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Nacre (mother-of-pearl) from mollusc shells is a biologically formed lamellar ceramic.
The inelastic deformation of this material has been experimentally examined, with a
focus on understanding the underlying mechanisms. Slip along the lamellae tablet
interface has been ascertained by testing in compression with the boundaries oriented
at 45° to the loading axis. The steady-state shear resistapbas been determined

and inelastic strain shown to be as high as 8%. The inelastic deformation was realized
by massive interlamellae shearing. Testing in tension parallel to the tablets indicates
inelastic strain of about 1%, occurring at a steady-state sisess, 110 MPa. The

strain was associated with the formation of multiple dilatation bands at the intertablet
boundaries accompanied by interlamellae sliding. Nano-asperities on the aragonite
tablets and their interposing topology provide the resistance to interfacial sliding and
establish the level of the stress needed to attain the inelastic strain. Detailed
mechanisms and their significance for the design of robust ceramics are discussed.

[. INTRODUCTION this inelastic deformation allows the material to redistrib-
ute stress around strain concentration sites, thereby elimi-
Some biological materials exhibit structural robust-nating stress concentrations and, consequently, rendering
ness, despite the brittle nature of their constituents. Wellhe material “notch insensitivé”® Absent this strain ca-
known examples include bone, teeth, and mollusgacity, materials are susceptible to unpredictable failures
shells’™® Nacre (mother-of-pearl), the pearly internal from imperfections.
layer of many mollusc shells, is addressed in this study. The prior research on nacre has mainly focused on the
This material comprises about 95% aragonite (a mineraoughening behaviér'®*>as well as related attempts to
form of CaCQ), with only a few percent of biological synthesize tough laminaté%:?® Toughness will not be
macromolecules: yet its work of fracture is about 3 ordersaddressed in this article. Instead, the focus will be on
of magnitude higher than monolithic ceramfcsand its  inelastic deformation and stress redistribution. While re-
strength is among the highest in shell structfr@sthor-  ported in the earliest researth? attempts to either char-
ough understanding of the mechanisms underlying thisicterize this response or establish the governing
robustness could inspire new ideas in material design anghiechanisms have been minimal despite its critical role in
synthesis. The goal of this study, in conjunction with arobustness. This paper will experimentally characterize
companion theoretical analysiss to elucidate the basic the inelasticity. The companion papeassesses the
mechanisms. As elaborated elsewHetgood toughness mechanisms that govern it. The study has three elements.
is a necessary but not sufficient requirement for structurali) Methods for precise measurement of the inelastic
utility. The more basic prerequisite is a deformationstrains have been designed and implemented. (ii) The
mechanism that permits the material to exhibit inelastianicromechanisms associated with the inelastic deforma-
strain when loaded in tension and shear. The basic idea ton have been characterized using a range of imaging
that (when sufficiently large, relative to elastic strains)methods. (iii) The topology of the mineral surfaces have
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been characterized at the nanoscale and related to tiRrinceton, NJ, where the shells were stored in sea water
mechanical response. These three elements are inter@-4 °C until the experiments were conducted. The speci-
lated through a basic modeél. mens were immersed in tap water during testing.

II. MATERIALS . MECHANICAL MEASUREMENTS

Shells from California red abalonkléliotis rufescens  A. Approach

and South Sea pearl oysterBirctada maximp have Four different measurement methods have been used
been used. Abalone (AB) belongs to the class of gasg prope the overall mechanical response. Two of them
tropoda, while pearl oyster (PO) is from the class ofinygyve flexure measurements performed on beams ori-
biovalvia. They are among the biggest shells and représpied such that the aragonite plates are aligned along
sent two typical nacre structures: columnar and sheghe peam axis. (i) Three-point measurements were used
(Fig. 1)°° Both are lamellar. They comprise alternative  estaplish overall trends in inelastic deformation. (ii)
layers of a relatively thick (0.2-0,8m) aragonite sepa- kqyr-point tests were used to generate quantitative stress/
rated by nanoscale (approximately 20 nm) organic intergyrain information. For this purpose, strain gages were
layers. The mineral layer exists as closely packedyiiached to the tensile and compressive faces, be-
polygonal tablets (5-gm diameter), separated by a na- yyeen the inner loading points: a deconvolution yields
noscale organic interlayer, such that the cross sectiofgh the tensile and compressive stress/strain curves on
resembles a brick wall. In columnar nacre, the polygonal;ch specimeff7 (i) Compression tests were per-
tablets from neighboring layers overlap in such a mannefymeqd on specimens cut with the lamellae boundaries
that the intertablet boundaries form tessellated bands peg; 45° 1o the load axis, to elicit shear deformation parallel

