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The structure and mechanical behavior of Saxidomus purpuratus bivalve shell were investigated. XRD results
show that the only form of calcium carbonate present in the shell is aragonite. The inner and middle layers
have a cross-lamellar structure, while the outer layer has porosity and does not have tiles, but instead has
‘blocky’ regions. The hardness of middle and inner layer are close in both plane view and cross section, but the
hardness of outer layer is significantly less, especially in the plane view. The compressive strengths with
loading along the three orientations were established and significant differences were found. The Weibull
strength at 50% of the probability of failure varies between 59 and 148 MPa and is dependent on the loading
orientation and in condition of shell (dry vs. hydrated). These differences are interpreted in terms of the
anisotropic structure and coarser structure of the external layer.
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1. Introduction

Through natural selection over hundreds of millions of years,
mollusk shells have developed their structure and mechanical
properties to protect themselves from attack by a variety of marine
predators, which try to break it using compressive force application,
prying attack or nipping attempt. Hence, their properties, considering
the simple constituents, are much better than man-made materials.
The components of biological shells are calcium carbonate which is in
general about 95 wt.% and less than 5 wt.% organic materials [1–3].
The two principal polymorphs of calcium carbonate in shells are
aragonite and calcite. X-ray diffraction (XRD) is usually used to detect
the detailed structure of these minerals. In 1960, Lutts et al. [4]
identified the calcium carbonate phases for 19mollusk shells. In 1963,
Wilbur and Watabe [5] studied the regeneration process with some
mollusk species and found that the crystalline phase in some species
was not changed during regeneration. Calcium carbonate changed
from the amorphous state to aragonite during the growth of the shells.
Calcite traces were only detected in some organisms [6]. Investigators
analyzed the CaCO3 polymorphs in different kinds of shells with
different treatments [7–15]. Most of the shells contain aragonite.
Some species have both aragonite and calcite, such as Pecten maximus,
that contains aragonite and calcite in a proportion of 3:7. The external
layer in abalone is also calcitic. Paula and Silveira [16] summarized the
analytical methods including XRD method. The different CaCO3

polymorphs can form different types of morphologies, such as
prismatic structure, sheet nacreous structure, lenticular nacreous
structure, foliated structure, cross-lamellar structure, complex cross-
lamellar structure and homogeneous structure [17,18].

These structures, with simple components, can result in outstand-
ing properties, such as flexure strength and toughness. The compres-
sion strengths of a significant number of shell species have already
prepare the specimens. Left and middle: separate components for
: assembled fixture.
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Fig. 2. XRD results of inner (bottom), middle and outer (top) layers of Saxidomus
purpuratus shell. All the layers are aragonite. Outer layer has more peaks than inner and
middle layers.

Fig. 3. Cross sections parallel and perpendicular to growth lines of Saxidomus
purpuratus shell and the orientations of compression specimens: Orientation A, loading
perpendicular to the shell surface; Orientation B, loading parallel to the shell surface
and growth lines; Orientation C, loading parallel to the shell surface and perpendicular
to the growth lines.
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been investigated [1,17–25]. The high strength and good toughness of
shells were first identified by Currey and Taylor [1,18–20]. They
attested that the strongest shells had nearly twice the compressive
strength of bone. Although the flexure strength of shells with some
structures, such as homogeneous structure, is not as high as that of
bone, the compression strengths of shells can be much higher than
bone [17]. Bone has a compression strength of between 88 and
232 MPa and a tension strength between 80 and 138 MPa[17,26].

Menig et al. [21,22] investigated the quasi-static and dynamic
mechanical response ofHaliotis rufescens and Strombus gigas including
Table 1
Calcium carbonate polymorphs of different shells with different state and treatments. (A:
aragonite, C: calcite).

