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Abstract

Few studies have focused on a description of the fracture toughness properties of dentin in terms of resistance-curve (R-curve)

behavior, i.e., fracture resistance increasing with crack extension, particularly in light of the relevant toughening mechanisms

involved. Accordingly, in the present study, fracture mechanics based experiments were conducted on elephant dentin in order to

determine such R-curves, to identify the salient toughening mechanisms and to discern how hydration may affect their potency.

Crack bridging by uncracked ligaments, observed directly by microscopy and X-ray tomography, was identified as a major

toughening mechanism, with further experimental evidence provided by compliance-based experiments. In addition, with hydration,

dentin was observed to display significant crack blunting leading to a higher overall fracture resistance than in the dehydrated

material. The results of this work are deemed to be of importance from the perspective of modeling the fracture behavior of dentin

and in predicting its failure in vivo.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Dentin is a calcified tissue that makes up the bulk of
the teeth; it is physically located between the exterior
enamel and the interior pulp chamber. Human dentin is
a hydrated composite composed of nanocrystalline
carbonated apatite mineral (B45% by volume), type-I
collagen fibrils (B30% by volume) and fluid (B25% by
volume). The mineral is distributed in the form of 5 nm
thick crystallites in a scaffold created by the collagen
fibrils (50–100 nm diameter). The inorganic mineral is
believed to provide the strength and the organic collagen
the toughness [1]. The distinctive feature of the
microstructure is the distribution of cylindrical tubules
(1–2 mm diameter) that run from the dentin-enamel
junction to the soft, interior pulp. These tubules are
surrounded by a collar of highly mineralized peritubular
dentin (B1 mm thick) and are embedded within a matrix
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of mineralized collagen, called intertubular dentin [2].
The mineralized collagen fibrils form a planar felt-like
structure oriented perpendicular to the tubules [3]. The
fluid is located mainly in these tubules (75%), with the
rest being distributed within the intertubular matrix [4].

A mechanistic understanding of the mechanical
properties of dentin is important from the perspective
of developing a framework for failure prediction in
human teeth, particularly in light of the effect of
microstructural modifications from caries, sclerosis,
aging and restorative processes. In this context, it has
been recognized that such properties, especially resis-
tance to fracture, are strongly influenced by the degree
of hydration [5]. Indeed, from a clinical perspective, the
higher incidence of fracture in endodontically repaired
teeth (with pulp replaced) has been attributed to
decreased hydration, although this is still a controversial
issue [6–8]. Despite the obvious importance of the effect
of hydration on fracture behavior, there are only a
handful of studies to date that attempt to address this
issue. Early studies [9,10] used a ‘‘work of fracture’’
(defined as the work per unit area to generate new crack
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surface) to quantify the toughness of human dentin and
enamel in an aqueous environment; unfortunately, as
this parameter is both geometry- and sample-size
dependent, the results cannot be compared quantita-
tively with other measurements. A subsequent study [11]
utilized a fracture mechanics-based approach and
reported a fracture toughness1 value of Kc ¼
3:08 MPaOm for an orientation parallel to the tubules
in hydrated human dentin; this toughness was found to
remain constant over the temperature range 0–60�C.
Later work [12] specifically examined the effect of
hydration in human dentin and revealed an increase in
the strain to failure on hydration, although the failure
stresses were unaffected.

A more recent study (using pre-cracked samples) in
hydrated human dentin reported a worst-case fracture
toughness value of Kc ¼ 1:8 MPaOm for the orientation
perpendicular to the tubules [13].2 Using similar
techniques, Kc values of 1.6–2.6MPaOm (depending
upon orientation) were reported for hydrated elephant
dentin [14]. This latter study identified the salient
toughening mechanisms in dentin, most notably crack
bridging by uncracked ligaments and collagen fibers.
Finally, Kahler et al. [7] noted a significant effect of
hydration on the toughness of bovine dentin (Gc values
were reduced from 554727.7 to 113717.8 J/m2 on
dehydration), and suggested several toughening me-
chanisms, including crack bridging, to explain such
behavior.

