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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.

[. INTRODUCTION an inelastic zone has been observed for nédnhile
Various naturally occurring materials have inherentthere are precedents for mechanically robust materials
mechanical robustness, despite the brittle nature of themade from predominantly brittle, oxide, constitu-
predominant constituent: CaGften present as arago- ents}?'* the enabling topologies found in nacre are
nite~’ This robustness is manifest in inelastic strainsunique. Namely, robustness is realized in a brittle, tabular
prior to rupture™® An example is presented on Fig. 1, for phase (CaCg) by dispersing a minimal amount (<5%)
nacre, which consists of high aspect ratio aragonite platesf polymer. The primary role of the polymer is to impart
separated by a very thin polymer interlayef Its in-  transverse integrity across the plates, because of its
elastic response is anisotropic, being dependent upon tistrong adhesion to the aragonite and its remarkable ca-
loading and its orientation relative to the coordinates ofpacity for inelastic stretch.It also appears to lubricate
the aragonite platésUpon loading in tension parallel the interfaces.
to the plates, the material “yields” after an initial elastic Upon loading in tension along the plate axis, the
response (Young's modulu€ = 70 GPa), exhibits inelastic behavior coincides with the formation of
rapid strain hardening, and, thereafter, deforms subject talilatation” bands, which are visible because of deformation-
a steady-state stresg,.= 110 MPa (minimal strain hard- induced optical scattering centers (FigZ#)While these
ening) up to a strain of about 1% [Fig. 1(&)Unloading bands differ in detail between columnar and sheet
and reloading indicates a permanent strain and hysteresigscre, there appear to be three common characteristics:
[Fig. 1(b)]* In compression, the material remains elastic(i) They form normal to the applied load once the elastic
and fails at a strain exceeding 0.5% [Fig. 1&)oading  limit has been exceeded. The number density of the
at w/4 to the plates, to induce a uniform shear across thbands increases as the stress increases, until saturation is
interfaces, elicits another inelastic response, exhibitingeached. (ii) They are visible because microscale separa-
strains in excess of 8%subject to a shear resistance, tions form at the perimeter of each of the plates, which
Tes = 40 MPa [Fig. 1(c)]. act as scattering sites. The inelastic strain derives
The consequence of inelasticity, particularly that infrom the opening displacements at these separations,
tension, is an insensitivity to severe strain concentratiomccumulated over all of the bands located within the
sites, because the inelastic deformation reduces (and gauge section. (iii) The growth of the separations (and
some cases, eliminates) stress concentrafib Such  hence the inelastic strain) is enabled by slip occurring at
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FIG. 1. Stress/strain characteristics of nacre: (a) stress/strain curves
tension and compression measured along the plate® dkisseveral
consecutive load/unload curves highlighting the hysteregiy;shear
stress/strain response for slip along the plate interfaces.
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the adjoining plate interfaces. The slip resistance is pro-
vided by nanoscale asperities on the plate surfaces. In the
saturated state, all plates exhibit peripheral separations.

The inelastic deformation involves the slip of Cag£O
nano-asperities against each other, accompanied by the
deformation of the intervening polymer. The flow resis-
tance beyond the elastic limit is related to the associated
shearing, given a representation compatible with the ten-
sile 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 CaCQ 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 plate3and 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 crack$®>**(Appendix ). Related effects occur
in thin brittle films on ductile substratés;*® 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 de-
rives from the elastic opening of the cracks and the plas-
tic strains in the substrate between the cracks.

II. UNDERLYING MECHANISMS
A. Mechanistic basis

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 arago-
nite 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 as-
perities are topographically matched prior to loading but,
otherwise, have dispersed wavelengths and aspect ra-
tios® 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. (i) The plates
slip over the asperity peaks in “steady-state.” The analy-
sis assumes plane strain conditions.

Two basic mechanics concepts are crucial to the mod-
el: (i) When the first separations nucleate, at the elastic
Iinmit, the shear resistance of the plate interfaces must

e low enough to assure that a dilatation band forms
rather than a brittle crack (i) 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 ofsteady state” requires a slipping friction solution for a
the inelastic deformation would localize in the first band,pair of plates with periodic asperities. Both stages are
failure would be catastrophic at the nucleation stf8s3, addressed. The models are developed in detail for aba-
and the material would be brittle. Conversely, when thdone nacre, because the tessellated morphology of the
stress needed to continue straining increases with defoplates and the consequent discreteness of the dilatation
mation, the stress elsewhere also increases and seeks neands (Fig. 2) allows a representative unit cell to be de-
bands. With sufficient hardening, all possible sites can béined and analyzed numerically (Figs. 4 and 5). The sto-
activated, resulting in the maximum inelastic strain al-chastics governing the inelastic response of sheet fiacre
lowed by the mechanism, ensuring a robust, ductile reare assessed at a more qualitative level.
sponse. Such hardening is attributed, below, to the
asperities (Figs. 3 and 4). B. Asperity climb

