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ARTICLE INFO ABSTRACT

Fracture toughness is an important property for many biological materials, but it can be difficult to obtain
accurate and relevant values of toughness in such materials owing to complexities of geometry, material ani-
Shell sotropy, etc. Here we present the results of the first ever attempt to describe and measure cracking and fracture

Keywords:
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:“ghness toughness in the shells of limpets. Three different experiments were devised. Firstly, small single-edge-notched
D?I;?r: bend specimens were machined, enabling us to measure Kj¢ for through-thickness cracks growing in the cir-
Impai cumferential direction in the shell walls, giving a value of 0.98 MPavm. Secondly, radial notches were cut into

intact shells which were loaded in compression through the apex. Failure occurred by crack propagation from
the notch roots, and finite element analysis (FEA) was used to obtain critical K values. However the analysis gave
a surprisingly high toughness value and the results were very sensitive to test variables, especially friction. The
experiment demonstrated the remarkable resistance of shells to this kind of damage, but could not be used to
measure K¢ Thirdly, impact tests were carried out to create internal damage in the form of delamination cracks.
This allowed us to estimate toughness in terms of a crack propagation energy Gy for these cracks of 146 J/m?,
equivalent to a Kic of 2.59 MPavm. Scanning electron microscopy showed that the delamination cracks had
much smoother fracture surfaces than those from the through-thickness cracks, however they displayed a regular
structure of folds or pleats at the 100 nm scale which may act to hinder crack face movements during shear/
compression loading as occurs under impact, which is a common cause of damage for these shells in their natural

surroundings.

1. Introduction

Many biological materials fail by brittle fracture in which crack-like
defects propagate: examples are bone, skin and wood. This suggests that
fracture toughness is an important property in determining their
structural integrity. Previous workers have studied toughness and crack
propagation in various natural materials, to develop better under-
standing of their structure/function relationships, and also to provide
inspiration for the development of fracture-resistant engineering ma-
terials. Examples of previously studied materials include bone [1],
cartilage [2], wood [3], eggshell [4] and insect cuticle [5]. The shells of
molluscs and other marine animals have also been studied, including
abalone [6], mussel [7] and conch [8]. These shells all consist of cal-
cium carbonate plus a few percent organic material, but large differ-
ences in toughness have been found. Nacre, which constitutes one of the
layers in the abalone shell, has been shown to have remarkably high
toughness [9] and this had led to much biomimetic work to develop
new high-toughness ceramics (e.g. [10]).

Up to now, fracture toughness has not been measured in limpet

shells. Limpets live in intertidal zones in many parts of the world, being
very abundant and including many different species. A significant cause
of death for these animals is damage to the shell caused by impacts from
moving rocks and other objects during storms [11,12]. Cracks and holes
thus created may result in death by dehydration or predator attack, but
limpets do have some ability to repair this damage [11]. Previously we
showed that the mechanism of failure during impact is internal dela-
mination [13]. Limpet shells consist of several layers which are laid
down approximately parallel to the shell surface [14] (see Fig. 1). Im-
pacts applied by dropping weights on the shell apex caused cracks to
form on the interfaces between these layers, leading to layer separation
and loss of material by spalling [13]. Another failure mode, infrequent
in our work but reported as dominant in other limpet species [12], is
the initiation of cracks at the shell rim and their propagation in radial
and circumferential directions.

As pointed out in a recent review [15], the determination of fracture
toughness for biological materials presents some particular challenges.
In principle one can use approaches which are well known in the
characterisation of engineering materials. Two toughness parameters
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Fig. 1. Definition of the terms “apex” and “rim” and the directions “cir-
cumferential” and “radial”, with respect to the limpet shell. Also shown (in
schematic form) is the typical layered structure of these shells, with layers
denoted M, M + 1, M — 1, etc. (adapted from Ortiz et al. [14]).

can be defined: G. (which we will refer to as the crack propagation
energy) is the amount of energy required to increase the area of the
crack by a given amount, measured in J/m?, and; K. (the fracture
toughness) allows one to calculate the stress required to cause a crack of
a given length to propagate, leading to a brittle fracture. The materials
concerned are almost always anisotropic and often they are available in
sizes and shapes which make it difficult or impossible to obtain con-
ventional test specimens. The aim of the present work was to determine
the fracture toughness of limpet shell material, considering three dif-
ferent cases: through thickness cracks propagating in the radial and
circumferential directions, and delamination cracks propagating be-
tween the layers within the shell thickness.

