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Abstract

Fatigue of resin-dentin adhesive bonds is critical to the longevity of resin composite restorations.

Objectives—The objectives were to characterize the fatigue and fatigue crack growth resistance
of resin-dentin bonds achieved using two different commercial adhesives and to identify apparent
“weak-links”.

Methods—Bonded interface specimens were prepared using Adper Single Bond Plus (SB) or
Adper Scotchbond Multi-Purpose (SBMP) adhesives and 3M Z100 resin composite according to
the manufacturers instructions. The stress-life fatigue behavior was evaluated using the twin
bonded interface approach and the fatigue crack growth resistance was examined using bonded
interface Compact Tension (CT) specimens. Fatigue properties of the interfaces were compared to
those of the resin-adhesive, resin composite and coronal dentin.

Results—The fatigue strength of the SBMP interface was significantly greater than that achieved
by SB (p<0.01). Both bonded interfaces exhibited significantly lower fatigue strength than that of
the Z100 and dentin. Regarding the fatigue crack growth resistance, the stress intensity threshold
(AKy) of the SB interface was significantly greater (p<0.01) than that of the SBMP, whereas the
AKjy, of the interfaces was more than twice that of the parent adhesives.

Significance—Collagen fibril reinforcement of the resin adhesive is essential to the fatigue
crack growth resistance of resin-dentin bonds. Resin tags that are not well hybridized into the
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surrounding intertubular dentin and/or poor collagen integrity are detrimental to the bonded
interface durability.
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INTRODUCTION

Fatigue of materials is gaining recognition in the field of restorative dentistry. Indeed,
fatigue is now recognized as either the primary mode of failure or a contributing mechanism
for both direct and indirect restoratives [e.g. 1, 2]. As such, the fatigue properties of dental
materials and the durability of their bonds to tooth structure are important metrics of
performance.

Fatigue failure of dental composites has received attention for over two decades [e.g. 3-11].
Recent in vitro evaluations and clinical outcomes suggest that the fatigue properties of resin
composites may be useful in predicting clinical performance [12, 13]. Lohbauer et al. [1]
emphasized the importance of considering the fatigue strength of resin composites during
materials selection, and commented that experimental investigations on fatigue performance
should involve clinically relevant geometries and loading conditions.

While chemical degradation of the bonded interface is a longstanding concern, cyclic
stresses are considered a contributing factor to its progressive degradation over time [14,
15]. In fact, the bonded interface has been regarded as the weakest link of resin-dentin bonds
[14]. Studies on fatigue of tooth-resin bonds began almost as early as those on resin
composites [16, 17]. Yet, relatively few investigations have been reported in this area [18—
24]. There has been an attempt at modeling the fatigue behavior of the resin-dentin adhesive
interface using the finite element method [25]. Results from prior studies have distinguished
that bonded interfaces are not resilient to cyclic loads, with fatigue strengths reported to be
as low as 25% of the static strength.

Belli et al. [24] recommended that a combination of experimental approaches should be
used to obtain a broader picture of the bonded interface performance. In a comparison of
two different adhesive systems, they applied both static and cyclic methods of loading.
While there was no difference in strength of the two adhesive systems under static loads,
there was a significant difference in their fatigue strength. The difference in fatigue behavior
was attributed to an unequal population of flaws within the adhesive layers. If flaws are
located at the interface, within either the resin adhesive or the hybrid layer, then the
“initiation” phase of the fatigue life is relatively short. In these instances, the bonded
interface durability will be related to its resistance to the “propagation” of these defects via
cyclic extension. Soappman et al. [26] proposed evaluating the fatigue crack growth
resistance of resin-dentin bonds using a conventional fracture mechanics approach.
However, that investigation did not perform a complimentary evaluation of the interface via
static loading or stress-life fatigue. All of these modes of loading are relevant to the
durability of tooth-resin composite bonded interfaces.
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The present study adopts three approaches for evaluating the durability of resin-dentin
adhesive bonds. Specifically, the flexure strength, stress-life fatigue and fatigue crack
growth properties of dentin-resin bonded interfaces were characterized, and the results were
compared with those obtained for the individual materials (i.e. dentin, resin adhesive and
resin composite). The overall objective of this investigation was to evaluate the fatigue
resistance of dentin bonds developed using two selected commercial materials and to assess
the “weakest-link”.

