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Modeling microarchitecture and mechanical
behavior of nacre using 3D finite

element techniques
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Three dimensional finite element models of nacre were constructed based on reported
microstructural studies on the ‘brick and mortar’ micro-architecture of nacre. 3D eight
noded isoparametric brick elements were used to design the microarchitecture of nacre.
Tensile tests were simulated using this model. The tests were conducted at low stresses of
2 MPa which occur well within the elastic regime of nacre and thus effects related to locus
and extent of damage were ignored. Our simulations show that using the reported values
of elastic moduli of organic (0.005 GPa) and aragonitic platelets (205 GPa), the
displacements observed in nacre are extremely large and correspond to a very low
modulus of 0.011 GPa. The reported elastic modulus of nacre is of the order of 50 GPa. The
reason for this inconsistency may arise from two possibilities. Firstly, the organic layer due
to its multilayered structure is possibly composed of distinct layers of different elastic
moduli. The continuously changing elastic modulus within the organic layer may approach
modulus of aragonite near the organic-inorganic interface. Simulations using variable
elastic moduli for the organic phase suggest that an elastic modulus of 15 GPa is consistent
with the observed elastic behavior of nacre. Another explanation for the observed higher
elastic modulus may arise from localized platelet-platelet contact. Since the observed
modulus of nacre lies within the above two extremes (i.e. 15 GPa and 205 GPa) it is
suggested that a combination of the two possibilities, i.e. a higher modulus of the organic
phase near the organic-inorganic interface and localized platelet-platelet contact can result
in the observed elastic properties of nacre. © 2001 Kluwer Academic Publishers

1. Introduction nacre comprising the organic material typically rep-
Nacre, an important biological hard tissue has been ofesents 1-5% by weight. Microstructural characteri-
great interest recently due to its exceptional mechanization has shown the presence of a highly hierarchi-
cal properties [1-15]. Biomimetic design [16—20] for cal morphology i.e., architectural order at many length
the design of advanced laminated composites with opscales, from nm to mm, not found in man-made sys-
timized mechanical properties is of particular impor-tems [2, 3] The aragonitic structure also occurs in de-
tance. The combination of suitable mechanical propposits of geologic origin and exhibits identical crystal-
erties and environmentally benign processing routefographic structure but small differences are detected
makes the seashell structure very attractive and has led the electronic structure possibly from the influence
to recent advances in materials design inspired by bioef organic [21].
logical origins. Many engineered structures are designed and mod-
Nacre is ceramic laminated composite consisting ofled using numerical modeling techniques, specifically
highly organized polygonal shaped aragonitic platelefinite element modeling (FEM). This is particularly
layers of thickness of 0.am separated by thin 30 nm true for modeling mechanical response of biological
layers of organic composed mainly of proteins andsoft and hard tissues [22-24]. In this work, we con-
polysaccharides. This particular microarchitecture isstruct the microarchitecture of nacre using finite ele-
similar to ‘brick and mortar’ [1, 8, 9]. Such laminated ment modeling techniques with microstructural param-
microarchitecture is responsible for the high strengtteters of size, shape etc obtained from previous work in
and fracture toughness of nacre. The portion of thditerature. From the reported mechanical properties of
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aragonitic platelets, geological aragonitic samples anih the x direction to form a linear array of ten units.
organic matrix, simulated tests were conducted to preFig. 2 shows such an array. This linear array was fur-
dict mechanical properties of the ‘composite’. ther translated in the direction through 1.415 sin(3)
um and in they direction by 2.1225 sin{/3) um. This
leads to the staggering of bricks as seen in nacre. These
2. Formulation of finite element two rows were then translated by 2.1228 in they
model of nacre direction four times to yield a single layer of 3010
Finite element modeling is an important tool used byunits as shown in Fig. 3. Staggering of the bricks in
engineers to predict material properties based on dighe z direction was accomplished by translating the
cretization of the material into finite ‘elements’ that 10 x 10 units inx andy directions by 1.415sin(/3)
simulates the real continuous surroundings [25]. Of-and 1.415cos{/3) um respectively and translating in
ten, complex tests and simulations can be conductethe z direction by 0.53:wm. Such a 3D construction is
using FEM, which may be impossible or difficult to translated four times to yield a 2010 x 10 structure
conduct in the laboratory. This is particularly true for as shown in Fig. 4. Mechanical tests are simulated on
biological systems. FEM is thus a commonly used toolsuch a structure.
in the biomaterials field for modeling heart, lung, bone
etc. [22—-24] In this work, we construct a 3D model of .
nacre. FEM software, MAREY (MSC MARC Corp.)  2:1. Material parameters , .
was used on a silicon graphics workstation along withElastic behavior of the whole shell is modeled using

