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Abstract

The aim of this study was to concentrate all the loading forces of a bond strength test on the dentin-adhesive
interfaces either bonded with an etch-and-rinse or a one-step self-etch adhesive system; the results were compared
to that of a glass ionomer cement. Superficial and deep dentin discs were prepared from freshly extracted teeth and
bonded to a one with two-step etch-and-rinse Adper™ Scotchbond™ 1XT (3M ESPE, Seefeld, Germany), and one-
step self-etch Adper™ Easy Bond (3M ESPE, Seefeld, Germany), and a control group with glass ionmer cement GC
Fuji IX (GC Corp, Leuven, Belgium). The 4 by 4 mm bonded areas were subjected to shear stress and targeted only
at the thickened adhesive layer. Bond strength and crack length measurements were obtained. Interface morphology
and fracture mechanisms were observed using scanning electron microscopy. Deep and superficial dentin bond
strength measurements were statistically significant difference showing higher values for the deep dentin than for
the superficial dentin. Crack length measurements for Adper™ Easy Bond showed a higher value than with Adper™
Scotchbond, GC Fuiji IX. Scanning electron microscopy demonstrated cohesive failures inside the adhesive layer
for both adhesive types. The test setup, with the thickened adhesive layer, made the results more dependent on the
mechanical properties (stiffness) rather than on the adhesive properties of the adhesive material itself and reflects its

ability to resist the fracture load.
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Introduction

Adhesive restorative dentistry relies on adhesion to tooth structure
and depends on the bonding substrate. While bonding to enamel is
relatively reliable, adhesion to dentin is much less predictable due to
the tubular structure of dentin [1], dentinal fluid transduction and the
presence of smear layer [2,3]. In adhesive dentistry, resin monomers
replace minerals removed from the intertubular and peritubular
dentin after the collagen matrix is expanded after an initial priming of
the tissues. Following this interaction by either etch-and-rinse or self-etch
components, adhesive resin monomers replace the removed minerals and
become micro-mechanically interlocked in the created porosities [1,2].

In order to predict their mechanical properties, dental adhesive
systems are submitted to a variety of laboratory tests of their sealing
ability by measuring the mechanical bond strength [4].

This is obtained from the load needed to break the bond between
dentin and composite; when related to the cross sectional area of the
interface, this is referred to as the nominal bond strength [2,3]. The
failure can be induced through tensile or shear loads; the tests can be
achieved either as macro tests (with relatively large bonded areas with
bonding surfaces around 7mm2), or micro tests with smaller bonded
areas (with bonding surface around 1 mm?) [2,5-8]. They can be used
for the screening of new adhesives in the study of their mechanical
properties [7].

Conventional macro-shear tests or tensile tests are easy to perform;
micro-shear or micro-tensile tests are more demanding and require a
technique-sensitive specimen preparation. A high discrepancy can be
found regarding the results of the mechanical bond tests for the same
adhesive owing to the laboratories and the tests performed [8]. It is
believed that this is explained by the non-uniform interfacial stress
distribution [9,10] and the numerous interactions of experimental
factors, such as the substrate or methodological factors. Moreover, a
wide variation exists in the physical construction of the test with such
variables as the geometry of the sample and the physical parameters of
the test (knife shape, sample holder geometry, cross head speed) [6-10].
Therefore, the stress build-up and force distribution plays a major part

in this variation, and much work has been done to sort out the problem
[9,11,12]. Finite element and fractographic analysis were used to
predict stress distribution across the interface [2]; it was concluded that
once dentin cohesive failure takes place, the calculated failure strength
no longer represents the interfacial stress [9]. Soft matter physicists [13]
calculated that the fracture toughness and the corresponding energy
needed for rupture, depends on the type of mechanical test chosen to
measure it; therefore the fracture energy strongly depends on the visco-
elastic properties of the adhesive, and the velocity of the fracture [9-13].

Several studies have described the relationship between dentin
depth and mechanical bond test results. The structural variation of
dentin - i.e. depth, number of tubules and the thickness of peritubular
layer - affects the obtained bonding values which differ according to the
superficial or deep dentin [14,15].

