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ABSTRACT

Composite restorations accumulate more biofilm than other dental materials. This increases the likeli-
hood for the hard tissues supporting a restoration (i.e. dentin and enamel) to be exposed to acidic
conditions beyond that resulting from dietary variations. In this investigation the fatigue strength and
fatigue crack growth resistance of human coronal dentin were characterized within a lactic acid solution
(with pH = 5) and compared to that of controls evaluated in neutral conditions (pH = 7). A comparison of
the fatigue life distributions showed that the lactic acid exposure resulted in a significant reduction in the
fatigue strength (p < 0.001), and nearly 30% reduction in the apparent endurance limit (from 44 MPa to
32 MPa). The reduction in pH also caused a significant decrease (p < 0.05) in the threshold stress in-
tensity range required for the initiation of cyclic crack growth, and significant increase in the incremental
rate of crack extension. Exposure of tooth structure to lactic acid may cause demineralization, but it also

increases the likelihood of restored tooth failures via fatigue, and after short time periods.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Resin composites have become the most common material for
direct restoration of tooth cavities [1]. These materials have many
desirable qualities, including better aesthetics, fewer health con-
cerns to the patient and practitioner and they provide tooth rein-
forcement via adhesive bonding. Despite these advantages, the
average clinical service life of resin composite restorations is lower
than that of the materials they have replaced [2,3]. The primary
modes of composite restoration failures are secondary caries, tooth
fracture and degradation of the restorative margins. Approximately
one half of all dental restorations fail within 10 years due to sec-
ondary caries and fracture [1,4,5].

Secondary caries result from the acid production of biofilms in
the oral cavity [6,7]. Resin composites accumulate more biofilm/
plaque than restorative materials of the past [8,9]. With prolonged
attack, they may undergo a reduction in hardness and an increase
in their surface roughness [10—12]. While the exact nature and
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extent of degradation is resin dependent [11], the increase in sur-
face roughness further encourages biofilm formation [12]. Changes
to the surface topography of the composite may contribute to
restoration failures via the increase in surface stress concentration
and its affect on fatigue strength. Nevertheless, the acidic condi-
tions also cause localized demineralization of the hard tissue
foundation, which could foster degradation via cyclic loading.

For composite restorations to support lifelong oral health, the
restorative materials and supporting dentin and enamel must resist
damage over many years of function. Dentin occupies the majority
of the tooth by both weight and volume. Microscopically, the most
distinct feature of this tissue is the network of tubules (approx. 0.5—
1.5 pm in diameter) that radiate outward from the pulp cavity to the
DEJ [7]. Regarded as the dentin tubules, each is embodied by a
collagen free, hyper-mineralized cuff of peritubular dentin. The
interstitial space between the peritubular cuffs, i.e. intertubular
dentin, consists of a collagen fibril matrix reinforced by nanoscale
crystals of apatite [13,14]. Owing to its complex composition and
microstructure, dentin is often regarded as a hierarchical biological
composite. Cyclic loads generated by mastication will result in cy-
clic stresses within the tooth, thereby causing fatigue of dentin to
be an important consideration.

The fatigue properties of dentin have been studied in some
detail, with reviews available in Refs. [15,16]. Human dentin is
susceptible to fatigue failure (e.g. [17,18]) and small flaws
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introduced via restorative processes may propagate via fatigue
crack growth [19]. The resistance to fatigue and fatigue crack
growth decreases with increasing proximity to the pulp [20], with
increasing age of the patient [19,21,22], and with increasing mean
stress [23] and stress ratio [24]. With resin composites becoming
the predominant material for direct restorations, and their ten-
dency to accumulate more biofilms than previous materials, the
adjacent dentin is potentially more likely to undergo exposure to
lactic acid produced by biofilms. Yet, no study has addressed the
importance of acidic conditions to the fatigue properties of dentin.

In the present study we explore the influence of a clinically
relevant acidic condition on the fatigue properties of human dentin.
The overall objective was to evaluate the degradation in fatigue and
fatigue crack growth resistance of this tissue with exposure to lactic
acid.

2. Materials and methods

Caries-free third molars were obtained from participating dental practices in
Maryland according to a protocol approved by the Institutional Review Board of the
University of Maryland Baltimore County (Approval YO4DA23151). All teeth were
from young individuals between 17 < age < 30 yrs. The teeth were maintained in
Hanks Balanced Salt Solution (HBSS) with 0.2% sodium azide as an antimicrobial
agent at 4 °C, then cast in a polyester resin foundation and sectioned using a
computer controlled grinder (Chevalier Smart-H818II, Chevalier Machinery, Santa Fe
Springs, CA, USA) and diamond impregnated slicing wheels (#320 mesh abrasives)
under a water-based coolant bath. Primary sections were made in the bucco—lingual
plane, and secondary sectioning was performed to obtain a rectangular beam or the
body of a Compact Tension (CT) specimen from the coronal dentin (Fig. 1(a)).
Rectangular beams were prepared from the mid-coronal space (midway between
the DEJ and pulp) with geometry as described in Fig. 1(b). Similarly, the CT speci-
mens were prepared according to the description of geometry in Fig. 1(c). The planar
views of the specimens in Fig. 1(b) and (c) are consistent with the sectioned view of
the specimens, and their preparations, in Fig. 1(a). For the CT specimens, additional
features were needed, including two holes to permit application of the opening
mode loads and a notch and back channel to facilitate crack initiation and extension.
The notch was sharpened using a razor blade and diamond abrasive paste. Details
concerning the preparations are described elsewhere [19,25]. Only one beam or CT
specimen was obtained from each tooth. All of the prepared specimens were
inspected via optical microscopy. Those identified as having pulp horn intrusions,
enamel end-caps or other defects were discarded.