MATERIALS AND METHODS

The durability of resin-dentin bonds resulting from two different commercial adhesive
systems was evaluated in terms of the stress-life fatigue and fatigue crack growth responses.
Both approaches involved sections of human coronal dentin, which was obtained from
caries-free third molars. The teeth were obtained from participating clinics in Maryland
according to an approved protocol (#Y04DA23151). The only record of the teeth was the
age (18<age<30 yrs) of the donor. The teeth were sectioned using a slicer/grinder (Chevalier
Smart-H818l1, Chevalier Machinery, Santa Fe Springs, CA, USA) with diamond abrasive
slicing wheels (#320 mesh abrasives) and copious water coolant. All sections were obtained
from the mid coronal region with necessary geometry for the specimens (Figures 1). The
remaining materials included either Single Bond Plus (SB: 3M ESPE) or Scotchbond Multi-
Purpose (SBMP, 3M ESPE) adhesive and 2100 (3M ESPE) resin composite.

The flexure strength and stress-life fatigue behavior was evaluated using the Twin Bonded
Interface (TBI) approach. The specimens (Figure 1(a)) were prepared using a molding
process after Mutluay et al. [27]. Briefly, the adhesive (SB or SBMP) was applied to the two
opposing surfaces of rectangular beams (roughly 2x2x10 mm”3) of mid-coronal dentin (Fig.
1(a)) according to the manufacturer’s recommendations. Bonding with each of the two
adhesive systems was preceded by the recommended 15 sec etch (SB 37% phosphoric
etchant) and rinse. Then the beams were placed within a dedicated mold with the tubules
oriented nominally parallel to the bonding interface, akin to the walls of a Class Il
preparation. Restorative resin composite (2100, 3M ESPE) was applied incrementally from
the dentin beam surface and distributed incrementally to fill the mold cavities on each side
of the dentin beam. The composite was cured for 40 sec on both sides using a quartz—
tungsten—halogen light-curing unit (Demetron VCL 401, Demetron, CA, USA) with output
intensity of 600 mW/cm”2 and with tip diameter wider than 10 mm. The bonded sections
were released from the mold and sectioned using the slicer/grinder to obtain TBI specimens
roughly 2 mm x 2 mm x 12 mm (Fig. 1(a)). Control specimens consisting of the Z100 resin
composite only were prepared using the molding and sectioning process. A total of 105 TBI
specimens were prepared, which consisted of 35 for each of the three groups. All of the
specimens were inspected, polished lightly with hydration using #600 mesh emery paper,
and stored in HBSS at room temperature (22 °C) for a minimum of 48 h prior to further
evaluation.

Bonded interface Compact Tension (CT) specimens were prepared using identical bonding
procedures and a molding technique similar to that used for the TBI specimens. Briefly,
sections of dentin were obtained representing half of the completed CT specimen geometry
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(Figure 1(b)). Either the SB or SBMP was applied to one edge according to the
manufacturer’s recommendations; etching preceded application of the adhesives as
previously described. Thereafter, the dentin sections were placed in the mold, and the
remainder was filled incrementally with the resin composite to complete the CT geometry.
A thin Mylar sheet was placed at one end of the interface to introduce a molded notch
(evident in Figure 1(b)). The resin composite was cured for 40 sec on each side. The
specimens were lightly sanded and two holes were introduced for loading. In addition, the
mylar strip was removed and the notch tip was sharpened using a razor blade and diamond
paste. A detailed description of the procedures for preparing the interface CT specimens has
been presented previously [26]. CT specimens were also prepared of resin adhesive (SB or
SBMP) and Z100 composite (control) without a bonded interface using the molding
approach. A total of 25 specimens were prepared overall, which included 5 each for the two
bonded interface groups (SB and SBMP) and two adhesive groups (SB and SBMP) and 5
specimens of the Z100). All specimens were stored in HBSS at room temperature (22 °C)
for a minimum of 48 h prior to further evaluation.