2. Methods and materials

The limpet species Patella vulgata (Linnaeus 1758) was chosen for
study as it is present in large numbers on the coast near Dublin. Shells
were obtained from living animals; using a knife it was possible to prise
the shells intact and undamaged from the rocks to which they were
attached. Three different experiments were devised, as illustrated
schematically in Fig. 2.

2.1. Experiment 1: Circumferential propagation of through-thickness cracks

Rectangular samples of nominal dimensions 20 X 5 X 2 mm were
cut and machined from the wall of the shell in the orientation shown in
Fig. 2. Seven specimens were tested. Actual dimensions varied slightly
and were measured using a micrometer and Vernier calipers. A sharp
crack-like notch was introduced through-thickness by cutting with a
fine-bladed saw and sharpening the tip with a scalpel, creating crack-
like notches with root radii of approximately 5pum and lengths (a)
varying from 0.6 mm to 1 mm. These specimens were treated as con-
ventional SENB type (single edge notched bend), loaded in three-point
bend in an Instron testing machine. A typical load/displacement trace is
shown in Fig. 2, indicating a clear load drop on crack propagation,
which was used to calculate the fracture toughness K¢ using the stan-
dard formula for a load P applied to a sample of width W, thickness B,
loading span S (from ASTM E-399-83):

K¢ = F(a/W)PS/(BW?3/2) )

where F(a/W) = 1.5(a/W)%°[1.99 — (a/W)(1 — (a/W)){2.15-3.93((a/
W) + 2.7(a/W)3 (1 + 2(a/W)) (1 = (a/W)) %2,
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2.2. Experiment 2: Radial propagation of through-thickness cracks

Intact shells were used in this experiment, tested in axial compres-
sion between steel platens (lubricated with WD40) as shown in Fig. 2.
Shell rims were typically quite uneven because in the natural state they
grow to conform to the rock surface. Initial experiments showed that
failure tended to occur due to local stress concentrations where the rim
made contact with the steel platen, so all test specimens were ground
flat using silicon carbide paper. A radial notch of length 6 mm was cut
in each specimen, starting at the rim, using a saw and finishing with a
scalpel as in Experiment 1. Nine specimens were tested. The average
rim diameter was 30.25 mm (varying from 28.5mm to 32.5 mm). As
the load trace in Fig. 2 shows, failure was associated with a sudden drop
in load. For comparison purposes, a further 9 samples of similar size
(varying from 26 mm to 34 mm) were tested in the same way, but
without introducing a notch. A simple test was carried out to estimate
the friction coefficient u between the shell rim and the lubricated steel
platen. The platen was inclined to find the angle to the horizontal at
which the shell began to slide under its own weight. The value of p is
given by the tangent of this angle.

To determine the stress intensity K for this type of specimen a finite
element model was created using commercial software (ANSYS
Workbench 18.0). Fig. 3 shows the model and examples of results. The
model was intended as a simplified version illustrating the main fea-
tures of the limpet shell. It has a circular rim, whereas actual limpet
shells are slightly oval in shape, and we did not include the radial ridges
which are a feature of the outer surface of these shells. The outer dia-
meter at the rim was chosen to be the same as the average experimental
value (30.25 mm), whilst the height at the apex (11.88 mm) and shell
wall thickness (1.29 mm except at the apex where it increases to
2.58 mm) were chosen based on published geometric data for this
species [16]. A radial crack of length 6 mm (root radius zero) was in-
cluded. Since the model is circular we took advantage of symmetry to
model one quarter of the shell: the crack was modelled by applying
boundary conditions to create a free surface over the area where the
crack exists.