pendicular'to the lamellae boqndaries [Fig. 1(@)]. In she% the plates. (iv) Finally, a notch flexure test was de-
nacre, the intertablet boundaries are distributed randomlgigned to explore the response of the material to strain

[Fig. 1(b)]. _ concentrations.

_ For the present study, adult she_zlls were cpllected z_alllye The specimens were sectioned by using a water-
in Santa Barbara, CA, and Darwin, Australia. To mini- ¢ogjeq, low-speed diamond saw. One flexure category
mize the detrimental effect of drying on the mechanical,aq the tensile surface parallel to the lamellae boundaries
properties, they were cleaned and air-delivered in ice t?face-onorientation) and the other perpendiculadge-

on orientation) (see Fig. 2 for illustration). They were
mechanically ground on all cut surfaces and polished on
the tensile and compressive surfaces (MULTIPOL 2 Pre-
cision Polishing Machine, Ultra Tec, Santa Ana, CA),
using diamond pastes and then 00%-alumina suspen-
sion. For compression testing, the lamellae boundaries
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FIG. 1. Schematic illustrations of (a) columnar nacre/abalone shel

and (b) sheet nacre/pearl oyster. Polygonal aragonite tablets are au-
hered into a lamellar structure by a thin organic interlayer. In columnar=IG. 2. Load-deflection curves upon three-point bending in the axial
nacre, the intertablet boundaries are correlated into a tesselated asrientation. The insert indicates the face-on orientation, with the la-
mellar boundaries parallel to the tensile surface.

rangement.
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were oriented at 45° to the prism axis, perpendicular teedge-on orientation exhibited lower strength, and the
the side surfaces (Fig. 3). The top and bottom surfaces, dsad at the onset of inelastic deformation was also lower
well as two orthogonal side surfaces, were polishedFig. 2, Table I).
as above. All tests were conducted with a servohydraulic After testing, optical imaging provided a visualization
machine (Instron 8562, Canton, OH) at a speed obf the inelastic zone, manifest as white tension lines (at-
0.5 mm/min. For the notch tests, a narrow slot was intributed to optical scattering centers created by the in-
troduced by a diamond saw. The notched samples wermastic deformation mechanism, elaborated below).
then loaded either by three-point bending or by insertingrhese lines were located in the central area of the tensile
a sharp wedge into the notch. surface [Fig. 4(a)] perpendicular to the long axis, cover-
ing about one-third of the loading span. They were most
dense opposite the central loading point. These findings
Three-point bending tests were performed on 20 specF-.Onﬂrr]I1 obs:arvanons_ ma%e by CurF_e$n another spe-
mens, each 0.5-mm depth, 2.5-mm wide, and 12-mny o> Of pear oysterRinctada margaritifera.
long on a span of 8 mm. Two linear variable differential
transformer (LVDTs) (PLVX-1000, Sensotec, Colum-
bus, OH) measured the relative displacement between the Four-point bending tests were performed on five
upper and the lower loading fixtures. Typical load/ specimens, each 1.6-mm deep, 2.5-mm wide, and 16-mm
deflection curves are plotted in Fig. 2. All curves exhib-long. The inner loading span was 6 mm, and the outer
ited extensive inelastic deformation. The flexuralsupport span, 12 mm. Gages were used to measure the
modulus and strength calculated from these curves arstrains on both the tensile and the compressive surfaces
listed in Table I. (Omega Engineering, Stamford, CT). An example of the
Note that the elastic modulus and flexural strength aratrains measured on both surfaces is plotted against ap-
larger for pearl oyster nacre than for abalone nacre. Botplied load in Fig. 5(a). Note that the strains are substan-
edge-on and face-on orientations (Fig. 2) gave essentiallyally larger on the tensile surface.
the same modulus. However, in abalone nacre, the Following the deconvolution that was originally sug-
gested by Sué® and was reproduced by Sugimwsal.
in their Appendix?’ the stress/strain curves in tension

