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Accurate pseudo-hexagonal nanoarchitecture of nacre was used to design three
dimensional finite element models of nacre, the inner layer of mollusk shells. Tensile tests
were simulated introducing linear and nonlinear material properties in these models.
Material parameters of components of nacre (aragonitic bricks and the complex organic
phase) such as elastic modulus and hardness were obtained from bulk measurements
reported in literature. In addition, nanoscale experiments conducted using atomic force
microscopy and nanoindentation provided mechanical properties of aragonite platelets and
organic phase. Linear simulations in the elastic regime at low stresses (2 MPa) was
conducted on the new models. Our simulations indicate that a high modulus of organic
phase (~20 GPa) is necessary to obtain the experimentally obtained bulk phase elastic
response of nacre. Our nanoindentation experiments also confirmed the simulations.
Further nonlinear simulations were conducted under the assumption of a fully elastic
behavior of aragonite and an elastoplastic model for the organic phase. Further the yield
stress of the organic phase is varied over a wide range from 40 to 400 MPa . The resulting
yield stress of nacre was compared to experimentally obtained value. Again our
simulations indicate that an exceptionally high yield stress of the organic phase is
necessary to obtain the yield behavior in nacre. Further, nanostructural nuances in the form
of platelet-platelet mineral contacts were incorporated in the three dimensional models.
The role of these mineral contacts on linear and nonlinear responses under high and low
loads was quantitatively evaluated. Our simulations indicate for the first time that presence
of these mineral contacts has minimal effect on both linear and nonlinear responses in
nacre. As a matter of fact, the contacts are regions of high stress concentration and they
break long before yield begins in nacre (~50 MPa). These results have significant
ramifications on a biomimetic design of scalable nanocomposites mimicking nacre.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

The exceptional mechanical response of nacre, the in-
ner layer of seashells, to external loading, is extensively
studied in literature [ 1-6]. Due to the exceptional prop-
erties of fracture toughness and strength, it represents
a model system for biomimetic design [7-11]. Nacre is
ceramic laminated composite consisting of highly or-
ganized polygonal shaped aragonitic platelet layers of
thickness of 0.5 um separated by thin 30 nm layers of
organic composed mainly of proteins and polysaccha-
rides. This laminated ‘brick and mortar’ microarchi-
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tecture is responsible for the high strength and fracture
toughness of nacre. The portion of the nacre compris-
ing the organic material typically represents 1 to 5% by
weight. Microstructural characterization has shown the
presence of a highly hierarchical morphology i.e., ar-
chitectural order at many length scales, from nm to mm,
not found in man-made systems [2, 7]. The aragonitic
structure also occurs in deposits of geologic origin and
exhibits identical crystallographic structure but small
differences are detected in the electronic structure pos-
sibly from the influence of organic [12].
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Often the true physical continuum of the macro-
scopic structures is discretized into smaller sections
using numerical modeling techniques such as finite el-
ement modeling [13]. Many engineered structures are
designed and modeled using numerical modeling tech-
niques. Finite element modeling is a commonly used
tool for design of structures as diverse as buildings,
bridges, roads, aircrafts, automobiles, artificial hard and
soft tissues etc. This is particularly true for modeling
mechanical response of biological soft and hard tis-
sues [14-16]. In our previous work [17-19], we con-
structed the microarchitecture of nacre using three di-
mensional finite element modeling techniques. Mate-
rial parameters for organic and inorganic phases were
obtained from atomic force microscopy and nanoinden-
tation experiments in literature. Simulated tensile tests
were conducted at low and high loads to predict linear
and nonlinear properties of the ‘composite’. Our previ-
ous models are expanded in this work to represent more
accurately the micro and nanoarchitecture of nacre. In
addition, novel methods (as described in part I) are used
to obtain nanoscale mechanical responses in individual
components of nacre.

2. Formulation of finite element
model of nacre

In our previous work [17], we designed 3D finite ele-
ment models of nacre using FEM software, MARC™
(MSC MARC Corp.) on a Silicon Graphics worksta-
tion along with a pre and post processor, MENTAT™
(MSC MARC Corp.). These models were constructed
based on a simplistic brick and mortar architecture. In
the current work, the true (pseudo) hexagonal symme-
try of nacre platelets is incorporated into the construc-
tion of the models. In addition, some structural nuances
such as presence of thin mineral contacts through the
aragonitic platelets is also included. In the present work
a four processor SUN ES 3500 workstation at NDSU
and ORIGIN 2000 massively parallel supercomputer
at National Center for Supercomputing Applications

(NCSA) has been used along with pre and post proces-
sor, MENTAT™ (MSC MARC Corp.). The details of
the construction of the model are as follows.