The dentin beams were subjected to 4-point flexure (Fig. 1(b)) using a universal
testing system (BOSE Model ELF 3200, Minnetonka, MN, USA) with a load capacity
and sensitivity of 225 N and +0.01 N, respectively. Cyclic loading was conducted
using a maximum load between roughly 5 and 15 N, a stress ratio (R = min load/max
load) of 0.1 and frequency of 5 Hz after previous studies [18,26]. According to the
method of preparation, the dentin tubules were oriented perpendicular to the beam
length and perpendicular to the direction of maximum principal stress caused by
flexure loading. All of the flexure specimens were oriented with the pulpal side
subjected to tension, and using cyclic loads that resulted in failures of 1k cycles or
greater (i.e. the stress-life regime). For those beams that endured more than 1200k
cycles, the test was discontinued as that is near the apparent endurance limit of
dentin as identified in previous studies [18,26]. The fatigue life distribution of the
specimens that underwent fatigue failure in each group was modeled using a
Basquin-type power law model [27] according to

7 = AN)® )

where A and B are the fatigue-life coefficient and exponent, respectively. The con-
stants were obtained from a regression of the fatigue responses plotted on a log-
normal scale. For the results obtained at pH = 5, alternate models were applied to
the fatigue data and assessed in terms of the coefficient of determination. The
apparent endurance limit was estimated from the models for a fatigue limit
conveniently defined at 1 x 107 cycles. This number is consistent with that identified
in previous studies [18,25]. The control specimens (N = 75) were subjected to cyclic
loading within HBSS (pH = 7) at 22 °C, and consisted of a combination of previously
reported data [26] and ten additional specimens. Cyclic loading of the treated
specimens (N = 32) was conducted within a lactic acid solution with pH =5 at 22 °C.
The fatigue strength distributions for the control (pH = 7) and treated (pH = 5)
groups were compared over lives using the Wilcoxon Rank-Sum test with the critical
value (alpha) set at 0.05.

The choice of conditions for acid exposure was based on a number of consid-
erations. Streptococcus mutans (S. mutans), one of the most prevalent bacterial
species in oral biofilms [28], metabolize fermentable carbohydrates to produce lactic
acid [29]. S. mutans carry out glycolysis and maintain adhesion to the tooth surface
down to pH of 4.5 [30,31]. Experimental evaluations of resin composites consider pH

Fig. 1. Preparation of the specimens and method of loading. a) Potential Compact
Tension (CT) and beam specimens from a sectioned 3rd molar. b) Flexure specimen
geometry and loading configuration. The beams were arranged with the pulpal side
subjected to compression. (c) CT specimen geometry and opening mode loading. By
virtue of the methods of sectioning and cyclic loading, fatigue crack growth occurs
perpendicular to the tubules. During cyclic loading of the rectangular beams the crack
generated by stress-life fatigue develops and grows in plane and parallel to the length
of the tubules.

values as low as 4 (e.g. [32,33]). A reduction below pH = 5.0 causes a disruption in
the community of bacteria and it stability [28,34]. Thus, a lactic acid solution with
pH = 5 was considered a clinically relevant model for evaluating the affects of acid
conditions on the fatigue resistance of dentin. Nevertheless, this condition repre-
sents a simple static model, and cannot replace the complexity of conditions within
the oral environment and the fluctuations in pH. The lactic acid solution was pre-
pared by adding 7.45 ml of 0.1m lactic acid to 950 ml of deionized water. Then a basic
solution of NaOH was added to the lactic acid solution until reaching the desired pH
as verified with a pH meter (Model PH220-C, Extech, Waltham, MA, USA). Pre-
liminary experiments were conducted to ensure that the pH of the lactic acid bath
remained constant at pH = 5 despite dissolution of the mineral ions over the
maximum duration of fatigue testing.

Cyclic loading of the CT specimens was performed with the aforementioned
universal testing system using routine methods described elsewhere [19,25]. Briefly,
the specimens were subjected to Mode I cyclic loading at 5 Hz frequency under load
control as shown in Fig. 1(c). Cyclic loading was performed initially within HBSS
using a stress ratio of 0.5 to facilitate crack initiation. After development of a sharp
crack (length less than 0.5 mm), the HBSS was exchanged with the lactic acid so-
lution and cyclic loading was continued using R = 0.1 for cyclic crack growth. This
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approach to lactic acid exposure ensured that all specimens were subjected to the
same period of exposure at the inception of cyclic crack growth. The incremental
crack growth rates (da/dN) were computed by dividing the measured incremental
crack extension (Aa) by the increment of loading cycles (AN). Crack length mea-
surements were achieved using a digital microscope (Navitar IEEE 1394, Rochester,
NY, USA) at a magnification of 60x. The number of cycles between measurements
(AN) typically ranged between 5k and 20k cycles and was chosen according to the
observed crack growth rate. The average crack extension over this period was be-
tween 60 and 120 pm.

