reduce the stresses
caused by the shrinkage of composite resin. For example, the
pulse-delay method of light activation mode has been applied
to effectively decrease the shrinkage stress [25,26]. The incre-
mental layering technique is another method for reducing
shrinkage stress. Even for low-shrink composites, the lay-
ering technique is recommended [27]. Restorations placed
with oblique layering and the two-step curing technique were
shown to have excellent durability in a 12-year clinical study
[28]. On the other hand, Nikolaenko et al. [9] reported that,
for deep Class-I cavities, horizontal layering resulted in signif-
icantly higher microtensile bond strength to dentin than did
vertical or oblique layering.

Notwithstanding the limitation of the present study, the
AE technique has confirmed that the C-factor of a compos-
ite restoration is an important factor in the development of
shrinkage stress and the accompanying interfacial debond-
ing during polymerization of the composite. Our hypothesis
that the higher the C-factor, the higher the shrinkage stress
and the more interfacial debonding there will be can be
accepted. Future work will utilize this technique to compare
the effectiveness of the different layering methods for placing
composite restorations.
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