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The inelastic deformation of nacre that leads to its structural robustness has been
characterized in a recent experimental study. This article develops a model for the
inelastic behavior, measured in tension, along the axis of the aragonite plates. The
model is based on observations for abalone nacre that the inelasticity is associated with
periodic dilatation bands. These bands contain coordinated separations at the periphery
of the plates. The separations open as the material strains. The response is attributed to
nanoscale asperities on the surfaces of the plates. The model calculates the stresses
needed to displace the plates, resisted by elastic contacts at the asperities. The results
are compared with the measured stress/strain curves.

I. INTRODUCTION

Various naturally occurring materials have inherent
mechanical robustness, despite the brittle nature of their
predominant constituent: CaCO3, often present as aragonite.1–7 This robustness is manifest in inelastic strains
prior to rupture.1,8 An example is presented on Fig. 1, for
nacre, which consists of high aspect ratio aragonite plates
separated by a very thin polymer interlayer.9,10 Its inelastic response is anisotropic, being dependent upon the
loading and its orientation relative to the coordinates of
the aragonite plates.8 Upon loading in tension parallel
to the plates, the material “yields” after an initial elastic
response (Young’s modulus, E ⳱ 70 GPa), exhibits
rapid strain hardening, and, thereafter, deforms subject to
a steady-state stress, ss ≈ 110 MPa (minimal strain hardening) up to a strain of about 1% [Fig. 1(a)].8 Unloading
and reloading indicates a permanent strain and hysteresis
[Fig. 1(b)].1 In compression, the material remains elastic
and fails at a strain exceeding 0.5% [Fig. 1(a)].8 Loading
at /4 to the plates, to induce a uniform shear across the
interfaces, elicits another inelastic response, exhibiting
strains in excess of 8%,8 subject to a shear resistance,
ss ≈ 40 MPa [Fig. 1(c)].
The consequence of inelasticity, particularly that in
tension, is an insensitivity to severe strain concentration
sites, because the inelastic deformation reduces (and in
some cases, eliminates) stress concentrations.11–14 Such
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an inelastic zone has been observed for nacre.8 While
there are precedents for mechanically robust materials
made from predominantly brittle, oxide, constituents,12,14 the enabling topologies found in nacre are
unique. Namely, robustness is realized in a brittle, tabular
phase (CaCO3) by dispersing a minimal amount (<5%)
of polymer. The primary role of the polymer is to impart
transverse integrity across the plates, because of its
strong adhesion to the aragonite and its remarkable capacity for inelastic stretch.6 It also appears to lubricate
the interfaces.
Upon loading in tension along the plate axis, the
inelastic behavior coincides with the formation of
“dilatation” bands, which are visible because of deformationinduced optical scattering centers (Fig. 2).2,8 While these
bands differ in detail between columnar and sheet
nacre, there appear to be three common characteristics:
(i) They form normal to the applied load once the elastic
limit has been exceeded. The number density of the
bands increases as the stress increases, until saturation is
reached. (ii) They are visible because microscale separations form at the perimeter of each of the plates, which
act as scattering sites. The inelastic strain derives
from the opening displacements at these separations,
accumulated over all of the bands located within the
gauge section. (iii) The growth of the separations (and
hence the inelastic strain) is enabled by slip occurring at
© 2001 Materials Research Society
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the adjoining plate interfaces. The slip resistance is provided by nanoscale asperities on the plate surfaces. In the
saturated state, all plates exhibit peripheral separations.
The inelastic deformation involves the slip of CaCO3
nano-asperities against each other, accompanied by the
deformation of the intervening polymer. The flow resistance beyond the elastic limit is related to the associated
shearing, given a representation compatible with the tensile and shear stress/strain curves [Figs. 1(a)–1(c)]. The
approach taken is to simulate the slip process by taking
into account all of the known physical properties of
the CaCO3 plates, including their dimensions, as well
as the topologies of the nano-asperities. The role of
the polymer is implicit, through its effect on ensuring the
integrity of the plates6 and its influence on the friction
occurring at the contacting asperities. Its possible role in
resisting plate shear cannot be incorporated in the model,
since its constitutive behavior is unknown. Its neglect in
the model is justified by the comparison between the
simulated and measured stress/strain curves.
The process to be described has close similarities with
the behavior of fibrous oxides that acquire their inelastic
strain capacity from thin interface layers susceptible to
debonding and frictional slip, enabled by the occurrence
of matrix cracks12–14 (Appendix I). Related effects occur
in thin brittle films on ductile substrates,15–18 which
crack in a periodic manner with associated inelastic
strain. However, in such cases, there are no frictional
effects at the interfaces. Instead, the inelastic strain derives from the elastic opening of the cracks and the plastic strains in the substrate between the cracks.
II. UNDERLYING MECHANISMS
A. Mechanistic basis