The mesh consisted of tetrahedral elements in most of the model, of
a size sufficient to obtain three elements through thickness (which was
sufficient to converge global measures such as deflection under load). In
the vicinity of the crack hexahedral elements were used and the ele-
ment size was refined to achieve convergence of the stress intensity
result (K). The material was assumed to have a Young’s modulus of
46GPa and Poisson’s ratio of 0.2, based on data from the literature [17];
anisotropy of elastic modulus was not modelled for lack of information
(Note: the value actually given for Patella vulgata in this source is
18GPa, however this is very much lower than all other values for re-
lated species as measured by this author, so we decided to use the
average of all values for gastropod shells in this paper). Various contact
states between rim and platen were considered, including fully bonded
contact, and sliding with varying degrees of friction.

2.3. Experiment 3: Delamination cracking during impact testing

Impact testing was performed by placing the shell on a flat surface
and dropping a cylindrical steel weight (mass 123 g, diameter 20 mm,
length 50 mm) from a given height. In a previous study [13] we de-
termined that the energy to cause failure was proportional to the shell’s
maximum diameter L to the power 4.6; the normalised impact strength
was found to be 8.8 MJ/m*®. In the present work we applied impacts
equal to 10% of this value to 10 shells and impacts of 20% to a further
10 shells. The shells were then cut and polished to reveal a vertical
section as shown in Fig. 2. Silicon carbide papers and diamond-im-
pregnated cloths were used, of varying roughness down to a 1pum
finish, allowing us to observe cracks in the material. Most observations
were made using optical microscopy but some scanning-electron mi-
croscopy was carried out to confirm that the features being observed
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were indeed cracks (see Figs. 2 and 4(c)) and some untested shells were
examined to confirm that no damage was present. Each crack was
photographed, its location noted and its length measured using image
analysis software. Cracks were defined as “delamination cracks” if the
entire crack lay parallel to the shell surface; the majority of cracks took
this form but some deviated between layers as shown in Fig. 4(c).

It can be assumed that the vertical section chosen is typical of any
such section, therefore the total area of all cracks can be calculated by
assuming that every crack observed would have been visible on every
section around the circumference. Thus the area of each crack observed
is given by the visible length multiplied by the shell’s circumference at
this location. However, this calculated area will be the same, in-
dependent of our assumption about crack shape. From these results the
toughness can be calculated as a crack propagation energy value Gg
using the following equation:
G, = AU/AA )
where AU is the change in energy (in this case the difference between
10% and 20% of the critical energy, multiplied by the shell size L*®),
and AA is the change in total crack area, i.e. the difference between the
crack area created by impacts at 10% and at 20% of the critical energy.

However a correction is required to the above energy value, because
not all the energy delivered by the impacting weight will be used to
create the cracks. To find out what fraction of the delivered energy was
used up in the cracking process we measured the elastic stiffness of the
shells before and after impact. Fig. 5 shows an example. After impact,
the force/displacement line has a smaller slope as a result of cracking:
on average, the slope decreased by 27%, indicating that 27% of the
delivered energy was used to create the cracks, so this correction was
applied when calculating AU. Some energy might also be lost in irre-
versible processes (plastic deformation and viscoelasticity) but since the
force/deflection curves were found to be relatively straight up to failure
(see Fig. 2) we assumed that this was negligible.

Dropped weight impact test
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Fig. 2. Schematic illustration of the experi-
mental plan: quasistatic toughness tests
were devised for through-thickness cracks
growing from notches in the radial and cir-
cumferential directions (typical force/dis-
placement curves are shown). Impact tests
were used to generate delamination cracks
which were measured and counted on ver-
tical sections.
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3. Results
3.1. Experiment 1: Circumferential propagation of through-thickness cracks

The average fracture toughness K;c from these tests was
0.98 MPavm with a standard deviation of 0.23 MPavm. Taking the
Young’s modulus to be 46GPa (Currey 1976) and using the formula
K = V(GE) gives a crack propagation energy Gic of 21 J/m>.