The incremental fatigue crack growth rate (da/dN) within the region of steady
state (Region II) response was quantified using the Paris Law [35] according to

da
— = C(AK)" 2
av ~ €A1 @)
where AK is the stress intensity range, and the quantities C and m are the fatigue
crack growth coefficient and exponent, respectively. The stress intensity range (AK)
is the difference in stress intensity at the minimum and maximum loads and
determined according to [19]

*
AK — AP (B +1

0.5
oo B+1) (0‘131 +O.320a+0.21]a2) (3)
where AP is the load range (Pmax—Pmin), « is the ratio of a to W (Fig. 1(c)) and the
quantities B* and B are the ligament thickness and nominal specimen thickness,
respectively. Using the incremental crack length measurements and the corre-
sponding stress intensity, the fatigue crack growth rates (da/dN) were plotted in
terms of AK to estimate the quantities C and m for each specimen. In addition, the
apparent stress intensity threshold (AKth) was estimated for a fatigue crack growth
rate of 1 x 10~7 mm/cycle, which defines a critical stress intensity below which
fatigue crack growth does not to occur, or at a negligible rate. Similar to the stress-
life fatigue analysis, the fatigue crack growth evaluation was conducted in two
environmental conditions. The control (N = 32) and treated (N = 6) specimens were
subjected to cyclic loading within HBSS (pH = 7) and lactic acid solution (pH = 5),
respectively, at 22 °C. Results for the control group were also reported in Ivancik
et al,, [22]. The values of C, m and AKth for the two groups were compared using a
one-way Analysis of Variance with significant differences identified by p < 0.05. The
fatigue crack growth distributions were compared using the Wilcoxon Rank-Sum
test with the critical value (alpha) set at 0.05.

Acid exposure was expected to cause demineralization of the dentin specimens,
and changes to the surface and sub-surface qualities. The external features of
importance include the specimen geometry and surface topography, whereas the
sub-surface features include the dentin tubule diameter and material hardness. All
of the aforementioned qualities are potentially important to the fatigue properties of
dentin. Therefore, the specimen dimensions and surface roughness were evaluated
as a function of the period of cyclic loading. Details of the methods used for char-
acterizing the specimen geometry and surface topography are listed in the
Supporting Information (S1 and S2, respectively). Penetration of the lactic acid
within the lumens over the period of cyclic loading could cause an increase in lumen
diameter via demineralization. Thus, dimensional changes in the lumens were
evaluated over the period of cyclic loading via microscopy using methods described
in Supporting Information (S3). Furthermore, a reduction in elastic modulus of the
intertubular dentin could occur, and was evaluated as a function of distance from the
exposed surfaces using scanning based nanoindentation. Details regarding the
methods used for evaluating changes to the sub-surface integrity with acid exposure
are described in the Supporting Information (S4).

After fatigue failure the specimens were evaluated using a Scanning Electron
Microscope (SEM; JSM 5600, JEOL Inc., Peabody, MA) in secondary electron imaging
mode. Selected specimens were dehydrated in a standard ascending ethanol series
(70—-100%) and then sputtered with gold palladium. The fracture surfaces were
examined to distinguish the origin of failure and contributing mechanisms.

3. Results

A fatigue life diagram for specimens evaluated within the lactic
acid solution is shown in Fig. 2(a). The responses are presented
initially in the “uncorrected” state, which represents the cyclic
stress amplitude estimated from the specimen geometry at the
beginning of cyclic loading. The lactic acid solution caused a
reduction in the cross-section area of the specimens, and the de-
gree of change increased over the period of exposure (Supporting
Information S1; Fig. S1). The pulpal side underwent the largest
extent of material loss overall. Thus, empirical models were
developed to describe the change in specimen geometry in terms of
the exposure period, and then used to correct the moment of
inertia and the corresponding cyclic stress amplitude. The
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Fig. 2. Stress life fatigue behavior of the coronal dentin specimens. Each data point in
these figures corresponds to failure of a single beam, and those with arrows identify
beams that did not fail and the test was discontinued. (a) the stress-life responses for
the treated specimens (pH = 5) before (uncorrected) and after correction for changes
in the beam geometry that resulted from demineralization. Fatigue life models are
presented for the distribution after correction. (b) A comparison of the fatigue life
distributions for the control evaluated in HBSS (pH = 7) and the lactic acid solution
(pH = 5). Note the reduction in fatigue life of the specimens subjected to lactic acid
near 4 h of exposure and thereafter.

“corrected” fatigue life distribution, which accounts for changes in
specimen geometry, is presented along with the uncorrected re-
sponses in Fig. 2(a). There is a change in the apparent fatigue
strength distribution of the dentin specimens after accounting for
material loss, which becomes more evident with increasing expo-
sure, and especially after 100k cycles.

