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The inner nacreous layer of gastropod mollusc Trochus niloticus is composed of
∼95 wt% planar arrays of polygonal aragonite-based tablets (∼8 �m wide, ∼0.9 �m
thick, stacked ∼40 nm apart) and ∼5 wt% biomacromolecules. High-resolution tapping
mode atomic force microscope images enabled nanoscale resolution of fractured tablet
cross-sections, the organic component, and deformation of individual nanoasperities on
top of tablet surfaces. Nanoindentation was performed on individual nacre tablets and
the elastic modulus E and yield stress �y were reduced from elastic-plastic finite
element simulations yielding E � 92 GPa, �y � 11 GPa (freshly cleaved samples)
and E � 79 GPa, �y � 9 GPa (artificial seawater soaked samples). Images of the
indents revealed extensive plastic deformation with a clear residual indent and
surrounding pileup.

I. INTRODUCTION

Nacre is an extraordinary example of a hierarchical
biological nanocomposite and is found in the interior of
many mollusc shells.1,2 Though nacre is composed of
exceedingly weak constituent materials, its unique and
highly organized design at multiple length scales (Fig. 1)
enables outstanding mechanical performance including
an excellent combination of stiffness, strength, impact
resistance, and toughness.1,3–6 The structure of nacre has
been reviewed previously;7,8 it is a composite material
with a so-called “brick-and-mortar” structure [Fig. 1(a)]
consisting of alternating layers of mineral tablets sepa-
rated by thin layers of a biomacromolecular “glue.” Na-
cre is composed of ∼95 wt% pseudo-hexagonal, polygo-
nal, or rounded aragonite tablets (a mineral form of
CaCO3, orthorhombic, Pnma9) which have dimensions
of ∼5–20 �m (plane with normal defined by the crystal-
lographic c[001]-axis) and ∼0.3–1.5 �m in thickness
(vertically parallel to the c[001]-axis)7,8 as shown in

Fig. 1(b). For gastropod nacre, demineralization and
scanning electron microscopy imaging suggests that each
tablet is subdivided by radial vertical organic membranes
into a varying number (2–50) of sectors [Fig. 1(c)],
which have been interpreted as polysynthetically twinned
crystalline lamellae.10 The surface of nacre tablets
[Fig. 1(d)] from California red abalone (Haliotis rufescens)
possesses nanoasperities (∼30–100 nm diameter and
∼10 nm in height)3,11 and mineral “bridges” [Fig. 1(b)]
(∼25–34 nm in size, ∼91–116 �m−2 surface density)12–16

between sheets which pass through the organic intertab-
let layers. Additionally, even smaller vertical crystalline
elements have been mentioned within the nacre tablet
lamellae.17 The organic matrix composes the remaining
∼5 wt% of the material [Figs. 1(b) and 1(d)]. The organic
matrix of nacre has been studied in a number of re-
ports.18–31,53 The intertablet polymer layer has a thick-
ness that varies between ∼30–300 nm32 with pores for
mineral bridges to pass through,15 and intracrystalline
proteins are present within the tablets themselves.3,10,33

Lustrin A is one protein that has been isolated from the
organic matrix of California red abalone nacre and was
found to have a “modular” structure, i.e., a multidomain
architecture composed of folded modules (each a few
nanometers in size), which are covalently linked together
in series along a single macromolecular chain. Lustrin A
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has approximately ten alternating cysteine and proline-
rich domains.18

Micro- and macroscopic mechanical testing on nacre
has been performed in tension,1,6 three-point bend,1,3,6

four-point bend,3 and indentation.34 Nacre is aniso-
tropic,35 exhibits hysteresis on unloading after tensile
deformation, and plastically deforms up to fracture
strains of ∼0.018 in tension.6 Nacre mechanical property
values have been reported as follows: elastic moduli (60–
80 GPa1,3), tensile, compressive, and three-point bend
strengths (35–168,1,6 100–540,4 and 194–2483 MPa, re-
spectively), modulus of rupture (∼270 MPa36), three-
point bend fracture toughness (2.1–5.0 MNm−3/2),1 and
three-point bend work of fracture (150–1650 Jm−2),1,6

depending on the species, orientation of applied load, and
degree of hydration. A full understanding of the tough-
ening mechanisms of nacre has not yet been achieved and
is an area of great interest and activity. Numerous modes
of deformation take place, many of which most likely
originate at nanometer-range length scales. For example;
rupture of “sacrificial” weaker bonds in the organic com-
ponent,53 extension, pull-out, and/or ligament formation
of an organic component bridging the tablet interfaces,1

interacting nanoasperities and mechanical interlocking
providing slip resistance and leading to inelastic strain,
the formation of periodic dilatation bands between plate
edges,3,37 debonding of mineral-organic interfaces, and
tortuous crack propagation due to the microlaminate
“tablet and mortar” structure. Continuum mechanical ap-
proaches involving three-dimensional finite element
analysis (FEA) simulations are now being used to inves-
tigate the role of some of these mechanisms such as nano-
asperities, mineral bridge contacts, inelastic deformation,
and strain hardening.38 The effectiveness of the organic
matrix to shield cracks and influence the toughness of

nacre has been studied via a virtual internal bond (VIB)
model.39 Micromechanical models are also starting to be
developed, which take into account both the spatial or-
ganization of the organic and inorganic components as
well as sequential force-induced unfolding of the indi-
vidual compacted domains in the organic matrix.40,41

It has become increasingly evident that knowledge of
the fine details of the nanoscale mechanical properties
and deformation mechanisms will be critical to the suc-
cess of such theoretical efforts in their attempt to under-
stand macroscopic mechanical function and perfor-
mance. Research in this area is just beginning with a few
studies recently reported as follows. Nanoindentation ex-
periments up to 200 �N of force on individual thermally
etched nacre tablets from California red abalone were
found to be minimally hysteretic and exhibited two dis-
tinct deformation regimes, which were attributed to ini-
tial plastic flattening of surface nanoasperities followed
by elastic deformation of the tablet body.42 The second-
ary elastic regime data was well described by an analyti-
cal solution to a transversely isotropic elastic contact
mechanical model43 using the known elastic constants
for aragonite.35 Another nanoindentation study11 up to
larger forces of ∼800 �N on diamond-cut, mechanically
ground, polished, and hydrated nacre from California red
abalone showed marked hysteresis and fits of these data
to an elastic contact mechanical model44 yielded moduli
between ∼60 and 80 GPa. Atomic force microscopy
(AFM) imaging of the indented regions showed plastic
deformation, a pileup height of a few nanometers span-
ning lateral distances of ∼100 nm, and no indication of
microcracks.11

In this study, we report the nanoscale elastic and plas-
tic indentation properties of individual nacre tablets from
the gastropod mollusc Trochus niloticus using a sample