Asperity climb is addressed by solving the slip prob- For asperities to translate past each other within a de-
lem in the presence of a matching, periodic arrayformation band, the material in the band must dilate,
of asperities on opposing plates (Fig. 4). Analysis oflaterally. This dilatation is constrained by the nonslipping
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out many of the key ideas. (However, any friction law

that allowst to increase as the displacement proceeds

T “ =% would yield the same general result.) The intent of the
° calculations is to determine the axial stressas a func-
8 tion of the opening of the separations,and to establish
= the influence of the key variables am(u) up to and
< Bomenn including the onset of “steady state.” The stress/strain
response is determined directly fromfu) upon noting

Svam o that the inelastic strairgy, is related to the opening dis-
’ placement by:

€ = US | 1)

whereS s 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 Appen-
dix I1).

The model also gives the transverse compressive
stresses within the bands, average and the balancing

Bands tensiono+ between the bands, which are related by

FIG. 3. Schematic diagram of several dilatation bands indicating the or =ocl/sS @)

transverse compressions in the band and the compensating tensi%erel_ is the band thickness. The former governs the

between the bands. . . . ) . I
strain hardening, while the latter establishes a criterion
for integrity of the plates.

i}l

GT: (L/S)G,

o

material outside the deformation band, causing the dec  steady-state slip
velopment of a transverse internal compression and a
compensating tension outside (Fig. 3). The induced com-
pression is the source of strain hardening. It increases &

While the shear resistance of plates with periodic as-

rities on their surfaces can be calculated numerically,
. . . 2’23 . .

the asperities translate, thereby elevating the axial forcélﬂbJelCt tg bCoqu(;nbh frictior; fsrl:.Ch analllys_lrsh IS r|10n-

required for additional slip. The magnitudes of thesel''Vial and beyond the scope of this article. The alterna-

stresses and their effect on slip are calculated below foiiV€ IS t0 use the slip resistanCeThese authors
typical plate dimensions and asperity morphologies. conducted compression tests on specimens with the plate

The situation envisaged for each band has been illudnterfaces at45° to the load axis [Fig. 1(c)]. By resolution
trated schematically on Fig. 3. That is, as the bangQf the stress along the slip planes, the shear resistance is
widen and the separations open, all of the axial interfaceZs = 40 MPa, subject to a transverse compressiqrr

within the band experience slip, with an explicit shear?0 MPa. This shear stress is used in the subsequent in-

resistance, designated This shear resistance increases€'Pretation of the tensile stress/strain curve.

as the opening of the separations,increases, causing
the associated axial stress, to increase, resulting in |, HARDENING MODEL
hardening. All other interfaces are considered static (non- ) )
slipping). The unit cell characterizing this process is™ Tensile strains
shown on Fig. 4(a). The asperities are considered to be The finite element method has been used for numerical
sinusoidal, with fixed wavelength and amplitude. Theanalysis of the tensile stress/strain response. In all of the
associated stress/displacement behavior is depicted sctealculations (Fig. 4), the wavelength of the asperitiés, 2
matically on Fig. 4(c). Once the contacting asperities jux-and their amplitudeA, are taken to be small relative
tapose, the stress required for this process to continu® the band thicknesd,, consistent with the observa-
attains a “steady-statey., as the compressed asperitiestions® The aragonite plate width B, andv is Poisson’s
slip over each other, along their peaks. The asperityatio. The results have been obtained using the ABAQUS
climb model is discontinued at juxtaposition. code, which contains an option for solving contact prob-
The slipping interfaces are modeled using conveniems with friction, using the propertids = 70 GPa and
tional friction concepts, in the sense that the contacts are= 0.2. The mesh is shown in the deformed state (Fig. 5),
assigned a Coulomb friction coefficient, This choice to emphasize the contact zone between asperities. Note
allows the modeling to proceed in a manner that bringshat 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 normalis the contribution from the normal traction| in Fig.
ized usingA = u/2l. Insights from Appendix Il suggest 4(d)]. The curves obtained using Eq. (3) are compared
a stress normalizatior, = [cD¥EAL][1 + vL/D], as  with some of the numerical results on Fig. 6.
plotted on Fig. 6. Note that there is a finite stress even Corresponding expressions for the stress and the dis-
when the friction coefficient is zero. The trendspat= placement at the peak are found by differentiating Eq.
0 are plotted on Fig. 7. In this case, the stress normalizg3). Upon lettingy = wu/2l,
tion X = I'(L/D) provides a rationalization, for the rea- D
sons elaborated below. - i Z &

