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ABSTRACT

Objectives. To quantify the extent of crack-tip plasticity, crack opening displacement (COD)
and crack bridging for crack growth perpendicular (HAH) and parallel (RAR) to the tubules in
elephant dentin under both hydrated and dry conditions to better understand their influence
on intrinsic and extrinsic toughening during crack growth.
Methods. Compact tension test-pieces were prepared from a tusk of African elephant ivory.
Crack-tip strain mapping and COD measurements by digital image correlation (DIC) tech-
nique were made under incremental loading and unloading of cracks for hydrated and dry
dentin of different orientations.
Results. For the RAR test-piece the plastic zones were significantly larger in the hydrated
condition compared to when dry. By contrast, the plastic strains in the HAH test-piece were
negligible in both wet and dry conditions. In the RAR condition the crack front was broken up
into overlapping longitudinal ‘fingers’ with crack bridging regions in between, the ligaments
extending 400 um behind the crack front in the dry case. This could only be seen in 3D by
X-ray CT. Extrinsic shielding reduces the crack-tip stresses by 52% and 40% for hydrated and
dry RAR test-pieces respectively. No significant bridging was found in the HAH case.
Significance. For crack growth parallel to the tubules, collagen plasticity determines the intrin-
sic toughening, whereas microcracking from the tubules governs extrinsic shielding via
ligament bridging, which is maintained further behind the crack in the hydrated case. For
cracks grown perpendicular to the tubules, neither toughening mechanisms are significant.
© 2018 The Authors. Published by Elsevier Inc. on behalf of The Academy of Dental
Materials. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

1. Introduction

The crack-resistance of dentin, as the major constituent of

(its fracture toughness) is related to intrinsic and extrinsic
toughening mechanisms. Extrinsic toughening mechanisms
operate primarily behind the crack tip by introducing crack-
tip shielding, which reduces the local stress intensity actually

teeth and tusk, is a subject of considerable biomechanical
interest. The resistance of a material to crack propagation
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experienced at the crack tip. Intrinsic toughening mechanisms
operate ahead of the crack tip and contribute to the material’s
inherent resistance to crack growth [1].

This paper aims to characterize and compare the extent of
crack-tip plasticity (intrinsic toughening) and bridging (extrin-
sic toughing) of elephant dentin under hydrated and dry
conditions to reveal the importance of the microstructure in
inhibiting crack propagation. From a practical viewpoint, ele-
phant dentin (tusk) has the advantage over human dentin
that tusks are very much larger than human teeth making
the preparation of nominally identical compact tension test-
pieces of different orientations from the same region easier
than for human teeth [2] where sample to sample varia-
tions would increase the scatter. Ivory tusk is made up of a
peripheral component, the cementum, continuous with, but
structurally different from, enamel and a main core compris-
ing dentin (see Fig. 1a). The cementum layer is softer than the
dentin inside [3]. The dentinal tubules, are the predominant
feature in the main dentin, running approximately radially
from the central pulp to the periphery of the dentin (see
Fig. 1b). These tubules are embedded in a mineralized col-
lagen matrix, which consists of Type I collagen fibrils and
Mg-containing hydroxyapatite [3-8]: the highly mineralized
hydroxyapatite (HAP) improves the stiffness, while colla-
gen provides toughness [9]. While the main constituents of
elephant and human dentin are similar, there are some impor-
tant differences. Firstly, while human dentin has tubules of
approximately circular cross-section, the tubules in elephant
dentin are elliptical with the major axis parallel to the length
of the tusk (see Fig. 1c and f). This ellipticity is often exag-
gerated further in micrographs because the tubules also have
a periodic wavy trajectory as they emanate radially from the
central pulp cavity of the tusk to the cementum layer [10].
Moreover, elephant dentin has no highly mineralized per-
itubular cuff. Another critical difference is that in human
dentin the collagen fibrils are arranged in a planar random
mat, perpendicular to the long axis of the tubules [11]. As
such they form a mesh and cross-link around the tubules to
provide its desirable mechanical properties [8,12]. By contrast
recent work by Alberic [13] and Lu [14] suggest that for ele-
phant dentin the collagen fibrils are approximately aligned
(+/—10°) to the semi major axis of the tubules, which coin-
cides with the axial direction of the tusk (see Fig. le and
f).

In recent years, much work has been done on the frac-
ture mechanics of human, bovine and elephant dentin [15-18].
Crack growth is highly anisotropic. For most kinds of dentin
(e.g. human, bovine and elephant dentin), the fracture tough-
ness K. is 55-65% higher for cracks propagating parallel to the
long axis of the dentinal tubules compared to crack propaga-
tion perpendicular to the tubules [2,17,19,20] and the fatigue
life in human dentin is two orders of magnitude longer for
cracks growing parallel to the tubules as opposed to per-
pendicular to them [4,21]. Moreover, it has been found that
fracture toughness increases with the hydration level [22] and
tends to fall with the age of the donor [23,24]. Several tough-
ening mechanisms in dentin, particularly for the case where a
crack propagates parallel to the tubules, have been proposed
such as crack blunting [2,24], crack-tip bridging [2,19,24,25],
and microcracking [19,25].