Following these observations an experimental set up was designed
to avoid the stress dissipation effects on the mixed physical assembly
that comprises the composite and the adhesive. This resulted in a
modified type of shear bond testing aimed at the 500 pm adhesive
layer, without putting stress on the composite part. The adhesive layer
was thickened in order to concentrate the load in the adhesive. We
investigated the bond strength of dentin-adhesive interfaces either
with an etch-and-rinse or a one-step self-etch adhesive system; we used
a glass ionomer cement, which has an ionic exchange mechanism of
chemical adhesion, as a control. Therefore, the aim of the study was
to test the two following hypotheses, when the load is directly applied
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to the adhesive layer: - self-etch and etch-and-rinse adhesives exhibit
similar values of adhesion; - superficial and deep dentins do not differ
in regards to the adhesion values.

Materials and Methods
Specimen preparation

Following removal from patients with informed consent, caries-
free freshly extracted third molars, were kept in a 0.5%-chloramine
solution at 4°C temperature for five days then in distilled water, until
further processing (ISO/TS 11405 norm). After cleaning and removal
of superficial debris from the surface, occlusal enamel was removed.
Two parallel sections to the occlusal surface were cut to obtain 2
mm-thickness dentin slices. A diamond-disc-operating saw was used
at slow speed and under constant irrigation (Isomed, Buehler Ltd,
Lake Bluff, IL, USA). The superficial dentin slices were cut below the
dentin-enamel junction; the deep dentin sections were made 2 mm
below the first ones, above the roof of the pulp chamber. The obtained
dentin slices were then prepared according to the following two-
steps procedure: first, the surfaces were mechanically polished using
an initial sequence of 120-400-800 grit waterproof abrasive papers of
silicon carbide. (Escil, Chassieu, France) Secondly, an additional and
final polishing was performed with 6 mm, 3 mm and 1 mm diamond
abrasive papers in order to maximize the removal of the smear layer
(Struers A/S, Ballerup, Denmark). At the end of the polishing process,
all the specimens were ultrasonically cleaned for 8 min in water, rinsed
thoroughly in ultra-pure water, and finally kept in deionized water at
4°C temperature.

Each group consisted of 15 samples prepared one with two-
step etch-and-rinse Adper™ Scotchbond™ 1XT (3M ESPE, Seefeld,
Germany), and one-step self-etch Adper™ Easy Bond (3M ESPE,
Seefeld, Germany), and a control group with glass ionmer cement GC
Fuji IX (GC Corp, Leuven, Belgium). For each adhesive two dentin
substrates were considered (superficial and deep).

Adhesion area and Adhesive layer thickness control

In order to minimize the adhesion area variation in bond strength
measurements, the adhesive thickness was geometrically constrained;
a polysiloxane rubber-base mold with a constant area of (4 X 4 mm)
surface was applied under mechanical pressure over each sample of the
polished dentin surface.

A constant volume (9 pl) was delivered within the mold; this
resulted in a 500 pm thickness of the adhesive layer on each sample.

Bond strength measurements and crosshead speed

Bond strength measurements were made using a Universal
Mechanical testing machine MTS™ (Servo hydraulic - Adamel
Lhomargy DY-34, France), where a blade was forced perpendicularly
to the adhesive interface (Figure 1). Data were recorded with the MTS™
software attached to the machine.

We used a 15°angle beveled sharp blade with a 15 um cutting edge,
so that the load of the blade would target only the thick adhesive layer.
A digital stereomicroscope was used to obtain the blade bevel and
cutting edge measurements; all experiments were conducted with a low
cross head speed at 0.5mm/min.

Crack length measurements

The crack length measurement was calculated as the distance
travelled by the blade into the substrate - before separation of the
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Figure 1: Experimental device set-up.

adhesive from the dentin surface. This was obtained with the data from
the Universal Mechanical testing machine MTS™ when testing the
interfacial bond strength.

Scanning electron microscopy

In order to locate the position of the crack within the specimen,
scanning Electron microscope observations (S800-1, Hitachi Europe
Ltd. Whitebrook, Berkshire SL6 8YA Parc, United Kingdom) were
conducted on randomly selected specimens from each group. Samples
were dried, sputter coated with metal and observed. The level of
separation was determined for each substrate under magnification.
The failure mode was assessed as: adhesive (along the interface
without composite or dentin involvement), cohesive (totally in dentin
or in composite) or mixed (at the interface involving dentin or/and
composite).