B. Overall trends

C. Tensile and compressive stress/strain curves

180 : - !
- Ic and compression have been obtained on the basis of the
g 160r % - load and strains measured in four-point bending tests,
2 q40} /\\Q} ,¢ as plotted in Fig. 5(b). The compressive curves are
° o0l NI linear with a Young’s modulug& = 70 GPa. The stress
@ reached about 370 MPa before testing was discontinued.
o 100}
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FIG. 3. Compression stress—strain curves for abalone nacre represef
ing interlamellae shear, measured both in monotonic loading and witl
loading/unloading loops. The insert indicates that the lamellae bound
aries are orientated at 45° to the loading axis.

TABLE I. Nominal strength and elastic modulus, of nacre, meas-
ured by three-point bending(D = 16).

Orientation of

Nominal strength

Species tensile surface (MPa) E (GPa)
Abalone Face-on 223+ 7 69+ 7
Abalone Edge-on 194+ 8 66+ 2 ] o ] )
Pearl oyster Face-on 227 +13 77+ 12 FIG. 4. White tension lines on the tensile surface of nacre specimens:
Pearl oyster Edge-on 248 + 14 g1+ 4 (a) abalone, edge-on, three-point bending; (b) pearl oyster, face-on,
four-point bending.
J. Mater. Res., Vol. 16, No. 9, Sep 2001 2487
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250 specimen to measure the displacement between the
sphere and the base. A typical stress/strain curve, with
200 L : loading/unloading loops (Fig. 3) reveals three salient

features. (i) The failure strain is about 8%, much higher
than in bending. (ii) The elastic modulus is only 8 GPa.

Tension Face

z 150t (i) The compressive strength is about 160 MPa, sig-
° nificantly lower than that parallel to the lamellae
S 100l (>370 MPa). Following the elastic response, there are

two stages of inelastic deformation. The first, which oc-
curs at strains up to about 5%, exhibits minimal strain
hardening_(similar to that in ten_sion). The se_cond, at

larger strains, has strong hardening. The specimens fail
along the lamellae boundaries.

. The unloading/reloading measurements reveal hyster-
@ Strain esis (Fig. 3), indicative of internal friction, with an un-

50+

0 1 I I I A1
0 0.002 0.004 0.006 0.008 0.010 0.0

loading modulus (17 GPa) slightly higher than that upon
400 | initial loading. When the displacement is fixed, stress
350 | R relaxation occurs (for example, in 15 min, the stress drops
= 300l ',",' by about 15 MPa) indicative of viscoplasticity, confirm-
% Rag ing an earlier report by Currey.
= 250 (e opser]
o 7
@ 200} .7 E. Notch performance
130 /Jf """""""" The notched three-point bending samples are 2.5-mm
100 | 7 deep, 1.6-mm wide, and 12-mm long on a span of
sol ﬁ 8 mm. Samples that are 8-mm deep, 3-mm wide, and
0 12-mm long are also notched. The latter were loaded by
0 0002 0004 0006 0008 0010 o012 Inserting a sharp wedge into the notch. The load/
®) Strain deflection curve exhibited nonlinearity prior to rupture,