FIG. 1. Schematic illustration of the multiscale hierarchical structure of nacre: (a) 10 �m length scale, (b) 2 �m length scale, (c) individual tablet
features at a 200 nm length scale, and (d) 30 nm length scale showing structure of nanoasperities. In “columnar” nacre, the tablets are relatively
uniform in size and stacked vertically parallel to the c-axis direction (with a slightly staggered arrangement laterally), thereby forming microla-
minate sheets and tessellated bands; domain structure has been found parallel to the c-axis direction consisting of 3–10 tablets with their a-axis
parallel to each other, while in the plane of the sheet, the a-axis orientation is variable.57–59

B.J.F. Bruet et al.: Nanoscale morphology and indentation of individual nacre tablets from the gastropod mollusc Trochus niloticus

J. Mater. Res., Vol. 20, No. 9, Sep 2005 2401



preparation methodology involving uniaxial compression
with the externally applied load oriented perpendicular to
the nacre tablet c-axis, producing intertablet cleavage
with minimal damage to the individual nacre tablets and
an exceedingly flat surface. This sample preparation pro-
tocol (which avoided polishing, chemical etching, ther-
mal treatment, and embedding) combined with high-
resolution AFM imaging enabled the surface morphol-
ogy to be studied before and after nanoindentation and,
for the first time, shows nanoscale resolution of fractured
tablet cross-sections, the conformation of the organic
component, and deformation of individual nanoasperi-
ties. Another objective of this work was to study the
effect of hydration and hence, freshly cleaved samples
were compared to ones that had been soaked for 30 days
in artificial seawater (0.4221 mol/l NaCl, 0.011 mol/l
KCl). The maximum applied forces ranged between
∼50–1000 �N, corresponding to indentation depths of
∼10–100 nm and a maximum contact area of ∼0.1 �m2

(corresponding to the projected area of a Berkovich
probe tip under load). at a maximum load of 1000 �N.
Lastly, a bilayered continuum mechanical elastic-plastic
finite element analysis (FEA) model was developed and
refined to capture the observed deformation behavior.

II. MATERIALS AND METHODS

A. Sample preparation

Trochus niloticus shell specimens [∼10 cm in size, Fig.
2(a)] were purchased from Shell Horizons (Clearwater,
FL). The least destructive, minimum sample preparation
procedures possible were used which involved no alco-
hol dehydration, thermal or chemical treatment, embed-
ding, or polishing. First, nacre from the inner layers of
Trochus niloticus shells [Fig. 2(b)] were sectioned into
parallelepipedal samples using a diamond impregnated
annular wafering saw (Buehler, Isomet 5000 Lake Bluff,
IL) running at 800–900 rpm. After cutting, the samples
were cleaned in reverse osmosis filtrated water for 15
min using an Ultramet ultrasonic cleaner (Pacoima, CA).
Samples for nanoindentation, as well as top view (view
looking down the aragonite c-axis) AFM and scanning
electron microscope (SEM) imaging, were produced by
uniaxial compression using a Zwick mechanical tester
(Model BTC-FR010TH.A50, Kennesaw, GA, 10 kN
maximum load cell, 0.01 mm/min, ambient conditions).
The externally applied load was oriented perpendicular
to the aragonite c-axis, producing a clean intertablet
cleavage [Fig. 2(c)]. For nanoindentation tests, two types

FIG. 2. (a) Photo of Trochus niloticus seashell (∼6 cm in size), (b) schematic illustration of location where nanoindentation samples were cut from,
and (c) schematic illustration of uniaxial compression resulting in cleavage and flat exposed surfaces appropriate for nanoindentation.
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of samples were used. “Freshly cleaved” samples were
tested within less than 1 h after cleaving via uniaxial
compression. “Artificial seawater soaked” samples were
immersed for 10 weeks in reverse osmosis filtrated water
with 0.4221 mol/l NaCl, 0.011 mol/l KCl, pH � 7.1 in a
hermetically sealed container at 20 °C, uniaxially com-
pressed, and then tested within less than 1 h after cleav-
ing. Samples for cross-sectional SEM imaging (view per-
pendicular to the aragonite c-axis) were produced by
3-point bend using the same Zwick mechanical tester
(0.1 mm/min, ambient conditions) where the externally
applied load was oriented parallel to the aragonite c-axis.

B. High-resolution imaging

1. SEM

Samples were coated with 10 nm Au–Pd and imaged
using a JEOL SEM 6060 (Peabody, MA) and a JEOL
SEM 6320F. The working distances were 6–9 mm (SEM
6060, Peabody, MA) and 12–15 mm (SEM 6320F, Pea-
body, MA), and the sample plane was oriented perpen-
dicular to the electron beam incidence. A 10–20 kV ac-
celerating voltage was used. Top-view SEM samples
were dried in ambient conditions 12 weeks prior to im-
aging. An environmental SEM (Philips/FEI XL30 FEG
SEM, Hillsboro, OR) that allows for low vacuum elec-
tron detection in a water vapor environment using un-
coated samples (electron acceleration ∼15 kV, operating
current ∼42 �A, working distance ∼11 mm, water vapor
pressure ∼0.4 torr) was also used to produce backscat-
tered electron microscope (BSE) images of freshly
cleaved samples.

2. AFM

Contact and tapping mode atomic force microscope
(CMAFM and TMAFM, respectively) imaging in ambi-
ent conditions were used to produce surface images of
freshly cleaved nacre samples. In ambient humidity, a
thin layer of water (2–10 Å thick) exists on the surface,45

yielding images closer to the naturally hydrated state of
the shells. A Digital Instruments Multimode SPM IIIA
(Veeco, Santa Barbara, CA) was used with AS-130 “JV”
or “EV” piezoelectric scanners. Contact mode scans were
conducted with Veeco (Santa Barbara, CA) Si3N4 canti-
levers (V-shaped with approximately square pyramidal
probe tip geometry, tip half angle ∼35°; cantilever length,
l ∼ 200 �m; nominal spring constant, k ∼ 0.32 N/m; and
nominal probe tip radius of curvature, RTIP ∼ 40 nm).
Tapping mode scans were conducted with Veeco Si can-
tilevers (V-shaped with approximately square pyramidal
probe tip geometry, tip half angle of ∼17.5°; l ∼ 125 �m;
k ∼ 0.40 N/m; and RTIP ∼ 10 nm). A scan rate of
0.25–2 Hz using a maximum sample size of 512 ×
512 pixels was used at gains between 0.1 and 0.3. The
drive amplitude and amplitude set-point were optimized

upon tuning. The x and y scan directions were calibrated
with a 10 × 10 �m2 grid and the z direction was cali-
brated with 5 nm diameter beads on a cleaved mica sur-
face. The images to be shown report amplitude (i.e., can-
tilever oscillation amplitude) and phase (i.e., cantilever
phase lag) for tapping mode or deflection for contact
mode (i.e., cantilever deflection). Amplitude and deflec-
tion both reflect surface topography while phase mode is
sensitive to many properties such as friction, adhesion,
(visco)elasticity, and composition.