While the use of Kc and Gc as single-value measures of
the toughness are appropriate for many ductile and
brittle materials, in some cases the fracture resistance,
defined by the value of K or G; actually increases with
crack extension, requiring a resistance-curve (R-curve)
fracture mechanics approach [15,16]. In particular, R-
curves are necessary to describe the fracture resistance of
materials toughened by crack-tip shielding [17–19], i.e.,
mechanisms such as crack bridging, constrained micro-
cracking, or in situ phase transformations which develop
in the crack wake as the crack extends. In such
instances, crack extension commences at a crack-

initiation toughness, K0 or G0; and with further crack
extension requires a higher driving force until typically a
‘‘plateau’’ or steady-state toughness is reached. The
1The fracture toughness, Kc; is the critical stress intensity for

unstable fracture at a pre-existing crack, i.e., when K ¼ QsappðpaÞ1=2 ¼
Kc; where sapp is the applied stress, a is the crack length, and Q is a

function (of order unity) of crack size and geometry. Alternatively, the

toughness can be expressed as a critical value of the strain energy

release rate, Gc; defined as the change in potential energy per unit

increase in crack area, i.e., when Gc ¼ K2
c =E0; where E0 is the

appropriate elastic modulus.
2These authors demonstrated a marked effect of notch acuity on the

toughness values, thereby indicating that earlier measurements of the

fracture toughness of dentin, which used notched rather than pre-

cracked samples (e.g., [11]), gave unrealistically high values.
corresponding slope of the R-curve can be considered as
measure of the crack-growth toughness.

Given that several of these toughening mechanisms,
specifically bridging and microcracking, have been
observed in other mineralized tissues [20–22], R-curve
analysis can be considered to be a more appropriate
means to characterize the fracture toughness of dentin.
In fact, some load-extension results have been reported
for bovine dentin which do suggest such resistance-curve
behavior [7,23], although a comprehensive investigation
has not been performed. Accordingly, the present work
seeks to address this issue through a systematic study of
the in vitro R-curve behavior of hydrated and dehy-
drated dentin, with emphasis on identifying the salient
toughening mechanisms involved.
2. Materials and methods

2.1. Materials

Fractured shards of elephant tusk from an adult male
elephant (Loxodonta africana) were used in this study;
the bulk of this material, which is commonly referred to
as ivory, is composed of dentin. Akin to human dentin,
the characteristic feature of elephant tusk dentin is the
tubules that sit in a matrix formed by the mineralized
collagen fibers. Although microstructurally very similar
to human dentin, there are some differences: the tubules
are more elliptical in shape [24] and the peritubular cuff
is comparatively very small. However, given the larger
size scales involved, elephant dentin avoids the sample
size restrictions of human dentin.

To measure the toughness, compact-tension, CðTÞ;
specimens (N ¼ 16), were machined from the shards
with specimen thicknesses of BB1:223:3mm, widths of
WB13218:3mm and initial notch lengths of
a0B3:125:5 mm. The samples were orientated such that
the nominal crack growth direction was perpendicular
to the long axis of the tubules and the crack plane was in
the plane of the tubules. These specimens were then
polished to a 1200 grit finish, followed by polishing steps
using a 1 mm alumina suspension and finally a 0.05 mm
alumina suspension. The notch was introduced with a
low speed diamond saw before final razor-micronotch-
ing to a root radius of B15 mm; the latter was achieved
by repeatedly sliding a razor blade over the saw-cut
notch while irrigating with a 1 mm diamond slurry. All
specimens were kept hydrated throughout preparation
and prior to testing.

In order to obtain lower bound, geometry-indepen-
dent toughness values, a condition of plane strain is
required. According to ASTM Standard E-399, this is
achieved when the sample thickness is greater than
2.5(Kc=sy)

2, i.e., the thickness is significantly larger than
the plastic or damage zone size of ryB1=2pðKc=syÞ

2;
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where sy is the yield strength or more appropriately the
stress to cause inelastic deformation. For elephant
dentin, where sy was measured to be B75 MPa, this
requires samples thicknesses greater than B0.4–5 mm to
yield plane-strain toughness values. However, as this
criterion is generally quite conservative and the damage
zone was well contained within the specimen bound-
aries, it is believed that in the current tests, conditions
close to plane strain were maintained.

2.2. R-curve testing—hydrated vs. dehydrated dentin

R-curves were measured to evaluate the resistance to
fracture in terms of the stress intensity, K ; as a function
of crack extension, Da: The CðTÞ specimens were loaded
in displacement control using standard servo-hydraulic
testing machines until the onset of cracking, which was
determined by an initial drop in load. At this point, the
sample was unloaded by 10–20% of the peak load to
record the sample compliance at the new crack length.
This process was repeated at regular intervals until the
end of the test, at which point the compliance and
loading data were analyzed to determine fracture
resistance, KR; as a function of Da: Crack lengths, a,
were calculated from the compliance data obtained
during the test using standard CðTÞ load-line compli-
ance calibrations [25]:

a=W ¼ 1:0002 � 4:0632U þ 11:242U2

� 106:04U3 þ 464:33U4 � 650:68U5; ð1Þ

where U is a fitting function written as

U ¼
1

ðFCÞ1=2 þ 1
; ð2Þ

where C is the sample compliance and F is a calibration
constant, taken to be that which gives the best
agreement between the initial compliance and optically
measured crack length at the beginning of the test. Due
to crack bridging, errors can occur in the compliance-
crack length measurements. Consequently, re-calibra-
tion to the actual crack length was performed periodi-
cally using optical microscopy to validate the measured
crack lengths; any discrepancies between the compliance
and optically measured crack lengths were then cor-
rected by assuming that the error accumulated linearly
with crack extension.

Hydrated specimens (N ¼ 5) were prepared by soak-
ing in Hanks’ balanced salt solution (HBSS) for at least
40 h prior to actual testing. The tests were conducted in
ambient air (25�C, 20–40% relative humidity) with the
specimens being continuously irrigated with HBSS while
testing. The sample load-line compliance was measured
using a capacitance displacement gauge attached to the
gripping fixture. For the dehydrated specimens (N ¼ 6),
the specimens were placed in a vacuum chamber and
pumped to B0.1 Pa; this caused spontaneous cracking
from the notch, presumably due to the presence of
residual machining stresses there. The specimens were
then temporarily removed from the chamber to measure
the initial crack length. Typically, weight loss due to
such dehydration was B5.45 (70.65)% of the initial
weight. R-curve testing was conducted in vacuo after
pumping the vacuum chamber overnight (B0.1 Pa) to
eliminate any traces of moisture picked up during crack
length measurement. The load-line compliance, in this
case, was determined using a linear variable-displace-
ment transducer (LVDT) in the load frame. Addition-
ally, similar experiments (N ¼ 2 hydrated, N ¼ 1
dehydrated) were conducted using an in situ loading
fixture in an optical microscope for hydrated specimens,
and in a scanning electron microscope for dehydrated
specimens; such experiments enabled direct observation
of the fracture mechanisms involved. In addition, two
(N ¼ 2) ‘‘dehydrated-rehydrated’’ experiments were
conducted wherein an R-curve test was initiated with a
dehydrated sample and interrupted after some crack
extension; the sample was then exposed to air, and
rehydrated with HBSS in situ on the loading frame, after
which the test was immediately resumed with contin-
uous irrigation of the specimen. These experiments were
conducted for the purpose of understanding the change
in fracture mechanisms with hydration. Post-test ob-
servations of fracture surfaces and crack paths were
obtained using optical microscopy and scanning elec-
tron microscopy (SEM).

2.3. X-ray computed tomography

In order to examine the behavior of cracks in the
interior of the sample, as opposed to just the surface,
synchrotron radiation computed tomography was per-
formed on one hydrated and one dehydrated specimen
at the Stanford Synchrotron Radiation Laboratory,
Menlo Park, CA, to investigate bridging throughout the
thickness of the specimen. Three-dimensional computed
tomography was performed with monochromatic
25 keV X-rays, and the tomography data were recon-
structed into three-dimensional images by the Fourier-
filtered back-projection algorithm. Full details of this
technique are described elsewhere [26].

2.4. Theoretical compliance calculations

In order to establish that toughening by crack
bridging does occur in elephant dentin, experiments
were conducted to verify that the observed bridges
indeed sustain some of the applied load. Specifically,
load-line compliance measurements were made before
and after R-curve testing. Based on the initial compli-
ance measurement for the notched sample (i.e., with no
bridging), predictions of the theoretical bridge-free
compliance can be made for any crack length using
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the compliance calibrations of Saxena and Hudak [25]:

C ¼
1

F

1 þ a=W

1 � a=W

� �2

ð2:1630 þ 12:219a=W

� 20:065ða=W Þ2 � 0:9925ða=W Þ3

þ 20:609ða=W Þ4 � 9:9314ða=W Þ5Þ; ð3Þ

where all variables have been previously defined and F is
determined at the beginning of the experiment for the
bridge-free configuration. The theoretical compliance
may be calculated using Eq. (3), and then compared to
the measured compliance. If these two compliance
values are equal, there is no load sustained by the
bridges and the crack faces are traction-free; however, a
smaller measured compliance indicates that part of the
applied load is sustained by the bridges in the crack
wake. This is due to the fact that load-sustaining bridges
resist crack opening, resulting in a stiffer, less compliant,
sample.
(b)
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3. Results