A conventional power law model was developed to describe
the fatigue strength distribution of the corrected responses, and is
presented along with the data in Fig. 2(a). Alternate models were
considered for quantifying the corrected pH = 5 data. A logarith-
mic model exhibited the highest correlation to the corrected fa-
tigue life distribution, as determined from the coefficient of
determination (R%). Using the power law and logarithmic models
of best fit, the apparent endurance limit of the dentin exposed to
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lactic acid are 32 MPa and 26 MPa, respectively, when evaluated at
1 x 107 cycles.

Results from experiments conducted in the lactic acid solution
(pH = 5) are compared with the control specimens evaluated in
HBSS (pH = 7) in Fig. 2(b). The number of cycles to failure decreased
with an increase in cyclic stress for both pH conditions. For speci-
mens that endured less than 50k cycles (approx. 3 h of cyclic
loading), the fatigue strengths of specimens evaluated in lactic acid
and HBSS are consistent. However, for lives exceeding this value the
extended exposure to acid caused degradation of the fatigue
strength in relation to that at pH = 7. According to the Wilcoxon
Rank-Sum test, the fatigue strength distribution for the lactic acid
treated specimens is significantly different (Z = —2.16; p = 0.030)
from the control. Using the power law model developed for the
fatigue responses (Fig. 2(b)), the apparent endurance strength of
dentin evaluated within the control environment is 44 MPa. That
value is more than 35% greater than the most liberal estimate for
the apparent endurance limit of dentin at pH = 5.

Scanning electron microscopy was used to examine the fracture
surfaces of specimens evaluated in the two conditions. All of the
specimens exhibited similar macroscopic features, regardless of the
loading environment. The fracture surface of a specimen evaluated
within the lactic acid solution is shown in Fig. 3(a). Evident here,
failure initiated on the tensile side as distinguished by the
compression curl (C). Though not possible to identify the origin of
failure, it was apparent that a crack developed on the tensile side
and extended parallel to the tubules until reaching the compressive
side of the neutral axis. Thereafter, the crack turned oblique and
proceeded to enable fracture of the specimen, consistent with
earlier studies [18,26]. At higher magnification there were some
differences in the fracture surfaces between the two groups of
specimens. In examining the tensile surface of a beam evaluated
with pH = 5 (Fig. 3(b)), cracks are evident within the partially

demineralized peritubular cuffs, and there are exposed collagen
fibrils (arrows). These features suggest that lactic acid penetrated
beneath the specimen’s surface, causing demineralization of the
cuff and reduction in fatigue strength. A micrograph from the
fracture surface of a control specimen at high magnification is
shown in Fig. 3(c). Note that the tubule lumens are evident, but
there are no cracks along the peritubular cuffs or exposed collagen
fibrils.

The fatigue crack growth responses for specimens evaluated in
lactic acid and HBSS are presented in Fig. 4. A comparison of
representative responses along with the power law fit to the data is
shown in Fig. 4(a). The cumulative responses for all specimens of
the two groups are shown in Fig. 4(b). A correction for changes in
geometry was not necessary as the contribution to the estimated
stress intensity range (Eq. (3)) over the period of exposure was
negligible. Similar to the stress-life fatigue responses, the exposure
to lactic acid caused a decrease in the fatigue crack growth resis-
tance of dentin. According to the Wilcoxon Rank—Sum Test the two
fatigue crack growth distributions are significantly different
(Z=-2.41; p=0.016). Cyclic crack growth in the lactic acid solution
initiated at a significantly lower (p < 0.0005) stress intensity range
(AKth = 0.71 MPa m®°) than in HBSS (AKth = 0.83 MPa m®>).
Stable cyclic crack growth within Region II of the responses (Fig. 3)
was characterized using the Paris Law according to Eq. (2) and the
average values for the two groups are presented in Table 1. There
was an increase in the fatigue crack growth exponent from 14 + 2 in
HBSS to 26 + 4 in lactic acid, suggesting that the reduction in pH
caused an increase in sensitivity to the stress intensity range.
Overall, there was a significant difference (p < 0.05) in all three of
the fatigue crack growth parameters (Table 1) between results
obtained at pH = 5 and pH = 7. Nevertheless, an SEM evaluation of
the fracture surfaces did not reveal any differences between the
specimens loaded in HBSS and lactic acid. Although there was some

Fig. 3. Micrographs of a fractured dentin specimen after fatigue loading to failure in the lactic acid solution. a) the fracture surface of a dentin beam after 5 x 10° cycles. This
specimen was subjected to a cyclic stress amplitude of 40 MPa. The tensile surface (T) and compression curl (C) are highlighted. b) Micrograph from the specimen in (a) near the
tensile surface and at higher magnification (x8000) revealing collagen fibrils (arrows) exposed on the fracture surface. c) a high magnification photo of a control specimen for

comparison to (b). Note that absence of collagen fibrils, which are clearly evident in (b).
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Fig. 4. A comparison of the fatigue crack growth responses of coronal dentin in HBSS (pH = 7) and lactic acid solution (pH = 5). a) Representative responses with corresponding
power law fit for both pH conditions. b) The responses obtained for all of the control (N = 32) and treated (N = 6) specimens. Note the reduction in fatigue crack growth resistance of

the tissue with exposure to lactic acid.

