






Multiple partial loading/unloading nanoindentations made
on polished folia samples were used to determine the hardness
and elastic modulus as a function of depth. The results are
shown in Fig. 2, along with hardness and elastic modulus values
that were calculated from the load–displacement curve using
standard techniques [10]. A typical load–displacement curve, as
shown in Fig. 2a, indicates plastic deformation of the folia. The
hardness was determined to be 3.2±0.1 GPa, and the elastic
modulus was found to be 73±1.2 GPa (Fig. 2b). Wang et al.
[11] reported that the microhardness of the sea urchin teeth
composed of calcitic fibers ranges from a low value of 140 kg
mm−2 to a high value of 360 kg mm−2. They explain that the
reason for the higher values of microhardness in urchin teeth is
due to magnesium occlusion. The occlusion of magnesium into
the calcite crystal lattice causes lattice distortion, which in turn
increases the sliding resistance of dislocations and the
deformation resistance of the crystals. Compared with urchin
teeth consisting only of calcite, these urchin teeth show a high
level of microhardness but with a large variation in hardness

(220 kg mm−2) that changes depending upon the region and the
magnesium concentration.

The SEM (scanning electron microscopy) image in Fig. 3
shows the cross-section of fractured folia under the myostra-
cum. As shown in Fig. 3b, foliated laths, which constitute folia,
exist in the form of clusters having the same orientation.

Using the Kikuchi patterns obtained by TEM (transmission
electron microscopy), the orientation of each of 17 foliated laths

Fig. 4. Stereographic projection of (0001) plane of folia. The number of tiles
analyzed by the Kikuchi pattern is seventeen (full circle: wN0, open circle:
wb0).

Table 1
Summary of zone axis orientation and calculated angle of foliated laths

No. Zone axis Angle a

(°)
No. Zone axis Angle a

(°)u v w u v w

1 −223 −439 2646 0 10 1050 −120 −2103 138.9
2 630 591 1515 110.3 11 41 1022 −1845 151.7
3 −879 48 2337 34.8 12 924 −1119 2595 53.5
4 −948 201 2415 40.2 13 −1288 1325 −2361 116.0
5 929 −948 2688 56.6 14 −1067 1252 −2481 122.7
6 −239 −740 2136 18.0 15 912 −918 −2706 110.6
7 −602 −104 2574 22.7 16 411 −111 −2907 147.1
8 −623 565 2877 57.2 17 −935 1306 −2424 127.8
9 −353 −497 −2397 88.5
a The calculated angle between zone axis of each lath and that of No. 1 (−223

−439 2646).

Fig. 5. Crack morphologies of folia on the cross-sectional surface. The arrows in
the figures show a direction of crack propagation: (a) SEM of the perpendicular
area of the microindentation zone and (b) SEM of the parallel area of the
microindentation zone. Scale bar is 1μm.
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constituting folia was analyzed (Fig. 4, Table 1). The stereo-
graphic pattern (001) shows the distribution of the zone axis of
each lath arranged centering on the plane. From the picture
(001), we can see that the distribution is made in a circular form
centering on the plane (001), and plane and laths each have their
own peculiar angle of planes. In order to evaluate the tilt of each
lath, we set the exterior lath among the 17 foliate laths as the
reference plane (No. 1 in Table 1) and then calculated the
orientation of each lath (Table 1). As shown in Table 1, we
found that the orientation of each lath is not the same, but is
similar to one of two types. These two groups were divided into
type I, which forms orientation within 90°, and type II, within
N100° (see Table 1).

The path of the cracks of the folia propagating in the vertical
and horizontal direction with respect to folia is shown in Fig. 5a
and b, respectively. The vertical directional crack path, several
foliated laths formed a group exhibiting the identical pattern of
straight, vertical crack propagation. Each group was separated
by short horizontal crack along the interface of folia. Exception
to this behavior (dotted line with arrow) was also found. The
crack formed along the horizontal direction also showed a
regular and hierarchical crack pattern (Fig. 5b). Obviously, the
mechanical properties (toughness, strength, etc) of the
laminated structure in this part are optimal when the main
crack propagates perpendicular to the interface plane. They are
much weaker when the main crack propagates parallel to the
interface.

4. Discussion

Folia occupy 60–70% by volume of the shell. It is interesting
to note that the construction of the oyster shell is quite different
from the nacre layer in abalone (Fig. 1). When compared with
nacre, it can be seen that it has the same laminated layer as nacre
on the morphology in the direction of the c axis. However,
oyster shell folia consist of calcite (rhombohedral), while nacre
consists of aragonite (orthorhombic) [12].