The TBI specimens were evaluated under quasi-static and cyclic four-point flexure using a
universal testing system (EnduraTEC Model ELF 3200, Minnetonka, MN, USA) with load
capacity and sensitivity of 225 N and £0.01 N, respectively. All experiments were
performed within a bath of Hanks Balanced Salt Solution (HBSS) at room temperature. The
specimens were placed in the fixture such that the outer dentin (closest to the occlusal
surface) was subjected to tension. Quasi-static loading was applied using displacement
control at a rate of 0.06 mm/min. The strength (S) of the beams was estimated using
conventional beam theory [28] in terms of the maximum measured load (P) and beam
geometry (width b, thickness h) according to S=3P1/bh2, where | is the distance from interior
and exterior supports (I=3 mm). Ten specimens (N=10) were evaluated in each group. The
flexure strengths of the groups were compared using a one-way ANOVA and Tukey’s HSD
post-hoc analysis with the critical value (alpha) set at 0.05.

Cyclic loading of the TBI specimens was conducted using the same flexure configuration
(Fig. 1(a)) under load control with frequency of 4 Hz and stress ratio (R = ratio of minimum
to maximum cyclic load) of 0.1. The cyclic loading experiments were initiated with
maximum stress of approximately 90% of the flexural strength identified from the quasi-
static results. For successive specimens, the maximum cyclic load was decreased in
increments of 5 MPa or less according to the staircase method of evaluation [29]. The
process continued until reaching a flexure stress amplitude at which the specimens did not
fail within 1.2x1076 cycles. The cyclic stress amplitude was plotted in terms of the number
of cycles to failure in log-normal format. The data for those that failed were fit using non-
linear regression with a Basquin-type model [30] according to

o=AN)® @
where A and B are the fatigue-life coefficient and exponent, respectively. The constants

were obtained from a power law regression of the fatigue responses. The apparent endurance
limit was estimated from the models for a fatigue limit defined at 1x10/7 cycles after [27,
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31, 32]. Twenty-five specimens were evaluated for each of the SB and SBMP bonded
interfaces and the control (Z100) for an overall total of 75 specimens. The fatigue life
responses were compared with data for coronal dentin presented most recently [33]. The
fatigue life distributions were compared using the Wilcoxon Rank Sum Test with p < 0.05
considered significant.

The CT specimens were evaluated using the aforementioned equipment and specialized
fixtures with the specimens immersed in HBSS at room temperature (22°C). Opening mode
(Mode I) loading was applied under load control actuation, frequency of 5 Hz and stress
ratio of R = 0.1. Measurement of the crack length was accomplished using a microscope
system (Optem zoom 70xI 391940, QIOPTIQ, Luxembourg) with CCD camera. The crack
lengths were measured under magnification (e.g. 50X) and while being loaded at very low
frequency (0.5 Hz) to maximize their visibility. The increment of crack extension was
quantified as a function of the loading increment. In general, the increment of cyclic loading
ranged from 5<AN<30 kcycles and the increment of crack growth extended from
0.02<Aa<0.15mm. Cyclic loading was continued until the specimen fractured.

Results of the fatigue crack growth experiments were used in constructing plots of the
incremental crack growth rate (Aa/AN) in terms of AK for each specimen. The stress
intensity for both the resin composite and the bonded dentin/resin interface specimens was
identified as a function of crack length by

AP
AK=—"—1{0.1133+0.0841a+0.3859a%) (2
B VW ( ) @

where AP is the maximum opening load, B is the thickness of the specimen, W is the
distance between the center of the loading points and free boundary in front of the crack, and
«a is the ratio of the average crack length to specimen width (Fig. 1(b)). Using Eq. (2), the
AK was determined from the applied load range (AP). From these plots, the threshold stress
intensity range (AKy,) was estimated by inspection, which represents the minimum stress
intensity for cyclic crack extension. The steady-state portion of the fatigue crack growth
responses was identified and modeled using the Paris Law [34] according to

j—;—C(AK)m ®)
where C and m are the fatigue crack growth coefficient and exponent, respectively. The
average values of C and m were determined for each group of specimens. A single factor
analysis of variance (ANOVA) and Tukey—Kramer tests were performed to identify
significant differences between the fatigue crack growth parameters. Previous results for
fatigue crack growth in human dentin [35] were compared with those for the resin adhesive,
resin composite and resin/dentin interface specimens.