The resistance-curve (R-curve) is a means of evaluating
the build-up of crack retarding effects during subcritical crack
propagation (i.e. before unstable fracture occurs). Rising R-
curve behavior is particularly important in biomaterials, e.g.
teeth, bones and tendons [26-31]. Normally an R-curve is
expressed in terms of the crack-driving force (the stress inten-
sity K) as a function of the crack extension, Aa, to quantify
the increasing fracture resistance with crack length. Previous
investigations have revealed that dentin exhibits much higher
fracture toughness and crack growth resistance (expressed
via an R-curve) when hydrated rather than dry along with
enhanced crack-tip blunting [23,32,33]. Hydration has been
reported to decrease the elastic Young’s modulus and hard-
ness by approximately 35% and 30% compared with the dry
dentin [34-36]. The hydrated tissues exhibit viscoelasticity,
demonstrating a good ability to recover the elastic energy
stored in the region surrounding the deformed area [37].

Our objective is to quantify the mechanisms of toughening
as a function of sample orientation and hydration specifically
for elephant dentin. We consider the plastic zone ahead of
the crack (intrinsic component) and the extent of crack-tip
shielding in the crack wake expressed as the fraction of the
applied stress intensity transmitted to the crack tip (extrinsic
toughening). Here digital image correlation (DIC) is adopted
for full-field crack-tip strain field mapping. It requires no, or
very little, sample preparation and can be applied to awkward
biological materials. Previously it has been used to quan-
tify volume shrinkage and load transfer in dentin [38,39] and
bones [40,41]. Here, it is used for the first time to quantify the
elastic and plastic (inelastic) crack-tip strains accumulated as
the load is increased for test-pieces cracked in different orien-
tations under both wet and dry condition. The obtained plastic
strain sizes are then compared with predictions made using
the measured elastic stress fields with different crack-tip yield
criteria to establish the crack-tip shielding.

2. Materials and experimental methods

2.1.  Test-piece preparation

The mature African elephant tusk used in this study originated
from Zaire and was impounded at London Heathrow airport
and made available by the UK Customs House, ethically and
legally, solely for the purpose of scientific research. The hier-
archical microstructure of the elephant dentin is illustrated in
Fig. 1. Compact tension test-pieces (10 x 8 x 2 mm) conforming
to plane strain conditions were prepared based on ASTM E1820
[42]. The test-pieces were extracted from the interior of the
elephant ivory sample as shown in (Fig. 1a). In order to inves-
tigate the anisotropic properties, two orientations of compact
tension test (CT)-pieces were excised: (1) HAH, in which crack
plane is in the hoop-axial plane and grows in the hoop direc-
tion (Fig. 1f), and (2) RAR, in which the crack plane is in the
radial-axial plane and grows in the radial direction (Fig. 1e).
The 3D alignment of the dentin tubules was observed using an
Xradia Versa XRM-500 laboratory X-ray microscope (Fig. 1b). In
reality these tubules are not straight but oscillate over a larger
length scale. SEM images show the elliptical cross sections of
the tubules (Fig. 1c) and the surrounding collagen fibrils are
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seen from the fracture surface (Fig. 1d). It is noted that the
tubules are filled with carbonated apatite. Approximately par-
allel collagen fibrils form (hoop-axial) sheets perpendicular
to the axis of the tubules, with the fibril orientation varying
within +/—10° of the axial direction (i.e. aligned with the semi
major axis of the tubules) (Fig. 1f, e) [13,14]. This lamellar com-
posite structure is popular in the bone and dentin family of
materials [43-45].

When preparing the test-pieces a 1cm thick slice was cut
from the top of the ivory sample. Subsequently, the plate
was cut into rectangular bars and sliced to make CT blanks
(10 x 8 x 2mm). The pieces of the ivory tusk were stored in
distilled water at 4°C (to prevent fungi growth [34,46]) for
more than two weeks to keep them hydrated. Distilled water
provides a simple, effective way of storing dentin specimens
[47,48]. Previous studies have confirmed that the mineral con-
tents of Ca is essentially the same as in fresh dentin and K,
Na and P varies less than 15% compared to the control group
after 45 days storage in distilled water [49]. Furthermore since
it is the water that is largely responsible for plasticizing the
collagen, and the collagen cross-linkage is well maintained in
distilled water [50], the mechanical properties are not signif-
icantly different to those stored in saturated solution [47,48].
A notch was introduced into the mid-plane of the test-pieces
using a 0.3 mm thick rotary wheel and sharpened with a razor
blade till the radius of the notch tip was equal to, or below,

5 pm. The test-pieces were then pre-cracked to approx. 250 pm
on an Instron-3344 machine under displacement control at
1pm/s. In order to understand the effect of hydration on the
mechanical properties, the pre-cracked HAH and RAR test-
pieces were tested in both hydrated (i.e. immersed in distilled
water since cut, for at least 72h before test) and dry (i.e. air-
drying the test-piece at room temperature 22°C with 45-52%
relative humidity for 72 h before test) conditions.