FIG. 5. (a) Load—strain curves for four-point bending in the axial !ndlgatlvg of large scgle y-leldlr!g responsg. This -rGSponse
orientation (face-on) and (b) deconvolated stress—strain curves in tel visualized by Optl(?al Imag”.]g of the inelastic zone
sion and compression. around the notch (Fig. 6). This zone has two notable
features. It spreads out ahead of the notch, consistent
with a dilatational (rather than shear) dominated mode of
Conversely, the tensile curves are highly nonlinear. Afteiinelastic deformation, analogous to that found in trans-
yielding, and following initial strain hardening, which formation toughening®—=° It also contains several dis-
occurs over a strain range of approximately 0.1%, thesrete, high-intensity bands suggestive of softening at large
subsequent inelastic deformation occurs in “steadystrain levels® The implications are addressed below.
state,” at stresg . (there is minimal strain hardening:
tangent modulus < 3 GPa). This stress is about 105 MP
for abalone nacre and 140 MPa for pearl oyster nacr
The tensile ductility could not be measured, since th
gages debonded at a strain of about 1.0%.
After testing, the white tension lines are again evident
On the tensile surface, they now distribute uniformly
over the inner span [Fig. 4(b)]. On the side surfaces, the
penetrate about half the specimen depth.

D. Shear stress/strain curves

The compression tests were performed on eight re
tangular prismatic specimens, each 2.5-mm high wit
cross section 1.2 x 1.2 mm. Load was applied through
3-mm tungsten carbide sphere, with a 1-mm-thick pol
ished tungsten carbide insert to transfer the stressg. 6. white inelastic deformation zone at the notch tip for a face-on
LVDTs were mounted on the two opposite sides of thepearl oyster nacre specimen.
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IV. CHARACTERIZATION “dilatation bands.” When observed normal to the ara-
A. Methods onite plates, the bands follow an irregular trajectory
i o ) along the tablet boundaries [Figs. 7(b) and 7(d)]. When
_ Alfter testing, the samples were initially examined us-gpserved edge-on, they still appear at the intertablet
ing a stereomicroscope (Leica MZ8, Wetzlar, Germany),,ndaries but exhibit morphologies governed by the
and a metallurgical microscope (Leica MEFAM), fol- nqerlying lamellae architecture. In abalone nacre, they
lowed by analysis of the structural details using scanning,aye 3 tessellated shape associated with the correlated
electron microscopy (Philip XL-30, Hillsboro, OR). Fc_)r architecture [Figs. 7(a), 7(c), and 7(e)]. In sheet nacre,
the latter, some samples were plasma—etqhe_d for 5 min tgo separations are randomly dispersed [Fig. 7(f)]. The
remove the surface layer damaged by polishing, followedenarations within the bands are accommodated by slid-
by metal coating. Morphological changes on the dejng of the neighboring layers at the lamellae boundaries.
formed surfaces were characterized with an atomic forcgp,o sliding displacements are evident from the distor-

microscope (MuliMode SPM, Digital Instruments, Santayjons of fudicial marks present prior to testing [Fig. 7(€)].

Barbara, CA). In three-point bending, because the strain decreases
B. Def ion band with distance from the center, the effect of the strain on
- Deformation bands the separation between deformation bands can be ascer-

The optical contrast in the white tension lines de-tained. Furthest from the center, where the strain is low-
scribed in Fig. 5 is found to arise from separations aest, the bands are widely separated and some of the
tablet terminations, which cause the bands to dilatentertablet boundaries are intact. Closer to the center,
(Fig. 7). Accordingly, hereafter, they are referred to asthe band density progressively increases, until saturation

FIG. 7. White tension lines (or dilatation bands) at various magnifications: (a) abalone, edge-on, optical microscopy (OM), vertical bands; (b)
pearl oyster, face-on, OM, horizontal bands; (c) abalone, edge-on, SEM showing four oblique dilatation bands; (d) pearl oyster, face-on, SEM,
oblique bands; (e) abalone, edge-on, SEM showing one dilatation band from upper left to lower right; (f) pearl oyster, edge-on, SEM. Arrows
indicate the orientation of tensile stress.

J. Mater. Res., Vol. 16, No. 9, Sep 2001 2489
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is reached (every boundary exhibits separations). The opefig. 9) reveal nanoscale mineral islands about 30—
ing displacements of the separations are mostly in the ranged0 nm in diameter and 10 nm in amplitude, separated by
20 to 50 nm but can be much larger at some locations.60-120 nm, creating a peak and valley topography.