Statistical analysis

Statistical significance of the results was calculated by means of
the SPSS™ Software version 17.0.2, and the bond strength results and
crack length measurements data were analyzed by ANOVA. Multiple
comparisons were done using the Fisher’s test (0.001<p<0.05).

Results

The bond strength values were recorded according to the type
of dentin - superficial or deep- for each adhesive. The crack length
measurements were obtained from the mechanical testing machine
records and plotted to the applied load at the rupture point. No pretest
failure occurred among the samples, none of the adhesive discs did
prematurely detach in any of the groups.

Bond strength measurements

The forces needed for debonding were calculated in MPa. The bond
strength measurements vary according to the dentin substrate and to
the adhesive type. Higher values were noted with the self-etch than with
the etch-and-rinse adhesive which appear to exhibit different behaviors.

Bond strength values according to the superficial or deep
dentin: Bond strength values according to the dentin substrate depth
are presented in figure 2. Deep and superficial dentin bond strength
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Figure 2: Bond strength values according to type of adhesive used and
according to type of dentin substrate.

measurements were respectively at 0.43 + 0.27 MPa and 0.17 + 0.12
MPa for the etch-and-rinse adhesive (Adper™ Scotchbond), with a
mean difference at 0.265 MPa (p=0.0033).They were at 0.8 + 0.35 MPa
and 0.42 £ 0.31 MPa with a mean difference at 0.377 MPa (p<0.0001) for
the self-etch adhesive (Adper™ Easy Bond 3M). There was a statistically
significant difference showing higher values for the superficial than for
the deep dentin. With the glass ionomer cement (GC Fuji IX) the values
were at 0.35 + 0.18 MPa and 0.31 + 0.14 MPa with a mean difference
of 0.032 MPa (p=0.7228); no statistically significant difference was
noted between the dentin substrate depths. Statistical relevance of these
results is presented in table 1.

Bond strength values according to the type of adhesive: Bond
strength values according to the type of adhesive are presented in figure
2. Considering both dentin substrates superficial and deep dentin,
a significant difference was found between etch-and-rinse and self-
etch adhesives: for superficial dentin there was a mean difference of
0.363 (p<0.0001); for the deep dentin there was a mean difference of
0.251 (p=0.0060) with higher values for the self-etch adhesive. Also,
a significant difference was found between the bond strength values
of self-etch (Adper™ Easy Bond 3M) and the glass ionomer cement
(GC Fuji IX) with the superficial dentin with a mean difference of
0.451 (p=0.0001), while for the deep dentin there was no significant
difference for the bond strength values with a mean difference of 0.106
(p=0.2387). Similarly there was a significant difference between bond
strength values of the etch-and-rinse (Adper™ Scotchbond) and the
glass-Ionmer Cement (GC Fuji IX) for the superficial dentin (mean
difference 0.088, p=0.3262). Statistical relevance of these results is
presented in table 1.

The crack length measurements in mm

Crack length measurements according to the dentin substrate:
The crack length measurements before separation are presented
in figure 3. For the self-etch (Adper™ Easy Bond 3M) there was no
significant difference between superficial dentin and deep dentin; the
crack length measurements were respectively at 0.69 + 0.2 mm and 0.51
+ 0.2 mm). The statistical relevance of these results is presented in table 2.

Crack length measurements according to the adhesive type used:
Higher values are noted for self-etch than for etch-and-rinse adhesive.
There was a significant difference between self-etch (Adper™ Easy Bond
3M) and etch-and-rinse (Adper™ Scotchbond) on both superficial
dentin (mean difference 0.39 - p<0.0001) and deep dentine (mean
difference 0.232 - p=0.0029). In addition a significant difference was
calculated between self-etch (Adper™ Easy Bond 3M) and glass ionomer
cement (GC Fuji IX) with a mean difference of 0.36 (p<0 .0001) for

superficial dentin and weaker significance for deep dentine with a mean
difference of 0.14 (p=0.0567).

Correlation between load in MPa and the distance travelled
by the blade before separation: No correlation was found in figure
4 drawn between the load in MPa and the distance travelled by the
blade before separation for the different adhesive types according to the
dentin substrates. The values for deep dentin are organized in a linear
fashion; one can possibly conclude that the substrate is homogeneous
and that the mechanical behavior is essentially related to the material.