2.2. Scanning electron microscopy

The cracked and fractured surfaces were imaged using a
Philips XL30 FEG scanning electron microscope (SEM), in
order to correlate the crack propagation behaviour with the
microstructure. Prior to imaging, the surfaces were gold coated
to reduce charging artefacts. Secondary electron (SE) imaging
mode was used at an accelerating voltage of 10kV with the
spot size of 3.0 and working distance between 10 to 13 mm.

2.3. Strain measurement by digital image correlation

Digital image correlation (DIC) is a well-established technique
used to trace the movement of surface features during the
application of loads by continuously taking pictures using
a microscope with a camera attached [51,52]. The images
were acquired using a DaVis Axiocam connected to a com-

L

hoop axial

RAR radia

axial

Fig. 1 - The hierarchical structure of elephant dentin microstructure at increasing magnification; (a) photograph of the
elephant tusk slice showing the locations of HAH and RAR test-pieces; (b) X-ray CT highlighting the alignment of the
tubules; (c) SEM micrograph showing the elliptical cross section of the tubules which is aligned with the axial direction of
the tusk along with axial micro-cracks; (d) SEM image showing the micro-cracks along the semi-major axis of the tubules,
as well as the approximate alignment of the collagen fibrils; (e) and (f) schematic figures showing the alignment of the
tubules (grey) and the arrangement of the collagen fibrils (yellow rods) for the RAR and HAH test-pieces; X-ray CT

undertaken on Zeiss Xradia Versa instrument.
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puter with LaVision Davis 7.2 software. The object lens of 10x
magnification was used giving a resolution of 2.2 pm/pixel.
A Kammrath & Weiss GmbH (Germany) microtester with a
500N load cell (load accuracy approx. 0.1 N and extensometer
resolution <100nm) was used to load and unload the pre-
cracked test-pieces at the rate of 2pum/s and held for 30s
before acquiring images. This dwell time is necessary for sys-
tem stabilization (i.e. vibration mitigation) and microscope
re-focusing, during which time no load drop was observed.
The displacements were tracked by DIC over an array of 23 x 26
patches (0.318 x 0.363mm?) for HAH, and 25 x 30 patches
(0.363 x 0.436 mm?) for RAR oriented samples. Each patch con-
tained 32 x 32 pixels with 25% overlap between neighboring
patches. Measurements were conducted at incremental load
cycles (load & unload) until the critical load for both hydrated
and dry test-pieces in the different cracking directions. Three
test-pieces were measured for each condition with a high
degree of reproducibility, such that strain maps from only one
sample in each case are presented here.

The uncertainty in the DIC measurements (due to sys-
tem vibration, variable illumination, microscope drift etc.) was
estimated by measuring the displacement on two reference
images taken at zero load at an interval of 1min. The aver-
age value of the measured displacement was regarded as the
measurement error, which was found to be 0.02 pm for the
displacement, corresponding to 0.18% error in strain measure-
ment. To determine the COD the raw images recorded in the
DIC test were imported into Image] v1.46. The crack was iden-
tified by thresholding according to the gray value histogram,
converted to a binary image and the crack opening displace-
ment along the crack wake was calculated using Matlab 2012a.

2.4. Resistance-curve measurement

The pre-cracked HAH and RAR test-pieces were used to mea-
sure the R-curve for the hydrated and dry conditions. A digital
camera attached to an optical microscope with a 10x objective
lens was used to capture the crack extension. The test-pieces
were loaded at the rate of 2 um/s. According to the ASTM
standard [53], the expression for the nominal mode-I stress
intensity factor, K1, for a compact tension test-piece is given
by:

P (2+4)

Ki= ——

—= 7 (0.886 + 4.64a — 13.3207 + 14.720° — 5.6a%)
B /W (1 _ (1)3/2

(1)

where P is the applied load, B is the test-piece thickness, W is
the test-piece width, « is the ratio which equals to a/W, a is the
effective crack length. A drawback of the experimental set-up
is that the hydrated test-piece could not be submerged in the
distilled water because this hinders the optical measurement.
Accordingly, some low level of near-surface drying out may
have occurred during the tests (~7 min duration).

2.5.  Statistical analysis
The variance in the strain measurement has been evalu-

ated using a standard deviation analysis along the distance
head of the crack tip. COD data is fitted with least-square

regression (OriginPro 2015, OriginLab Corp) to extract the
effective stress intensity factor, with an R-square factor above
0.9. The variance in the effective stress intensity factor is
expressed in terms of the standard deviation at each load
level.