Fig. 4(a) and (b) shows typical fracture surfaces from these ex-
periments. The fracture surfaces were macroscopically rough, con-
sisting of several large facets at the hundred-micron scale. At high
magnification, individual crystals of thickness less than 1pm can be
seen, which show smooth, flat fracture surfaces indicative of cleavage.

3.2. Experiment 2: Radial propagation of through-thickness cracks

Nine specimens were tested. All but one failed by crack propagation
from the notch root, however in one case failure occurred by gradual
crushing of the apex with no crack propagation. The average force to
failure for the remaining 8 samples was 800.7 N (standard deviation
165 N). This was only slightly lower that the force to failure for the 9
unnotched shells (1018 N, SD 221 N) and this difference was not sta-
tistically significant (T-test, p > 0.05). The initial angle of crack pro-
pagation varied considerably, from 0° (i.e. parallel to the notch direc-
tion) to 90°, and this angle also varied considerably when viewed from
inside or outside of the same shell, presumably owing the properties of
the difference shell layers. The average propagation angle was 63.1°
(SD 35.6°) and was similar on both outside and inside. The friction
coefficient between shell and rim was measured to be 0.44 (SD 0.06).

Using the FE model we estimated the stress intensity for a given
applied force, by plotting the maximum principal stress o as a function
of distance from the crack tip r and fitting the results to the standard
formula:

K
27

3

However it was found that the result for K;c was sensitive to the choice

<
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Fig. 3. (a) The finite element model, showing the quarter-model of the shell
itself and the upper and lower steel platens, viewed from the side. The location
of the notch tip is shown by the arrow. (b) Stress contours (viewed from above)
for compressive loading at the apex with a friction coefficient p = 0. (c) As (b)
but with p = 0.7, showing a significant reduction in notch-tip stress.

of test parameters and material properties. In particular, stresses near
the crack tip were found to be strongly affected by the assumed contact
condition at the rim. Assuming that the rim is fixed (i.e. bonded to the
platen) gave rise to compressive stresses a short distance ahead of the
crack; these stresses were even more pronounced when a Poisson’s ratio
of 0.3 was used. A more realistic condition of sliding with friction gave
a tensile stress field (as shown in Fig. 3) but the calculated value of K
was found to vary strongly with the chosen friction coefficient. Noting
that cracks tended to propagate at an angle to the radial direction, we
calculated K for different angles (see example images in Fig. 3 and re-
sults in Fig. 6). Stress intensity values were found to peak for angles
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between 45° and 90°. For our estimated friction coefficient of 0.44 the
maximum stress intensity is 5.65 MPavm (SD 1.16 MPavm), occurring
at an angle of 73° which is comparable to the experimental value of 63°.
However the stress intensity value is surprisingly high: it corresponds to
a crack propagation energy G, value of 694 J/m? which is higher than
that obtained for nacre, a shell material noted for its exceptional
toughness [9].

3.3. Experiment 3: Delamination cracking during impact testing

Table 1 summarises the results from the impact testing. The 20
shells examined contained a total of 640 cracks. Even though the ap-
plied energies were only 10% and 20% of the energy to cause failure, a
large number of cracks formed, and this number almost doubled when
the applied energy was doubled. However the average crack length
remained exactly the same at 2.7 mm, showing that the extra damage
manifested itself as the formation of more cracks, rather than an in-
creased crack length. Cracks formed predominantly in the upper third
of the shell, near the apex (73-77%) rather than in the middle or lower
thirds, and the great majority of cracks were delamination cracks
(83-87%).

The crack propagation energy Gyc estimated from Eq. (2) was found
to be 146 J/m? (standard deviation 21 J/m?) which corresponds to a K¢
of 2.59 MPavm assuming E = 46 GPa as above.