3.1. Resistance-curve behavior

Load-displacement data (e.g., Fig. 1a) were analyzed
to evaluate the resistance to fracture in terms of the
stress intensity, K ; as a function of crack extension, Da;
the resulting R-curves for hydrated and dehydrated
dentin are shown in Fig. 1b. In both conditions, cracks
can be seen to grow subcritically for between 4 and
6mm prior to the conclusion of the test. The dehydrated
specimens, however, showed a lower crack-initiation
toughness, K0 ¼ 1:1870:20 MPaOm, as compared to
1.8870.40 MPaOm for the hydrated specimens; this
difference was statistically significant (p ¼ 0:004; ANO-
VA). The slope of the R-curves for dehydrated dentin
can be seen to be monotonically rising and distinctly
shallower (0.2670.05 MPaOm/mm) than for hydrated
dentin, which displayed an initially steep slope
(0.5470.16 MPaOm/mm) followed by a statistically
significant (p ¼ 0:00015; ANOVA) ‘‘plateau’’ region
(of slope 0.0670.04 MPaOm/mm), where the toughness
remained essentially constant with crack extension. A
comparison of the initial slopes of these R-curves for
hydrated vs. dehydrated dentin revealed significant
differences (p ¼ 0:002; ANOVA).

This difference in the fracture toughness of hydrated
vs. dehydrated dentin is perhaps better expressed when
(c)

Fig. 1. (a) Typical load/load-line displacement curve for stable crack

extension in dehydrated dentin, (b) KRðDaÞ resistance-curves for

hydrated and dehydrated dentin. Note the significantly higher initial

increase in toughness with crack extension for hydrated dentin. (c)

Data re-plotted as GRðDaÞ R-curve for both hydrated and dehydrated

dentin.
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the R-curves are represented in terms of the strain-
energy release rate, G (Fig. 1c). Since the process of
dehydration increases the elastic modulus of dentin by
some 17%, expressed in terms of G; hydration can be
seen to lead to an B185% increase in the steady-state
toughness of dentin.

In corresponding ‘‘dehydrated-rehydrated’’ tests,
where the degree of hydration was changed during the
test, rehydration was observed to markedly elevate the
maximum load sustained by the specimen (Fig. 2a); the
corresponding increase in the R-curve toughness can be
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Fig. 2. Results of the ‘‘dehydrated-rehydrated’’ test showing (a) the

load/load-line displacement curve, and (b) the resulting KRðDaÞ
resistance-curve. Note the instantaneous increase in measured tough-

ness on hydration.
seen in Fig. 2b. After rehydration, the specimens were
observed to behave very much like hydrated dentin, with
an initially rising R-curve that levels out.

3.2. Crack growth observations

The R-curve tests also allowed for stable crack
extension in dentin, making it possible to examine the
relevant toughening mechanisms and the influence of
hydration on the fracture behavior. Fig. 3a shows a
typical crack emanating from the notch in hydrated
dentin. The discontinuous nature of the crack path
indicates extensive formation of uncracked ligaments
behind the crack tip and consequent out-of-plane
deflection of the crack. Such ligaments, some of them
several hundred micrometers in size, act to bridge the
crack, and have been previously identified as a prime
toughening mechanism in elephant dentin [14]. Similar
observations have been reported recently for bovine
dentin [7]. Furthermore, the X-ray tomography experi-
ments described in Section 2.3 provided strong support
for the existence of such uncracked ligaments through-
out the bulk of the specimen. Fig. 3b shows recon-
structed through-thickness slices at different crack
lengths for the hydrated specimen from Fig. 3a; again,
there is clear evidence of uncracked ligaments spanning
the crack.

A typical crack path in dehydrated dentin is shown in
Fig. 4a. In contrast to hydrated dentin, the crack path
was comparatively free of tortuosity. There appears to
be minimal evidence of uncracked-ligament formation
on the surface, consistent with observations by Kahler
et al. [7]. However, the reconstructed tomographic
images (Fig. 4b) show definite evidence of substantial
ligaments in the crack wake towards the middle of the
specimen. In addition, it is evident that the crack-
opening displacements were significantly smaller than in
hydrated dentin. In situ observations in the SEM
revealed crack extension to occur by tubules close to
the crack tip ‘‘opening up’’ and forming micorcracks,
which then linked back to the main crack. Fig. 4c shows
a series of scanning electron micrographs taken during
an in situ test illustrating this. As is evident from the
higher magnification inset, the size of these near-tip

uncracked ligaments in dehydrated dentin was much
smaller (typically p10–20 mm) than both the subsurface
ligaments observed by tomography (Fig. 4b) and the
ligaments in the hydrated samples (Fig. 3).