Upon inspection, the behavior obtained within the I=psinx+e, L sin2x) (43
range (0< w < 0.3:1< L/D < 8) can be represented by

the approximate expression: such that, on differentiation

D2 oI’ . 2D 42y) (4b)
o —=wmcosy +c, — cog2y) .
=___ d Bl
['=gap (L+0L/D) X
. D . At the maximum,oI'/ox = O:
=|w sin(mld) + ¢, T sin(2wA) |, 3
2 cos y + cosy-1=0 . (40)
where 2Dc,,

At the stress maximum, whese= x°3
c, = 0.147- 0.375. + 0.422.2 e X

. . . . L 2 L
The flrs_t term represents the fnctloqal contribution to thecos(xss) ~ 0.2 B +8- n _ (4d)
slip resistanceifo, in Fig. 4(d)], while the second term 2Dc,, 2Dc,,
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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 comparg/. COMPARISON WITH MEASUREMENTS
the predictions with the measured stress/strain curves.

A. Stress/strain curve
B. Transverse stresses and strains A comparison between the model and the measure-
lllustrative results for the lateral stresses creatednents is made at two levels: (i) In the hardening domain,
within the plates, as the bands dilate, are plotted orhe stress/strain response is predicted from Eq. (3) with
Fig. 9(a). The lateratompressive stressesthin the di-  Eq. (1), by inputting measured dimensional paraméters
latation bands are nonuniform, because of the PoissofP® = 0.5pum,L = 1.5um,A = 8 nm, 2 = 50 nm, and
effect. That is, near the separations, where the axiagd = 8 pm, withE = 70 GPa and = 0.2), as well as the
stresses are zero, there is no Poisson contraction and ta#ess maximum obtained from Eq. (4). A comparison is
compressions are large. Conversely, near the edge ofade with the measured curve (Fig. 7). nondimensional
the bands, the Poisson contraction causes a transversiess maximumgs = 0.14, and corresponding dis-

compressive stress (see Appendix II). placementA,, = 0.2. For a friction coefficienty. = O,
The lateratensilestresses between the bands are giverihe stress maximum isss = 98 MPa, compared with a
approximately by [Appendix Il: Eq. (B2)]: measured strengtt,. = 110 MPa [Fig. 1(a)]. Exact co-

incidence is achieved when = 0.02. The inference is
that the interface is essentialfyictionless. The corre-

At the interfaces just outside the bands, there is a stresponding opening displacement, used with Eg. (1), indi-
concentration [Fig. 9(b)]. The stresses are singular butates an inelastic strain at steady statg~ 0.16%.
diminish to an essentially uniform level at a small dis- This adds to an elastic straig,, = 0 JE = 0.12%, re-
tance from the band/D = -0.1. It is suggested that one sulting in a total strain, about 0.28%, consistent with the
role of the organic interlayer is to sustain such largestrain measured at the beginning of the stress plateau
strains through its large inelastic tensile stretch. [Fig. 1(a)]. (i) The independently measured slip resistance

0. = 05SiN[TA] — vo
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tance, . (Sec. Il. C), is used to evaluate by imple- iso; =65 MPa. It is proposed that one major role of the

menting Eq. (B4) from Appendix llog, = 7. JL — ul/D,  organic interlayer is to sustain this transverse stress, en-

in the limit u < L. This assessment gives a strasg,= abled by its appreciable capacity for plastic strététc-

120 MPa, which is also similar to the measured value. cordingly, the organic appears to have three functions.
Both approaches thus appear to yield a consistent dé&-hat situated along the transverse plates must have

scription 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 fric- 0.15 I

. : n=20, AD=001, p=0| & ",
tionless asperity contacts. j L/A=20, AD=00f “10 5w !o+ - Yss
~ o] *
B. Transverse stresses % 010k L i
The average lateral compression induced in the bandsy f
at the steady-state stress is obtained from (Fig. 8.a =3 * LD
200 MPa. This is appreciably higher than the transverse;f o‘ . T
stress in the compression test. [= 40 MPa, Fig. 1(c)]. 0051 . - 2 -
The corresponding transverse tension between the bands é o 4
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sionalized as elaborated in the text. for various pull-out lengthd.,./D.
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nanoscale asperities on the plate surfaces provide straffPBUST MECHANICAL PERFORMANCE

hardening large enough to ensure formation of multiple There is an appreciable literature on the connection
dilatation bands but not so large that the plates fracturéetween the inelastic strain capacity of a material and its
internally. (iii) The polymer interlayer has sufficient ad- mechanical robustness. The key issue is that the struc-
herence and transverse stretch that the plates remain itural performance of a material is ultimately dominated
tact in the regions between the dilatation bands, wherey its ability to redistribute stress at strain concentration
transverse tensile strains are generated. (iv) The sansites (imperfections, corners, holes, etc.), to eliminate
polymer interlayer appears to provide enough lubricatiorstress concentratiof$ This requires that the material be

that interface slip is frictionless.