The fractured specimens were evaluated via Scanning Electron Microscopy (SEM) to
identify the origins of failure and potential mechanisms of degradation. The evaluation was
conducted using a FEI Model Nova NanoSEM 450 (Hillsboro, OR, USA) in either
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secondary electron imaging (SEI) or back scattered electron (BEC) imaging modes. Prior to
this analysis the specimens were dehydrated in an ascending ethanol series (70-100%), fixed
in hexamethyldisilazane, polished lightly in series using #800, #2400 and #4000 emery cloth
and then sputtered with gold/palladium to enhance conductance of the hard tissue and resin
adhesive.

Results from quasi-static loading of the TBI specimens to failure are shown in Figure 2. As
evident from the distributions and statistical comparison, there was no significant difference
(p>0.05) between the flexure strengths of the SB and SBMP groups. However, the bonded
interfaces exhibited significantly lower strength than that of the Z100 control and coronal
dentin alone.

Fatigue life diagrams for the bonded interfaces prepared with SB and SBMP adhesives are
shown in Figures 3(a) and 3(b), respectively. Basquin-type power law models are listed with
the results of each material, which describe the mean fatigue strength distribution. As
evident from a comparison of the data in these two figures, the bonded interfaces prepared
with SB adhesive exhibited much greater variation in fatigue strength than those prepared
with SBMP. According to the Wilcoxon Rank Sum test, the fatigue strength of the interface
prepared with SB adhesive was significantly lower (Z = -3.45; p < 0.001) than that for
SBMP. The fatigue life diagrams for the two bonded interfaces are compared with that of
the control (Z100) in Figure 3(c), along with data for coronal dentin [33]. Note that the
diagrams are presented for lives N = 100 cyles. A presentation of fatigue responses in this
manner shows that the fatigue strength of the bonded interfaces is significantly lower than
that of the resin composite and dentin. The stress-life fatigue constants for each of the
materials are listed in Table 1 and were used to estimate an apparent endurance limit for
each of the material systems at 1x107 cycles. From that approach, the apparent endurance
limit for the SB and SBMP interfaces were 8.4 MPa and 14.4 MPa, respectively. These
values are between only one-quarter and one-third those values for the 2100 control (42
MPa) and dentin (43 MPa).

The fatigue crack growth responses for bonded interface CT specimens prepared with SB
adhesive are shown in Figure 4(a). Cumulative results for the SB adhesive (evaluated
separately) are shown in this figure as well. Note that only one or two data points were
generally obtained for each of the SB adhesive specimens, which is a consequence of rapid
crack growth and relative instability in comparison to the interface. The Paris Law exponent
and coefficient are shown with the response, along with the stress intensity threshold. The
QK for the adhesive and bonded interface are 0.13 and 0.60 MPasm?-5, respectively, and
listed in Table 2. Cumulative fatigue crack growth responses for the SBMP bonded interface
and the adhesive are shown in Figure 4(b). Consistent with results obtained for SB, the
SBMP resin adhesive exhibited significantly lower resistance to fatigue crack growth than
the bonded interface. The AKy, for the adhesive and the bonded interface are 0.3 and 0.5
MPasm0-3, respectively.
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The fatigue crack growth responses for the bonded interface are presented in Figure 5, along
with results for the Z100 (control) and the responses reported for young coronal dentin
(perpendicular to the tubules) [35]. There is no significant difference (p>0.05) in the fatigue
crack growth responses between the Z100 and dentin. The AKy, for the Z100 and dentin are
0.7 MPa and 0.8 MPasm0-3, respectively, which are both at least 20% greater than those
obtained for the bonded interfaces; the differences are significant (p<0.05). As evident in
Figure 5, the fatigue crack growth resistance of the bonded interfaces prepared with SB
adhesive was significantly greater than that resulted from SBMP. A summary of the average
values for Paris Law parameters for all the materials evaluated is listed in Table 2.

