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ABSTRACT

Seashell hasexcellent mechanical property, which owestoitscrossed lamella
structure. Seashell isatype of natural composite material. In the viewpoint
of material design, learning from nature is a best choice in nowadays. The
fatigue damage accumulation in seashell is assessed in the present paper.
As compared to the deformation behavior of simple tensile process for the
original seashell specimen, the fatigued seashell specimen exhibits lower
elasticity modulus, fracture strength and yielding flat free in its stress —
strain curve; It is found that the relative decrease of the fracture energy
density of the fatigued sample with respect to the fresh one coincides with
the relative decrease of the elasticity modulus of these samples, it implies
that the relative decrease of the fracture energy density could be taken asa
proper damage variable to characterize the damage accumulation in the fa-
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tigue process of seashell.

INTRODUCTION

Intheviewpoint of material design, it might bea
best choiceto learn from naturein nowadays, which
makesmateria with excellent property. A typica natu-
ral compositeisseashell, which possessesexcdllent me-
chanical strength and toughness*®. Itisfoundthat the
fracturetoughness of seashell exceedsthat of snglecrys-
talsof the puremineral by two to three orders of mag-
nitude, though the content of the organic componentis
only afew percent insidethe seashell. Numerous ex-
amplesof strongand tough materias, suchasboneand
seashells, arefabricated from much weaker compo-
nents, itisthenatural world that makesthese materias
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surprisingly strong and tough'®®, Therearetwo dis-
cerniblefacetsin biologica composites(likeboneand
nacre), i.e., superior strength and light weightiness, it
has caught substantia attention of the scientific com-
munity!¥, By thenaturd evolution over millionsof years,
biologicd compositeshaveoptimizedther gppropriate
structures and properties. The typical examples are
nacre and bone, which exhibit high stiffness, strength
and especidly, excellent toughness. The toughness of
nacreismuch higher thanitsinorganic (brittlemineras)
and organic (ductile polymers) components, by even
ordersof magnitude. The brittle mineral tendsto be-
have dternative structuresand compositions. The sea-
shell materid isatypical crossed-lamellar composite,
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which composesof aragonite/or calcitewiththeorien-
tation of theinorganic component being prismatic, na-
cre, or foliated. Largefracture strain of 5% hasbeen
observed in nacre, and high fracture strength of 450
M Pain compression tests'. A number of toughening
mechanisms have been proposed aswel 1129,
Although the micro-structural characteristicsand
static loading behavior of the shell have been studied
widely by many investigators, the damage accumula-
tionindynamicloading processisfar fromclear. Inthis
paper, thecomparison of deformation behavior of Smple
tensile sampleof thefresh (original) seashell andthe
fatigued specimenisperformed; thed agticity modulus,
fracture energy density and fracture strength, etc. are
taken ascharacteristic parametersto reflect the differ-
ence of the stress— strain behavior of the above two
cases. Asaresult, itisfound that therel ative decrease
of thefracture energy density could betaken asan ap-
propriate damagevariableto reved thefatiguedamage
processin the dynamic process of the seashell.

FEATURE OFTHE MACRO DEFORMATION
BEHAVIOR OF SEASHELL

Preparation of the seashell specimen and test
method

The ChinaQingdao fresh seashell isemployed to
manufacturetheexperimenta samples, of whichthesize
1S20mmx3.8mmx1.7mm. The small specimen is taken
fromtheshell long theradia direction, asisshownin
Figure 1. In order to remain the humidity of the sea-
shell, the specimen isimmersed into water immedi-
ately.

The clampsarefixed to the specimen with Expo
resin, CMT 3204 test machineisemployed to conduct
thetendletest.

Characteristic parameter sof thefresh seashell

Figure 2 showsthetypical stress- strain curve of
thefreshshel inuni-axid tendleloadingprocess It shows
athree- stagecurveinfeature, i.e., anelastic stage, a
yieding stagewith aflat and apseudo-€lastic stagetil|
fracture. Five specimens have been empl oyed to con-
duct thetensiletest. The average va ueof thefracture
strength &, is 30.5M Pa.

Fromtheinitid stress-strainrelationshipin Figure
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2, it could get theelasticity modulus of thefresh shell,
E,=42.1GPa. Meanwhile, from the complete stress-
sraincurveinFigure 2, it could get thefractureenergy
dengty of thefreshshell (i.e,, theintegrd of thestress—
straincurvetill fracture), w,=1.156MPa.

Figurel: Specimen alongtheradial direction
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Figure2: Sress—strain curveof thefresh shell in uni-axial
loading process

Degradation of characteristic parameters of the
fatigued seashell

The micro-tester in Instron 5848 isemployed to
performthefatiguetest. Thetension - tensionfatigueis
conducted at theloading ratio R = 0.1, the dynamic
loading rangesfrom 13to 130 N.