As noted above, a major difference between hydrated
vs. dehydrated dentin was the larger crack-opening
displacements observed with hydration. Such larger
crack openings persisted even after unloading and were
an indication that permanent plastic deformation,
specifically crack blunting, had occurred at the crack
tip. This is evident from the optical micrographs (Figs.
3a and 4a) and the tomographic reconstructions (Figs.
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Fig. 3. (a) Optical micrograph showing the formation of uncracked-ligament bridges (indicated by white arrows) in hydrated dentin. The black

arrow indicates the direction of nominal crack growth. (b) Reconstructed computed X-ray tomography slices (at positions shown by the dotted lines

in (a)) showing the three-dimensional through-thickness nature of such ligament formation.
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3b and 4b), which were all taken at zero applied load.
Furthermore, on holding at a constant load-line
displacement, as was performed during the in situ
hydrated experiments, crack blunting continued to
occur with time while the load on the sample dropped,
suggesting some form of viscoplastic behavior at the
crack tip. Fig. 5 shows a time-elapsed sequence of
optical micrographs illustrating this phenomenon,
where prior to each photo the sample was unloaded to
illustrate the permanent deformation that had occurred.
Although there is some crack growth initially over the
first hour, these micrographs provide clear evidence of a
time-dependent crack-blunting phenomenon. Addition-
ally, in situ observations of the initial time-dependent
crack extension revealed that fluid was ‘‘squeezed out’’
from tubules in the blunted region surrounding the
crack tip prior to the next extension of the crack. Such
observations are in apparent contrast with those of
Kahler et al. [7], where they report fluid ingress at the
crack tip and its egress in the crack wake during
subcritical cracking in hydrated dentin; no such
behavior was observed in the current tests.

3.3. Theoretical compliance calculations

To provide experimental verification of the occur-
rence of crack bridging, measurements of the elastic
compliance (inverse stiffness) of cracked specimens were
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Fig. 4. (a) Optical micrograph showing a typical crack profile in dehydrated dentin. The black arrow indicates the direction of nominal crack growth.

(b) Reconstructed computed X-ray tomography slices (at positions shown by the dotted lines in (a)) showing three-dimensional ligament formation in

the central portion of the specimen. (c) Scanning electron micrographs illustrating subcritical crack growth in dehydrated dentin tested in vacuo using

an in situ loading rig. Very localized uncracked-ligament formation is again apparent; in general the ligaments are considerably smaller in size. Crack

extension appears to involve microcracks forming at tubules ahead of the crack which then link up with main crack tip. The black arrow indicates the

direction of nominal crack growth; the white arrows show the time-progression of images taken.
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compared to the theoretically calculated compliance
of traction-free cracks of the same length (using
Eqs. (1)–(3)). Results for representative cracks in hy-
drated and dehydrated dentin are shown in Fig. 6 for
two different crack extensions, Da: It is apparent that
the measured compliance is lower than the theoretical
compliance for both hydrated and dehydrated dentin,
which lends strong support to the notion that the
observed bridges indeed sustain a portion of the applied
load, thereby providing additional resistance to crack
opening. Indeed, if another mechanism was primarily
responsible for the R-curve behavior, such as micro-
crack toughening, the measured compliance would not

be higher than the theoretical value. Furthermore, the
data suggest that the magnitude of bridging for small
crack extensions in dehydrated dentin (Fig. 6b) is
significantly smaller than for hydrated dentin (Fig. 6a);
however, these differences are not apparent at longer
crack lengths (Figs. 6c and d).

In addition to such qualitative verification of the
existence of crack bridging, a quantitative estimate of
their contribution to toughening can be obtained from
the compliance results. The additional load sustained at
the load-line, Pbr (Fig. 7), can be used to roughly
estimate the bridging contribution to the toughness, Kbr;
by assuming Pbr is applied at the load line and
computing Kbr based on the standard CðTÞ stress-
intensity solution [27]. It is important to note, however,
that in reality the measured Pbr is the result of bridging
stresses, sbr; distributed along the crack wake (Fig. 8)
and the precise determination of the toughening
contribution requires knowledge of the full bridging
stress distribution. Accordingly, the estimates for Kbr