Etch-and-rinse Self-Etch

material (Adper™ (Adper™ Easy Bond | Fisher | P value
Scotchbond) 3M)
Superficial dentin 0.43 (0.27) 0.8 (0.35) b <0.0001
Deep dentin 0.17 (0.12) 0.42 (0.31) b 0.006
ANOVA b b
P value 0.003 <0.0001

aMeans are not significantly different (Fisher’s test)

bif the p-value <0.05, the MPa for debonding is significantly different

Table 1: Fisher’s test results for Bond strength values of the different adhesive
types.
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Figure 3: Distance in mm according to type of adhesive used and according
to type of dentin substrate.

Etch-and-rinse Self-Etch
material (Adper™ (Adper™ Easy Bond  Fisher P value
Scotchbond) 3M)
Superficial dentin 0,29 (0,1) 0,69 (0,2) b <0.0001
Deep dentin 0,28 (0,1) 0,51 (0,2) b 0.0003
ANOVA b b
P value 0.83 0.0059

aMeans are not significantly different (Fisher’s test)

bif the p-value <0.05, the MPa for debonding is significantly different

Table 2: Fisher's test results for crack length measurements of the different
adhesive types.
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Figure 4: Relationship between load in MPa and distance in mm for the three
adhesive types and the two dentin substrates.
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The values for superficial dentin are more scattered; thus this substrate
appears more heterogeneous resulting in larger value dispersion,
possibly depending on the material. Moreover, the plotted lines are
parallel for both dentin substrates and suggest a linear relation between
the load applied and the crack propagation into the material.

Scanning electron microscopy results: Several samples were
inspected by scanning electron microscopy to detect the level of
separation between the adhesive complex and the dentin disc. The
crack was restricted within the adhesive layer, as shown in figures 5 and
6, resulting in an adhesive failure.

Discussion

On behalf of the reported results in the present study, both null
hypotheses were rejected. Self-etch and etch-and-rinse adhesives did
not perform similarly in the experimental physical set-up described
here. Higher values were found for self-etch (Adper™ Easy Bond 3M)
than for etch-and-rinse adhesive (Adper™ Scotchbond). This was noted
for both superficial and deep dentin; in addition the level of significance
was increased for superficial dentin which demonstrated higher bond
strength values.

In the present experiment, the adhesive bonding area and thickness
measures were maintained constant by using a polysiloxane rubber base
mold that was applied under pressure, to facilitate the interpretation of
the nominal strength values [16,17]. Stress concentration at the adhesive
interface is a major factor that complicates the interpretation of the
nominal bond strength results. The nature of the test set-up further
reflects the ambiguity of the results [9,18]. The present experimental

Figure 5: Fracture line (arrow) inside the adhesive layer of the self-etch
adhesive.

-- - -
100 um

Figure 6: Fracture line inside the adhesive layer of the etch-and-rinse adhesive.

set-up tried to address the common problem of stress distribution
found with bond strength testing methods. Though the complex stress
distribution seems unavoidable, we attempted to enlarge the adhesive
layer thickness so that only the layer would be submitted to the main
load. Electron microscopic observations images obtained confirmed
that the targeted area was solely the adhesive layer, resulting in a failure
within the adhesive layer.

The obtained values are comparable to previously reported fracture
toughness values [19], by concentrating the load; the set-up tries to
propagate a crack in the adhesive joint by using a sharp blade without
exerting pressure on other components of the adhesive interface.

The measurements somewhat go against the common knowledge
that etch-and-rinse adhesive systems perform better than other classes
of adhesives for bond testing [3]. Yet an important difference must
be pointed out regarding the method used in the present study, the
mechanical properties of the adhesive material itself was the measured
element as targeted by the sharp blade tip which endured most of
the concentrated force. This is in contrast to the blunt knife used in
the shear test method that spreads the load on all components of the
adhesive bond complex [10]. We concluded that the material stiffness
and its capability to withstand stress before failing were the main
factors influencing the results. The comparable results in both the bond
strength measurements and the crack measurement length for each
material equally support the above conclusion. The force displacement
curves obtained for the self-etch showed that distance travelled by
the blade into the material before failure significantly exceeded that
with the other two materials thus showing a higher flexibility and
resilience; the adhesive layer would act as an elastic buffer. The elastic
bonding concept, as described by Van Meerbeek [20], could serve as an
explanation for the higher bond strength obtained with this material
in our study.