For in-situ imaging of residual indents, a Quesant Q-
Scope 350 (attached to a Hysitron, Inc. nanoindentor,
Minneapolis, MN) was used in tapping mode with a pi-
ezoelectric tube scanning element (X-Y scan range ∼40
�m, vertical Z limit ∼4.5 �m) and Si3N4 Wavemode
NSC16 cantilevers (rectangular shaped with conical
probe tip geometry; l ∼ 230 �m; width ∼40 �m; cone
angle < 20°; probe tip height ∼15–20 �m; resonance
frequency, � ∼ 170 kHz; k ∼ 40 N/m; and RTIP ∼ 10 nm).
A scan rate of 2 Hz using a maximum sample size of 512
× 512 pixels was used. The drive amplitude and ampli-
tude set-point (∼0.25 V) were optimized prior to imaging,
and gains between 350 and 550 were used.

Other standard characterization techniques including
ash weight, demineralized weight, Raman spectroscopy,
x-ray diffraction, and Fourier transform infrared spec-
troscopy (FTIR) are given in the Appendix.

C. Nanoindentation

Nanoindentation experiments (Fig. 3) were conducted
in ambient conditions using a Hysitron, Inc. (Minneapo-
lis, MN) Triboindenter equipped with TMAFM (Quesant
Q-Scope, Agoura Hills, CA) for topographic imaging of
residual impressions. The instrument is housed in a gran-
ite frame environmental isolation chamber to minimize
instabilities due to the ambient background noise, active
piezoelectric vibration control stages (Hysitron, Inc.),
and a thermal drift calibration step. Load-controlled na-
noindentation was performed using a Berkovich (trigonal

FIG. 3. Schematic illustration of the nanoindentation of an individual
nacre tablet.
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pyramid) diamond probe tip with the loading axis paral-
lel to the aragonite c-axis. The piezoelectric transducer
was allowed to equilibrate for 660 s (the last 60 s with
digital feedback) prior to each indent. The drift rate of the
transducer was automatically monitored by the software
before indentation was initiated. The applied load func-
tion was divided into five segments as follows. The first
segment consisted of a 3 s hold at zero force allowing for
tip–sample equilibration. Segment two was a constant
loading rate of 10 �N/s. Once the maximum set peak
load was reached, a third segment, a hold period of 10 s,
would follow. The fourth segment decreases the load
until reaching zero force with an unloading rate equiva-
lent to that of segment 2. The fifth segment would con-
clude the experiment with a 50 s hold at zero force to
calculate the final drift rate of the piezo. Maximum loads
of 50, 100, 250, 500, 750, and 1000 �N were selected.
∼15 experiments per maximum load were performed in a
square grid arrangement with each indent spaced 15 �m
apart (i.e., thus probing 15 different individual nacre tab-
lets). Load versus indentation distance (depth) curves
from multiple experiments using the same maximum
load and from different sample locations were averaged
and standard deviations calculated and reported. The
probe tip area function [A(hc), which is the projected area
of the Berkovich probe tip under load calculated from a
6th order polynominal fit accounting for nonideal tip
geometry as a function of the contact depth hc] and frame
compliance were calibrated prior to each set of experi-
ments using a fused quartz sample.

D. Mechanical property approximation from
nanoindentation data

The elastic, plastic, and total work of indentations (We,
Wp, and WT, respectively) were calculated from the nano-
indentation data as follows. We was defined as the area
under the unloading curve, Wp was defined as the area
between the loading and unloading curves (mechanical
hysteresis or energy dissipated), and WT was defined as
the area under the loading curve.

Two different approaches were used to approximate
the mechanical properties from nanoindentation data.
First, the Oliver–Pharr (O-P) methodology,44 where the
initial (95–20%) unloading curve was compared to con-
tinuum mechanical theory for an isotropic, elastic half-
space where the elastic modulus E was the only fitting
parameter. The hardness was calculated as H � Pmax/
Amax, where Pmax is the maximum load and Amax is the
projected area of contact at the maximum contact depth
and represents the load-bearing capacity of the material.
Unpaired student t-tests46 were carried out to evaluate
whether various datasets were statistically different from
each other using p < 0.05 as the minimum criterion.

Second, elastic–perfectly plastic FEA simulations
were used in which the loading and unloading curves

were fit using two material parameters for the nacre tab-
let, the elastic modulus and the yield stress �Y. Aragonite
is known to be orthotropic.35 Within an individual nacre
tablet, random in-plane (perpendicular to the c-axis) ori-
entation due to the sector structure is expected, yielding
a transversely isotrophic solid at these length scales [Fig.
1(c)]. Simulations were performed taking into account
both elastic and plastic anisotropy; this anisotropy was
found to have minimal influence (<5%) on the resulting
values of the modulus and yield stress. The FEA model
was constructed as a two layer material (i.e., the mineral
and the organic matrix components) with a stiffer layer
representing the 870 nm thick nacre tablet and a 40-nm-
thick organic matrix layer. The thickness values were
chosen based on SEM measurements. The organic matrix
was assumed to behave similar to an elastomer and mod-
eled by the Arruda–Boyce 8-chain model,47 which has
been shown to adeduately capture the stress-strain be-
havior of rubbers and soft tissues.48,49 The stress–strain
law for the Arruda–Boyce 8-chain model is47

T =
1

J
�

�N

�
L−1 � �

�N
� B + KB �J − 1� I , (1)

where T is the Cauchy stress tensor, B is the isochoric
deviatoric left Cauchy–Green tensor, � is chain stretch
ratio and is defined as the trace of B, i.e., � � tr(B), J is
the volumetric ratio during deformation, I is a unit ten-
sor, L−1 is inverse Langevin function, and �, N, and KB