inelastic, with a strain capacity appreciably in excess of

the elastic strains. Otherwise, materials are susceptible to
unpredictable failures from imperfections.
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inelastic strains reduce stress concentratidris.In the  APPENDIX II: ANALYTICAL MODEL

Iin_1it,_ the inelastic strains are Ia_rge enough to _completely An analytical model for the slip response assumes that
el!r_nlnate the stress concentration. T_he behavior is exeMpe asperities remain rigid (zero elastic compression).
plified by the notch response. Materials that exhibit netrhaon  the behavior can be simulated by imagining a
section strength undiminished by the notch are thosg,eqge of material inserted at the interface, equal in thick-

used in pra_ctical Ioapl_bearing structures. An illustration,acs to the rigid body displacement caused by slip. This
for a material comprising a continuous lanthanum phosthicknessﬁ is given by

phate host phase, embedding a woven framework of mul-

lite in two orthogonal orientations, is shown on d = Asin[(w/2)u/l] . (B1)
Fig. A1 These results and others have demonstrate . . .
that inelastic strains greater than about 4 times the elasti‘éhe transverse compressions in the band induced by

strain are sufficient to impart notch insensitivity. are
As in the case of nacre, the response of the fibrous €.=dD
oxide in shear is softer than in tension along the rein-
forcement directions (Fig. A1) and the compressive o = Ee. = oggsin(m/2)uw/l]

stress/strain response is linear. 6 =EAD . (B2a)
These stresses are partially offset by a Poisson contrac-
tion induced by the pull-out stress. The modified com-
pression is

0. = OgsSin[(w/2)ull] = vo . (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

Notch Insensitive

w
o
o

1

P/2(w-a)b
[

N
o
OL
g
>
o
>
»

P T = Mo . (B3)

Force equilibrium within the band requires that the
Ve bridges stress be related to the shear stress by

o =1L-u/D . (B4)
Combining Eq. (B4) with Egs. (B1) and (B2) gives

!

100

Inelastic
s, oDZ/EAL = p(1 - w/L) simA]/[1 + pw(L/D)

A-wL)] . (B53)

1 1 1
0 0.2 0.4 0.6 In terms of the key nondimensional parameters and for
—{ Notch Acuity a/w —» the displacements of present interast< L, Eq. (B5a)

’ becomes

[w)

Net Section Stress, Oy

300 Material Behavior 2 = 21 Sln("TA)/[l + I-LVL/D] . (BSb)

Accordingly, the stress/strain relation (far < L)
becomes

_ €, = (2 sin (1 + pvL/D)/2p} . (B6)

150
100

The deviations of the numerical results from this simple
7 analytical result provide some useful insights. There ap-
pear to be three principal effects: (i) As the asperity
amplitudeA/D decreases from 0.001 to 0.005, the non-
. . — . , dimensional peak streslecreasedy about 20% but re-
FIG. Al. “Notch insensitive” behavior measured for a material com- . . . "
prising a fibrous mullite framework in a lanthanum phosphate matrix. M&INS constant a%/.D is further reduced (Fig. 6). (ii) The
The inset shows the corresponding inelastic strains measured in tef€aK occurs at a displacememballerthan that expected
sion on an unnotched coupdf. from Eg. (B1). That is, the maximum arisesA& 0.5,
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before the asperities juxtapose (Figs. 6 and 7). (iii) Atsecond elasticity effect is responsible for the greater ef-
zero friction coefficient, there is still a finite resolved fect of L/D on the stresses than that attributable to the
force in the pull-out direction. These deviations are at-Poisson contraction. It suggests an influence of the elas-
tributable to the combined influences of the elastic dedic stretching of the plate in the pull-out region on the
formations and the normal tractions, [Fig. 3(c)]. One sequencing of the asperity motions. Finally, at snpall
elasticity effect is the compression of the juxtaposed asdeviations arise because the geometric simplification ne-
perities. This compression reduces the stress maximunglects the effect of theormal tractions,o,, that still
accounting primarily for the extra influence éf/D. A contribute, even whep. = 0 [Fig. 3(c)].
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