described below must be considered as only approxima-
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ligament bridging.
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tions, although they are useful for comparative pur-
poses. For short crack extensions of DaB1mm (Figs. 6a
and b), bridging loads of PbrB6:3 and 0.5 lbs were
obtained, respectively, for hydrated and dehydrated
dentin. This corresponds to toughening contributions
from crack bridging of, respectively, KbrB0:4 and
o0.1 MPaOm for hydrated and dehydrated dentin,
indicating that the bridging contribution was relatively
small at short crack extensions in the dehydrated case.
However, for longer crack extensions of DaB5 mm
(Figs. 6c and d), the calculated bridging contributions
for both cases were very similar (KbrB1 MPaOm).
These results provide convincing (qualitative and
quantitative) evidence that, despite claims to the
contrary [7], a major contribution to toughening in
dentin is provided by uncracked-ligament bridging
irrespective of hydration.
4. Discussion

The present results confirm that the fracture tough-
ness of dentin displays rising R-curve behavior. Both
hydrated and dehydrated dentin show this effect, with
both the crack-initiation toughness (K0) and crack-
growth toughness (initial slope of the R-curve) being
higher in the hydrated material. One way to understand
these trends and to draw a distinction between initiation
and growth toughness is to recognize that subcritical
crack extension can be considered as the mutual
competition between two classes of mechanisms: (i)
intrinsic toughening mechanisms that operate ahead of
the crack tip and act to enhance the material’s inherent
resistance to microstructural damage and cracking, and
(ii) extrinsic toughening mechanisms that operate
primarily behind the crack tip by promoting crack-tip
shielding, which reduces the local stress intensity
actually experienced at the crack tip [17–19]. Intrinsic
mechanisms, such as crack blunting, tend to affect the
initiation toughness, whereas extrinsic mechanisms, such
as crack bridging, promote crack-growth toughness.
Since the latter mechanisms operate in the crack wake,
their effect is dependent on the size of the crack; this in
turn can lead to rising R-curve behavior because after
crack extension a more substantial shielding zone can be
established in the crack wake.

In the context of this description, the higher crack-
initiation toughness of the hydrated dentin can be
associated with the evidence of crack blunting, which is
promoted by the presence of plasticity and viscoplasti-
city at the crack tip (Figs. 3 and 5). Indeed, hydration
was observed to elevate the initiation toughness by
B60%, in terms of K (K0B1:9 MPaOm), and B185%
in terms of G: Additional evidence for the intrinsic
toughening effect of blunting is seen in the dehydrated-
rehydrated results (Fig. 2), where an immediate jump in
toughness was observed upon hydration before any
additional crack extension had occurred. Such blunting
serves to lower the stresses experienced ahead of the
crack tip. For example, linear-elastic solutions [28] for
the stresses ahead of a blunted crack of root radius, r;
indicate that for any given applied driving force, the
tensile stress normal to the crack plane, syy; is reduced
by 22% and 42% (relative to that of a sharp crack) at
distances of, respectively, r=10 and r=20 ahead of the
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Fig. 6. Computed (traction-free) and measured (bridged) compliance curves, in the form of load-line displacement as a function of applied load, for

hydrated (a, c) and dehydrated (b, d) dentin. The observation that the experimentally measured compliance is significantly lower than the compliance

of a traction-free crack of the same size is strong evidence for the existence of bridging. For short crack extensions, there was not much bridging in the

dehydrated case (b).
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tip. While the fracture mechanics aspects of such crack
blunting are well characterized, the mechanism for this
process in hydrated dentin is yet to be understood,
including the fluid egress near the crack tip and time-
dependency of the blunting; these remain topics of
current study.

The corresponding crack-growth toughness, in the
form of rising R-curve behavior, implies the presence of
extrinsic toughening mechanisms that develop with
crack extension. Additionally, the shape of the R-curve
changes quite markedly with hydration, and these
differences must be consistent with the identified
toughening mechanisms. While dehydrated dentin
showed a flatter, monotonically increasing toughness
with crack extension, hydrated dentin showed an initial
steep increase in toughness that ‘‘flattened out’’ with
further crack extension (Fig. 1b).

In hydrated dentin, uncracked-ligament bridging was
by far the most prevalent shielding mechanism observed
(Fig. 3). Because bridges can only form with crack
extension, this mechanism can only affect the crack-
growth toughness; however, eventually a steady-state
condition is reached where bridges are formed near the
crack tip and destroyed in the crack wake at an equal
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Fig. 8. Schematic illustrating how the bridging stresses, sbr; acting

across the crack wake change with position, eventually falling to zero

in the region beyond the critical crack opening, u�. The crack

illustrated here represents a steady-state crack, where bridges are being

both created at the crack tip and destroyed in the crack wake beyond

the critical crack-opening displacement.