Organisms State
tested

Treatment Mineral Ref

Gastropoda Haliotis rufescens Powder R.T. A 13,14
Powder 500 °C,

10 min
A→C 14

Stromubus gigas Bulk/
powder

A 8,9,11

Pomacea canaliculata
Lamarck

Powder Unannealed A 12

Annealed,
N400 °C

A→C 12

Annealed,
500 °C

C 12

Annealed,
900 °C

CaO 12

Trochus maculates Powder A 13
“Flat pearl” (nacreous,
block-like, spherulitic
layer)

Plane
view

A 7

“Flat pearl” (prismatic
layer)

Plane
view

C 7

Bivalve Tridacna gigas Bulk A 9
Meretrix lusoria Powder/

bulk
A 10, 13

Preria penguin Powder/
bulk

A 10, 13

Pecten maximus Powder A(30%)+C 13
Tellinella asperrima Powder/

nacre
A 15

Saxidomus purpuratus Inner/
middle/
outer
layers

A Present
work
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compression and analyzed the results by Weibull statistics. They
showed that the quasi-static compression strength (measured as
failure probability of 50% [P(V)=0.5] ) of abalone and conch are
540 MPa and 166 MPa respectively for loading perpendicular to the
shell surfaces; and 235 MPa and 310 MPa respectively for loading
parallel to the shell surfaces. Lin et al. [23] later investigated the
mechanical properties of a clam called Tridacna gigas and compared
the results with those obtained by Menig et al. [21,22]. They found
that the compression strength of red abalone (Haliotis rufescens) is
about twice as that of clam (Tridacna gigas) and four times as that of
conch (Strombus gigas). This difference is the direct consequence of
the much lower fraction of the mineral component in bone:
approximately 0.3 to 0.6 on a volume basis.

Herein, the structure of Saxidomus purpuratus shells was charac-
terized by X-ray diffraction and scanning electron microscopy (SEM),
and some mechanical properties including hardness and compression
behavior were investigated.
Fig. 4. Overall view of the cross section perpendicular to the growth lines.
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2. Experimental techniques

The Saxidomus purpuratus shells, which are bivalves and like to live
in groups in thewater rich with diatom foods, were collected from Bo/
Huang Sea Area near Dalian city in China. This kind of shell was chosen
because its thickness is sufficient so that the specimens can be
prepared in different orientations. They were cleaned carefully and
dried in air at room temperature. Specimens were cut with a water-
cooled low-speed diamond saw. The specimens used in XRD test, OM
observation and hardness testing were ground with sand paper from
400# to 2000# and polished carefully to decrease the size and the
number of the microcracks.
Fig. 5. Structural characterizations of the shell. (a) Blocky pattern of outer layer, (b) outer
parallel to growth lines, (e) region close to outer layer beginning to have tiles in the middl

Please cite this article as: W. Yang, et al., Materials Science and Engine
Plane view specimens of inner, middle and outer layers with a
length of about 1.2 mm were prepared to perform XRD test using
RigakuMiniFlex II Desktop X-ray Diffractometer with Cu Kα radiation.
The inner and outer layer specimens were polished from inner and
outer layer, respectively, until theywere just flat, and themiddle layer
specimen was chosen approximately in the middle of the thickness of
the shell. The structures of shells were observed with a FEI scanning
electron microscope of the fractured specimens along planes parallel
and perpendicular to the surface markings indicating growth lines
after being gold sputtered. Hardness tests were carried out with plane
view specimens of the three layers and cross section specimens,
parallel and perpendicular to the growth lines using loads of 100 gf
layer with porosity, (c) cross section perpendicular to growth lines, (d) cross section
e layer, and (f) the lamellae in middle and inner layers.

ering C (2010), doi:10.1016/j.msec.2010.10.003
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Fig. 6. Hardness across cross sections parallel and perpendicular to the growth lines
(GL) as a function of the normalized position (x=0.0–1.0) from outer to inner layer;
loads of (a) 100 gf and (b) 200 gf. Hardness along plane view (taken in the positions).
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and 200 gf with a Leco M-400-H1 hardness testing machine. The
indentations were separated sufficiently to ensure that the indenta-
tion regions would not affect the adjacent regions. Dry and wet
compression specimens with approximate dimensions of
3.5×3.5×3.5 mm were prepared in three orientations: loading
perpendicular to the shell surface (A), parallel to the shell surface
and growth lines (B) and parallel to the shell surface but perpendic-
ular to the growth lines (C).