The fracture surfaces of the TBI specimens and the remaining interface that did not fail by
fatigue were evaluated using the SEM (Figure 6). For both resin adhesive systems, failure
occurred on the tensile side of the specimen. In the SB specimens, failure initiated within the
resin composite or at the interface of the resin adhesive and composite. An examination of
the tensile surface of the interfaces that did not fracture (but were subjected to high cycle
loading) revealed evidence of crack initiation and fatigue failure along the boundary of
larger reinforcement particles within the polymer matrix (Figure 6(a)). For the SBMP
specimens, failure was found to initiate predominately within the resin adhesive or within
the hybrid layer as evident in Figure 6(b). The progression of failure then continued within
the hybrid layer or through a combination of the hybrid layer and adhesive. While failure
typically initiated within the resin adhesive in the SB specimens, the crack would then
transition to the resin composite. An example for a representative SBMP interface is shown
in Figure 6(c).

Fracture surfaces of the interface CT specimens were also evaluated after the fatigue crack
growth testing. Micrographs from the fracture surfaces of specimens prepared with SB
adhesive are shown in Figure 7(a) and 7(b), at two different levels of magnification. Similar
micrographs from a CT specimen prepared with SBMP are shown in Figure 7(c) and 7(d),
respectively. All of the micrographs represent the dentin side of the fracture surface. For
both adhesive systems, cyclic crack growth occurred primarily within the hybrid layer and at
the interface of the resin penetration within dentin. The lower magnification micrographs for
the two resin systems (i.e. Figures 7(a) and 7(c)) show similar characteristics, including
evidence of resin infiltration within the dentin tubules and failure of the resin tags either
above or below the fracture surface proper. There is also some evidence of tubules without
resin, which was most common in the interfaces of the SBMP specimens (Fig. 7(c)) and is
indicative of tag pullout. A clearer view of the differences between the SB and SBMP
systems is evident from the micrographs at higher magnification in Figures 7(b) and 7(d),
respectively. Clearly more tubule lumens of the SB bonded sample (Figure 7(b)) remain
filled with resin. In addition, the tags appear more coherent with the surrounding matrix,
with a great number of tag fractures at the crack plane. There is more evidence of debonding
between the tags and matrix in the SBMP interface (Figure 7(c)), implying that the tags
operated independently of the matrix.
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DISCUSSION

In comparison to the number of reported studies on the fatigue properties of resin
composites, few exist in this area for resin-dentin bonds. Far fewer have developed fatigue
life diagrams that encompass the entire stress-life response. Prior evaluations have largely
estimated the interface fatigue strength at a specific finite life (e.g. 200k cycles) using the
staircase approach [e.g. 19, 21, 36]. Staninec et al. [22,23] performed fatigue tests on dentin-
resin bonded interface specimens in flexure and constructed fatigue life diagrams that
spanned lives from 1 to 1 million cycles. That approach requires more substantially more
time, but there are definite benefits. It is also essential for developing a comprehensive
understanding of the fatigue behavior.