FIG. 1. Stress/strain characteristics of nacre: (a) stress/strain curves in
tension and compression measured along the plate axis;8 (b) several
consecutive load/unload curves highlighting the hysteresis;1 (c) shear
stress/strain response for slip along the plate interfaces.8
2476

The deformation has a preliminary linear elastic stage.
This stage arises since the polymer interlayer at the edges
of the plates, as well as a small number of intact aragonite bridges across the plates, are able to sustain the load,
until they rupture. Subsequently, an inelastic shearing
process occurs, resisted by the nano-asperities on the
surfaces of the aragonite plates (Figs. 3 and 4). The asperities are topographically matched prior to loading but,
otherwise, have dispersed wavelengths and aspect ratios.8 The inelastic shear process is considered to occur in
two stages (Figs. 3 and 4): (i) The matched asperities
climb over each other until they juxtapose. (ii) The plates
slip over the asperity peaks in “steady-state.” The analysis assumes plane strain conditions.
Two basic mechanics concepts are crucial to the model: (i) When the first separations nucleate, at the elastic
limit, the shear resistance of the plate interfaces must
be low enough to assure that a dilatation band forms
rather than a brittle crack.19 (ii) Thereafter, large-scale
inelastic deformation is incontrovertibly linked to strain
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FIG. 2. Scanning electron microscope images of the dilatation bands found in nacre upon tensile straining along the plate axis. Note the asperities
on the plate interfaces that resist slip.

hardening. Namely, in the absence of hardening, all of
the inelastic deformation would localize in the first band,
failure would be catastrophic at the nucleation stress,20,21
and the material would be brittle. Conversely, when the
stress needed to continue straining increases with deformation, the stress elsewhere also increases and seeks new
bands. With sufficient hardening, all possible sites can be
activated, resulting in the maximum inelastic strain allowed by the mechanism, ensuring a robust, ductile response. Such hardening is attributed, below, to the
asperities (Figs. 3 and 4).
Asperity climb is addressed by solving the slip problem in the presence of a matching, periodic array
of asperities on opposing plates (Fig. 4). Analysis of

“steady state” requires a slipping friction solution for a
pair of plates with periodic asperities. Both stages are
addressed. The models are developed in detail for abalone nacre, because the tessellated morphology of the
plates and the consequent discreteness of the dilatation
bands (Fig. 2) allows a representative unit cell to be defined and analyzed numerically (Figs. 4 and 5). The stochastics governing the inelastic response of sheet nacre8
are assessed at a more qualitative level.
B. Asperity climb

For asperities to translate past each other within a deformation band, the material in the band must dilate,
laterally. This dilatation is constrained by the nonslipping
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out many of the key ideas. (However, any friction law
that allows  to increase as the displacement proceeds
would yield the same general result.) The intent of the
calculations is to determine the axial stress, , as a function of the opening of the separations, u, and to establish
the influence of the key variables on (u) up to and
including the onset of “steady state.” The stress/strain
response is determined directly from (u) upon noting
that the inelastic strain, ⑀p, is related to the opening displacement by:
⑀p ⳱ u/S

,

(1)

where S is the spacing between the dilatation bands. To
establish the scope of the numerical calculations, and
to identify the salient nondimensional parameters, an
analytical approximation has been derived (see Appendix II).
The model also gives the transverse compressive
stresses within the bands, average c, and the balancing
tension T between the bands, which are related by
FIG. 3. Schematic diagram of several dilatation bands indicating the
transverse compressions in the band and the compensating tensions
between the bands.

material outside the deformation band, causing the development of a transverse internal compression and a
compensating tension outside (Fig. 3). The induced compression is the source of strain hardening. It increases as
the asperities translate, thereby elevating the axial force
required for additional slip. The magnitudes of these
stresses and their effect on slip are calculated below for
typical plate dimensions and asperity morphologies.
The situation envisaged for each band has been illustrated schematically on Fig. 3. That is, as the bands
widen and the separations open, all of the axial interfaces
within the band experience slip, with an explicit shear
resistance, designated . This shear resistance increases
as the opening of the separations, u, increases, causing
the associated axial stress, , to increase, resulting in
hardening. All other interfaces are considered static (nonslipping). The unit cell characterizing this process is
shown on Fig. 4(a). The asperities are considered to be
sinusoidal, with fixed wavelength and amplitude. The
associated stress/displacement behavior is depicted schematically on Fig. 4(c). Once the contacting asperities juxtapose, the stress required for this process to continue
attains a “steady-state” ss, as the compressed asperities
slip over each other, along their peaks. The asperity
climb model is discontinued at juxtaposition.
The slipping interfaces are modeled using conventional friction concepts, in the sense that the contacts are
assigned a Coulomb friction coefficient, . This choice
allows the modeling to proceed in a manner that brings
2478

