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Abstract

The molluscan shell is a natural ceramic composite with excellent fracture strength and fracture toughness, which are attributed to their
unique microstructures. SEM observation on Bivalva shell showed that the shell consists of laminated aragonites and organic layers. There are
different shapes and arrangements of aragonites. The higher fracture roughness of this laminated microstructure is analyzed. The laminated
microstructure of the shell is used for the biomimetic designs of the ceramic/polymer and ceramic/polymer/fiber composite. Comparison of
test of the biomimetic ceramic composite with the original ceramic material shows that the fracture toughness of the biomimetically designed
ceramic composite increases markedly than that of the original ceramic material.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction strength, and toughness of the shell. The periostracum
is the outer layer, consisting mainly of conchiolins. The
Ceramic materials have high hardness and high tempera{prismatic layer is the middle layer, consisting mainly of
ture resistance, but their fracture toughness is relatively low orientated calcitic crystals. The nacreous layer is the inner
due to its sensitivity to existing flaws. The main component layer, consisting mainly of orientated aragonite crystals
of mollusc shell is calcium salt so it is thought as a natural [4]. In nacre, the inorganic aragonite (calcium carbonate)
ceramic composite. Through it contains 95% CaQ@®the looks like ‘brick’ and the biopolymer look like ‘mortar’.
form of aragonite, the fracture work it can bear can be up The inorganic ‘brick’ is 0.4—0.pm thick and 5-1@um
to 3000 times that of pure aragoinjt§. Such a big magni-  wide, the organic ‘mortar or adhesive’ between the bricks
fication can be attributed to the microstructure of the shell, is about 20-30 nm in thickne$3]. The key features of the
suggesting a detailed investigation to the microstructure for ‘brick’ and ‘mortar’ microstructure were illustrated with
the development of promising synthetic ceramic materials fractured surfaces of Pinctada na¢b. An important as-
[2]. pect of the study of mollusc shell structures has been the
A molluscan shell material is composed of 95-99% efforts directed at mimicing or duplicating these biological
crystalline calcite or aragonite (form of calcium carbonate processef3]. Kessler et al[6] studied the fracture behavior
(CaCQ)) and protein film which is used as the binder in of the conch shell and presented an approximate fracture
varying amount from 0.1 to 5% by weigli8]. A mol- mechanics model for describing the fracture mechanism.
luscan shell can be divided into three primary sections: Wang et al.[7] designed two kinds of high toughness ce-
periostracum, prismatic, and nacreous layers. The sum oframic composites of §N4/BN based on the analysis on the
the prismatic and nacreous layers occupies the main struc-structure of natural biomaterials.
tural part of the shell, determining the shape, mechanical In this paper, the SEM observation on the microstructures
of Bivalva shell is presented. It shows that the shell consists
msponding author. of Iaminate_zd aragonite and organic layers. It con_tain_s many
E-mail address: bchen@cqu.edu.cn (B. Chen). layers, which are parallel to the shell surface but in different
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orientation. The fracture toughness of the mollusc shell is
researched based on the main mechanisms that the fiber-like
aragonite plates or sheets are pulled out from their organic
matrix. Based on the observed microstructures, two kinds
of biomimetic ceramic/epoxy resin composite laminates are
fabricated. The impact toughness of these biomimetic lami-
nates is tested and compared with monolithic ceramics. The
results show that the impact toughness of the biomimetic
composite laminates is markedly larger than that of the
monolithic ceramics.

2. SEM observation of the microstructure of Bivalva
shell Fig. 2. The curly ‘tile’ of aragonite packed tightly together.
Structural characteristics vary between species of mollus-
can shell as well as within the same species, based on such lutinated with a bioool I ‘morai3.4
factors as age and the environment in which the mollusc was2dgiutinated with ‘a biopolymer coflagen ‘mor 33,4].

raised. Therefore, the characteristics discussed here may no‘{hetobserv?d S1|::ro_?rt]ru$tur:te ds_;pports thlls E[)O":jt O]I Vt'eV.V 'r? t
represent that of other molluscan shells. The shell used jnMOst aspects but with Slignt ditterence. Instead ot straig

this study is a Bivalva shell (Unio douglasid@g. 1). It is of ‘bricks’, it was found that the aragonites have thin shape.

fan shape, milk white with brown stripe and about 50 mm in In some places_ of the Sh?”’ a kif‘d of curved and thin arag-
maximal length. The SEM samples were prepared by remov- _(I)_?]'te ihe?t’ \.’mmh Ioodksrlllke a t|Ie., can be ft?]urﬁtg f2) b
ing the shell from the mollusc, submerging it in liquid nitro- € sheet with curved shape can increase the intertace be-

gen for about 2 min and then break it down transversely with tween t_he a'ragonlte and the collagéig. 3 shows ano_t her
a small hammer. The obtained samples are about 10-15 mmaragonite microstructure, the shape of these aragonites look