Fig. 7. Schematic showing how the load sustained by active bridges

measured at the load line, Pbr; may be obtained by comparing the

measured and theoretical compliance. Pbr is the additional load which

must be applied to the bridged crack to achieve the same load-line

displacement as the traction free crack.
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rate, leading to the observed plateau in the R-curve. The
amount of crack extension to reach this steady state is
therefore approximately equivalent in dimension to the
size of the bridging zone in the crack wake. The
reconstructed tomography images in Fig. 3b clearly
show the existence of such bridging ligaments through
the thickness of the dentin; the compliance measure-
ments in Figs. 6a and c provide evidence of their
effectiveness. Indeed, these reconstructions (Fig. 3b)
demonstrate that bridges are being formed with crack
extension and destroyed in the crack wake, and that the
amount of bridging is decreased farther from the crack
tip, i.e., they are consistent with the observed R-curves
in hydrated dentin which show a distinct ‘‘plateau’’. In
contrast, bridging in dehydrated samples appears to
persist farther behind the crack tip (Fig. 4), consistent
with the R-curves being steadily rising (Fig. 1).

Thus, for hydrated dentin, a steady-state toughness is
quickly reached, which appears to be a result of the
more extensive crack blunting leading to larger crack-
opening displacements. For bridged cracks, the extent of
the bridging zone behind the crack tip is generally
thought to be controlled by a critical crack-opening
displacement, u� (equivalent to the displacement re-
quired to fracture a bridge), after which the bridges fail
and no longer provide toughening (Fig. 8). Due to the
larger crack openings associated with the hydrated
condition, it appears that this critical crack-opening
displacement is achieved after less crack extension than
in the dehydrated condition. This concept is consistent
with the results of the dehydrated-rehydrated experi-
ments where it appears two critical events occur upon
rehydration: (i) there is an initial jump in toughness due
to crack blunting, and (ii) the blunting causes larger
crack openings which in turn lead to the saturation of
the bridging zone, so that a steady-state condition is
quickly achieved upon rehydration.

In addition to bridging, microcracking has also been
suggested as a possible toughening mechanism in
hydrated human dentin [7,29]; this mechanism is
reasoned to ‘‘shield’’ the crack by creating a dilated
zone that surrounds the crack and is constrained by the
surrounding (un-microcracked) material. However, in
the present study on elephant dentin, the extent of
microcracking was minimal, at least in the hydrated
material. It is believed that this difference in behavior is
associated with the lack of a well-defined, highly
mineralized peritubular cuff in elephant dentin, as such
cuffs are the prime sites for extensive microcracking in
human dentin [29].

While more extensive microcracking was observed to
form at tubules ahead of the main crack in dehydrated
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dentin, presumably due to the stress concentration there
(Fig. 4c), it appears that microcracking in this material
is secondary to bridging as a prime toughening
mechanism. It is clear though that before linking to
the main crack, the presence of these microcracks does
provide a mechanism for the formation of uncracked-
ligament bridges, although, as noted above, these
small near-tip ligaments are believed to only provide
minimal toughening. However, the observation of
large subsurface ligaments in the crack wake (Fig. 4b)
and the compliance results (Fig. 6), clearly indicate that
crack bridging can act as a potent toughening mechan-
ism, even in dehydrated dentin. These observations
contradict previous claims that bridging does not play
a substantial role in dehydrated dentin [7]. A compar-
able role of microcrack toughening in dentin is
discounted, as this is not supported by the observed
changes in compliance.

In support of the metallographic observations,
compliance calculations provide quantitative estimates
of the contribution to toughening from the uncracked
ligaments. As reported in Section 3.3, such contributions
for dehydrated dentin were minimal at short crack
extensions (DaB1mm) but were estimated at
KbrB1MPaOm with further crack growth
(DaB5mm); corresponding Kbr values for hydrated
dentin at similar crack extensions were, respectively, 0.4
and 1MPaOm. Simple theoretical models for un-
cracked-ligament bridging yield comparable estimates.
Using a limiting crack-opening displacement approach
[30], Kb values for hydrated and dehydrated dentin can
be computed from:

Kb ¼ � fulKI½ð1 þ lul=rbÞ1=2 � 1	

=½1 � ful þ fulð1 þ lul=rbÞ1=2	; ð4Þ

where ful is the area fraction of bridging ligaments on
the crack plane (B0.85 for hydrated dentin, B0.80 for
dehydrated dentin), KI is the applied (far-field) stress
intensity (3.6 MPaOm for hydrated dentin, 2.7 MPaOm
for dehydrated dentin), lul is the bridging-zone size
(B3.6 mm for hydrated dentin, B2.6 mm for dehy-
drated dentin), r is a rotational factor (0.195–0.470 [30])
and b is the length of the remaining uncracked region
ahead of the crack. Substituting typical values for these
parameters, Eq. (4) suggests toughening from crack
bridging of the order of KbB1:021:6MPaOm for
hydrated dentin, and B0.5–0.9 MPaOm for dehydrated
dentin.