The shearing response upon compression loading at 49 hese asperities are elongated in some areas of the aba-
resulted in groups of uniformly distributed lines on the pol-lone nacre (Fig. 10). They are smaller and more uni-
ished prismatic side surface, parallel to the lamellae boundormly distributed in pearl oyster. SEM analysis of
aries [Fig. 8(a)]. These parallel lines are steps caused hyatching pairs of rupture surfaces indicates that the
lamellae slip along plate boundaries, as revealed by scapeaks and valleys interpose perfectly (Fig. 10).
ning electron microscopy (SEM) and atomic force Rodlike organic material is located in the valleys. It
microscopy (AFM) [Fig. 8(b)]. The height of each step forms a network (Fig. 9), with ruptured ligaments ob-
varied from 10 to 30 nm. The steps were distributed uniserved in some locations.
formly on the surface, except in local nonslipping areas.

2. Cross-section analysis

C. Topological characteristics Polished and deformed edge-on specimens were
1. Surface morphology of aragonite tablets plasma etched to remove the damage layer and imaged
egFig. 11). These images affirm that the asperities on the
nt{pper aragonite tablet interpose with those on the lower
tablet (arrows in Fig. 11). The open areas between neigh-
boring asperities were presumably occupied by the or-
ganic network (Fig. 9), prior to being preferentially
etched by the plasma. An illustration on the nano-
asperities at the lamellae boundaries and their interposing
arrangement is sketched in Fig. 12.

Specimens were cleaved along lamellae boundari
and the exposed surfaces were examined at high mag
fication using the AFM and SEM. The observations

V. DISCUSSION
A. Mechanisms of inelastic deformation

The present measurements and observations affirm
that, when loaded in compression at 45° to the interfaces,
the aragonite plates shear over each other with a shear
resistancey,, This shear is accompanied by dilatation,
necessitated by a distribution of nano-asperities on the
plate surfaces, which must translate past each other. It is
hypothesized that the asperities are the principal source
of the shear resistance, as elaborated in the compan-
ion paper’

(b)

FIG. 8. (a) Uniformly distributed lines at low magnification on the
prismatic side surface of a 45° compression abalone specimen. T
straight line on the lower left is the edge view of the fractured surface- :
and the lamellar boundary. (b) Atomic force microscopy of the linesFIG. 9. Nano-asperities on the aragonite tablet surface of abalone
showing slip steps at lamellae boundaries. nacre. The network surrounding them is the organic interlayer.
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FIG. 10. Mirror images of opposing rupture surfaces of abalone nacre. Nano-asperities on the tablet surface at the left match those on the right.
Arrows denote three matching locations for easy recognition.

Upon loading in tension, parallel to the plates, thewith D the plate widthL the width of the dilatation band,
interfaces at the plate edges rupture, causing separatioisthe asperity wavelengtld their amplitude Sthe spac-
to develop. These separations are able to open since timg between bands, and the friction coefficient. Upon
adjoining interfaces are susceptible to slip. The phenominsertion into Eq. (1) of the present measurements for the
enon is analogous to that found in fibrous oxidé$? plate dimensions and the asperity characteristics, with
This slip response alleviates stress concentrations arttie assumption that the friction coefficient is about
enables the formation of dilatation bands, instead of aero/ the inelastic strains measured in the hardening do-
dominant brittle crack. Such bands are the source of themain are closely duplicated by this model. The same
tensile inelasticity demonstrated in this study and, bymodel also yields reasonable estimates of the steady-state
inference, inPinctada margaritifera&® The multiplicity — stress,o., taken to be the maximum value of Eq. (1).
of bands needed to realize the observed “ductility” isFor sheet nacre, the principal difference is that the effec-
linked to the initial strain hardeninggnabled by asper- tive band width[, is larger. It is stochastic in nature and
ity “climb.” That is, as the asperities begin to translategoverned by the spatial distribution of plates. Explicit
and climb past each other, the system must dilate latepredictions are not yet possible. However, the qualitative
ally, resulting in the development of transverse compresexpectation from Eq. (1) is that largkerresults in larger
sion within the deformation bands that increases as thsteady-state stress, as found experimentally [Fig. 5(b)].
displacement proceeds. There is a balancing tension out- As the separations continue to open, softening is pre-
side the bands. The elastic compression of the aspedicted at large strain§,inconsistent with the present
ities in the slip zone induces hardening, which proceedsneasurements, which imply a slight hardening
until the asperities juxtapose, whereupon the stress afFig. 5(b)]. This disparity suggests that there is a second
tains a maximum. Thereafter, the plates slip past eactalbeit small) contribution to the steady-state stress,
other, over the asperity peaks, at a steady-state sheprobably involving shear deformation of the organic
resistancesg interlayer.