evidence of demineralization to the exterior surfaces and exposed
crack face of the specimens, there were no indication that exposure
to lactic acid changed the mechanisms of cyclic crack growth.
There was a significant reduction to both the fatigue strength
and fatigue crack growth resistance of the coronal dentin with
exposure to lactic acid. That could result from focused demineral-
ization at the surface, or by penetration and more extensive sub-
surface degradation. A smear layer covered the control specimens
and remained intact on those that underwent relatively short pe-
riods of acid exposure. That is a common characteristic observed
after cutting of dentin [36]. However, after longer periods of acid
exposure (e.g. 100k cycles and greater) the tubules became exposed
at the surface of specimens via demineralization of the smear plugs
within the lumens (Fig. 5(a)). There were also affects of acid
exposure to the surface topography. A comparison of surface pro-
files obtained before cyclic loading and after 1 million cycles of
loading in lactic acid is shown in Fig. 5(b)). The average surface
roughness (Ra) increased with cyclic loading in the acid solution
(Supporting Information S2; Fig. S2(a)), and was significantly
greater (p < 0.05) than that of the control after 100k cycles and
beyond. That statement is equally true for measures of the peak to
valley height (Ry) and the ten point height (Rz) as well. Dominant
valleys of the profiles were examined as they can pose a surface
stress concentration. An example profile radius for a valley in the
profile of Fig. 5(b) is shown in Fig. 5(c). There was no apparent
change in the profile valley radii resulting from the acid exposure,
with values ranging between roughly 20 and 50 um (average
35 £ 13 um). Using the measures of roughness and profile valley
radii, the effective stress concentration posed by the surface

Table 1

A comparison of the fatigue crack growth parameters resulting from cyclic crack
extension in the environments. The numerical values of the parameters listed for
both conditions represent the average and standard deviation obtained from results
of the individual specimens evaluated in HBSS (N = 32) and lactic acid (N = 6). In
comparing results for pH = 5 and pH = 7, all three of the fatigue crack growth pa-
rameters were significantly different (p < 0.05).

Condition AKth (MPa m®>) C (mm/cycle) m
(MPa mO.S)—m
HBSS (N = 32) 0.83 +£0.11 2.7 E-05 14+ 2
Lactic acid (N = 6) 0.71 + 0.03 6.6 E-04 26 +4
p=0016 p = 0.0005 p = 0.0005

topography (Supporting Information S2) ranged between 1.00 for
the control surfaces to 1.03 after 1 million cycles of loading in the
lactic acid solution. Therefore, there was no significant increase in
the effective stress concentration at pH = 5 with period of cyclic
loading, despite the increase in surface roughness.

According to the changes in observed surface morphology of the
fatigue specimens, lactic acid penetrated within the lumens and
beneath the exposed surface. The depth of degradation was un-
doubtedly dependent on the period of cyclic loading. The sub-
surface characteristics of the microstructure for fatigue specimens
subjected to 1k cycles and one million cycles of loading are shown
in Fig. 6(a) and (b), respectively. Although there was limited evi-
dence of sub-surface demineralization for periods of less than 1k
cycles (e.g. Fig. 6(a)), those specimens subjected to 100k cycles and
greater exhibited notable dissolution of the peritubular cuff, as
evident in Fig. 6(b). In addition, many of the peritubular cuffs
exhibited cracks within the partially demineralized region, as
highlighted in this figure. That was also noted in the demineralized
regions of the fracture surfaces for the acid-exposed specimens
(Fig. 3(b)). The average depth of degradation is shown as a function
of the period of exposure in Fig. 6(c). Beyond 10k cycles there was a
significant (p < 0.000) increase in the depth of degradation, with
maximum depth occurring in the specimens subjected to one
million cycles and extending up to 40 um from the surface.

Scanning probe microscopy was conducted to quantify the
extent of sub-surface degradation in the intertubular dentin that
resulted from cyclic loading within the lactic acid solution. Maps of
the complex modulus distribution were obtained and used to
determine the reduction in complex modulus adjacent to the acid-
exposed surface (Supporting Information S4: Fig. S3). A represen-
tative complex modulus distribution is plotted in Fig. 7 in terms of
distance from the tensile surface exposed to lactic acid. Each data
point represents the complex modulus obtained along three unique
paths (avoiding the peritubular cuffs) beginning from the acid-
exposed surface and extending sub-surface a distance of 50 pm.
For the control condition (not exposed to acid), only the average
and standard deviation in complex modulus are plotted for this
condition (in green). The reduction in elastic modulus of the
intertubular dentin caused by acid exposure is clearly apparent. As
evident from the values near the exposed surface in Fig. 7, the depth
of degradation extends to approximately 25 pm, with values
ranging between 25 um and 30 pm for all the specimens evaluated
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Fig. 5. Surface characteristics of the dentin specimens before and after cyclic loading. a) Micrograph obtained from the tensile surface of dentin specimens evaluated in lactic acid
after 1 million cycles. Note the open lumens evident on this surface, which are generally covered by a smear layer. b) Comparison of the surface topography of a specimen before
cyclic loading (control) and a specimen evaluated in lactic acid after 1 million cycles of loading. c) Profile valley from (b) with measure of the valley radius of curvature.

that reached one million cycles. The depth of apparent degradation
in modulus is in agreement with the penetration noted in demin-
eralization of the peritubular cuffs (Fig. 6(c)).