4. Discussion

Two of our three experiments were able to deliver reliable tough-
ness values for this material. We showed that it was possible to in-
vestigate through-thickness cracking in the circumferential direction by
machining small specimens of the conventional SENB type. Owing to
the size and shape of the shell, especially its curvature, it was not
possible to make these SENB specimens in any other orientation. Our
Kic value of 0.98 MPavm is small compared to results from other types
of shells. Fitzer et al. tested mussel shells using nanoindentation to
obtain Kjc values [7]. Their results averaged about 4.5 MPavm but
showed a very large amount of scatter, varying from less than
1.0 MPavm to more than 9.0 MPavm. Several workers have tested nacre
using through-thickness cracks in conventional fracture mechanics
specimens: Currey et al. obtained a K¢ value of 4.5 MPavm [6], Richter
et al. found a similar value of 4.3 MPavm [18]. Barthelat and Espinosa
showed that nacre exhibits R-curve behaviour, i.e. the toughness in-
creases with crack extension [9]. They measured Gjc values varying
from 300 J/m? at crack initiation up to 1500 J/m? during propagation.
These convert to Kjc values of 5.2 and 11.6 MPavm given nacre’s
Young’s modulus which is 90 GPa [9].

Though our K¢ value is much smaller, it is still considerably larger
than the fracture toughness of calcium carbonate in the pure mineral
form of calcite, which is 0.2-0.4 MPavm [19,20], and also much larger
than the same material in the natural form of eggshell, whose K;c we
measured previously as 0.3 MPavm [4]. This implies that the micro-
structure of the limpet shell does confer a significant toughness in-
crease. This microstructure is highly complex, consisting of several
different layers (see Fig. 1), some of which have the calcite crystal form
whilst others have the aragonite form [14]. The type and orientation of
crystals varies from layer to layer. These structures, which differ in
different limpet species, have been elegantly described (see for example
[14]) but their role in conferring toughness has yet to be elucidated. We
observed macroscopic roughness on fracture surfaces (Fig. 4(a)) which
would imply some toughening as a result of crack deflection and
twisting as the crack accommodates itself to the differing crystal or-
ientations of the various layers. At the microscopic scale (Fig. 4(b))
cleavage of individual crystals was evident, which would be expected to
occur at low stress intensity, but the slightly staggered appearance
implies some crack deflection and frictional shearing between in-
dividual crystals during crack face separation, which may also
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Fig. 4. Scanning electron microscope photo-
graphs: (a) The fracture surface from a cir-
cumferential crack (experiment 1: the notch is
on the left hand edge), showing macroscopic
roughness; (b) a higher-magnification view of
part of the same surface, showing cleavage of
individual crystals; (c) the polished surface from
a section cut through-thickness after impact
testing (experiment 3) showing typical delami-
nation cracks and other cracks; and (d) the
fracture surface from a delamination crack
which was macroscopically very smooth but
showed a folded appearance at high magnifi-
cation.
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Fig. 5. Typical force/extension curves under compression loading for a shell,
measured before and after receiving an impact equal to 10% of the failure

energy.

Stress intensity factor [MPavm]

O R, N W Ul OO N 0 O

T T T T T T T T T T
0.02 0.03 0.03 0.04 0.05 0.06 0.07 0.08 0.08 0.09

Table 1
Results from impact testing.
Applied energy (% of critical) 10% 20%
Number of samples 10 10
Number of cracks per sample 24.1 (%=9.2) 39.8 (= 13.6)

Crack length

% of delamination cracks
% cracks in apex region
% cracks in middle region
% cracks in rim region

2.7mm ( = 1.8 mm)
87%
77%
13%
10%

2.7mm ( = 2.1 mm)
83%

73%

22%

5%

contribute to toughness.

Our impact tests returned a higher toughness value for delamination
cracking, with G;c = 146 J/m? and K¢ = 2.59 MPavm. This result may

seem surprising, because the fracture surfaces produced in these ex-
periments were extremely smooth compared to those from the SENB

specimens. However when viewed at high magnification (Fig. 4(d))
they revealed a very regular pattern of folds or pleats, which is

70

80 90 100 110 120 130 140 150 160 170 180

Angle [°]

Fig. 6. Results of FEA showing stress intensity as a function of crack propagation angle and friction coefficient, for an applied compressive load equal to the average

failure load of 800.7 N.
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presumably a reflection of the underlying crystal structure. The
roughness created by these features is only on the 100 nm scale, but it
should be remembered that when these cracks are loaded by impacting
the shell apex, these cracks will experience a mixture of compression
and shear. Therefore these folds may lock together, hindering shear
displacements between the two faces and thus reducing the shear stress
intensity at the crack tips.