The separations open as the adjacent interfaces slip,
whereupon the shear resistaneg, governs the stress/ B Role of the organic
strain responses through morphological quantitigfe
specifics differ for the two types of nacre, discusse
next. For columnar nacrewherein the shear occurs in
tessellated “dilatation bands,” an explicit model has bee
developed. In the hardening domain, prior to steady-
state, the model predicts a stress/(plastic) strai)]
relation:

d The organic at the platelet interfaces appears to have
two critical functions: (i) It must have sufficient plastic
r§tretch to withstand the transverse tensile stresses in-
duced between the dilatation bands. Consistent with this
requirement, the organic has been observed to stretch
into ligaments, subject to a measurable force—extension
characteristi¢® That is, the ligaments allow the nacre to
oD? remain intact and permit the dilation bands to evolve into
—— (1+vL/D) = [M sin(mSe,/2l) steady state. (ii) The friction coefficient between sliding
EAL P ” . )
asperities must be influenced by the organic. The com-
+c 9 sin(mSe /|)] @ panion study suggests that its effect is to lubricate the
*L P interface, leading to a friction coefficient of order zero.
Beyond these two functions, the shearing and stretch-
ing of the organic within the slipping domains appears
c, =0.147-0.375. + 0.422.% to provide some resistance to deformation. This resistance

where
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FIG. 12. Schematic illustration of the nano-asperities and three typical
pairing topologies at neighboring aragonite plates.

"

deformation. Bands of highly concentrated strain within
the inelastic zone have also been observed in transfor-
mation toughening?®3°They reflect a tendency for strain
softening at large strains and are detrimental to the me-
chanical robustness. Such softening has not been found
in the present stress/strain measurements but is likely to
arise at larger strain levels, as the opening of the sepa-
rations between plates becomes lafge.

VI. CONCLUSION

It has been established that nacre exhibits inelastic
deformation in both shear and tension. The strain in shear
parallel to aragonite plates is as high as 8% and at least
1% upon loading in tension axial to plates. In compres-
sion, it is linear elastic to failure.

Deformation in shear occurs by interlamellae slip and
in the tension by the formation of multiple dilatation
bands at intertablet boundaries accompanied by interla-
mellae sliding. The stress at which the inelastic defor-
mation proceeds is governed by nano-sized mineral
FIG. 11. Cross section of abalone nacre showing the detailed structur@sperities on the surface of the aragonite tablets. Their
at the lamellae boundaries. Arrows highlight locations where the nanodinterposing arrangements between neighboring lamellae
asperities interpose. dictate the sliding resistance subject to an initial strain

hardening that facilitates the observed ductififfhe in-
would be time and rate dependent and is presumed to k&lasticity imparts mechanical robustness by allowing re-
the source of the stress relaxation noted in Sec. IIl. D andistribution of stress around strain concentration sites.
the reverse displacements when unloaddtlis also Nacre thus presents a model structure for designing a
likely to account for the hardening at large strains, foundobust laminated ceramic. Precise design of interfacial

upon tensile and shear loading, as noted above. morphology at the nanoscale to control interlamellae slip
appears to be the first step toward a ceramic laminate that

. . . tains transverse integrity during slip provides a second
The observation of a large scale inelastic zone aroun quirement

a notch (Fig. 6) is a clear manifestation of the ability of
nacre to redistribute stress and ameliorate stress concen-
trations. Related phenomena appear as plastic zones ACKNOWLEDGMENTS
metals, as well as dilatation zones in transformation This work was supported by the National Science
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