The specimens were then placed on a metal tray using vis:-Ilke slla;csl. Thesﬁ ISI_T:]S pa;]ckfrc]i t'ghrt]l.y ht(;]g?thqr are not
cid fabric. A 12 nm coat of gold—palladium was made using completely parallel with each other, which helps increasing

a sputter coater. These samples were then observed usinﬁ}e pull-out force. The more careful observation reveals
an Amray KYKY-1000B SEM under the voltage of about at these aragonite sheets or slats consist of nanoscale
20KV and with magnifications ranged from 20 to 11,800 aragonite sheets or slatigs. 3—6. The combination of

The focus of the observations is the prismatic and the nacre—mumﬁca!{e mlchrosfcrwlztures etndg_vi;/s ﬂ;)e mOILl.JSC slhell \':V'th
ous layers of the shell excellent mechanical property. The observation also shows

Mollusc shell consists of laminated aragonites (or cal- that the sheets or lathes of the aragonites at different loca-

cites) and organic layers (collagen). Among the microstruc- tlgrghha\lle:[hdﬁfe.rer:;] Sizes anld shapfe fh Forhe|>|<a}mf>le, the s:jze
tural characteristics, the orientation, shape, and size of the?h. ke t?1 e?hmt' r:hlnne; alyer 0 fthe s he I |§I_harg§r an d
aragonites dominate the mechanical properties of mollusc ickerihan that in the outer fayer ot the shell. The size an
shell [4], which has been receiving much attention but is shape of the lathes corresponds to the stress in that loca-

still surrounded by controversy. The most widely accepted tion of the s.hell. The arrangements of the aragonite sheets
point of view is that the nacre layer consists of a series of and lathes in the shell were also researched. The results
inorganic straight ‘bricks’, and the prismatic layer consists
of a series of inorganic ‘lathes’ parallel with each other.
These ‘bricks’ or ‘lathes’ are packed tightly together and

Fig. 1. The Bivalva with fan shape. Fig. 3. The ‘slat’ of aragonite packed tightly together.
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Fig. 7. The sketch of the putout of fibers from matrix.

3. The energy dissipation for pull-out of aragonite
from matrix

The aragonite “fiber” observed in the seashell is not com-
mon in man-made ceramics. The increase of the energy dis-
sipated when pulling ‘fibers’ out from the matrix is the main
mechanism to increase fracture toughness of molluscan shell
[5]. Suppose the aragonite “fibers” embedded in the matrix
were straight and parallel to the direction of the traction
(Fig. 7), the work done by pulling the fibers out from matrix
can be estimated witf8]

Vi1, D?
Wp=—2" 1
P o (1)
i v whereWp is the work dissipated/; andz; the fiber volume
¢ AMRRY “eqed fraction and the shear stress at fiber and matrix interface,

D the interval between two lacuna in the fib§¢d$, which
corresponds to the length of pull-out part of a fiber, ahd
is the diameter of fiber. It can be seen frég. (1)that the

. . larger the fiber volume fractiofit;, the shear stress at fiber
show that there are various aragonite arrangements. These

e R and matrix interface, and the interval of two lacun@, the
arrangements look like “fiber” layup which include parallel more the work will be dissipated. The larger the diameter
(Fig. 4), crossedFig. 5), and inclined onesHig. 6). These P ' 9

o ) . . is, the less the fracture work of the ‘fibers’ will be. It can be
arrangements of “fiber” may increase the energy dissipated.

e . : . - lllustrates why the volume fraction of the aragonite “fibers”
when “fibers” are pulled out from matrix, which may, in . L i
. . is such large and their size is such small in mollusc shell of
turn, increase the fracture toughness of the material.

higher fracture strength and fracture toughness.

Fig. 5. The aragonite battens with crossed arrangement.