T ⳱ cL /S

,

(2)

where L is the band thickness. The former governs the
strain hardening, while the latter establishes a criterion
for integrity of the plates.
C. Steady-state slip

While the shear resistance of plates with periodic asperities on their surfaces can be calculated numerically,
subject to Coulomb friction,22,23 such analysis is nontrivial and beyond the scope of this article. The alternative is to use the slip resistance. 8 These authors
conducted compression tests on specimens with the plate
interfaces at 45° to the load axis [Fig. 1(c)]. By resolution
of the stress along the slip planes, the shear resistance is
ss ≈ 40 MPa, subject to a transverse compression, c ≈
40 MPa. This shear stress is used in the subsequent interpretation of the tensile stress/strain curve.
III. HARDENING MODEL
A. Tensile strains

The finite element method has been used for numerical
analysis of the tensile stress/strain response. In all of the
calculations (Fig. 4), the wavelength of the asperities, 2l,
and their amplitude, A, are taken to be small relative
to the band thickness, L, consistent with the observations.8 The aragonite plate width is D, and  is Poisson’s
ratio. The results have been obtained using the ABAQUS
code, which contains an option for solving contact problems with friction, using the properties E ⳱ 70 GPa and
 ≈ 0.2. The mesh is shown in the deformed state (Fig. 5),
to emphasize the contact zone between asperities. Note
that a very fine mesh has been used to give an accurate
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FIG. 4. Unit cell used for analysis of the pull-out stress/displacement relation for the nano-asperity model. The expected stress/displacement
behavior and the consequent stress/strain curve are sketched as insets, as well as the asperity slip model.

accounting of the contact. The displacement is normalized using ⌬ ⳱ u/2l. Insights from Appendix II suggest
a stress normalization, ⌫ ≡ [D2/EAL][1 + L/D], as
plotted on Fig. 6. Note that there is a finite stress even
when the friction coefficient is zero. The trends at  ⳱
0 are plotted on Fig. 7. In this case, the stress normalization ⌺ ≡ ⌫(L/D) provides a rationalization, for the reasons elaborated below.
Upon inspection, the behavior obtained within the
range (0 艋  艋 0.3:1 艋 L/D 艋 8) can be represented by
the approximate expression:

冋

⌫ =  sin  + c

D
sin共2兲 ,
L

(4a)

such that, on differentiation
2D
⭸⌫
=  cos  + c
cos共2兲 .
⭸
L

D2
⌫≡
共1 + L Ⲑ D兲
EAL
≈  sin共⌬兲 + c

is the contribution from the normal traction [N in Fig.
4(d)]. The curves obtained using Eq. (3) are compared
with some of the numerical results on Fig. 6.
Corresponding expressions for the stress and the displacement at the peak are found by differentiating Eq.
(3). Upon letting  ⳱ u/2l,

D
sin共2⌬兲
L

册

,

(3)

where
c = 0.147 − 0.375 + 0.4222 .
The first term represents the frictional contribution to the
slip resistance [N in Fig. 4(d)], while the second term

(4b)

At the maximum, ⭸⌫/⭸ ⳱ 0:
2 cos2  +

L
cos  − 1 = 0
2Dc

(4c)

.

At the stress maximum, where  ≡ ss,

冋冑冉 冊

cos共ss兲 = 0.25
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FIG. 5. Finite element mesh used for the numerical analysis, shown at a displacement where the asperities are elastically compressed.

The results, plotted on Fig. 8, are used below to compare
the predictions with the measured stress/strain curves.