are material parameters in which � is the shear modulus
(set equal to 100 MPa), N is the number of the rigid links
between crosslink sites in the macromolecule and char-
acterizes molecular chain extensibility (set equal to 10),
and KB is the bulk modulus (set equal to 2 GPa). Among
these parameters, � has the strongest influence on the
material shear stress-strain response at small strains
whereas N more heavily influences the large strain be-
havior. The organic matrix is 870 nm below the indenting
surface and laterally confined due to the high stiffness of
the mineral tablet. The lateral confinement will make the
stress state in the organic layers predominantly (nega-
tively) hydrostatic during these indentation loading con-
ditions; thus the choice of � was expected to have a small
effect on the overall indentation force versus depth pre-
dictions. This was demonstrated by comparing the results
from three simulations, where � was chosen as 1 GPa,
100 MPa, and 10 MPa, respectively. The resulting dif-
ference in indentation force versus penetration responses
was <4% (data not shown). E and �Y of nacre tablet were
best fit to capture the experimental data. Forty nanom-
eters was the thickness used for the organic layer (as
measured by SEM). The symmetry of the Berkovich in-
denter enabled simulations using 1/6 of the indenter and
the material with appropriate symmetry boundary condi-
tions. Since the elastic modulus of the diamond probe tip
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is approximately 10× greater than that of nacre, the in-
denter was modeled as a rigid surface. Due to fabrication
and wear, the Berkovich probe does not possess com-
pletely sharp tip geometry; instead it is rounded and can
be characterized by a finite probe tip end radius and
truncate height (which is defined to be the distance be-
tween the apex of the rounded tip and the apex of the
imaginary ideally sharp tip). To approximate the probe
tip end radius and truncate height, nanoindentation ex-
periments were conducted on a standard fused quartz
sample. Hertz contact solution provided an initial esti-
mate and FEA simulations refined this estimate to give
more accurate values. Hence, for all FEA simulations,
the indenter was modeled as a rigid surface with Berk-
ovich geometry (ideal geometry possesses an inclined
face angle � of 24.7° and an apex angle � of 77.1°)
having a probe tip radius of 300 nm and truncate height
of 7 nm. The nacre was modeled using 8-node trilinear
hybrid tablet elements (C3D8H in ABAQUS, element
library, Providence, RI). The mesh was refined in the
vicinity of the contact region where large gradients in
stress and strain prevail. Several mesh densities were
analyzed, and an optimal mesh was finally chosen for
use in all simulations, which contained 6195 nodes and
5491 elements. Large deformation theory and frictionless

contact between the indenter and material were assumed
throughout the analysis. A smaller number of individual
experimental nanoindentation curves were fit (n � 3,
where the average, high, and low curves were fit for each
dataset) and compared to the O-P method due to the
longer time and computational cost required for the FEA
simulations.

III. RESULTS

A. High-resolution imaging: SEM, BSE, and AFM

1. SEM

Figure 4(a) shows SEM images of a nacre sample
fractured in 3-point bending (aragonite c-axis orientation
is vertical) and reveals a regular microstructure consist-
ing of planes of tablets stacked in the aragonite c-axis
direction where the tablets are staggered with respect to
one another from plane to plane; the left image is ap-
proximately the same length scale as the schematic
shown in Fig. 1(a), and the right image is approximately
the same length scale as the schematic shown in
Fig. 1(b). Figure 4(b) shows SEM images of the top view
of the plane perpendicular to the aragonite c-axis for a
sample fractured in uniaxial compression after air drying
for 12 weeks. A jagged, tortuous crack path is observed

FIG. 4. SEM images of (a) side view of inner laminated, columnar nacreous microstructure of Trochus niloticus freshly fractured in 3-point bend
and (b) top-down view of nacreous layer cleaved in uniaxial compression and dried in air for 3 months. � indicates the c-axis direction is out of
(perpendicular to the plane of) the page.
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that follows both within the individual tablets as well as
along the tablet boundaries. Clear visualization of the
tablet boundaries, center biomineralization nucleation
sites, and fracture within individual tablets (presumably
along the intratablet crystalline sector boundaries10), was
observed, most likely due to macromolecular shrink-
age. Image analysis yielded a maximum lateral tablet
dimension (perpendicular to the aragonite c-axis) of 7.9 ±
1.7 �m and thickness (parallel to the aragonite c-axis) of
0.9 ± 0.2 �m (the ± symbol here and henceforth refers to
one standard deviation). Figure 5 is a top-view (plane
perpendicular to the aragonite c-axis) BSE image show-
ing local heterogeneities in contrast, which emphasizes
the intratablet sector structure and could be due to vary-
ing aragonite crystallographic orientation and/or mineral
content between sectors.50,51

2. AFM

Figure 6(a) shows a top-view (plane perpendicular to
the aragonite c-axis) CMAFM deflection image of the
surface of an individual nacre layer produced by recent
cleavage in uniaxial compression. The tablet boundaries
are less distinguishable than those observed by SEM for
the air-dried samples [Fig. 4(b)], most likely due to the
more hydrated organic component keeping the tablets in
closer contact. The surface of an individual tablet (plane
perpendicular to the aragonite c-axis) is shown in the
CM AFM deflection image of Fig. 6(b) [which is ap-
proximately the same length scale as the schematic
shown in Fig. 1(c)] and possesses surface roughness due
to topographical features (“nanoasperities”) and a central
nucleation site which is ∼500 nm long and ∼40 nm high.
Figure 6(c) shows a CMAFM deflection image of the
through thickness cross-section of an individual fractured
nacre tablet corresponding to the central portion oriented
at approximately 45° relative to the horizontal direction
separated by two different planes of tablets with uniform
nanoasperities. An interesting fracture morphology is

observed with smaller cylindrical features through the
thickness of the nacre tablet and an interior portion of the
tablet containing interdigitated structures perpendicular
to the long axis of the cylindrical elements. A higher
resolution TMAFM plane amplitude image [Fig. 6(d),
perpendicular to aragonite c-axis] enables direct visual-
ization of the fine details of the nanoasperities on an
individual nacre tablet, and corresponding height images
yield values of 109.9 ± 37.4 nm in maximum lateral
dimension perpendicular to the aragonite c-axis and 7.4 ±
3.2 nm in peak-to-valley height parallel to the aragonite
c-axis. Each nanoasperity is observed to be composed of
an assembly of smaller nanoasperities (previously re-
ferred to as nanograins11) 28.0 ± 11.9 nm in maximum
lateral dimension. Figure 7 shows further magnified
TMAFM amplitude images of the plane perpendicular to
the aragonite c-axis, capturing the resolution of the indi-
vidual smaller nanoasperities [approximately the same
length scale as the schematic shown in Fig. 1(d)]. Here,
organic fibrils are directly visualized on top of the nacre
tablets and are measured to have a mean width of 8.8 ±
5.6 nm, end-to-end length of 52.1 ± 37.5 nm, and height
of 0.96 ± 0.25 nm. The organic component appears to be
primarily localized within the valleys of the nanoasperi-
ties. Figure 8 shows TMAFM phase images of regions
similar to that shown in Fig. 7. Contrast in these images
is sensitive to variations in surface properties such as
friction, adhesion, (visco)elasticity, and composition.
Figure 8 clearly demonstrates the presence of two differ-
ent types of materials. Darker areas correspond to a
greater cantilever lag and larger energy dissipation and
hence support the previous identification (via height im-
ages) of the organic component (dark areas) and the
nanoasperities (lighter areas). Figure 9 gives the prob-
ability histograms for all of the previous morphological
features discussed measured using SEM and AFM, and
Table I summarizes the means and standard deviations
corresponding to these histograms.

FIG. 5. Backscattered electron microscopy image of a top-down view of inner laminated, columnar nacreous microstructure of Trochus niloticus
freshly cleaved in uniaxial compression, 50 �m scan (left) and a schematic of the outlines of an aragonite tablet on a magnified portion of this
image (right). � indicates the c-axis direction is out of the page.