4. Discussion

Secondary caries at the tooth margin are the most common
cause of restoration failure and result from the acid production of
biofilms [6,37,38]. A local plaque pH of above 6 is the safe zone, a pH
of 6.0 to 5.5 is potentially cariogenic, and between 5.5 and 4 is the
cariogenic or danger zone [39]. In vitro acidic solutions with pH of
between 4 and 5 have been adopted to simulate in vivo acidogenic
environments, and to evaluate the effectiveness of dental materials
in maintaining mineralization of tooth tissue (e.g. [32,40,41]).
Despite the clinical relevance of degradation to the mechanical
properties of tooth tissues by acidic conditions, this is the first re-
ported investigation to evaluate the fatigue properties of dentin at
pH < 7. Overall, both the fatigue strength and fatigue crack growth
resistance of coronal dentin underwent degradation at pH = 5.

Exposure of dentin to the lactic acidic solution resulted in a
significant reduction in fatigue strength, with an apparent endur-
ance limit of 32 MPa. That was nearly 30% lower than the apparent
endurance limit of dentin within the control conditions (44 MPa).
The comparison of fatigue responses presented in Fig. 2 conveys the
importance of lactic acid exposure to both the finite-life fatigue
behavior and the definition of the fatigue limit. For comparatively

short periods of cyclic loading (i.e. Ny < 50k cycles), the fatigue
strength was not affected by the lactic acid, despite small changes
in the specimen geometry (Supporting Information; Fig. S1).
Beyond that duration of loading the changes in geometry were
apparent and the affects of correction were important (Fig. 2(a)).
Reported studies by Staninec et al., [42] and Mishra et al. [43,44]
have discussed demineralization of dentin subjected to cyclic
loading within acidic conditions and noted changes in specimen
dimensions. However, in the present investigation there were
additional aspects of degradation identified that further reduced
the fatigue strength. These factors became evident after approxi-
mately 4 h of exposure (Fig. 2(b)). A quantitative description of this
degradation was achieved by taking the difference between the
mean fatigue strength distributions of the control and acid treated
specimens, and treating this residual error using a least squares
approach. That enabled development of an empirical model for the
fatigue responses in terms of the sum of the “true fatigue” response
caused by cyclic loading (i.e. of the control), and the degradation
attributed to acid exposure. The newly developed model is
compared with the experimental data in Fig. 8. From this presen-
tation it is apparent that acid exposure causes a reduction in fatigue
strength, and the extent of degradation caused by the acidic con-
dition increases with time of exposure.

Although the model presented in Fig. 8 accounts for the super-
posed affects of mechanical fatigue and degradation by acid, it is
important to emphasize that the model is not a constitutive model.
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Fig. 6. Quantifying the depth of penetration of lactic acid within the dentin tubules and beneath the exposed surface. The depth of degradation (D) is identified in the micrographs
of (a) and (b). a) Representative micrograph of the microstructure beneath the tensile surface of a beam after 1k cycles. b) Representative micrograph of the microstructure beneath
the tensile surface of a beam after one million cycles of loading. Note the cracks within the partially demineralized tubule lumens (white arrows). c) Average depth of degradation

(with standard deviation) assessed over different periods of evaluation.

It is essentially the “best-fit” of an empirical relationship to the
experimental results that were obtained from specific conditions of
evaluation. Changes to the environmental pH or the frequency of
loading would likely reduce the effectiveness of this model for
predicting the fatigue response. Even in application of the newly
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Fig. 7. Degradation in the complex modulus of dentin resulting from exposure to lactic
acid. The complex modulus distribution is plotted as a function of distance across the
modulus map. For the pH = 5 condition, the bottom surface (at x = 0) represents the
surface exposed to lactic acid and subjected to cyclic tensile stress. The control con-
dition represents the complex modulus for a map taken from the center of the spec-
imen (not subjected to acid) and is plotted in terms of the average (line) and std dev.
(green) of the complex modulus. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

developed model to predicting fatigue in the coronal dentin at
pH = 5, not all the data is consistent with the prediction. Indeed,
there is a large degree of scatter in the experimental data generated
in the acidic conditions, and the degree of scatter increases with the
period of acid exposure. This variability in the fatigue responses is
believed to result from variations in the microstructure of dentin,
and its importance to the rate of degradation with reduction in pH.
Although the methods of sectioning were selected to obtain
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Fig. 8. Stress life fatigue behavior of the coronal dentin specimens evaluated in lactic
acid and comparison with empirical model describing the responses in terms of the
effects of fatigue and degradation by acid. The data points with arrows represent
specimens that did not fail and the test was discontinued.
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specimens with consistent microstructure, there were variations as
evident from comparing the lumen density of Fig. 6(a) and (b). That
observation suggests that a reduction in pH could be more detri-
mental to the fatigue behavior of dentin in other areas of the tooth,
which warrants further investigation.