IV. COMPARISON WITH MEASUREMENTS

B. Transverse stresses and strains

A comparison between the model and the measurements is made at two levels: (i) In the hardening domain,
the stress/strain response is predicted from Eq. (3) with
Eq. (1), by inputting measured dimensional parameters8
(D ⳱ 0.5 m, L ⳱ 1.5 m, A ⳱ 8 nm, 2l ⳱ 50 nm, and
S ⳱ 8 m, with E ⳱ 70 GPa and  ≈ 0.2), as well as the
stress maximum obtained from Eq. (4). A comparison is
made with the measured curve (Fig. 7): nondimensional
stress maximum, ⌺ss ⳱ 0.14, and corresponding displacement, ⌬ss ⳱ 0.2. For a friction coefficient,  ⳱ 0,
the stress maximum is ss ≈ 98 MPa, compared with a
measured strength ss ≈ 110 MPa [Fig. 1(a)]. Exact coincidence is achieved when  ≈ 0.02. The inference is
that the interface is essentially frictionless. The corresponding opening displacement, used with Eq. (1), indicates an inelastic strain at steady state, ⑀p ≈ 0.16%.
This adds to an elastic strain, ⑀el ≡ ss/E ≈ 0.12%, resulting in a total strain, about 0.28%, consistent with the
strain measured at the beginning of the stress plateau
[Fig. 1(a)]. (ii) The independently measured slip resistance

Illustrative results for the lateral stresses created
within the plates, as the bands dilate, are plotted on
Fig. 9(a). The lateral compressive stresses within the dilatation bands are nonuniform, because of the Poisson
effect. That is, near the separations, where the axial
stresses are zero, there is no Poisson contraction and the
compressions are large. Conversely, near the edge of
the bands, the Poisson contraction causes a transverse
compressive stress (see Appendix II).
The lateral tensile stresses between the bands are given
approximately by [Appendix II: Eq. (B2)]:
c ≈ ss sin[⌬] − 

.

At the interfaces just outside the bands, there is a stress
concentration [Fig. 9(b)]. The stresses are singular but
diminish to an essentially uniform level at a small distance from the band, z/D ≈ −0.1. It is suggested that one
role of the organic interlayer is to sustain such large
strains through its large inelastic tensile stretch.6
2480

A. Stress/strain curve
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tance, ss (Sec. II. C), is used to evaluate ss by implementing Eq. (B4) from Appendix II: ss ⳱ ss[L − u]/D,
in the limit u Ⰶ L. This assessment gives a stress, ss ≈
120 MPa, which is also similar to the measured value.
Both approaches thus appear to yield a consistent description of the stress/strain response in terms of the slip
of the plate interfaces, resisted by nano-asperities. The
role of the polymer is surmised to be in providing frictionless asperity contacts.

is T ≈ 65 MPa. It is proposed that one major role of the
organic interlayer is to sustain this transverse stress, enabled by its appreciable capacity for plastic stretch.6 Accordingly, the organic appears to have three functions.
That situated along the transverse plates must have

B. Transverse stresses

The average lateral compression induced in the bands
at the steady-state stress is obtained from (Fig. 9) as c ≈
200 MPa. This is appreciably higher than the transverse
stress in the compression test [c ≈ 40 MPa, Fig. 1(c)].
The corresponding transverse tension between the bands

FIG. 7. Effect of the pull-out length L /D on the stresses at zero
friction.

FIG. 6. Calculated stress/displacement results: (a) effect of the asperity amplitude, A/D, for a friction coefficient,  ⳱ 0.3; (b) influence of
the fiction coefficient. On the latter, note that the stress is finite even
when  ⳱ 0. The stresses and displacements have been nondimensionalized as elaborated in the text.

FIG. 8. Variations in (a) the steady-state stress and (b) the displacement at the onset at steady state, as a function of the friction coefficient
for various pull-out lengths, L /D.
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3.
4.
5.
6.

7.
8.
9.

10.
11.
12.
13.
FIG. 9. (a) Transverse stresses for several interface conditions. Note
that the compression within the bands is not constant. (b) Concentrated
tensile stresses that exist at the extremity of the dilatation band.

sufficient tensile stretch to hold the system together. The
interlayer between the plate edges must be weak enough
to separate before the plates fail, to ensure that multiple
dilatation bands form. Along the slipping interfaces, the
organic mediates the internal friction, acting as a solid
lubricant.

14.
15.
16.
17.
18.
19.
20.
21.
22.

V. CONCLUSION

This study has identified four design principles that
underlie the robustness of nacre. (i) The brittle phase has
a tabular morphology with plate size, aspect ratio, and
topological arrangement chosen to maximize the inelastic strain. (ii) The amplitudes and wavelengths of the
nanoscale asperities on the plate surfaces provide strain
hardening large enough to ensure formation of multiple
dilatation bands but not so large that the plates fracture
internally. (iii) The polymer interlayer has sufficient adherence and transverse stretch that the plates remain intact in the regions between the dilatation bands, where
transverse tensile strains are generated. (iv) The same
polymer interlayer appears to provide enough lubrication
that interface slip is frictionless.
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APPENDIX I: IMPORTANCE OF DUCTILITY FOR
ROBUST MECHANICAL PERFORMANCE