B.J.F. Bruet et al.: Nanoscale morphology and indentation of individual nacre tablets from the gastropod mollusc Trochus niloticus

J. Mater. Res., Vol. 20, No. 9, Sep 20052406



B. Nanoindentation

Figure 10(a) is a plot of multiple individual nanoin-
dentation curves on loading and unloading (force versus
depth) where each curve is on a different individual
freshly cleaved Trochus niloticus nacre tablet (from the
same sample). A maximum load of 1000 �N resulted in
an indentation depth of ∼65 nm. Some curves exhibited
small “kinks” at a variety of different forces (typically in
the hundreds of �N range) and depths while others were
relatively smooth [Fig. 10(b)]. A marked and consis-
tent change in slope was observed at ∼73 �N force and
∼7–15 nm depth [Fig. 10(c)], which is similar in value
to the peak-to-valley height of the nanoasperities
[Fig. 9(h)]. Plots of the averaged nanoindentation curves
corresponding to different maximum loads are given in
Fig. 11, comparing the freshly cleaved and artificial sea-
water soaked nacre. Increased hydration by soaking
the nacre samples in artificial seawater resulted in an
increase in depth of indentation for a given force (e.g.,

from ∼68 to ∼74 nm for a 1000 �N maximum force) and
an increased residual displacement upon unloading (e.g.,
from ∼23 to ∼27 nm for a 1000 �N maximum force) for
all maximum loads tested. Nacre samples soaked in ar-
tificial seawater also sometimes exhibited kinks in the
individual nanoindentation curves (data not shown). All
samples exhibited mechanical hysteresis.

C. Nanoscale deformation

Figures 12(a)–12(c) are tapping mode AFM images
(Q-scope) of the indented region of freshly cleaved nacre
samples [individual tablets shown in the plane perpen-
dicular to the aragonite c-axis; the length scale corre-
sponds approximately to the schematic illustration shown
in Fig. 1(c)], upon removal of maximum loads of 1000,
5000, and 10,000 �N, respectively, and Fig. 12(d) is
for artificial seawater soaked nacre upon removal of a
maximum load of 5000 �N. The features observed away
from the indent region in all four images are the larger

FIG. 6. (a, b, c) Contact mode deflection and (d) tapping mode amplitude atomic force microscopy (AFM) images of top down view of inner
laminate columnar nacre of Trochus niloticus nacreous layer freshly cleaved in uniaxial compression; (a) 30 �m scan, (b) 10 �m scan, (c) 1.5 �m
scan showing through-thickness fracture and microstructure of an individual nacre plate and (d) 1 �m scan. � indicates c-axis direction is out of
the page.
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nanoasperity assemblies corresponding to those observed
in Fig. 6(c). Residual deformation was clearly visible,
exhibiting a central indent and a pileup zone indicating
plastic flow of the material from beneath the indenter. No
microcracks were evident within the residual indent re-
gion, in the pileup zone, or in the area immediately out-
side the residual indent. The nanoasperity assemblies
were significantly flattened within the residual indent
region. Figure 13 shows height profiles for indentations
on freshly cleaved nacre showing pileup at maximum
loads of 1000 and 5000 �N. For the 1000 �N maximum
load, the average pileup height was ∼21.1 ± 10.5 nm and
spanned lateral distances from the edge of the indent of
∼363 ± 49 nm (somewhat larger than that previously
reported on California red abalone11).

D. Estimation of material properties

1. Work of indentation

The plastic work or mechanical hysteresis energy, Wp,
was found to be 10.1 ± 1.8 mN nm for the freshly cleaved
nacre and 9.2 ± 1.8 mN nm for the artificial seawater
soaked nacre at a 1000 �N maximum load. The elastic
work, We, yielded a value of 16.4 ± 1.0 mN nm for
the freshly cleaved nacre and 16.0 ± 0.8 mN nm for the
artificial seawater soaked nacre while the total work of
deformation at a 1000 �N maximum load was 26.5 ±
1.6 mN nm and 25.2 ± 1.5 mN nm, respectively. All three
mechanical works showed no statistically significant dif-
ferences when comparing the two types of samples.

2. O-P estimations of elastic moduli

For freshly cleaved nacre, average values of the elastic
moduli ranged between 114 and 143 GPa, (depending on
the maximum load) and for artificial seawater-soaked
nacre, average values ranged between 101 and 126 GPa
[Fig. 14(a)]. When the data for freshly cleaved nacre
were compared with those of artificial seawater-soaked
nacre at a given maximum load, all were found to be
statistically different except for 250 and 500 �N maxi-
mum loads. For freshly cleaved nacre, elastic moduli
compared at different loads were statistically different in
9/15 comparisons with 50–100, 100–250, 250–750, 500–
750, 500–1000, and 750–1000 �N maximum loads being
statistically similar. For artificial soaked nacre, elastic
moduli compared at different loads were statistically dif-
ferent in 6/15 comparisons (50–250, 100–750, 100–1000,
250–500, 250–750, 250–1000 �N).

3. O-P estimations of hardness

Average hardness values ranged between 9.7 and
11.4 GPa (depending on the maximum load) for the
freshly cleaved nacre and 3.6 and 8.7 GPa for the artifi-
cial seawater soaked samples [Fig. 14(b)]. When com-
paring the data for freshly cleaved to artificial seawater

FIG. 7. Tapping mode amplitude atomic force microscopy images of
nanoasperities and organic matrix on the top of an individual nacre
tablet of Trochus niloticus that was freshly cleaved in uniaxial com-
pression; (a) 500 nm scan, (b) 200 nm scan, and (c) 100 nm scan. �

indicates c-axis direction is out of the page.
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soaked nacre at a given maximum load, all were found to
be statistically different. For freshly cleaved nacre almost
no statistically significant differences were found as a
function of maximum load (except for the 50–750 and
100–750 �N datasets). For artificial seawater-soaked na-
cre, hardnesses compared at different loads were statis-
tically different in 6 of 15 comparisons where the 50 �N
data compared to all the other loads were significantly
different, as was the 500−1000 �N comparison.

4. O-P estimations of H /E ratio

H/E values [Fig. 14(c)] ranged between 0.072 and
0.096 (depending on the maximum load) for the freshly
cleaved samples and between 0.034 and 0.084 for the
artificial seawater soaked nacre. When the data for
freshly cleaved nacre were compared to those of artificial
seawater-soaked nacre at a given maximum load, all
were found to be statistically different except for the 100
�N data. For the freshly cleaved samples, H/E values
compared at different loads were statistically different in
10 of 15 comparisons (50–100, 50–250, 500–750, 500–
1000, and 750–1000 �N were statistically similar). For
the artificial seawater-soaked samples, H/E values com-
pared at different loads were statistically different in 12
of 15 comparisons (100–250, 100–500, and 250–500 �N
were statistically similar).