The question that remains to be answered regarding the
reduction in fatigue resistance is “what were the predominant
mechanisms of degradation?” Clearly there was a loss of mineral at
the exposed surfaces that was noted from the removal of the smear
plugs within the lumens (Fig. 4(a) and as quantified from the
changes in surface topography (Fig. 4(b)). That was also evident
from the significant increase in measures of surface roughness
(Supporting Information S2: Fig. S2) with exposure. The changes in
roughness noted here were much greater than those reported to
occur in exposure of resin composites to S. mutans, even after
longer times periods [10]. Nevertheless, there was not a notable
change in the profile valley radii that resulted from the lactic acid
exposure (Fig. 3(c)). Despite the increase in surface roughness there
was no significant increase in the degree of apparent stress con-
centration. Therefore, the degradation in fatigue resistance does
not largely result from changes to the surface of the specimens.

Continuing to the sub-surface qualities, there was a progression
of degradation beneath the exposed surfaces that was viewed by
demineralization of the peritubular cuffs and an enlargement of the
tubule diameter (Fig. 6(b)). Beyond 10k cycles of loading the depth
of degradation increased significantly (Fig. 6(c)). The lumens do
pose a stress concentration by virtue of their circular geometry, and
that is important to fracture processes in this tissue [45,46]. But
enlarging of the cuffs via demineralization does not necessarily
increase the magnitude of the stress concentration; the nominal
stress concentration factor for a circular hole is 3 regardless of the
size of the hole [47]. But the increase in lumen diameter does
equate to an increase in near-surface porosity. Perhaps a non-
uniform and closely packed group of lumens can assemble to
form a distributed stress concentration, and demineralization of
the peritubular cuffs causes development of larger scale voids. That
comment is speculative as a fractographic evaluation of the speci-
mens did not reveal any origins of this type. There is a comple-
mentary form of demineralization to the intertubular dentin. The
nanoDMA evaluation (Fig. 7) showed that prolonged cyclic loading
within the lactic acid caused a reduction in elastic modulus and
strength. Reviewing the aforementioned mechanisms, the lactic
acid caused focused demineralization at the surfaces, which facil-
itated the fatigue process via reduction in mineral crystals. Pro-
gression of the demineralization caused an increase in sub-surface
porosity, which results in loss of stiffness and corresponding in-
crease in surface strains under flexure, both of which accelerated
the process of fatigue. While there were changes in surface
topography, they do not appear to be the most critical to the fatigue
resistance.

Fracture has been identified as one of the three primary reasons
for restored tooth failure [1,4,5]. Clinical assessments of these fail-
ures typically characterize the performance in terms of the life or
duration of survival after placement. Consequently, it may be more
clinically relevant to interpret the effects of lactic acid exposure in
terms of fatigue life rather than strength. Here we choose to focus
on the responses with cyclic stress amplitude between 30 and
50 MPa (Fig. 2(b)), which corresponds to fatigue lives equating to
years of clinical function, assuming that normal occlusion bears
250k cycles/year or greater [48]. Within this region of stress
amplitude the fatigue life of dentin exposed to lactic acid was as
low as a tenth of the life achieved in HBSS. What may be more
noteworthy is that the reduction in fatigue life begins after only 4 h
of exposure (Fig. 2(b)). Thus, in the presence of lactic acid, tooth
fractures may only be partly dependent on the magnitude of cyclic

stress. The success of a patient’s oral hygiene and the armamen-
tarium used in preventing acidic degradation could be considered
important defenses to tooth fractures. Of potentially equal concern,
most sports and energy drinks have pH values that are well below
that of the lactic acid (pH = 5) used in this investigation [49].
Therefore, while a reduction in pH may be important to dental
erosion [50], an individual’'s diet may be have additional detri-
mental affects and be a relevant concern in the failing of tooth
structure by fatigue and fracture.

Admittedly, a reduction in the fatigue strength of dentin with
exposure to lactic acid was expected. But considering the me-
chanics of crack opening in the lactic acid solution, the expected
effects on fatigue crack growth were not clear. Localized deminer-
alization at the initiated crack tip could initiate blunting and a
consequent reduction in the local stress intensity available to drive
crack extension. Conversely, demineralization could reduce the
intrinsic toughness of the tissue and effectiveness of the tough-
ening mechanisms. The ligament bridges are the most potent
extrinsic mechanism contributing to the toughness of dentin [46]
and demineralization of the bridging ligaments would reduce
their strength, thereby facilitating accelerated cyclic extension. But
the fatigue crack growth responses (Fig. 4) showed that the lactic
acid solution contributed to both the initiation and steady-state
aspects of cyclic extension. Specifically, there was a reduction in
the threshold stress intensity range (AKth) necessary to initiate
cyclic extension, and an increase in sensitivity to the stress intensity
range as noted by the increase in m (Table 1). When the responses
in Fig. 4 are compared in terms of the average fatigue crack growth
rates, the reduction in pH caused an increase in the incremental
rate of extension of between 2 and 10 times that of the control. That
equates to a fatigue life of between one half and one tenth of that in
neutral conditions. As fatigue crack growth is generally a precursor
to unstable fracture, exposure of dentin to lactic acid substantially
increases the likelihood of restored tooth failure by fracture.