Hardness and elastic modulus are important mechanical prop-
erties of all shells, which need to be optimized to protect the living
body inside. The folia purely consisting of calcium carbonate
have a constant hardness regardless of the region (Fig. 2b). It has
also been shown that the hardness of folia is similar to the
maximum hardness of urchin teeth (3.2 GPa corresponds to
325 kg mm−2 by unit conversion) [11]. This result shows that the
density of organic and inorganic components in the folia is
uniform. It has been reported that the elastic modulus of nacre
consisting of aragonite is 50 GPa [13], but Li and Nardi [14] have
stated that the elastic modulus of scallop shell, which consists of
multilayers of aragonite and has a crossed lamellar structure in
which each layer has different orientation, is 87 GPa. Menig et al.
[15] reported that the strength and toughness of conch shell,
which has “plywood” structure characteristics and consists of
aragonite, are much higher than those of calcium carbonate,
which is described as mineral. They also reported that conch shell
has outstanding mechanical properties due to the effects of the
organic layers distributed on the boundary of each layer and the
preferred orientations of the multilayered structure. Of course,

there is some uncertainty about a given shell's history, including
its age and degree of hydration. As such, we know that the
comparison of the mechanical properties of these shells requires a
statistical analysis in order to be quantitatively evaluated. How-
ever, when considering that folia consist of calcite and differ in
their organic matrix from scallop shell and conch shell, which
belong to nacre, it can be assumed that the orientation of the folia
can also affect the material properties of the adult shell of C.
gigas. In addition, from the results above, we can see that folia
consisting of calcite have much better mechanical properties than
any other biomineral components consisting of calcitic layers. In
light of these considerations it is very appropriate that themajority
of the shell's volume is built of the folia.

A foliated structure does not fracture as cleanly at the inter-
crystalline organic matrices as a prismatic structure does [9], but
fractures do provide valuable information about the form of
laths.

The statistical chart of direction in Table 1 and Fig. 4 reveals
that type I and type II have about the same proportion and are
concentrated within a range of 60° (from 18° to 88°) or 41° (from
110° to 151°), respectively (Table 1). We observed that both type
I and type II consist of some clusters (Table 1: Nos. 3–8, Nos.
13–17). This result may lead to the inference that the orientation
of tablets has some sort of regularity. Moreover, this result is
consistent with the SEM image of fractured folia (Fig. 3).

Crack deflection is the most commonly observed phenom-
enon in nacre, especially when cracking occurs in a direction
perpendicular to the aragonite layer [16]. Cracking occurs mainly
along the direction normal to the aragonite layer, while the in-
terfaces along the layers maintain close contact. Therefore, the
binding forces between the organic phase and the aragonite layer
will inhibit further development of the crack [17]. It has been
reported that nacre grows in a “Christmas tree” pattern [18,19] and
all tablets consisting of nacre along the same “Christmas tree”
have the same crystallographic orientation [20]. Thus, it could be
estimated that in the folia showing the same morphology as the
laminated layer and having smaller quantity of the organic matrix
than nacre, the pattern of crystal growth and morphology in vivo
of the folia is different from that of nacre.

Obviously, the anisotropy of foliated lath is closely related
to the highly ordered microarchitectural characteristics and
would be the main reason for the mechanical properties of
oyster shell.

The adult shell of C. gigas mostly consists of calcite and has
lower hardness and relatively lower content of organic materials
than aragonite has. As one of the means to make up for this
shortcoming, we can assume that the orientations of folia in C.
gigas are adjusted. Normal calcite would show a brittle cleavage
parallel to the {10–14} crystallographic lattice planes that de-
fine the typical calcite rhombohedra [21]. This modification of
the material properties has already been reported for biogenic
calcite [22,23]. However, most of the reports about biogenic
calcite have dealt only with the calcareous spicule of the sea
urchin, which seems to have a conchoidal fracture pattern. From
the result of the crack test of folia, we can see that folia in the
oyster shell also have an anisotropic fracture pattern, which was
previously observed in the lamellar structure (Fig. 5).
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5. Conclusions

From this study, we could firstly see that the folia in the
oyster shell of Crassostrea gigas have a peculiar orientation
which is distinguished from any other biomineral consisting of
calcite, as well as nacre which has the same lamellar structure.
The fracture and microindentation zone morphologies, as well
as cracking behavior of the folia, are anisotropic, and strongly
reflect its microstructural character. Regular and periodic
fracture pattern of folia is due to the interaction between
cleavage plane (104) and grouped type I and type II orientations
of folia. This will be a result of the high order of hierarchy in this
nanostructure, which leads to crack deflection and arrest at
inter-lamellar boundaries, enhancing the material's resistance to
fracture. Comparing the mechanical properties and the amount
of organic matrix of folia with those of nacre, these structural
features of folia may have a relationship with the survival
strategy of C. gigas through the two different orientation types
in order to make up for relatively lower hardness and lower
quantity of organic matrix which is due to the fact that the adult
oyster shell mostly consists of calcite. It is recommended that an
in-depth study on this topic should be conducted in the near
future.
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