The apparent endurance limits for the SBMP resin-dentin interface and Z100 composite
were roughly 14 MPa and 42 MPa, respectively. These values are quite similar to the
responses reported by Mutluay et al. [27] for resin-dentin bonds with Clearfil SE Bond (13
MPa) and AP-X composite (48 MPa) using the TBI approach. Based solely on a comparison
of the endurance limits the fatigue resistance of resin-dentin interfaces bonded with SBMP
and SE would appear equivalent. But a comparison of the fatigue life distributions suggests
otherwise. For the resin-dentin bonds made with Clearfil SE Bond, the fatigue life
distribution exhibited a Basquin exponent of (—0.09) [27], which is far greater in magnitude
than those for either SB or SBMP (Table 1). The lower slopes for the SB and SBMP
interfaces (as identified by B) indicate that they are less reliable under cyclic loading than
the interface prepared with Clearfil SE Bond. There is no distinct trend in the fatigue life
distributions of the SB and SBMP bonded interfaces with stress (Figure 3). Defects facilitate
spurious failures of these bonded interfaces when subjected to cyclic loading. As such, the
number of cycles to failure is largely a function of the defect population and size, rather than
simply stress. Results reported for Clearfil SE Bond show that this type of failure is less
common. Hence, without development of the fatigue life diagrams, false interpretations of
the interface fatigue behavior are possible, even when using the exact same experimental
method for assessment.

As suggested by Belli et al. [24], the use of complementary measures for evaluating the
bonded interface durability has distinct advantages. First, a comparison of the apparent
strength under quasi-static (Figure 2) and cyclic loading (Figure 3(c)) showed that although
there was no significant difference in strength of the SB and SBMP bonded interfaces under
quasi-static loading, there was a significant difference in the fatigue strength. Silva et al.
[37] reported on the microtensile bond strength of SB and SBMP with Z350 after 7-day
exposure in artificial saliva and found that the SBMP was significantly stronger. The
difference was only 10%, which is of questionable clinical importance. In contrast, the
apparent endurance limit of the SBMP bonded interface was over 70% greater than that
achieved by SB in the current study. That implies that the results of static evaluations are not
a reliable forecast of the fatigue performance, and that a complementary assessment of static
and fatigue strength is very useful.

Results from the fatigue crack growth analysis appear to contradict those of the stress-life
fatigue responses. For example, the interfaces prepared with SB exhibited significantly
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greater AKy, (Table 1) and lower growth rates across the applied stress intensity range
(Figure 5) than obtained for the SBMP. In fact, the average incremental crack growth rate
for the SBMP interface is approximately 10 times greater than that for SB at equivalent
values of driving force (i.e. AK). According to the fracture surfaces from fatigue crack
growth in Figure 7 both interfaces failed within the hybrid layer. However, the features
evident in the micrographs for the SBMP (Fig. 7(d)) suggest that the adhesive has a poorer
degree of integration within the dentin matrix. Both adhesives exhibit good penetration into
dentinal tubules from the distribution of resin tags, but tag fractures in the SBMP are often
displaced from the fracture surface proper; many tags appear dislodged from their
foundation by cyclic loading, which was also noted in the TBI specimens (Figure 6(b)).
Those features are not evident for the SB (Fig. 6(b) and 7(b)). Therefore, while the SB
exhibits inferior resistance to fatigue, it has greater damage tolerance as evident from the
superior resistance to fatigue crack growth. Those findings could not be obtained from an
evaluation of the interface using microtensile tests.

Resin tag retention in dentinal tubules depends on the liquid comonomers wetting the
circumferential collagen fibrils lining the tubule wall. Apparently the resin tags of SBMP
(Fig. 7(d)) did not permeate between the collagen fibrils of the tubule walls to anchor the
tags in the intertubular dentin. When the bonded assembly was stressed, many tags pulled
out of the tubules, while others had enough shear strength at the tubule walls to resist pull
out, fracturing the tags in the same plane as the growing crack. Presumably, resin tags
created by SB wet the collagen fibrils lining the tubules, producing improved anchoring of
resin tags in the tubules and improved stress transfer to resin bond dentin. Nearly all SB
resin tags remained in the tubules after the tags fractured at the same plane as the developing
crack.

The composition of SB and SBMP adhesives differs significantly. Although the comonomer
compositions of both adhesives are similar, SB adhesive is solvated by ethanol and water,
while SBMP is solvent-free [38]. And while SBMP primer contains HEMA and water that
should have wet the surface of the dentin and penetrated into the tubule orifices, there may
have been inadequate mixing of primer components with the SBMP adhesive. Careful
examination of the circumferential intratubular collagen fibrils reveals individual collagen
fibrils suggesting that SBMP adhesive was unable to wet them.