2.1. Construction of the 3D model

The construction of the model was done in three phases
(1) building of the individual unit, (2) building of a
block comprising of two units rotated, stacked and con-
nected to one another (Fig. 1a) and (3) building of the 10
x 10 x 8 model (shown in Fig. 2) through rotating and
translating of the two unit blocks. A four noded plain
isoparametric element was chosen and a equilateral tri-
angular element with sides 2.5 m long is constructed.
The triangular element is subdivided to form an equilat-
eral triangular four noded isoparametric element with
sides 0.025 pum (25 nm) long. This smaller triangular
element will be part of the hexagonal connection for
contact. A node is next introduced at the base edge of
the larger triangular element with coordinates of —(2.5
* sin(60°) x tan(25°) and —2.5 * sin(60°). An additional
element is then introduced within the larger triangular
element with the new node as part of the element. This
new node along with the nodes in the central region of
the larger triangular element provide for connectivity
to adjacent lower unit. Material properties for arago-
nite are assigned to the elements. Next, a 10 nm thick
4-noded isoparametric element is attached to the base
of the larger triangular element and assigned properties
for organic material. This forms the basic triangular
plane for construction of the 3D unit. The triangular
plane is next expanded vertically through a distance of
0.25 pm to form one sixth of 3D hexagonal aragonite
platelet. The same plane is expanded 10 nm above and
below the aragonite platelet to form the 10 nm thick
organic layer on the aragonite platelet. The contact ele-
ments near the vertex are assigned aragonite proper-
ties. These elements now form one sixth of the 3D
hexagonal aragonite contact. The surface contact nodes
are rotated through 5 degrees to provide connectivity
with the rotated unit above. The expanded elements

Figure 1 (a) Figure showing two individual units of 5 jum diameter 0.25 pm high hexagonal aragonite platelets covered with 10 nm thick organic
layer. The individual units are rotated with respect to one another by an angle of 5 degrees. The 50 nm contacts are located at the center. Each unit
consists of 72 eight noded 3D isoparametric elements. (b) Figure showing a close up view of three-dimensional stacking of the individual units.
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Figure 2 Figure showing the three-dimensional model comprising of 10 x 10 x 8 high stacked units.

automatically become 3D 8-noded isoparametric el-
ements. The 3D subunit containing one sixth of the
inorganic platelet, organic cover and contact is next
translated vertically through 0.27 pvm and rotated 5 de-
grees to form the subunit of the upper unit. Next, all
elements are rotated and duplicated five times to form
the dual unit stacked block seen in Fig. 1a. The block is
then rotated along the vertical axis through 30 degrees.
A close up view of three-dimensional stacking of the
individual units is shown in Fig. 1b. After the dual unit
block is constructed, the block is translated and du-
plicated nine times to form a row of 10 blocks. The

row is then translated and duplicated to form a sheet
of 10 x 10 blocks. Due to relative rotation between
the upper and lower units, minute triangular voids are
formed at the intersection of three blocks. These voids
were filled by a three layered triangular block having
the same thickness of the inorganic and organic layers
as in the individual units. The sheet is then translated
and duplicated 4 times vertically to form a block of 10
x 10 x 8 as shown in Fig. 2. All FEM simulations
were conducted on this 10 x 10 x 8 block. A close-up
view of a section through the individual units to show
the contacts between platelets is shown in Fig. 3. The

Figure 3 Close up view of a section through the individual units to show the contacts between platelets. The organic layer between the aragonite

platelets has been removed to show the contacts clearly.
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organic layer between the aragonite platelets has been
removed to show the contacts clearly.

For conducting simulated tensile and compressive
tests, the organic layer on the bottom of the block was
removed and “glued” by assigning zero nodal displace-
ments. The organic layer from the top surface was also
removed and uniform normal stress was applied to the
element faces. To reduce edge effect, the edge nodes
were tied to the central nodes during testing.