3. Results
3.1. Crack-tip strain measurement

3.1.1. RAR Test-piece: crack growth parallel to the tubules

The total crack-tip strain field in the y-direction, {3, (i.e. per-
pendicular to the crack plane) was measured by DIC during the
incremental loading and unloading for the RAR test-piece in
the hydrated condition (Fig. 2a-d). The region behind the crack
tip has been masked out to reduce the computational load. It
is evident that upon unloading from K%P¥!=0.65MPa./m and

0.83MPa/m significant remnant strains ¢5™ remain. These

strains include both inelastic strain ag,);,, presumably resulting
largely from crack-tip plasticity (micro-cracking, though not
detected, could also contribute to inelastic strain), and an elas-
tic strain af,ly [54]. The elastic strain will give rise to a residual
stress arising from the plastic misfit generated by the crack-tip
stress field. Upon unloading, the matrix beyond the inelasti-
cally extended crack-tip zone exerts a compressive stress on
the crack-tip zone, which is balanced by a distribution of ten-
sile elastic strain outside the inelastic zone. Unsurprisingly,
both &% (Fig. 2b) and &[§" (Fig. 2d) increased significantly as
the load was increased.

By contrast, no significant crack tip plasticity, 55;, was gen-
erated at K%' =0.65MPa,/m in the dry condition (Fig. 2e) as
indicated by the very low level e upon unloading (Fig. 2g).
In fact much lower &[5 were evident upon unloading (Fig. 2h)
even for loads much larger than for the hydrated case (Fig. 2f,

K%l =1.17 MPa.,/m).

3.1.2. HAH Test-piece: crack growth parallel to the plane

of the collagen fibers

The crack-tip strain fields were also mapped for the HAH
test-pieces tested under dry and hydrated conditions and
the results are shown in Fig. 2i-n. In the hydrated condition
a much lower & is observed at KPPl =0.65MPa,/m (Fig. 2i)
than for the RAR case (Fig. 2a). At the higher load (Fig. 2j,
K%l = 1.2 MPa/m), el is more extensive, but is still character-
ized by a very small 5™ (Fig. 21) suggestive of a predominantly
elastic crack-tip stress field under load. As for the dry HAH
test-piece, very little crack-tip plasticity is observed under dry
conditions (Fig. 2m,n).

In order to undertake a quantitative analysis of the strain
fields, the crack-tip strains, a;g,t, along the crack plane (y=0),
have been plotted as a function of distance from the crack-tip
for all the test-pieces (Fig. 3). This confirms that the hydrated
test-pieces show much higher strains than the dry ones for
similar stress intensities along with a much higher ratio of
5™ to &, indicative of more extensive crack-tip plasticity.
In the elastic (far-field) regime the hydrated sample strains
more than the dry one implying a lower Young’s modulus in
accordance with previous observations [34-36]. The Young’s

modulii of the dry test-pieces were measured to be 13.6 (+1.9,
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Hydrated RAR

Ké#P' = 0.65 MPaym

100 um 100 um

Hydrated HAH

KarPl = 0.65 MPaVm

80 um

80 um

K3pPl= 0.65 MPaVm

100 pm

Kesri= 0

radiaH—T

100 um

Fig. 2 - Total crack-tip strain measured by DIC for (a-d) RAR test-piece in the hydrated condition and (e-h) dry condition,
with loaded (top) and unloaded (bottom); HAH test-piece in (i-1) hydrated and (m-n) dry condition, both loaded (top) and
unloaded (bottom); the (colour) strain maps are superimposed on the (black and white) optical microscopic images collected

for the DIC measurement.

n>20) and 15.6 (+2.3, n>20) GPa in the RAR and HAH orienta-
tions from our previous nanoindentation test [55]. A simple
comparison of the strains would suggest that the Young’s
moduli for the hydrated test-pieces are around 6.0 (+0.7)
and 13.8 (+2.1) GPa in RAR and HAH orientations respectively.
These results agree well with the Young’s modulus reported
previously for dry elephant dentin (12-17 GPa [2,19]). Break
and Currey [56] also confirmed that hydration can reduce
the Young’s modulus by 30-60% compared to that for dry
samples.

3.2 Crack opening displacement (COD) measurement

The effective stress intensity factor K% experienced at the
crack-tip can be inferred from the ACOD data (i.e. relative to
the crack opening displacement at zero applied load) [54]:

G

where E’ is equal to E under plane stress conditions and
E/(1 —1?) under plane strain conditions and Au(r) is the ACOD
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Fig. 3 - The strain at the crack-plane, e;‘;,t (y =0) plotted as a function of distance ahead of the crack tip in the loaded (dashed)
and unloaded (solid) conditions for (a) RAR hydrated test-piece (b) RAR dry test-piece (c) HAH hydrated test-piece (d) HAH dry

test-piece. Note the very different strain scales.

Table 1 - Comparison of the inferred K% and the applied K%?! (MPa./m).