5. FEA

FEA simulations [Figs. 15(a) and 15(b)] were used to
fit values for the elastic modulus and yield stress to nano-
indentation data. Three experimental nanoindentation
curves (1000 �N maximum load) were fit on both load-
ing and unloading: the averaged curve [Figs. 15(c) and
15(d)], the highest curve, and the lowest curve for each of
the two types of nacre samples. The elastic modulus of
freshly cleaved nacre was found to be 92 ± 13 GPa (the
standard deviation being due to the range in fits from
low-to-average-to-high curves), whereas the nacre
soaked in artificial seawater was found to have an elastic
modulus of 79 ± 15 GPa [data plotted in Fig. 14(a) with
the O-P estimations, a statistically insignificant differ
comparing freshly cleaved and artificial seawater soaked
due to the small number of data points, n � 3]. The yield
strength of fresh nacre was found to be 11.1 ± 3.0 GPa,
and that for nacre soaked in artificial seawater was found
to be 9.0 ± 3.2 GPa (a statistically insignificant differ-
ence comparing freshly cleaved and artificial seawater

<

FIG. 8. Tapping mode phase atomic force microscopy images of
nanoasperities and organic matrix on the top of an individual nacre
tablet of Trochus niloticus that was freshly cleaved in uniaxial com-
pression; (a) 1 �m scan, phase shift from −124° (darker) to +28°
(lighter); (b) 500 nm scan, phase shift from −130° (darker) to +29°
(lighter), and (c) 200 nm scan, phase shift from −105° (darker) to +64°
(lighter). � indicates c-axis direction is out of the page.
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TABLE I. Quantitative analysis of structural features Trochus niloticus nacre freshly cleaved in uniaxial compression, observed by SEM and AFM
(number of datapoints measured for each feature n > 20).

Technique Feature
Mean ±

standard deviation

SEM nacre table thickness (// to c axis) 0.9 ± 0.2 �m
SEM nacre tablet maximum dimension (⊥ to c axis) 7.9 ± 1.7 �m
TMAFM maximum dimension of small nanoasperities (⊥ to c axis) 28.0 ± 11.9 nm
TMAFM maximum dimension of larger clusters of nanoasperities (⊥ to c axis) 109.9 ± 37.4 nm
TMAFM nanoasperity assembly height (// to c axis) 7.4 ± 3.2 nm
TMAFM polymer width (⊥ to c axis) 8.8 ± 5.6 nm
TMAFM polymer end-to-end length (⊥ to c axis) 52.1 ± 37.5 nm
TMAFM polymer height (// to c axis) 0.96 ± 0.25 nm

FIG. 9. Histograms of various features observed by (a,b) SEM and (c–h) AFM; the inset of numerical values indicates mean ± standard deviation
for each dataset, w is the bin width (chosen based on Sturges’ and Scott’s rules60,61), and the number of datapoints for each histogram is >20.
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soaked due to the small number of curves fit, n � 3).
Figure 16(a) shows a contour of the maximum principal
stress on the surface when indented to 1000 �N, reveal-
ing very large tensile stresses in the pileup region. Figure
16(b) shows the corresponding contour after unloading,
also revealing very high tensile principal stresses in the
pileup region (a characteristic stress state seen in the
extruded pileup region of indented materials). Note that
cracks were not observed in the experiments, indicating
an ability to withstand these high tensile stresses at small
length scales. Figures 16(c) and 16(d) show two-
dimensional height maps at the point of maximum load
(1000 �N) before and after unloading, respectively.
Figure 16(d) reveals the residual indent as well as the
surrounding pileup resulting in plastic extrusion from
under the probe tip. A one-dimensional height profile

FIG. 10. Individual nanoindentation curves each on a single freshly
cleaved Trochus niloticus nacre tablet (a) multiple curves on loading
and unloading up to a maximum load of 1000 �N, (b) two of the
curves from the dataset shown in (a) on loading with arrows indicating
minor inflections, and (c) multiple curves on loading and unloading up
to a maximum load of 300 �N; inset is one individual curve from this
dataset with a pronounced variation in slope at ∼15 nm and ∼73 �N.

FIG. 11. Average nanoindentation curves on freshly cleaved and ar-
tificial seawater-soaked individual Trochus niloticus nacre tablets on
loading and unloading as a function of maximum load; (a) 50, 100, and
250 �N maximum loads and (b) 500, 750, and 1000 �N maximum
loads. The horizontal error bars represent the standard deviation for
that particular dataset.
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corresponding to the same radial directions as shown in
the inset of Fig. 13 is plotted in Fig. 13 along with the
experimental profiles.

IV. DISCUSSION

A. Ultrastructure

High-resolution AFM images of surface morphology
elucidate new details of the complex hierarchical struc-
ture at length scales below that of an individual nacre
tablet including nanoscale resolution of the tablet cross-
section, the dimensions, location, and conformation of
the organic matrix, individual and assemblies of nanoas-
perities. Identification the organic component (versus
mineral-based nanoasperities) was made by a compari-
son of topographic and phase images; topographic im-
ages showed a typical tortuous appearance characteristic

of macromolecules at surface45 and phase images
showed that these regions had greater energy dissipative
character. Overall, the AFM results are consistent with
suggestions of an intratablet sector structure,10 nanom-
eter-sized asperities comprising larger assemblies within
individual nacre tablets,11 and the presence of smaller
cylindrical crystalline elements.17 The mean nanoasper-
ity size reported here for the nacre of Trochus niloticus
(28 ± 12 nm) is similar to that reported for California red
abalone nacre (∼32 nm).11 AFM imaging of the organic
matrix yields low heights of ∼1 nm, which corresponds
approximately to the thickness of an individual polymer
chain and an irregular conformation, most likely due to
collapse and denaturation during dehydration and/or par-
tial removal during cleavage leaving only the most
strongly bound macromolecules, presumably the poly-
anionic layer in closest proximity to the mineral tablets.24

FIG. 12. Tapping mode AFM images of top down view of residual nanoindentation impression on individual freshly cleaved Trochus niloticus
nacre tablet; (a) maximum load � 1000 �N and 1.8 �m scan, (b) maximum load � 5000 �N and 3 �m scan, (c) maximum load � 1 × 104 �N
and 3.7 �m scan, and (d) nacre incubated in artificial seawater for 10 weeks and maximum load � 5000 �N, 3.0 �m scan. � indicates c-axis
direction is out of the page.
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The spatial conformation and heterogeneities observed in
the organic component are also likely to be highly de-
pendent on the sample preparation procedures. No fea-
tures were clearly identified as mineral bridges, which
could have been due to the fact that the smaller scan size
images [Figs. 6(c), 6(d), and 7] probe only smaller sur-
face areas and the larger scan size images [Figs. 6(a) and
6(b)] may be unable to resolve the difference between
nanoasperities and mineral bridges. Another study20 on
samples of Haliotis laevigata nacre that was cleaved,
abrasively ground, processed with acryl polishing paste,
and partially demineralized with 0.5M ethylene diamine-
tetra-acetic acid (EDTA) showed, via CMAFM imaging
in fluid, larger filaments ∼50 nm in diameter localized
around the borders of the individual tablets and identified
them as collagen fibers; no such features were observed
in this study.