4. Fabrication and impact toughness test of biomimic
ceramics/polymer composite

The unique laminated microstructure observed in
Unio douglasiae shell was used to design and fabricate
biomimetic ceramic composite. Two kinds of biomimetic
ceramics/polymer composites were investigated. One is the
BN/epoxy resin and the other is BN/EW160A glass/epoxy
fabric composite. These materials were selected because
of their extensive use in civil and industrial structures.
The fabrication of the composite specimens is stated as
follows: firstly, BN was produced into sheets of 4mm
thickness, then these sheets were felted with epoxy resin,
Fig. 6. The aragonite sheets with inclined arrangement. after that, the laminate was placed in a hot press and the

AOpm
¥

v
AY

=QR35



2014 B. Chen et al./Ceramics International 30 (2004) 2011-2014

Table 1
Testing results of ultimate impact toughness, shows a remarkable increase in the impact fracture toughness of the laminated ceramic/polmser specim
with fiber or without fiber compared with that of the monolithic form of the same ceramic specimens

Number of Ultimate impact toughness of Ultimate impact toughness of Ultimate impact toughness of
layer laminated ceramics with laminated ceramics without monolithic ceramics
fibers (1073 J/mn?) fibers (1073 J/mn?) (1073 J/mn¥)
3 4.3 34 2.6
4 5.2 4.6 3.2

laminate. The laminated aragonites embedded in proteina-
ceous matrix and paralleled the surface of the shell. The
SEM observation also shows that the laminated aragonites
have various sizes and shapes in the shell which include
curl aragonite sheets and incompletely parallel slats. These
P aragonites consist of thinner aragonite sheets or slats.
The arrangements of aragonites have also various forms
which include parallel, crossed, and inclined ones. The
size, shape, and arrangement adopted depend strongly on
the state of local stress. The energy dissipated during the
fracture of shell and the pulled out of ‘fibers’ of arago-
nites can illustrate the excellent toughness of molluscan
shell. The specimens of two kinds of biomimetic com-
posite laminates were made and tested. The results show
that the impact fracture toughness of the specimens of two
kinds of the biomimetic ceramic/polymer composite lami-
nates markedly increases compared with that of monolithic

Specimen

Fig. 8. The sketch of the experiment of the impact fracture toughness.

cured under pressure of 80 MPa at 220for 12 h when the
composite laminate was solidified. Then the ceramics/resin
composite laminates were machined into the specimens for
impact experiment. The fabrication of the BN/EW160A
glass/epoxy fabric composite specimens is similar to that of ceramics.
the BN/epoxy resin, the difference is that fiber fabrics were
placed between ceramic sheets.

The impact toughness of these specimens was tested wit
an impact toughness tester. The sketches of the experiment
and the specimens are shownkig. 8 For comparison,
monolithic ceramics with the same size were also fabricate
and tested. The impact toughness can be calculated as fo
lows:

o = _p 1)
where W is the energy absorbed by the specimen during
impact fracture processy the impact fracture toughness, [1] J.D. Currey, Proc. Soc. Lond. B 196 (1977) 443-452.

anda andb are the width and the thickness of the working [2] M. Sarikaya, K.E. Gunnison, M. Yasrebi, D.L. Milius, I.A. Akay,
section of the specimens. The impact fracture toughness of geaShCeg;aS ?Ega;tugr'o?ii tos?cldﬁo'f"(‘_jgs:ed &??pToeS;thes'cig;, fA)m-
the two kinds .Of .blomlme.tlc ceramic composite laminate B:)accksburg’:,) VA. Te;chnomic Publishing Co. Incl.), 1989, pp. 176—183’.
and the monolithic ceramics are shownTable 1 It can 3] D.L. Kaplan, Mollusc shell structures: novel design strategies for
be seen that the impact fracture toughness of the laminated  synthetic materials, Biomaterials 3 (1998) 232—-236.

specimens with BN/epoxy resin has a remarkable increase[4] D. Chateigner, C. Hedegaard, H.R. Wenk, Mollusc shell microstruc-
compared with that of the specimens of monolithic BN, t1u7r§§ and crystallographic textures, J. Struct. Geol. 22 (2000) 1723—
and th.e |r_npa<_:t toughness .Of the Iammgted speC|rr_1ens Of[5] A. Jéckson, J. Vincent, R. Turner, The mechanical design of nacre,
BN/resin/fiber is the largest in the three kinds of specimens. "~ p;oc & soc. Lond. B 234 (1988) 415-440.

[6] H. Kessler, B. Roberto, L. Robert, T. Kuhn, H. Heuer, Comput. Mater.
Sci. 5 (1996) 157-166.
5. Conclusions [7] C.-A. Wang, Y. Huang, Q. Zan, H. Guo, S. Cai, Biomimetic structure
design—a possible approach to change the brittleness of ceramics in
. . . . nature, Mater. Sci. Eng. C 11 (2000) 9-12.
The SEM observation of Bivalva (Unio douglasiae) shell 18] G.A. Cooper, J. Mater. Sci. 5 (1970) 645653

reveals that the shell is an organic—inorganic composite
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