Hydrated RAR (n=3) Dry RAR (n=3) Hydrated HAH (n=3) Dry HAH (n=3)
KPPl 0.65 0.83 0.65 1.17 0.65 1.2 1.2
K 0.31 (+0.05) 0.52 (40.09) 0.37 (+0.06) 0.95 (40.13) 0.57 (+0.08) 1.02 (+0.11) 1.10 (+£0.14)
Keff /Koprl 48% (£7%) 62% (+£10%) 58% (£9%) 78% (+£11%) 88% (+12%) 90% (-£9%) 91% (+£12%)

atadistance r behind the crack tip. The COD data in Fig. 4a and
b broadly correspond to a ,/r relationship in all cases with the
hydrated samples exhibiting significantly larger crack open-
ings than the dry ones, and the RAR test-pieces show larger
COD than the HAH samples. It also noteworthy that the resid-
ual openings for the hydrated test-pieces are much larger than
those for the dry test-pieces. These results correlate with the
residual crack-tip strain field e[J" results and indicate that
plasticity near the crack-tip results in crack-tip blunting and
increased residual opening especially for the hydrated sam-
ples. These measured displacements are very small leading
to some measurement scatter. However, close inspection of
the curves show that much of the point to point scatter in
Fig. 4a and b is carried over from the unloaded to the loaded
curves suggesting that this is not random measurement scat-

ter but related to the meandering crack surfaces and local
bridging effects. The changes in COD between the loaded and
the unloaded cases are shown in Fig. 4c and d which inevitably
are sensitive to measurement scatter. Nevertheless given the
expected /1 it is possible to infer the effective stress inten-
sity factors K by fitting the responses to Eq. (2). These are
compared with those nominally applied (K%P!) in Table 1 from
which it is clear that the shielding effect for RAR test-pieces
are significant with the hydrated ones around 10% greater than
for the dry ones. It is also evident that the bridging stresses for
the hydrated and dry RAR test-pieces remain almost constant
at different loads. By contrast, for the HAH orientation, the
hydrated and dry test-pieces show little evidence of crack-tip
shielding nor little benefit arising from hydration.
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Fig. 4 - The crack opening displacement (COD) under load (dashed line, open symbol) and after unloading (solid line, bold
symbol) for (a) the RAR oriented test-pieces and (b) the HAH oriented test-pieces. After subtraction of the unloaded curves
from the loaded ones, the elastic ACODs were obtained for (c) RAR test-pieces and (d) HAH test-pieces. Bold and open
symbols in (c) and (d) represent hydrated (i.e. wet) and dry test-pieces respectively. The data points were fitted by least
square regression method to estimate K for all the load cases using Eq. (2).

3.3.  Plastic zone size and model predictions

In order to characterise the intrinsic toughening it is useful to
be able to quantify the plastic zone ahead of the crack. It is
challenging to measure the plastic zone size for brittle mate-
rials because of the difficulty identifying a conventional yield
strain ey. We believe this study to be the first to experimen-
tally estimate the yield strain/stress and plastic zone size at
the crack-tip for dentin materials. Our approach is based on
Irwin’s model [57], which estimates the plastic zone according
to the strain balance inside and outside of the plastic zone,
assuming that the strain distribution outside the plastic zone
along the crack line follows the elastic K-field o0 = —-=, while
the elastic strain in the plastic zone equals the yield strain.
The occurrence of the inelastic deformation at the crack-tip
on loading is often associated with a local residual compres-
sion upon unloading, resulting in a residual elastic stress field:
namely a compressive elastic stress field within the inelas-
tic zone, which is balanced by a tensile elastic stress outside

the inelastic zone. Thus a residual elastic strain curve (dot-
ted line) can be inferred for each total strain curve (dashed
line) by subtracting the elastic strain (K-field) from the total
strain curves. If we assume ideal plasticity and elastic unload-
ing we can identify a yield strain, ¢y, such that the observed
total strains at Kmax (dashed line) and K=0 (solid line) in Fig. 5
are consistent with a balance of the residual elastic strain
(stress) at K=0 (dotted line) [58]. Here the yield strain was esti-
mated at each load independently. The best-fit ¢y are plotted
for the two test-pieces at each load in Fig. 5 where it is evident
that, as one might expect, the yield strain obtained for a given
sample does not vary with increasing load (though the plastic
zone naturally does) giving confidence in the analysis method.
Further the yield strain is broadly similar for the hydrated
and dry cases (0.90% vs. 0.83% respectively). Taking the mea-
sured (elastic) strains at the boundary of plastic/elastic zone
for the hydrated (sxx =0.12%, yy =0.90%) and dry (sxx =0.05%,
eyy =0.83%) RAR test-pieces, the tri-axial yield strengths are
estimated to be 43 MPa and 78 MPa for the hydrated and dry
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Fig. 5 - The measured residual strain and the estimated residual elastic strain at unloaded condition for (a) hydrated and (b)
dry RAR test-piece. The estimated elastic strain curves were obtained by defining a yield strain ¢y which gives stress
balance in the unloaded condition. (Dashed curve: loaded strain; solid curve: unloaded strain; dotted curve: residual elastic

strain; straight dashed line: yield stress level).

test-pieces, using Hooke’s law under the plane strain assump-
tion and the von Mises yield criterion. The yield strength of
the hydrated RAR test-piece in elephant dentin is slightly
lower than previously reported values (50-65MPa [19]). Few
researchers have recorded the yield strength of dry elephant
dentin, but the reported ultimate strength (98 + 18 MPa) [59]
could be considered as an upper bound.