Wet (hydrated) compression specimens were prepared with a
special fixture to ensure that the two surfaces of the specimens loaded
were flat and parallel (Fig. 1). The shells for these tests were about
3–8 mm thick. This thickness allowed the samples to be polished until
their edges where parallel, eliminating the irregularities and non-
parallelism in their surfaces. The diamond blade cuts were made
without removing the specimen from the grips to ensure parallelism
of the surfaces being tested. A thin sheet of plastic and grease were
used tominimize stress concentrations of the contact regions with the
platens. All the compression specimens were tested under constant
loading rate of 1×10−3 s−1 in an Instron 3367 testing machine.

3. Results and discussion

3.1. Structural characterization

Fig. 2 shows the XRD patterns obtained from the inner, middle and
outer layers of the shells. The intensity and d spacings of the labeled
peaks of the three layers correspond to the 2θ angles of XRD peaks of
aragonite. The inner layer shows a distinct texture. The intensities of the
(012), (102) and (113) reflections are much stronger than other
reflections. Themiddle layer shows a similar peak intensity distribution
as the inner layer, but its (102)peak is not as strongas that of inner layer.
However, the outer layer shows more XRD peaks than the others. As
most of themollusk shells, themain CaCO3 configuration existing in the
shell is aragonite. Table 1 shows calcium carbonate polymorphs for
different shells. Only a few shells, such as Pecten maximus [13]¸ contain
both aragonite and calcite. When heated to a temperature of about
400 °C or 500 °C, the structure of the shells changes from aragonite to
calcite. This transformation occurs because aragonite is a thermody-
namically unstable phase of calcium carbonate which exists stably with
the present of organic compound at room temperature [27].

Fig. 3 shows the cross-sectional morphologies parallel and
perpendicular to the growth lines of the shell and the three
orientations of the compression specimens with loads. The dashed
lines on the little cubes stand for the growth lines. The OM pictures
show an alternation of light and dark layers. The light region is the
outer layer. The layers in the cross section parallel to the growth lines
correspond to the shape of shell in that part. The layers in the cross
section perpendicular to the growth lines taken from the edge of shell
show an outward curvature. In the edge of the shell, the inner layers
are parallel to each other and follow the shape of shell, but when they
reach the outer layer, they bend toward the surface of the shell. These
layers represent the growth sequence in the shell, as it increases in
both size and thickness.

The detailed structure of the shell is seen in Fig. 4 (SEM), which
shows the whole view of the cross section perpendicular to the
growth lines. The approximate ranges of outer, middle, and inner
layers are shown in the picture. Higher magnification was used to
distinguish the differences between the structures of three layers.
Fig. 5(a) shows the ‘blocky’ pattern of the outer layer and its detailed
porous structure is shown in Fig. 5(b); as one goes toward the middle
layer, the structure begins gradually to have tiles. The middle and
inner layers have similar crossed-lamellar structure. Fig. 5(c) and
(d) shows the morphologies of the cross section perpendicular and
parallel to the growth lines, respectively. The orientations of the
lamellae are pointed by arrows. Fig. 5(e) shows parallel arrays of tiles
(lamellae) in the transition region. Fig. 5(f) shows the lamellae in the
Please cite this article as: W. Yang, et al., Materials Science and Engine
middle and inner layer whose average thickness, d, of about 250 nm.
The thickness of these tiles (lamellae) is lower than that of the abalone
(~450 nm) [21] and of the bivalve Araguaia shell (~1500 nm). [28].

3.2. Mechanical properties

The hardness was measured with five measurements in the plane
view and one measurement in the cross sections. This was done to
establish whether it changes from outer to inner portions of the shell
both parallel and perpendicular to the growth lines. The length of the
diagonal of the indentation is about 25–75 μm. The corners of some
indentation were damaged or broken. Some cracks spread around
from the tip of the indentation, and someweak lamellae are lost in the
corner by the load. The hardness is calculated by the equation [29],

HV =
2P sinðα= 2Þ

d2
=

1:8544P
d2

ð1Þ

in which P is the applied load (in kgf), d is the average length of the
diagonals (inmm) andα is the angle between the opposite surfaces of
the indenter (136°). The results are shown in Fig. 6(a) and (b),
respectively. The horizontal coordinate represents the normalized
distance from outer layer to inner layer, and the Y coordinate
represents the hardness. The variation in hardness is more distinct
under loading of 100 gf. One can see the trend of the hardness in the
ering C (2010), doi:10.1016/j.msec.2010.10.003
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cross section from the outer layer to inner layer in Fig. 6(a). Among
the three layers in the cross section, the hardness of outer layer is
lowest but varies greatly. The hardness of cross section perpendicular
to the growth lines varies more than that of cross section parallel to
the growth lines. The hardness of plane view layers is easier to
evaluate under the load of 200 gf, and is shown in Fig. 6(b). The
hardness (plane view) of outer layer (~1200 MPa) is considerably
lower than those of middle (~2400 MPa) and inner layer
(~2700 MPa) due to their different structures and porosities.