These values are somewhat lower than toughness values reported
for nacre: 264 J/m? [18] and (for the initiation toughness in an R-
curve) 300J/m? [9], though Currey et al. measured the delamination
toughness of nacre directly using chevron-notched specimens, and ob-
tained a work-of-fracture value of 150 J/m?, very similar to our result
[6]. Failure by delamination is a common problem for materials which
are built up in layers, not only natural materials but also engineering
materials such as composite laminates, which also show delamination
during impact tests [21]. The need to understand delamination and
other failure modes which occur during impact situations has been
recognised recently in a biomimetic material inspired by the conch shell
structure [22].

One of our three experiments was found to be less credible as a
means for generating a fracture toughness value. Whilst we were able to
generate crack propagation and failure by compressing whole shells
containing radial cracks, FE analysis gave a surprisingly high value of
Kic. This may be due to factors which were not modelled: for example
these shells have surface ridges oriented in the radial direction, which
are visible on Fig. 2. Our FE model did not specifically include these
ridges, which may play a role in stiffening the structure and reducing
stress under compressive loading. In our model, the resulting value of
Kic was highly sensitive to test parameters (especially friction) which
are difficult to measure and not entirely under our control. We did
measure a friction coefficient of p = 0.44, which is a reasonable value,
but this measurement was conducted at low load (the weight of the
shell itself): friction coefficients are known to change with applied load,
and increasing p would lead to lower Kjc predictions from our FE
model, which would be more realistic. Furthermore, cracks tended to
deviate away from the radial direction and towards the circumferential
direction, which we already investigated successfully with our SENB
specimens. What these experiments did demonstrate was that the shell
is remarkably resistant to cracks in this direction: the force required to
cause failure was only slightly reduced when cracks several mm in
length were introduced. Unnotched samples failed by collapse of the
apex, as did one of the notched samples, implying competition between
two different modes of failure. This suggests that the shell has devel-
oped sufficient toughness to resist damage in the form of cracks
spreading upwards from the rim.

From a biological perspective, these results demonstrate some useful
adaptations which help the limpet shell to survive in its environment.
As noted above, fracture due to impact is a common hazard for these
creatures. One consequence of impact is the creation of internal dela-
mination cracks, which can multiply in number and spread until failure
occurs by spalling, creating a hole [13]. We found that the resistance to
this kind of damage is remarkably high. Another effect of impact is the
creation of a crack, which most often starts at the rim and grows up-
wards towards the apex. We showed that the shell is also well adapted
to resist propagation in this circumferential direction. However our
work also revealed a potential weakness in the low toughness for radial
crack propagation. This is probably a result of the way in which the
shell grows and lays down successive layers, but further work would be
needed to investigate this aspect.

5. Conclusions

1. Fracture toughness for through-thickness cracks propagating cir-
cumferentially in limpet shells can be measured using SENB speci-
mens. The resulting Kjc value of 0.98 MPavm is less than values
measured for some other marine shells, but considerably greater
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than those for calcite mineral and eggshell, implying that the multi-
layer structure confers some toughening mechanisms.

. Impact tests cause internal delamination cracks, revealing a weak-
ness in the layered structure of the shell. The crack propagation
toughness obtained (Gic = 146 J/m?) revealed a relatively high
value, about half that of nacre which is known for its remarkable
toughness. This implies that the shells are well adapted for impact
resistance.

. Attempts to measure Kjc for through-thickness radial cracks showed
that resistance to propagation is high in this direction, but it was not
possible to achieve reliable estimates owing to the sensitivity to test
parameters which are difficult to control.
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