It is useful to compare the plastic zones of hydrated RAR
test-piece determined experimentally with the ones predicted
empirically based on Irwin’s model (Eq. (3)) and Dugdale’s
model [60]. In contrast to the strain balance theory described in
Irwin’s model (which is aligned with our approach), Dugdale’s
model treats the plastic zone as an extension of a physical
crack with the closure yield stress acting on the extended crack
faces; thereby stresses are finite at the effective crack-tip. The
plastic zone is calculated by negating the applied crack-tip
stress intensity with the integration of yield stress along the
yield zone and expressed as (Eq. (4))

()
T \ Oy
. _ﬂ(K;)z
Y_8 oy

Table 2 presents the plastic zones of hydrated RAR inferred
from Fig. 5 as well as the predictions using the measured yield
strains from the Irwin and Dugdale models. It is evident that
the plastic zone sizes are significantly larger for the hydrated
samples relative to the dry ones. The experimentally mea-
sured yield zone displays better agreement with Irwin’s model
than Dugdale’s.

Ty =

(3)

(4)

3.4. R-curve responses

In order to quantify the crack shielding as the crack extends,
R-curves were measured for the two test-piece orientations in

MPavm)
= =~ D dD DD ®
m ® o~ N N O
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intensity factor K (
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Fig. 6 - Crack resistance (R) curves for the RAR (blue) and
HAH (green) orientation test-pieces in hydrated (bold
symbol) and dry (open symbol) conditions. The crack
length for RAR test-pieces are corrected by the plastic zone
sizes measured and extrapolated at incremental loads.

the hydrated and dry conditions. R-curves of the hydrated and
dry RAR test-pieces were plotted after crack length correction
based on the plastic zone size measured above. The plastic
zone size at incremental loads were extrapolated according
to the relationship ry ~K?. Unsurprisingly, the results sum-
marized in Fig. 6 show clear differences according to the
test-piece orientation (RAR and HAH). RAR test-pieces tended
to have a much higher initiation fracture toughness (Ko~ 1.2
MPa,/m) compared to the HAH test-pieces (Ko ~0.8 MPa,/m).
Although both sample types exhibit rising R-curve behav-
ior, the RAR curves show more extensive sub-critical growth
and a higher Kj¢ (2.1-2.9 MPa,/m) compared to the HAH test-
pieces (1.2-1.5 MPa,/m). This is in a good agreement with the
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Table 2 - The comparison of the experimentally measured yield strain, yield stress (in MPa), plastic zone (in pm) and the

predictions using ¢y based on Irwin’s and Dugdale’s models for RAR test-piece.
Hydrated (MPa,/m) (n=23)

Dry (MPa,/m) (n=23)

K=0.65 K=0.83 K=0.65 K=1.03 K=1.17
Yield strain 0.9% 0.83%
Yield stress 43 78
Measured 78 (£5) 107 (£8) 15 (£3) 51 (£6) 84 (£6)
Irwin 72 118 22 59 67
Dugdale 88 145 27 72 82

reported results from Nalla et al. [19] and Kruzic et al. [32]. In
the HAH case the R-curve rises gradually but it would appear
that the shielding zone is not as effective. It is also mean-
ingful to compare the R-curve response for the hydrated and
the dry test-pieces: for the hydrated RAR test-pieces, the ris-
ing regime is steeper than the dry ones, and the plateaus are
approximately 40% higher. However, for the HAH test-pieces
the hydrated test-piece demonstrates higher fracture tough-
ness and longer sub-critical growth distance. The mechanisms
of the R-curve response will be discussed in Section 4.3.