B. Nanoindentation

The consistent change in slope observed in the nanoin-
dentation curves for freshly cleaved Trochus niloticus
nacre at ∼73 �N force and ∼7–15 nm depth [Fig. 9(c)] is
similar to a phenomenon previously reported for ther-
mally etched California red abalone nacre, which takes
place at ∼25 �N and ∼30 nm depth and has been sug-
gested to be caused by a change in mechanism from
plastic deformation and flattening of nanoasperities to
deformation of the tablet over larger length scales.42 The
distance range over which the slope change was observed
to take place in these experiments on Trochus niloticus
correlates well with the measured height of the nanoas-
perity assemblies [Fig. 9(h)] and lends credence to this

FIG. 14. Mechanical properties derived from nanoindentation curves
on freshly cleaved and artificial seawater-soaked individual Trochus
niloticus nacre tablets as a function of maximum load; (a) average
elastic moduli E, using both Oliver–Pharr analysis and FEA simula-
tions, (b) average hardness H derived using the Oliver–Pharr analysis,
and (c) H/E plot. The vertical error bars represent the standard devia-
tion for that particular dataset and the data sets marked with an asterisk
(*) indicate statistically significant differences (p < 0.05) between the
freshly cleaved and artificial seawater-soaked samples.

FIG. 13. Height profiles for 1000 and 5000 �N maximum load re-
sidual indents taken from tapping mode AFM images on freshly
cleaved individual Trochus niloticus nacre tablets. The inset is an
AFM image of the residual indent for the 1000 �N maximum load.
[Corresponding to the image given in Fig. 12(a)].
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idea. Small kinks observed in the individual curves may
be due to interfacial collapse,42 which is seen to take
place over a small distance range of a few nanometers.
Table II summarizes all of the various nanomechanical
properties measured in this study comparing the freshly
cleaved and artificial seawater soaked nacre samples at a
maximum load of 1000 �N.

C. Elastic moduli

The elastic moduli obtained at a 1000 �N maximum
load by the O-P method (114 ± 9 GPa and 103 ± 10 GPa
for the freshly cleaved and artificial seawater soaked
samples, respectively) were 21–26% higher than those
estimated by the FEA simulations (92 ± 13 GPa and
79 ± 15 GPa for the freshly cleaved and artificial sea-
water soaked samples, respectively), which is a statisti-
cally significant difference. The accuracy of the O-P pre-
dictions depends on the estimation of the contact area
function, and for the case of pileup (as observed via
AFM), the O-P method underestimates this value, thus
overestimating the moduli (since E ∼ 1/√A). The FEA
simulations more specifically account for the geometric
details of the Berkovich geometry and also capture the
details of the entire elastic–plastic loading/unloading
process. Hence, FEA is expected to provide a more ac-
curate estimation of the moduli. However, the results
indicate that a rather good approximation is obtained
with the O-P fits. The FEA simulations predict the re-
sidual depth of the indent well but underestimate the
experimentally observed pileup height (Fig. 13), most
likely because it does not account for deformation of the
nanoasperities.

Overall, values obtained from nanoindentation experi-
ments were consistent with macroscopic measurements
of aragonite.35 The O-P moduli values for the nacre of
Trochus niloticus were found to be somewhat higher than
that reported for diamond-cut, mechanically ground, pol-
ished, and hydrated nacre from California red abalone
(60–80 GPa) at similar maximum loads (800 �N) calcu-
lated using the O-P method,11 which could be due to
variations in sample preparation, species, age, c-axis ori-
entation, location within in the shell, and/or degree of
hydration. A decrease in modulus with increasing maxi-
mum load (−17% from 50 to 1000 �N) was observed,
suggesting a length scale dependence. Hydration was
found to generally result in a decrease in the moduli

<

FIG. 15. Isotropic elastic–plastic FEA nanoindentation simulations;
(a) schematic of model, (b) boundary conditions to ensure one sixth
symmetry (top view), (c) simulations fit to average nanoindentation
data on loading and unloading for 1000 �N maximum load. Input
parameters were as follows: freshly cleaved nacre (E � 90 GPa, �Y �
11GPa) and artificial seawater-soaked nacre (E � 76 GPa, �Y � 8.4
GPa), and (d) simulations for both nacre samples for maximum loads
of 500 and 1000 �N.
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(−1.5% to −26%). However, the elastic work for the
freshly cleaved and seawater soaked nacre was found to
be statistically similar; this result was due to the fact the
unloading slopes were similar, but the maximal depths
were different (they varied only by ∼6 nm), resulted in a
statistically different contact areas calculated by the O-P
method, and thus yielded statistically different values of
moduli. This suggests that small variations in the surface
nanoasperity structure can result in calculations of sta-
tistically different values of moduli not reflective of bulk
tablet nanomechanical properties.

D. O-P Hardness and H /E

Hydration was observed to conclusively decrease the
O-P hardness (−20% to −63%). Once again, this is not
consistent with the statistically similar differences in
plastic or total work due to the statistically different con-
tact areas calculated by the O-P method. The hardness of
the freshly cleaved samples was found to have minimal
dependence on maximum load and the seawater-soaked
samples had a slight increase with maximum load. Due to
pileup, an underestimation in contact area is expected to

TABLE II. Nanoindentation properties (at a maximum load of 1000 �N) of nacre from Trochus niloticus comparing freshly cleaved samples to
hydrated samples incubated in artificial seawater for 10 weeks. Reported values are means ± one standard deviation.

Property n Fresh Hydrated p < 0.05

Maximal depth, hmax (nm) 14 67.0 ± 3.2 72.9 ± 4.6 Yes
O-P maximal contact area Ac (�m2) 14 0.093 ± 0.012 0.117 ± 0.019 Yes
Residual depth, hp (nm) 14 20.8 ± 3.6 30.1 ± 5.3 Yes
Plastic work, Wp (mN nm) 14 10.1 ± 1.8 9.2 ± 1.8 No
Elastic work, Wc (mN nm) 14 16.4 ± 1.0 16.0 ± 0.8 No
Total work, WT (mN nm) 14 26.5 ± 1.6 25.2 ± 1.5 No
O-P modulus, E (GPa) 14 114.0 ± 8.8 103.0 ± 10.1 Yes
O-P hardness, H (GPa) 14 10.8 ± 1.5 8.7 ± 1.4 Yes
O-P (H/E) 14 0.095 ± 0.011 0.084 ± 0.009 Yes
FEA modulus, E (GPa) 3 92 ± 13 79 ± 15 No
FEA yield stress, �Y (GPa) 3 11.1 ± 3.0 9.0 ± 3.2 No
Pileup height (AFM, nm) 3 21.1 ± 10.5 ... ...
Lateral pileup distancea (AFM, nm) 3 363.9 ± 49.3 ... ...
Residual indent area excluding pileup

(AFM, �m2) 3 0.072 ... ...

aMeasured from outer edge of indent to outer edge of pileup area.