After thedynamicloadingwiththetota cydicnum-
ber of 884467, asubsequent tensileloading isapplied
to thespecimentill fracture, the stress—strain curve is
showninFigure 3. It can be seen from Figure 3 that the
curvediffersfromthat in Figure2 obvioudy, theyielding
flat disappearsinthepresent case. Thefracture strength
of thefatigued specimen o, deceasesto 27.8MPa.

From Figure3, it could get the el asticity modul us
and fracture energy density of thefatigued seashell, E
=15.5GPaand w=0.408M Pa, respectively.

Theaboveresultsindicateasignificant decrease of
both elasti city modulusand fracture energy density of
thefatigued seashd | ascompared tothefresh one, which
impliesavariation of themateria inmicro-scae.
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FATIGUE DAMAGEINTHE DYNAMIC
L OADING PROCESS

Earlyin1958, L. M. Kachanov proposed the con-
cept of integrity (or damage) to reflect the macro ex-
pression of themicroscopic variation of materid. There-
after, theframework of damage mechanicsisgradualy
formulated, till now damage mechanicsisgtill initsde-
vel oping stage. Both damage mechanicsand fracture
mechani cs could describe the mechanica statusof the
whole servicing process of amachineor system from
virgind gatetill faillureand fracture.

In damage mechanics, adamage variablehasbeen
frequently introduced™, which reflectsthe degrada-
tion of themateria property parameters, such aselas-
ticity modulus, yielding strength, creep duration, etc.

The decrease of elasticity modulusisquite often
employed to reflect the damage status, and itsrelative
deceaseisused asthedamage variabley, i.e.,

p=1-5/¢ ®

inwhich D isthedamagevariable, E, and E express
theorigind easticity modulusand theinstant dagticity
modulusof the studied materia or specimen.

Cond dering thetensileexperimental resultsfor the
fresh and fatigued seashell specimensinthe previous
section, thevalueof thedamage variableof thefatigued

specimenis
-1_E/ _1_155/ _
D=1 éo_l Y0 1= 0.632 @)

The numerical data of EQ. (2) indicates that the
damage degreefor thefatigued seashell is0.632 inthe
viewpoint of e asticity modul us degradation, which suf-

fered from the dynamic loading in therange of 13to
130 N and the cyclic number of 884467.

Refersto, itisobserved that thefracture surface
for thefatigued specimenisdifferent from that of the
smpletensileone. Thefiber pulling out isunapparentin
thefracture surface of thefatigued specimen, and the
fracturesurfaceissmoother than that of thesimpleten-
dleloading ones. Thebrick breskingismoreseriousin
thefracture surface of thefatigued specimen. Such se-
rious brick breakingimpliesthedamage accumulation
by thefatigueloadingsgradudly during fatigue.

It a so showed the voidsformation processat the
interface of the crossed lamellaand organic gluefrom
thein situ observation®. The organic glueformed a
network inthemateria, which connectsthebricksand
lengthensthe routines of the crack propagation; it re-
sultsina‘“zigzag” trace for the crack propagation gen-
erdly, and thusincreasesthetoughnessof thematerid.

Inaddition, the de-bondingin bricksin the subse-
quent | oading processwas observed, such de-bonding
phenomenon has not yet been observedinthesimple
tensileloading process™.

Infact, during the dynamic loading process, both
voids formation and micro - crack propagation ex-
hausted energy and depredated the ability of material
bearing extral oading and ductility, themorethe energy
exhausted the more the degradation.

Therefore, we could try to correl ate the exhausted
energy tothedamagedegreerationaly.

Fromthelast section, it showsthat thefractureen-
ergy denstiesof thefresh seashell and thefatigued sea
shell are w,=1.156M Pa and w.=0.408M Pa, respec-
tively. Thedifference (says, w,-w.= 0.748M Pa) be-
tween thesetwo fracture energy densitiesisduetothe
exhaust of theductility, whichimpliesthevariation of
material structurein micro-scale, asisseeninrefer-
ence“ and cited in the above paragraph.

Surprisingly, therelative difference of thefracture
energy dendty of thefatigued specimenwith respect to
thefreshoneis
(w,~w)/w,=(1.156-0.408) /1.156 = 0.647, ©)
whichiscloseto the damage variable defined by the
relative decrease of e asticity modulus.

Abovenumericd result impliesthat thereative de-
crease of fracture energy density could also betaken
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asaproper damagevariable at least for thefatigued
seashd |, whichrefl ectsthe degradation of seashd | prop-
erty and damage accumulation during fatigue process.

CONCLUDING REMARKS

From aboveanaysisand discussion, it can becon-
cluded,

1) Dynamic loading depredates micro structure and
property of seashell, such asvoidsformation, brick
breaking, dagticity modulus, fracturestrength, frac-
tureenergy density, etc., whichinducesdamagein
seashdl| intheviewpoint of damage mechanics,

2) Thefatiguedamageaccumulation could beassessed
by therelative decrease of thefracture energy den-
Sty andtherdativevariation of theelasticity modu-
lus

3) Thefeaturesof thefatigue damage and fracturein
seachd| result fromitslamdlastructures.
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