4, Discussion
4.1. Effect of crack orientation on extrinsic shielding

The crack opening displacement (COD) response shows that
for the RAR test-pieces the effective stress intensity factors
are significantly lower than nominally applied, but not for
the HAH test-pieces. This suggests much greater extrinsic
shielding (bridging) in the former case, which reduces the
stress driving force available for crack extension. Conventional
cross sections (Fig. 7a—c) of the crack for the RAR test-piece
do show some evidence of crack bridging which appears to
be guided somewhat by the tubules. However the picture
becomes much clearer when the crack is viewed in 3D from
the tomograph (Fig. 7d) or through virtual hoop-axial cross-
sections (Fig. 7e-g). These show clearly that the crack actually
propagates not as a single crack, but as a series of overlap-
ping ‘fingers’, as observed previously by Burnett et al. [61] by
CT for stress corrosion in Al alloys. These branched cracks
(delineated by different colours in Fig. 7d) initiate at different
locations from the crack front and form a continuous chain
of laterally bridging ligaments across the thickness of the
test-piece. It is likely that these fingers are the result of (radial-
axial) microcracks that emanate from the tubules in the axial
direction (as in Fig. 1c). While these bridges are sometimes
captured in conventional hoop-axial cross sections, their effi-
cacy and number would be underestimated. Fig. 7e-g shows
that the formed ligaments ultimately rupture with increasing
distance from the crack tip due to the increased crack opening
and merge to form a single dominant crack. It can be seen from
Fig. 7d that the finger-like bridging zone extends ca. 400 um
from the crack tip before the ligaments rupture. The fracture
surface in Fig. 7h clearly shows the uneven (layered) fracture
plane due to the bridging, which is instigated by the microc-
racks at the tubules aligned in the radial direction. Moreover,
the magnified image clearly shows the collagen fibrils bridging

the microcracks (Fig. 7i), indicating that this also contributes
to crack shielding.

The role of the micro-cracking local to the tubules (evi-
dent in Fig. 7h) in bringing about ligament bridging for the
RAR specimen is contrasted with the crack morphology for the
HAH sample (Fig. 8a). Here the axial-radial microcracks initi-
ated by the tubules are much less effective. This is because
the tubules run vertically and so cannot ‘guide’ the crack in
a tortuous way or create parallel cracks and bridges, as in the
RAR orientation. Furthermore, as seen in Fig. 8b, little collagen
pull-out is observed because the collagen fibrils lie in planes
on the fracture surface (Fig. 8c and d).

4.2. Intrinsic shielding and the effect of moisture

It is known that collagen fibrils not only can help to bridge
the crack-tip, but also have a significant role in increasing the
deformability and fracture toughness [62-64]. This is known
as intrinsic shielding, which describes the inherent capabil-
ity of the dentin to ‘plastically’ deform/absorb energy as the
crack proceeds. In both the hydrated and dry conditions the
crack-tip strains (¢j}) in the RAR orientation are as much as
10x higher than those for the HAH test-pieces, accompanied
by larger crack-tip opening as well (Fig. 4a and b). Moreover,
the RAR test-piece also shows a blunt crack tip (see Fig. 2b),
providing further evidence of a higher strain to failure in the
RAR orientation. This distinct difference of crack-tip strain
and opening could be related to the orientation of the fib-
rils ahead of the crack-tip. The ‘plasticity’ is accentuated by
a moist environment with the hydrated test-pieces exhibited
crack-tip strains twice as large as the dry test-piece for both
types of test-pieces. This is likely to be because of the well cat-
alogued effect of moisture on the collagen which plasticizes
the tissue, although the mechanism is the subject of debate
[65-67] and is beyond the scope of this study.

4.3.  R-curve and the extrinsic shielding

The R-curve for the RAR test-pieces showed a more pro-
nounced rise in the fracture toughness Kjc with crack
extension (Aa) than the HAH test-pieces. Both hydrated and
dry RAR test-pieces show the rising of the R-curve followed
by a plateau. The higher initiation fracture toughness Ko for
hydrated RAR indicates a larger strain to failure and more
effective intrinsic shielding. This may be attributed to the
effect of moisture in plasticising the collagen fibrils so that
the deformability of the dentin is enhanced, as is supported
by the crack-tip strain measurement in this study. The rise of
the fracture toughness derives from the fact that the shielding
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from ligament bridging initially builds up as the crack grows
and thus requires significant crack propagation to reach matu-
rity. The R-curve then becomes flat when there is a balance
between the formation of new bridges and the breaking of
existing ones. The initial rapid rise in the R-curve in Fig. 6
for the dry RAR samples is consistent with the observations of
crack bridging indicating that the ligament bridging ‘fingers’
extend around 3-400 pm behind the crack. The faster rise and
higher critical fracture toughness Kj¢ of the hydrated RAR test-
pieces may be explained by the plasticised collagen fibrils so
that the ligaments fail at larger crack openings. Consistent

with Fig. 8, the HAH samples on the other hand show both
a low initiation toughness and no steep rise in the R-curve
suggesting that the bridging length is very short. It needs to
be pointed out that the magnitude of the bridging stress is
dependent on the experiment method. For instance, the val-
ues measured in this study using COD method are consistent
with the ones measured by load appliance calculation, but
much lower than the ones predicted using a theoretical model
[32], in which the area fraction of the ligament bridging is
difficult to validate.