The objective of this investigation was to explore the influence
of exposure to lactic acid on the fatigue properties of dentin.
Though the lactic acid condition may be considered as a simple
model for the acid produced by biofilms, there are added com-
plexities involved in the exposure of tooth structure to biofilms that
serves as a limitation of this investigation. There are some addi-
tional limitations as well. Perhaps the most relevant is the choice of
cyclic loading conditions used for the fatigue experiments. Cyclic
loading was conducted at 22 °C and with continuous exposure to a
lactic acid solution maintained at a constant pH. Many aspects of
the daily routine, along with diffusion, would cause fluctuations in
pH and temperature. It is unlikely that the local oral environment of
dentin would be maintained at a constant pH of 5. Nevertheless,
S. mutans can survive and carry out glycolysis over a range of pH
values, down to 4 and lower [51]. While the effects of neutralization
resulting from oral functions are important, it is equally possible
that the localized conditions could reach pH values less than 5
[28,34]. Environments with higher pH levels may require more
time for degradation to take place, but the consequences would be
equally detrimental.

The format used for fatigue testing of the dentin specimens may
raise concern. Flexure loading amplifies the effects from deminer-
alization due to the development of maximum stress at the surface
where acid concentration is greatest. Indeed, the reduction in
apparent fatigue strength caused by pH variations would be ex-
pected to be greater in flexure than uniaxial tension. Yet finite
element studies have shown that stress gradients are common at
the bonded interface of restored teeth [52,53] and uniaxial tension
at the bonded interface is rare. Hence, the stress distribution is
arguably a clinically relevant format for evaluation. In addition,
cyclic loading was conducted at 5 Hz, which is up to four times
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faster than typical values associated with mastication [54]. The
fatigue strength of dentin increases with frequency [17,55]. Utiliz-
ing a higher frequency can promote accelerated degradation by true
“fatigue”, which may reduce the relative effects of demineralization
on the fatigue response over time, ignoring the potential for syn-
ergism between fatigue and demineralization. Lastly, an apparent
endurance limit of 1 x 107 cycles was adopted for comparing the
fatigue responses after the definition used in previous in-
vestigations [18,26]. With an estimated 500 to 750k cycles of
mastication per year [48], the aforementioned definition corre-
sponds to 15—20 years of oral function. It is not known whether
dentin exhibits a true endurance limit (e.g. akin to steels), as that
value could be influenced by a myriad of oral conditions in vivo.
Thus, the use of 1 x 107 cycles should be considered a basis for
comparison and figure of merit, but not the lifetime of teeth.
Equally important, the power law models used for estimating the
apparent endurance limits were adopted to maintain consistency in
the definition of fatigue behavior. Alternate models could be used
and would likely influence the “quantitative” description of the
degradation caused by acid exposure.

Despite the aforementioned concerns, this study has shown for
the first time that exposure of dentin to acidic conditions results in
a significant reduction in resistance to fatigue failures. This degra-
dation in fatigue properties raises some concern regarding the ef-
fects from acid etching (e.g. in the placement of resin composites)
on the fatigue resistance of the supporting dentin. Filling the tooth
cavity with restorative materials having capacity for acid-
neutralization [56], and the use antibacterial bonding agents for
disarming biofilm at the margins [57,58] are appearing more
essential, not only for reducing the incidence of secondary caries,
but also for decreasing the likelihood of fatigue related failures.

5. Conclusions

On the basis of the results obtained, the following conclusions
may be drawn;

1) In comparing the stress-life fatigue behavior of coronal dentin
in solutions with pH = 7 (HBSS, control) and pH = 5 (lactic
acid), the acidic environment resulted in a significant reduction
(p < 0.05) in the resistance to fatigue failure. The apparent
endurance limit of dentin in the lactic acid solution was 32 MPa
and nearly 30% lower than that of the control (44 MPa). When
characterized as a function of time, the reduction in fatigue
strength developed after only 4 h of exposure to lactic acid
solution with pH = 5.

2) There was a significant reduction (p < 0.05) in the fatigue crack
growth resistance of dentin when subjected to the lactic acid
environment. Exposure to lactic acid caused a 15% reduction in
the critical stress intensity range necessary for the initiation of
cyclic extension, and up to 10 fold increase in the rate of in-
cremental crack growth when compared to the control
conditions.

3) The lactic acid solution caused at least three different forms of
microstructural degradation that contributed to the decrease in
fatigue resistance, including i) loss of mineral at the exposed
surfaces and an increase in surface roughness, ii) demineral-
ization of the peritubular dentin causing enlargement of the
tubule diameter, and iii) demineralization of the intertubular
dentin causing reduction in elastic modulus and strength. The
second and third mechanisms are the most detrimental. If
dentin is exposed to lactic acidic via biofilms, prolonged
exposure without remineralization will increase the likelihood
of restored tooth failure by fatigue and potentially facilitate
tooth fracture.
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