2.2. Determination of nanoscale mechanical
properties of biocomposite nacre
Material parameters for the different sections in our
models were obtained using nanomechanical tests us-
ing atomic force microscopy. Details of these experi-
ments are described in our previous work [18]. Elas-
tic modulus and hardness of the aragonite platelets as
well as the organic matrix were obtained using ultrafine
indentations provided by the atomic force microscopy

Arrows indicate contact regions

Figure 4 Figure showing the distribution of normal stress in the central region of the model: (a) with contacts and (b) without contacts. The influence
of contacts is seen by local stress concentration in the contact regions. Load = 2 MPa.
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TABLE I Material parameters of constituents of nacre

Nacre-aragonite Geological aragonite Organic
E (GPa) 80 100 20
H (GPa) 4.3 7.0 a

2Not determined.

techniques. Vertical indentations were performed using
a Hysitron Picoindentation™ system that is attached
to an atomic force microscope (AFM) (Park CP Scan-
ning probe System). The methodology for determining
nanoscale E and H values using the setup are well doc-
umented [20]. Material parameters of the organic and
inorganic phases are shown in Table I.

2.3. Boundary conditions

Tensile and compression tests were simulated by set-
ting nodal displacements of the lowest face of the 3D
model to zero and applying face pressure in the z direc-
tion to the top face of the 3D model. These boundary
conditions were applied directly to aragonite surfaces.
As before, all the nodal displacements on the top arag-
onite face were equalized by linking all surface nodes
to central node which effectively minimizes the ‘edge
effect’ commonly observed in FEM analyses.

3. Results and discussion

Initially, tensile tests were conducted with single load
increment of 2 x 107% N/um? (2 MPa) on the new
3D model. The property of elements in the contacts
was maintained at two values, aragonitic like and or-

TABLE II Elastic Modulus of nacre with and without contacts under
single load increment of 2 MPa

Deformation

in z direction (um) Strain E (GPa)
Contacts 1.3400E-04 6.3208E-05 31.6416
No contacts 1.3428E-04 6.3396E-05 31.5477

ganic like. Simulations were conducted for these two
extreme cases. This is identical to running simulations
for models with and without contacts respectively. The
resulting displacements of elements are shown in Fig. 4
a and b for the two cases. In these Figs a section of the
simulation through the x-z plane is shown. As seen,
clearly, in the contacts-present models, localized dis-
placement variations are observed in the regions of
mineral contacts. For the contacts-absent models such
localized displacements are not seen. For the 10x 10x 8
unit system, the net displacement in the z direction for
the contacts-absent model was observed to be 1.34 x
10~* um which corresponds to an elastic modulus of
nacre to be 31.9 GPa. Results of identical simulations
on contacts-present and the contacts-absent models are
shown in Table II. As seen, the calculated modulus in
the two cases are only marginally different. Similar sim-
ulations were conducted at higher loads upto 60 x 10~°
N/um?(60 MPa). Sections through simulations of the
contacts-present models showing displacements in z di-
rection for single load increment of 9.25 x 10~° N/um?
(9.25 MPa) are shown in Fig. 5. Again significant

1.048e-04

2.646e-05
=5.187¢-05

Applied Stress = 9.25 MPa
Arrows indicate contact regions

Figure 5 Figure showing the distribution of normal stress in the central region of the model with contacts. The influence of contacts is seen by local

stress concentration in the contact regions. Load = 9.25 MPa.
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Figure 6 Results of parametric study using the model showing that in-
creasing elastic modulus of inorganic contacts by even several orders of
magnitude does not bring the calculated elastic modulus of nacre to that
observed. These results further indicate that the contacts have negligible
effect on the elastic modulus of nacre.
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Figure 7 Plot of applied normal stress versus normal stress in contacts.
The normal stress in contacts is about 3 times larger than the applied
stress. The contacts yield at an applied normal stress level of about
10 MPa, which is much smaller than the observed yield stress of nacre
of about 50 MPa. The contacts have no influence on the yielding behavior
of nacre.
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variations in displacements near contact regions is ob-
served as compared to the contacts-absent samples.