et R T QA
N /‘ : f-'&G()l]agen ﬁhl;lls* y
- SRR AN O

Fig. 7 - The extrinsic shielding mechanisms in RAR. (a-c) Optical images of side surface showing the formation of the
uncracked-ligament bridging during crack propagation; (d) crack morphology of the dry RAR test-piece in 3D reconstructed
from an X-ray computed tomography scan. Branched cracks are labelled with different colours; (e-g) X-ray computed
tomographic slice showing the ligament bridging lateral to the crack front across the thickness of the test-piece at (e)

300 pm (f) 200 pm (g) 100 pm behind the crack front; (h) SEM image showing the fracture surface and its intersection with
many tubules; (i) magnified fracture surface showing the evidence of collagen fibrils bridging inside a small crack.
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Fig. 8 - The SEM images showing the crack morphology of HAH test-piece. (a) While there is some crack deflection caused
by radial-axial cracking at the tubules, the crack is largely a single dominant crack; (b) furthermore the fact the collagen
fibrils lie in the hoop-axial plane (see Fig. 1f) mean that there is relatively little pull-out of the collagen fibrils; (c) SEM image

showing the fracture surface; (d) +/—10° in-plane collagen fibrils are observed on the fracture surface surrounding the tubule
cross sections.

As we have seen above, the formation of axial-radial micro-
cracks in elephant dentin aligned with the semi major axis of
the tubules is almost certainly associated with the orientation
of the collagen fibrils (varying by +/—10° in-plane parallel to the
tubule semi-major axis). This makes tusk highly anisotropic
perpendicular to the tubule axis. As a consequence, the crack
propagation resistance is significantly lower along the axial
direction of the tusk than perpendicular to it. This is reason-
able from an evolutionary design point of view, as the tusk
is prone to experience flexural stress by nature which might
otherwise lead to the tusk fracturing perpendicular to its axis.
By contrast, this is not the case for human dentin where the
collagen fibrils are arranged in a random mat perpendicular
to the tubules. Moreover, the peritubular dentin could inhibit
cracking from the tubules. Accordingly, human dentin is often
viewed as transversely isotropic relative to the tubule axis.

5. Conclusions

This paper examines the intrinsic toughening in terms of the
elastic-plastic strain field ahead of the crack tip by DIC and the
extrinsic toughening behind the advancing crack in terms of
3D CT images of crack bridging and its effect on the R-curve
behaviour. Itis noteworthy that conventional 2D cross sections
of the crack do not adequately reveal the fragmentation of the
advancing crack into ‘fingers’ parallel to the crack propagation
direction. Not only does 3D X-ray CT reveal these the presence

of these overlapping fingers which provide very effective crack
bridging, virtual cross-sections perpendicular to the propa-
gation direction provide a simple way of confirming how far
behind the crack, and at what degree of crack opening, the
ligaments rupture to form a single primary crack.

This paper presents the first maps of the strain fields in ele-
phant dentin local to the crack-tip and an attempt to measure
the ‘plastic’ zone size. The effect of hydration on the intrin-
sic and extrinsic toughening mechanisms has been assessed
in terms of crack-tip plasticity, strain field and R-curve. Our
results clarify the significance of hydration on the plasticity
near the crack-tip and highlight the critical role of the organic
collagen and tubule induced micro-cracking in crack-tip
shielding. Several important conclusions are drawn as follows:

With respect to the intrinsic toughening ahead of the crack,
the role of the collagen is of primary importance:

1. For cracks grown normal to the length of the tusk (RAR),
the maximum strain at the crack-tip was 10 times larger
than for cracks growing in the hoop-axial plane, in the hoop
direction (HAH), under both hydrated and dry conditions.
The crack-tip strain to failure for the hydrated test-pieces
was twice as large as the dry ones. Key factors contributing
to these differences are the hydration and orientation of
the collagen relative to the crack plane.

2. The plastic zones were determined directly from the
strain fields. We identified plastic zones of 78 um at
KPPl = 0.65 MPa,/m and 107 um at K%P! = 0.83 MPa./m in the
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hydrated and 10 um at K%P!=0.65MPa,/m and 84um at
K=1.17 MPa/m for the dry RAR test-pieces. In contrast the
plastic strains for HAH test-pieces were negligible in wet
and dry conditions. Tri-axial yield strengths were measured
to be 43MPa and 78 MPa for hydrated and dry RAR test-
pieces respectively. Ahead of the plastic zone, the elastic
strains matched well with theoretical expectations.

. Hydration of the collagen significantly improves the intrin-
sic toughness in terms of larger crack-tip elastic/plastic
strain, crack-tip blunting and higher AKjc/Aa rate, com-
pared with the dry test-pieces.

With respect to the extrinsic toughening behind the crack,
crack bridging is of primary importance and collagen pull-out
is, of itself, less important:

. Extrinsic crack tip shielding meant that the crack-tip stress
intensity factors at the crack tip were only 48% and 60% of
the nominally applied stress intensity for the hydrated and
dry RAR test-pieces.

. For the cracks grown in the RAR orientation, the formation
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