There is an appreciable literature on the connection
between the inelastic strain capacity of a material and its
mechanical robustness. The key issue is that the structural performance of a material is ultimately dominated
by its ability to redistribute stress at strain concentration
sites (imperfections, corners, holes, etc.), to eliminate
stress concentrations.24 This requires that the material be
inelastic, with a strain capacity appreciably in excess of
the elastic strains. Otherwise, materials are susceptible to
unpredictable failures from imperfections.
The underlying principle is as follows. The material
around imperfections responds to external loads in a
manner governed largely by displacements, whereupon
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inelastic strains reduce stress concentrations.13,25 In the
limit, the inelastic strains are large enough to completely
eliminate the stress concentration. The behavior is exemplified by the notch response. Materials that exhibit netsection strength undiminished by the notch are those
used in practical load bearing structures. An illustration
for a material comprising a continuous lanthanum phosphate host phase, embedding a woven framework of mullite in two orthogonal orientations, is shown on
Fig. A1.14 These results and others have demonstrated
that inelastic strains greater than about 4 times the elastic
strain are sufficient to impart notch insensitivity.
As in the case of nacre, the response of the fibrous
oxide in shear is softer than in tension along the reinforcement directions (Fig. A1) and the compressive
stress/strain response is linear.

APPENDIX II: ANALYTICAL MODEL

An analytical model for the slip response assumes that
the asperities remain rigid (zero elastic compression).
Then, the behavior can be simulated by imagining a
wedge of material inserted at the interface, equal in thickness to the rigid body displacement caused by slip. This
thickness, ␦, is given by
␦ ⳱ A sin[(/2)u/l]

.

(B1)

The transverse compressions in the band induced by
slip are
⑀c = ␦ⲐD

,

c = E⑀c = ss sin关共 Ⲑ 2兲u Ⲑ l兴 ,
ss = EA Ⲑ D

.

(B2a)

These stresses are partially offset by a Poisson contraction induced by the pull-out stress. The modified compression is
c ⳱ ss sin[(/2)u/l] − 

.

(B2b)

The result is approximate since the axial stress in the
pull-out zone is nonuniform, as elaborated in the text.
Assuming Coulomb friction, the average shear stress is
related to the normal stress by
 ⳱ c .

(B3)

Force equilibrium within the band requires that the
bridges stress be related to the shear stress by
 ⳱ [L − u]/D

.

(B4)

Combining Eq. (B4) with Eqs. (B1) and (B2) gives
D2 Ⲑ EAL = 共1 − u Ⲑ L兲 sin关⌬兴 Ⲑ 关1 + 共L Ⲑ D兲
(B5a)
共1 − u Ⲑ L兲兴 .
In terms of the key nondimensional parameters and for
the displacements of present interest, u Ⰶ L, Eq. (B5a)
becomes
⌺ ⳱ 2 sin(⌬)/[1 + L/D]

.

(B5b)

Accordingly, the stress/strain relation (for u Ⰶ L)
becomes
⑀p ≈ (2l/S) sin−1{⌺(1 + L/D)/2}

FIG. A1. “Notch insensitive” behavior measured for a material comprising a fibrous mullite framework in a lanthanum phosphate matrix.
The inset shows the corresponding inelastic strains measured in tension on an unnotched coupon.14

.

(B6)

The deviations of the numerical results from this simple
analytical result provide some useful insights. There appear to be three principal effects: (i) As the asperity
amplitude A/D decreases from 0.001 to 0.005, the nondimensional peak stress decreases by about 20% but remains constant as A/D is further reduced (Fig. 6). (ii) The
peak occurs at a displacement smaller than that expected
from Eq. (B1). That is, the maximum arises at ⌬ < 0.5,
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before the asperities juxtapose (Figs. 6 and 7). (iii) At
zero friction coefficient, there is still a finite resolved
force in the pull-out direction. These deviations are attributable to the combined influences of the elastic deformations and the normal tractions, N [Fig. 3(c)]. One
elasticity effect is the compression of the juxtaposed asperities. This compression reduces the stress maximum,
accounting primarily for the extra influence of A /D. A

2484

second elasticity effect is responsible for the greater effect of L /D on the stresses than that attributable to the
Poisson contraction. It suggests an influence of the elastic stretching of the plate in the pull-out region on the
sequencing of the asperity motions. Finally, at small ,
deviations arise because the geometric simplification neglects the effect of the normal tractions, N, that still
contribute, even when  ⳱ 0 [Fig. 3(c)].
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