Further understanding of the role of hydration in
influencing the fracture resistance of dentin will require
a knowledge of how hydration specifically affects its
microstructural constituents, particularly the collagen
fibrils. Indeed, any factors that modify the mechanical
properties of the collagen network would be expected to
affect the degree of bridging observed and, conse-
quently, the fracture toughness of dentin. Dehydration
has been reported to induce changes in the conforma-
tion of partially demineralized human dentin collagen
[31] and is known to cause a substantial increase in the
stiffness of collagen with a consequent reduction in
strength [5,32]. Plasticizing of the collagen fibers and
other non-collagenous proteins in dentin on hydration
has been suggested to be responsible for such changes
[5]. It is also possible that hydration could facilitate
sliding between the mineral crystallites occupying the
interstices between the collagen fibrils (extrafibrillar
mineral); however, it is clear that further investigation in
this area is needed.

The relevance of these studies from the perspective of
understanding the increased susceptibility of endodonti-
cally treated teeth to fracture is debatable since it is
unclear if such treatments would result in substantial
dehydration of the surrounding dentin [6] or in any
significant change in the mechanical properties [33]. If
significant dehydration does occur, the present results
suggest that the lower initiation toughness and shal-
lower R-curve of dehydrated dentin should lead to
easier initiation and propagation of cracks, ultimately
causing premature failure as compared to hydrated
dentin. However, it should be noted that the dehy-
drated-rehydrated experiments indicate that rehydration
occurs almost immediately, so the dehydrated dentin
would need to be completely isolated from liquid for
such effects to be significant. What may be a more
important factor is that endodontic treatment can
introduce flaws which can lead to premature failure of
the tooth as a result of catastrophic fracture or, more
plausibly, subcritical crack growth induced by cyclic-
fatigue loading [34].

Thus in summary, hydration can be seen to signifi-
cantly increase the fracture toughness of dentin.
Mechanistically, this is primarily associated with ex-
tensive crack blunting, which elevates the crack-initia-
tion toughness, and additionally from enhanced
uncracked-ligament bridging, which promotes the
crack-growth toughness and hence results in rising R-
curve behavior. In comparison, dehydrated dentin
shows little blunting, which results in a lower crack-
initiation toughness; however, with crack extension,
significant crack bridging occurs, leading to rising R-
curve behavior, although the bridging does not develop
as quickly as in the hydrated state.
5. Conclusions

Based on a study of the fracture toughness behavior
of elephant dentin in hydrated (with Hanks’ balanced
salt solution) and dehydrated (in vacuo) conditions, the
following conclusions can be made:
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1. The fracture toughness behavior of dentin can be
displayed in terms of rising resistance-curve (R-curve)
behavior.

2. The toughness of dentin in the hydrated state is
significantly higher than in the dehydrated state. This
was manifest as an increase in both the crack-
initiation toughness (by B60%) and (to a lesser
degree) the crack-growth toughness, the latter being
associated with a steeper initial slope of the R-curve.

3. Mechanistically, hydration was found to promote
extensive crack-tip blunting, which was primarily
responsible for the enhanced crack-initiation tough-
ness. By dehydrating and then rehydrating a dentin
sample, this increase in toughness and the associated
crack-tip blunting was found to be essentially
instantaneous. However, with time, the crack-tip
blunting continued, indicative of some form of
viscoplastic deformation behavior in hydrated dentin.

4. Crack-growth toughening, on the other hand, was
primarily associated with crack bridging behind the
crack tip in both hydrated and dehydrated dentin.
The quantitative effect of such bridging was experi-
mentally verified using compliance measurements.
Results were inconsistent with significant toughening
due to constrained microcracking.

5. The primary mechanism of crack bridging in both
hydrated and dehydrated dentin was found to be
induced by the formation of uncracked ligaments in
the crack wake. Values of the bridging stress
intensities, estimated using compliance measure-
ments, were found to be consistent with model
predictions.
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