a pre and post processor, MENTRT (MSC MARC the elastic modulus for the individual components from
Corp.) literature, [1, 26] as shown in Table I. In literature, the

As a first step, the individual 3D hexagonal arag_elastic modulus of the organic layer is estimated using
onitic platelets were constructed based on microstruc?@no indentation techniques [26].
tural parameters shown in Table I. Each aragonitic brick
consisted of 4 eight noded isoparametric elements. Th§_2_ Boundary conditions

consruction of a single element is shown in Fig. 1. Fur- ensile and compression tests were simulated by setting

:Egr;geo%rﬁliing?iéiy%gﬁ(?ktrtzcszegf iﬁ:g:haenﬁiﬁgse?lodal displacements of the first or lowest face of the
9 y 9 Ye3D model to zero and applying face pressure inzhe

m?(fkfgseg g]? 2? gr?gzﬁlg] \évrhit(;gtiser;"’::f::;hgrﬁ.?:ogfgksdirection to the top face of the 3D model. These bound-
: ganic 1ay W gonit : ary conditions were applied directly to aragonite sur-

This constitutes the basic unitin the finite elementanalz, \ .o A|l the nodal displacements on the top arago-

yi's' SU(\:A? a 3{? ﬁleirr:egtk\)/v |t2 ggth_orgarrucnamd 'tri'rzrgan'%ite face were equalized by linking all surface nodes to
phases was translated by 2.83 sif¥) 1 €lUMeS  central node. This procedure effectively minimizes the

‘edge effect’ commonly observed in FEM analyses. In
TABLE | Microstructural parameters, composition and elastic prop- OUr analy5|_s, asa _f|r3t approximation, no |_nterphaS|aI,
erties of the components of nacre i.e. pertaining to discrete interphase, relationships be-
tween organic — inorganic phases were introduced. The

Organic Inorganic inorganic-organic interface is assumed to have perfect
Proteins and Polysaccarides [1]  Aragonitic CaCO molecular adhesion and failure of nacre is attributed
Volume % of Nacre: 5 Volume % of Nacre: 95 mainly to weakening of cohesive interactions in arago-
30 nm layers between and Hexagonal Platelets wity28  nite and nacre. This is a valid assumption since all tests
around aragonitic platelets sides and g6 height. were conducted well within the elastic regime. The spe-
Elastic Modulus: 5 MPa [25] Elastic Modulus: 205 GPa[L 251 (ific role of interphase and weak interactions between
organic and inorganic layers is addressed in subsequent
. work.
// .
7\/// \\ N
/T P
/ AN II 7 S 3. Results and discussion
/ Ny 7 b Tensile tests were conducted with single load incre-
/ I T’ I / ment of 2x 10~® N/um? (2 MPa). This load was es-
/ Ny / timated to occur well within the elastic range based
e /// S /) on the experimental data from literature [1]. The re-
NS |AY S i ported mechanical behavior results in yield strength of
- S = / 56 x 10-6 N/um? (or 56 MPa). The resulting displace-
\\\ ™~ — / ments of elements are shown in Fig. 5. A section of
) o T / the simulation in thex-z plane is shown in Fig. 6. For
~ the 10x 10 x 10 element constructed, the net displace-
¢ ment in thez direction was observed to be 0.948fn
j which corresponds to an elastic modulus of the whole

RN

¥ ™ shelltobe 0.011 GPaas shownin Table Il. The reported
Figure 1 Construction of aragonitic brick from 4 isoparametric 3D ele- Modulusinliterature IS 25_5(_) GPa[l]. The_orlgm ofthe
ments labeled 1, 2, 3, and 4. three orders of magnitude discrepancy arises from the
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Figure 3 Single layer of 10< 10 organic-inorganic units.