The two types of adhesives used in this study appear similar in
regards to the monomer composition presented in table 3, with Bis-
GMA and HEMA as the main components, also containing ethanol
and water and the presence of silica fillers to increase material strength,
while the main difference lies in the presence of acidic monomers in the
self-etch adhesive. On the other hand the higher values obtained in this
study with the Self-Etch adhesive Adper™ Easy Bond adhesive would
be related to the presence of a higher percentage of the more bulky and
stiffer monomer Bis-GMA; in addition the dentin surface preparation
minimized the presence of the smear layer thus decreasing the bonding
strength for this type of adhesive [20].

As expected the glass ionomer cement had low mechanical
properties and performances in this strength test; as a self-adhesive
material it has good clinical adhesive properties depending on a
chemical bonding to tooth structure, but exhibits a weaker performance
during in vitro test methods which concentrate stress loading [18,19].

In the present study we found a significant difference between the
deep and superficial dentin bond strength measurements. Deep dentine
has a lower mineral content, a greater number and area of dentinal
tubules, a smaller area of inter-tubular dentine, and is inherently wetter
in vivo than superficial dentine; moreover, the critical stress intensity
factor in superficial dentin can double that of deep dentin [14,15]. Our
data compare to previously reported results considering the dentin
depths [14].

It is worth noting that the results obtained in this study were
associated with quite large standard deviations, it was found that
even with fracture toughness which is an intrinsic property, values
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Composition Batch # Manufacturer

Bis-GMA 10-20%

HEMA 5-15%

Polyalkenoic acid copolymer
5-10%

Water

Ethanol

Silica particles

initiators

Bis-GMA 15-25%

HEMA  15-25%
functionalised polyalkenoic
acid

Water 10-15%

Ethanol 10-15%

Silica particles

initiators

methacrylated phosphoric
esters,

1,6 hexanediol dimethacry-
late, methacrylate 5-10%

Other names for Adper™ Scotchbond: Adper™ Single Bond Plus (USA)
Adper™ Single Bond 2 (Latin America, Asia, Australia)

Etch-and-rinse
(Adper™ Scotchbond)

3M ESPE,
Seefeld, Ger-
many

51010

Self-Etch
(Adper™ Easy Bond)

3M ESPE,
437866 = Seefeld, Ger-
many

Table 3: Composition of the two types of adhesives used.

are usually associated with large standard deviations (>25%) [16].
The elastic property differences across interfaces can lead to high
interfacial stresses during interfacial fracture toughness. A wide scatter
for individual results in dentin adhesion studies is reported [21] and
the coeflicients of variation range between 28 and 36% for shear tests,
21% and up to 40% for micro-shear tests [6]. Non-uniform stresses
generated within the shear zone have a significant effect on the mode of
failure. Finite element analysis showed that complex stress states occur
at the interface and resulting in unstable crack propagation [8].

Our study design depended largely on the viscoelastic properties
the materials used and their ability to withstand stress rather than the
different modes of adhesion. Earlier studies emphasized the importance
of material stiffness and its ability to withstand loads and shock during
function [14,20,22]. It has been suggested that the dentin-composite
joint should be reasonably flexible to minimize stress concentrations
in the bond during function. A number of factors influence the
relative stiffness of this interface zone including the elastic moduli of
its individual components, the thickness of these component layers, or
the degree of interaction between them. Preliminary studies found a
significant positive correlation between relative interfacial stiffness and
interfacial fracture toughness through varying the adhesive resin layer
thickness and modulus [23]. Previous studies that tested the adhesive
layer properties [24] concluded that a flexible adhesive layer could resist
polymerization shrinking stress and emphasized the role of adhesive
constituents on mechanical properties [25,26].

Our results stress the role of dentin substrate type, and suggest a
clinical relevance regarding the type of dentin involved in the cavity
design. In vitro adhesion to dentin studies should not consider dentin as
a uniform substrate; variations in dentin depth can influence the results
of bond strength measurements.

Future work should include a wider variety of adhesives whether
self-etch or etch-and-rinse both filled and unfilled. By concentrating
the load to the adhesive layer, the soft matter physicist approach will
provide quantifiable data, to study the role of chemical constituents in
the mechanical properties of adhesives.
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