FIG. 16. The top view (plane perpendicular to nacre tablet c-axis) of the contour for the maximum principal stress (a) at a maximum load of
1000 �N, and (b) after unloading from 1000 �N and height contours, (c) at a maximum load of 1000 �N, and (d) after unloading from 1000 �N.
Since only one sixth of the material is modeled, the plot here consists of six identical images from numerical simulations (E � 90 GPa, �Y �
11 GPa).
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lead to an overestimation in the absolute values of hard-
ness (H ∼ 1/A).

E. Nanoscale deformation

AFM inspection showed the existence of nanoasperity
flattening within the residual indent region, plastic de-
formation, and no microcracks in the pileup region (as
might be expected in a larger scale indentation process).
This suggests that the length scale of the material and the
indent process reveals a ductility not expected to be pre-
sent at larger length scales (where a ceramic would be
expected to exhibit microcracking under the tensile
stresses observed in the pileup region and fail in a brittle
manner). The observed ductility may be due to the small
length scale, ruling out defect initiated microcracking
(i.e., the Griffith flaw argument) and/or may indicate that
occluded biomacromolecules within the tablet further
mitigate any defects and add ductility to the deformation
process. The configuration of the pileup zones on the
border of the indents (Figs. 12, 13) demonstrates that the
nanoasperities have the ability to undergo plastic defor-
mation to accommodate the strain imposed by the in-
denter tip. Imaging of the indents (Fig. 12) is consistent
with these results, as the region indented in hydrated
nacre exhibits a much greater plastic deformation than
the one in fresh nacre for the same load, consistent with
the fact that the hydrated nacre tablet indicates a lower
yield stress than those of the fresh nacre tablets.

F. Relation of nacre tablet deformation to larger
scale deformation mechanisms

It has been suggested that the nacre tablets serve as the
primary load-bearing elements where the load is trans-
ferred through the bridging organic matrix via a shear lag
mechanism.5,40,52 The unique combination of both high
local stiffness and strength of the individual nacre tablets
observed here support this argument and likely facilitate
energy dissipating mechanisms such as intertablet shear
and pullout (which are experimentally observed1) rather
than brittle intratablet failure. While intratablet fracture
was observed in Fig. 4(d), this was after lengthy air dry-
ing, in particular of the intratablet organic matrix, likely
leading to a reduction in tablet strength. Intertablet shear
and pullout also allow for additional energy dissipation
via extension and progressive unfolding of protein mod-
ules in the organic matrix (i.e., rupture of “sacrificial”
weaker bonds).40,41,53 It has also been suggested that
interacting nanoasperities and mechanical interlocking
provide resistance to interfacial sliding, thus determining
the level of stress needed to initiate inelastic strain.3,37

The existence of a finer nanoasperity structure arranged
into assemblies of larger nanoasperities would provide
additional lateral resistance at an even smaller length
scales than previously thought. At high enough stress

values, our data suggests that plastic deformation of the
nanoasperities can take place initially and may act as a
“safety mechanism,” prior to intertablet shear.
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APPENDIX: STANDARD CHARACTERIZATION
TECHNIQUES

1. Ash weight (deorganified nacre)

Samples masses were measured after desiccation in a
vacuum chamber at room temperature for 24 h and then
again after a subsequent 2 days at 250 °C in vacuum,
which presumably removes the majority of the organic
component.

The difference was found to be 2.4 ± 0.3 wt%.

2. Demineralized nacre weight

Samples masses were measured after 24 h desiccation
in a vacuum chamber at room temperature, immersion in
a disodium salt ethylenediaminetetraacetic acid aqueous
solution (0.5M EDTA) for 10 days (the solution was
refreshed every day), and an additional 24 h desiccation
in a vacuum chamber at room temperature. After this last
step, the mass was found to be 6.4 ± 1.4 wt% of the
original sample mass.

3. Raman spectroscopy

A Kaiser Hololab 5000R Raman spectrometer was
used at 785 nm utilizing coherent continuous wave ar-
gon/ion and Ti/S lasers. Fresh nacre showed 4 sharp
bands due to the vibration of the carbonate ions at

1085 cm−1 (symmetric stretching, �1), 852 cm−1 (out of
plane bending, �2), 705 cm−1 (in-plane bending, �4),
207 cm−1, and 154 cm−1, characteristic of the aragonite
structure.54

4. XRD

Samples were crushed, using mortar and pestle, to a
fine powder that was then analyzed with a Rigaku
RU300 18 kW rotating anode x-ray generator coupled
with a 250 mm high-resolution Bragg-Brettano diffrac-
tometer. The generating voltage was set to 60 kV, the
current to 300 mA, the scan speed to 0.014° per second,
and an angular range of 8–55°. For fresh nacre, the spec-
trum showed peaks characteristic of aragonite.55

5. FTIR27,56

A Perkin Elmer 2000 FTIR Spectrometer was scanned
at a resolution of 4 cm−1 with steps of 1 cm−1 and the
results are shown in Fig. A1.

a. EDTA-demineralized nacre

The broadest band on the FTIR spectrum (Fig. A1,
upper spectrum) is located at 3448 cm−1 (OH and/or NH
stretching modes of the organic matrix components). The
2800–3000 cm−1 range is characteristic of the C–H
stretching modes and exhibits a small band at 2846 cm−1.
The material is found to be mainly composed of EDTA-
protein complexes as demonstrated by the presence of
intense bands at 1591 cm−1 (carboxylate groups coordi-
nated asymmetric stretching band) and 1409 cm−1 (car-
boxylate symmetric stretching band). Smaller peaks de-
tected at 1288, 1263, 921, and 850 cm−1 are character-
istic of sulfate groups, while the 1000–1150 cm−1 peaks
correspond to the major polysaccharide absorption

FIG. A1. FTIR spectra of fresh and EDTA-demineralized nacre from
Trochus niloticus.
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region. The presence of bands at 1327 and 709 cm−1

indicates amide group absorption (amide III C-N stretch-
ing vibration and amide V/VII respectively).

b. Fresh nacre

Bands are observed in the 3200–3500 cm−1 and 2800–
3000 cm−1 range, as in the spectrum of EDTA-
demineralized nacre, and thus attributed to the insoluble
organic matrix. Peaks in the 2500–2650 cm−1 range

(2630, 2549, 2526, and 2514 cm−1) correspond to the
EDTA soluble organic matrix (OH groups of carboxylic
amino acids) and/or carbonate groups (HCO2

3−) present
in the mineral component, as they do not appear on
the EDTA demineralized nacre spectrum. The following
wavenumbers peaks were observed that are characteristic
of the carbonate ions in aragonite: 713 and 700 (�4),
860 (�2), 1082 (�1), and 1489 cm−1. The peak located at
1788 cm−1 is related to the C�O groups of the carbonate
ions.
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