There was a significant difference between the fatigue crack growth resistance of the SB and
SBMP interfaces, but the differences between the interfaces and the corresponding
adhesives were even greater (Figure 4). Without collagen reinforcement the adhesives
exhibited a AKy, significantly lower than the bonded interfaces (Table 2). The SB adhesive
was the least resistant overall (Figure 4(a)) despite the larger resistance of the SB interface
to fatigue crack growth. Fatigue crack growth within the bonded interface specimens
occurred within the hybrid layer, a composite of adhesive and fibril reinforcement. Hence,
the disparity between the bonded interface and adhesive specimen performance underscores
the importance of dentin collagen to bond durability. A comparison of Figures 4(a) and 4(b)
indicates that collagen reinforcement is most important to the fatigue crack growth
resistance of the SB. As such, the inferior stress-life fatigue strength of the SB interfaces
could be attributed to a smaller degree of resin penetration for that tubule orientation
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(tubules parallel to the bonding surface) and the low fatigue crack growth resistance of the
adhesive. Though speculative, that would place greater dependence on the resin properties in
fatigue. The results could also be interpreted to suggest that that resin integration into
collagen fibrils in the hybrid layer by SB adhesive is more effective than with SBMP.
Independent of all other concerns, resin-dentin bonds placed in areas of lower relative
collagen content (i.e. deep dentin [39]) will be more susceptible to failure by fatigue crack
growth.

The term “durability” in this manuscript has been used to refer to the material’s capacity to
endure cyclic loading. But there are far more threats to the integrity of resin-dentin adhesive
bonds than simply mechanical fatigue. The experimental evaluation was conducted on
interfaces that were not subject to recognized challenges of the oral environment. Nor were
the samples aged for a prolonged period prior to testing. Biofilm attack [40, 41] and collagen
degradation by endogenous Matrix Metalloproteinases (MMP) [42,43] within the hybrid
layer are amongst the most critical. Biofilm attack significantly reduces the fatigue strength
of dentin [44] and the resistance of the bonded interface to cyclic loading [31]. While MMP
activity does not cause an immediate reduction in strength of dentin bonds [45], it is not
apparent at what point the degradation becomes significant. Preliminary results suggest that
the reduction in fatigue crack growth resistance may occur within as little as 3 months [46].
Furthermore, there is some evidence that cyclic stresses contribute to MMP activity [47] and
mineralization changes [48, 49]. Additional studies addressing the potential for synergistic
degradation between mechanical fatigue and other challenges to the interface appears
warranted.

Results of this investigation show that the interfacial structures such as resin tags and
collagen fibrils in the hybrid layer and tubule walls may play a critical role on the fatigue
crack growth resistance of the bonded interface. They also provide convincing evidence that
the integrity of collagen fibrils is essential to bond durability as well. While these findings
contribute to our understanding of resin-dentin bond durability, there are some limitations to
the investigation that should be considered. Perhaps the most important is that only two
commercial adhesives systems were evaluated. Admittedly, the weak links identified for the
interfaces developed using SB and SBMP may not be equivalent to those most prominent/
detrimental for other adhesives. Herein lies the difficulty of developing a comprehensive
understanding of bond durability. Additional studies including other bonding systems are
necessary to broaden our understanding. One may be concerned that the stress-life and
fatigue crack growth portions of the study involved a bonded interface with different tubule
orientations. While true, tubule orientation is reportedly of limited or no importance to the
microtensile strength of resin-dentin adhesive bonds [50-52]. Tubule orientation is
important to the fatigue strength [53] and fatigue crack growth resistance of dentin [35,54],
which is attributed to the collagen matrix. The difference in tubule orientation is not
expected to have influenced the rank of the fatigue strength or fatigue crack growth
responses. Nevertheless, no study has explored the importance of tubule orientation to the
durability of resin-dentin bonds. This is an important topic and is reserved for future study.
In addition, the cyclic loading frequency was nearly twice that expected from mastication
(approx. 2 Hz) [55]. Relevant to this concern, the experimental activities of this study
extended over well more than a year, and the higher frequency was chosen to reduce the
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time required for completion. A stress-life fatigue evaluation requires time and is perhaps
the most costly part of durability studies. Concessions can be made in the number of
samples or the number of cycles over which the study is conducted, but those shortcuts are
more likely to degrade the quality of findings.

