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19 A Review on the Structure and Mechanical
Properties of Mollusk Shells - Perspectives
on Synthetic Biomimetic Materials

firancols Barthelat - Jee £, Rim - Horecio 0, Espinerg™
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19.1
Intreduction

MWatural materials can exhibit remarkable combinations of stiffncss, low weight,
strength, and {ouphness which are in some cases unmatched by manmade matenals.
In the past two decades significant efforts were therefore undertaken ip fhe materials
resgarch commumity to elucidate the microstiicluce and mechanisms behind these
mechanjcal performances, in order to duplicate them in grtificial matedals [1,2].
This approach to design, called bomimetics, has now started o yield materials with
remarkable properties. The first st2p in this biomimetic approach is the identifica-
tion of marerials perfurmances in natural materiais, together wilh » fundamental
understanding of the mechanisms behind these performances (which has been proatly
accelerated by recent techniques such as scanning probe microscopy).

The mechanical performance of natural materials is Tustraled in Fig. 191, a
material properties map for a selevtion of natural ceramics, biopolymer, and thoic
cormposites [3]. The upper left comer of the map shows soft and tough materials such
as skin, with a mechanical behavior similar 1o elastomers. The lower tight comer of
Lhe chart shows stiff bot brinle minerals such as hydroxcyapatite or calcite, Most hard
iological materials incorporate minerals into soft matrices, mostly to achieve the
stiffness required for stuctural support or armored protection [4]. These matedals
arc seen in the upper right part of the map and show how natural materials achieve
high stiffness by incorporating mincrals while retaining an exceptional toughness.
Alternatvely, one can consider howw natural materials tom beittle minerald iole much
tougher materials, in sume cases only with a few percent additions of biopolymers.
These materials have in general relatively complex struclires organized over several
length scales (hierarchical structures [1, 2]) with mechanisins operating over several
lengrh scales, down to the nanoscale [3, 6],

Meallusk shells, the topic of this chapter, are an cxccllent example of such high-
performance natral materials, Mollusks are composed to at least 95% of minerals

* Comesponding anthos
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such a5 caleiom carbonate (calcite, aragonils), yet by comparison with these brit-
tle materdals, mollusk shells are abouot 1,00-times tougher {see Fig, 15,1}, at ﬂle.
expense of 4 small reduction in stiffress. How is such performancs achieved? Can 1t
e duplicated in artificial materials? This chapter gives first an overview of mollusk
evalution and gencral charasteristics. The next two parts then fovus on the detailed
stoyeture gnd mechanics of two of the materials found o shells: the calcitc Pink
Conch shell and Nacre from Bed Abalone. Finelly, the intricate stmctures and mech-
snisms of these materials have already inspired amificial malerials, which are dis-
cussed in the last part of the chapter.

1.1.1
Mollusk Shells: Ovarview

Iollusks appearcd 545 million years epo, snd comprise about 60,000 species [7],
They have a very soft body {mollis means soft in Latin} and rnost of them grow

19 A Beview oo the Smucture and dechanical Fropenies of Mollosk Shelly 1%

a hard shell for protecton. The earlier mellusks were small (2-5 mm) with shell
structires very sirmlar to the modem forms. The size and ihe diversity of the mollusk
family increased dramatically 440-500 millions years ago, with the apparition of
variaus ¢lasses. Cumently, the class that includes the lazgest number of species is (he
Cruxtropoda, with about 35,0KK) Living spocics. These include mostly marine species
{Canch shell, top shell, abalone), tut alse land specics (land snails). The sseond
largest class, the Bivalvia, counts about 10,00 species and includes clams, ovsers,
and freshwater mnssels.

The ghell of mollusks is grown by the mantle, o 5odi tissus that covers the nside
of the shell. A great variety of shell structures has emerged from this process. They
include prismatic, foliated and cross lamellar stuclure, columnar and sheer nace
(Fig. 19.2). All of these slructures use either caleite or aragonite, with a small amount
of orgamic roaterial that never exceeds 3% of the composition in weight. In order to
provide an efficient prodection, the shell must be both stiff and strong, Mechanical
tests on about 20 different species of seashells by Currey and Taylor [#] revealed an
elastic modulus ranging from 40 to 70:GPa, and a strength in the 20-120-MPa range.
By comparizon, human femoral booe is softer (£ = 20 GFa) bur stronger (1502000
MPy strength}. Amongst all the strictures found in shells, nacreous structores appear
to be the strongest: The strength of nacre can reach 120MPa for the shell Tacho, as
opposed to a marimum of 60 MPa for other non-nacreous streclures.

The shedls of mallusks offer a perfect exarnple of a lightweight, tough armor sys-
tem, that now serve as models for new anmor designs, The structure and mechanical
properties of the materials that cumposc these shells are of particular interest, and
they are the focus of numercus stodies,

19.2
Cross-Laminar Shells: The Pink or Queen Conch
{Strembus glgas)

1821
Structure

The giant pink conch or Strombus gigas is pant of the conr family of shells, The
conch shell bas a logarithmic spiral shapes, and exhibits the ighest level of strue-
tural organization among mollusk shells, The shell has a particolarly high ceramic
cortent of 93 wr, %, composed of lath-like aragonite crystals arranged in a ¢rosscd-
lamellar or ceramic “plywoed™ structure. The crossed-Tamellar structore is the most
common structure in moflusk shells, wpresented in ~90% of gastropods and ~6084
of bivalves. While nacre with the brick and mortar microstructive exhibits the
highest tensile and compressive stengths among the vanous mollusk shell micro-
architectures, the crossed-Jamellar structure s associated with the highest fracturs
toughness,

The conch shel] is wmanged in a laminated micro-architecture over five differ-
et length scales: the macroscupic layers, the frst, second, and third-order lamelac,
and incernal twins within each thind-order lamella. The three macroscopic layers are
termed the inner (1) (closest o the animal), middle (b}, and outer () layers. Each
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erossesd-lamellar suuetoee, with characteristic dimensions of the: Lhree lameflat oeders, (B, (el
and (] SEM images of the fracture surface of a bend specimen at increasing magaification.
Rependuced with pormmission from [9]

macroscopic layer is composed of parallel rows of first-order lamellas, and the first-
vrder lamellae in the middle layer are oriented ~@0® 1o the first-order lamellac in
the inner and outer layers, Bach first-order lamella in tum is composad of parallel
rows of second-order lamellae, which are odented ~43" 1o the first-order lzmel-
Jac. The second-order lamellae are further subdivided inte third-order Jamellae. The
bagic building blocks are therefore the third-order lath-shaped aragonite crystals with
internal twins. In particular, in the middle Fayer, the second-urder lamellas in aller-
nating first-order lamellae are rotated by ~90°_ The hierarchy of structural featires
and their characteristic dimensions are shown in Fig. 19 3{a). Each fmt, second,
and third-order Jamellae are eoveloped in a thin organic matrix that composss only
1 wi. % of the shel] [9-17).

Scanning ¢leviron microscope (SEM) images of fractire surfuces of bend test
specimens are shown in Fig. 19.3(b}<{d), at increasing magnifications. They show
clearly the three macroscopic layers [Fig. 19.3(b)] and the first, second and third-
order lamellus and their refative oentations [Fig. 19.3{ch—d)] [9].

19.2.2
Maechanisms of Toughening

The crossed-lameliar shells of Stombus gigay have an elastic modulus of 50GPa,
high bending strengths of 100MPa, and an extremely high work of fractore p







