Since our previous work [18] has indicated both
through simulations and nanoindentation experiments
that the organic phase is indeed a material of extremely
high elastic modulus (~20 GPa), we extend our sim-
ulations for the current hexagonal symmetry models.
In order to accomplish this, a previously postulated
low modulus of organic phase (5 MPa) was applied to
the material properties of the organic phase in our 3D
model. Further, the elastic modulus of the contact re-
gions was varied from 10 GPa to extremely high values
of 100,000 GPa. Simulations at single load increment of
2 x 107 N/um? (2 MPa) for each of these cases were
performed. Fig. 6 shows the calculated elastic modulus
for varying values of modulus of the contacts regions.
The dotted line at the top of the Fig. indicated the exper-
imentally observed elastic modulus of nacre. As seen,
extremely large values of modulus of the organic phase
are necessary to result in the experimentally obtained
elastic behavior of nacre.

Since our simulations suggest that the elastic re-
sponse of nacre is only marginally affected by the pres-
ence of contacts, we wish to further investigate the in-
fluence of contacts on the yield behavior in nacre. The
effective stress in the contact regions was obtained from
the above simulations for low and high loads. The ef-
fective stress in the contact regions was plotted against
the applied stress in nacre as shown in Fig. 7. Clearly,
the effective stress in the contact region is higher than
that applied. Since aragonite yields at ~30 MPa the ap-
plied stress at which this yield condition results in the
contact regions is at ~10 MPa.

We also studied the influence of yield stress of indi-
vidual components (organic and aragonite) on the yield-
ing of nacre. Our previous work [18] has shown that the
yield stress of the organic phase in nacre is extremely
high (~400 MPa) compared to the magnitude of yield
stress of common organic materials such as proteins
obtained from bulk mechanical tests. We evaluated the
response of nacre using the nonlinear material model
described above for a range of values of yield stress
of organic phase keeping the yield stress of aragonite
constant. The results from the simulations are shown
in Fig. 8. In the first set of simulations, the yield stress

Aragonitg Yield Stress =30 MPa

Aragonite Yield Stress = 15 MPa
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Figure 8 Plot of Stress-Strain response of nacre from simulations for various values of yield stress of organic phase and aragonite. For a wide range
of values of yield stress of organic phase and constant yield stress of aragonite, the yield stress of nacre is about the same, 28 MPa. The yield stress of
nacre becomes 13 and 58 MPa when the yield stress of aragonite is assigned values of 15 and 75 MPa respectively. Since, the experimentally obtained
yield stress of nacre is of the order of 50 to 60 MPa, the yield stress of aragonite in nacre is of the order of 75 MPa. The results indicate that yield
stress of aragonite has the major influence on magnitude of yield stress in nacre.
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of aragonite was maintained at 30 MPa and the yield
stress of organic phase was varied from 320 to 40 MPa.
The simulations show that for the entire range of yield
stress of organic phase, the yield stress of nacre is about
28 MPa. There is very marginal difference in the yield
stress of nacre over the wide range of yield stress values
of the organic phase as can be seen by the overlapping
curves in the figure. Next, the yield stress of the organic
phase was kept constant at 160 MPa and the yield stress
of the aragonite was changed to 15 and 75 MPa respec-
tively. The yield stress of nacre obtained from the sim-
ulations is 13 and 58 MPa respectively. Since the yield
stress of nacre obtained from experiments is of the or-
der of 50 to 60 MPa [1], the yield stress of aragonite in
nacre is of the order of 75 MPa.

4. Conclusions

A 3D finite element model representing more truly the
pseudo-hexagonal symmetry of aragonite platelets in
nacre has been constructed. Atomic force microscopy
and nanoindentation experiments were performed to
give material parameters of the organic and inorganic
phases. In addition, details of nanoarchitecture of nacre
including small rotations between aragonitic platelet
layers and presence of mineral contacts between the
layers was incorporated into the 3D models. We quan-
titatively analyzed the influence of the mineral contacts
on the bulk mechanical response of nacre. Our simu-
lations suggest that the contacts have marginal effect
of the elastic properties of nacre. Furthermore, effec-
tive stresses in the contact regions are approximately
three times higher than that applied. This suggests that
the stress values at which yield starts in nacre is much
higher than yield initiation of aragonite in the contact
regions. In other words, the mineral contacts break long
before yield initiates in nacre and thus are of minimal
consequence in the yield behavior of nacre also. Our
work also indicates that the magnitude of yield stress
of nacre is mainly influenced by the yield stress of the
aragonite. Our current simulations have assumed per-
fect load transfer at organic-inorganic interfaces. Our
subsequent work focuses on quantifying role of nano
and micro scale asperities at these interfaces on the lin-
ear and nonlinear responses in nacre.
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