The compression strengths were obtained from about 10 speci-
mens in each orientation and analyzed by theWeibull method and are
shown in Fig. 7. The specimens in Orientation A are much harder to
obtain because the shell was too thin in some areas for a 3.5 mm
specimen to be made from it. A typical stress-strain plot tested in
Orientation B is shown in Fig. 7(a). The compression strength and
modulus are 88.3 MPa and 11.9 GPa, respectively. The two drops in
load (marked by arrows) indicate that the cracks that formed were
often of the ‘axial splitting’ kind and the specimens were not damaged
catastrophically. Fig. 7(b)–(d) shows the compression strengths fitted
with Weibull curves for Orientations A, B and C, respectively. These
orientations are defined in Section 2. As seen above, the hardness in
Orientation C is the highest, while the hardness in Orientation A is the
lowest. The compression strengths obtained with dry/wet specimens
(50% of the probability of failure) are 101.6/109.8 MPa and 101.8/
148.0 MPa in Orientations B and C, respectively, while the one for
Fig. 7. Compression test results; (a) a typical stress-strain plot obtained in Orientation B; (b)
wet specimens in Orientations B and C, respectively.

Please cite this article as: W. Yang, et al., Materials Science and Engine
Orientation A is lower (58.8/105.0 MPa). The strength in Orientations
A and C for dry differ considerably from the strength for wet in the
same orientations, respectively. This is well known for shells and has
been attributed to the effect of hydration on the mechanical
properties of the organic interlayer. The Weibull modulus, which
depends on the distribution of flaw sizes [30,31], is a measure of the
variability of strength. The higher the value of m, the less the
variability of the material strength is [29]. So, there is less variation in
the compression strengths in Orientations B (m=4.81, 2.21) and C
(m=4.42, 3.93) than in Orientation A (m=2.67, 2.36). This indicates
that mechanical properties of the shell are anisotropic. One possible
reason for the difference is that the compressive specimens
incorporate both the external and internal regions, which have
different strengths. When loading is applied perpendicular to the
surface, the two components are in series and the strength of the
weakest component (the outside layer) determines the strength of
the specimen. On the other hand, when loading is applied in the plane
of the shell, the two components are in parallel and subjected to the
same stress. The strongest (middle and inner layers) can carry load to
a higher level than the outside, and the specimens are consequently
stronger. The compressive strengths of the Araguaia bivalve shells
[28] (the strongest in compression studied by our group) were
567 MPa perpendicular and 347 MPa parallel to surface. Hence,
Saxidomus purpuratus is also much weaker than the shells previously
mentioned, such as abalone and conch [21,22]. This can be attributed
Weibull fit of dry and wet specimens in Orientation A; and (c, d) Weibull fit of dry and
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to a lower fraction of organic material in the structure of the
Saxidomus shell.

4. Conclusions

The structure of Saxidomus purpuratus shells was analyzed by XRD,
OM and SEM. The mechanical properties were investigated through
hardness and compression tests. The calcium carbonate exists in
aragonite structure in the three layers. The outer layer has a porous
blocky structure, while the middle and inner layers have a cross-
lamellar structure with distinct XRD patterns. The hardness in plane
view of the outer layer is much lower than that of the inner and
middle layer and varies considerably in the cross sections, both
perpendicular and parallel to the growth lines. The hardness of middle
and inner layers show less variability than that of the outer layer. The
compression strength with loading perpendicular to the surface of the
shell is the lowest and shows the greatest variation. Because the
component with the lowest strength (outside) fails first and its
strength determines the overall strength. For the other two loading
directions, the interface is parallel to the loading direction and the two
regions act as springs in parallel. The strengths vary between
approximately ~50 and 150 MPa, which is much lower than shells
previously studied by our group. These ranged from ~160 to
~550 MPa [21–23,28].
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