CONCLUSIONS

On the basis of the experimental results and analysis, the following conclusions are drawn:

1. There was no significant difference between the flexure strength of the bonded
interfaces prepared with SB and SBMP adhesives. The average flexure strength for
the two systems was 27+10 and 3918 MPa, respectively.

2. The resin-dentin bonds prepared with SBMP exhibited significantly greater fatigue
strength than with the SB adhesive. The apparent endurance limit for the SB and
SBMP interfaces were 8.4 and 14.4 MPa, respectively. These values were
approximately one-third of that for the Z100 composite (43 MPa).

3. The interfaces prepared with SBMP exhibited significantly lower resistance to
cyclic crack growth than those prepared with the SB. The stress intensity threshold
for the SBMP and SB interfaces was roughly 0.5 and 0.6 MPasm?-5, respectively.
However, the lowest stress intensity threshold overall was exhibited by the SB
adhesive.

4. Resin tags that are not well hybridized into the surrounding intertubular dentin and
hybrid layers that are not effectively reinforced (due to thick adhesive layer or a
limited degree of intact collagen) were identified as detrimental weak links. These
qualities limit the durability of adhesive bonds to dentin.
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Figure 1.
Schematic diagram of the specimen configurations and loading arrangements used for

characterizing the fatigue behavior of the bonded interfaces. a) stress-life fatigue, b) fatigue
crack growth. The diagrams highlight geometry and materials where C = resin composite, D
= dentin and A+H is the adhesive and hybrid layer.

Dent Mater. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhang et al.

200 -

150 -

100 -

o)
-
|

T b

Flexure Strength (MPa)

1

Tb
l

Page 16

Z100

Figure 2.

SB

SBMP

Dentin

Flexural strength distributions for the bonded interfaces and comparison with results for
Z100 and dentin. The error bars represent the standard deviation and columns with different

letters are significantly different (p<0.05).
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Figure 3.

Stress life diagrams for the bonded interface specimens. a) SB, b) SBMP, ¢) comparison of
results from (a) and (b) with Z100 and dentin. Note that the data points with arrows
represent those specimens that reached 1.2x106 cycles and the test was discontinued. The
R”2 values in (a) and (b) represent the coefficient of determination. Results for dentin in (c)

are from [33].
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Fatigue crack growth responses. a) cumulative responses for SB adhesive and bonded
interface, b) cumulative responses for SBMP adhesive and bonded interface. Note the large
disparity in fatigue crack growth resistance between the SB adhesive and bonded interface
relative to that for SBMP.
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Figure 5.
Comparison of the fatigue crack growth resistance of the SB and SBMP interfaces with that

for the Z100 and coronal dentin. Results for dentin are for fatigue crack growth
perpendicular to the tubules from [35].
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Figure 6.
Scanning electron micrographs detailing fatigue failure within selected bonded interface

specimens. a) crack initiation on the unbroken side of a SB specimen (tensile side) at the
resin composite/adhesive interface. Note the adjacent particulates (*). b) crack initiation on
the unbroken side of a SBMP specimen within the hybrid layer. c) view of fracture surface
for an SB specimen near the surface of maximum tensile stress. Note the crack begins within
the resin and then continues within the resin composite. Resin adhesive (A) and Resin
composite (C) are noted in each figure.
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Figure 7.
Scanning electron micrographs showing details of the fracture surfaces resulting from

fatigue crack growth of the bonded interface specimens. Above shows failure within the
hybrid layers of a) SB at 2000X, b) SB at 8000X, c) SBMP at 2000X, d) SBMP at 8000X.
The arrows in each figure represent the direction of cyclic crack extension.
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