TABLE Il Displacements observed in simulated tensile tests at2 MPghe organic phase is possib|y continuously Changing
single load increment and corresponding elastic moduli across its thickness. The elastic modulus of the com-

Displacement/gm) Total Strain (%) Elastic Modulus (GPa) posite organic layer maybe substantially hi_gher. In our
effortto model the net modulus of the organic phase, we

9.499E-1 18.02466 0.011 used the reported modulus of the whole shell and var-
4.473E-4 0.00849 23.557 ied the modulus of the organic phase from 0.005 GPa
1.05E-4 0.00199 100.503

to 15 GPa. The displacements at 15 GPa are shown
in Fig. 7. A section of the simulation in the-z plane

is shown in Fig. 8. For a 18 10x 10 element, the
extremely low modulus of the organic phase reportechet displacement was observed to be 4 4704 um.

in literature using nanoindentation experiments [26].This displacement corresponds to an elastic modulus of
Molecular analysis of the organic phase [27] has showr23.6 GPa as shown in Table II. This value agrees well
a layered morphology exhibited by the organic phasevith the reported modulus of the organic phase. Thus,
with several layers, each showing a different molecu-our FEM analysis indicated that the average modulus
lar composition and arrangement and thus with uniquef the organic interphase is of the order of 15 GPa.
mechanical properties. The reported modulus of the or- Another possible explanation for the large displace-
ganic layer is thus representative of only a thin sectiorments and hence extremely low modulus of nacre as
of the organic phase. Thus the composite modulus o$hown in the simulations could possibly result from
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nic units.

Figure 4 Three dimensional construction of X010 x 10 organic-inorga
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Figure 5 Contour band plots of displacements under simulated tensile test (Single load inceeéifta, Elastic modulus of organie 0.005 GPa).

Grayscale legend corresponds to displacemeraslirection inum.

a localized aragonite-aragonite contact between theet displacement of 1.0610~* um. As shown in

platelets. Such contacts can substantially reduce th&ble Il this corresponds to an elastic modulus of

displacements due to the high modulus of the aragi00 GPa.

onitic phase. Simulation using the same model for The third plausible situation is a combination of the

complete absence of organic interlayers resulted in above two, i.e. a higher composite modulus of the
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Figure 6 A section through the center of the simulations shown in Fig. 5 inthplane. Grayscale legend corresponds to displacementiriection.
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Figure 7 Contour band plots of displacements under simulated tensile test (Single load inctePnbtRa, Elastic modulus of organie15 GPa).

Grayscale legend corresponds to displacemerzglirection inum.
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Figure 8 A section through the center of the simulations shown in Fig. 7 ixthelane. Grayscale legend corresponds to displacementhiiection
in um.

organic phase and direct transfer of load between a poelastic modulus of 23.6 GPa for nacre. This value is

tion of aragonitic platelets. consistent with that reported from literature. Thus our
simulations suggest that the average elastic modulus of
the organic layer in nacre be of the order of 15 GPa.

4. Conclusions ii. Aragonitic platelet contact in nacre can result

A 3D finite element model has been constructed forin reduced displacements and thus a higher modulus.

nacreous structure using the reported material and mSimulations using a complete absence of organic phase

crostructural parameters from literature. Tensile testyield a modulus of 100 GPa.

were simulated using this model. The tests were con- iii. Another scenario is a combination of the above

ducted at low stresses of 2 MPa. These stresses occtwo, wherein a higher modulus of the organic phase

well within the elastic regime of nacre and thus ef-in combination with platelet-platelet contact in a frac-

fects related to locus and extent of damage were igtion of the inorganic phase yields the observed elastic

nored. Our simulations showed that using the reportetbehavior of nacre.

values of moduli of organic and aragonitic platelets, _ _

the displacements observed were extremely large and Further, as more information on the molecular level

correspond to a very low modulus of 0.011 GPa forProcesses at the organic-inorganic interface and molec-

nacre. Since this value is about three orders of magniular structure and properties of the organic layer are re-

tude lower than the reported modulus of nacre, thre€aled, complex tests can be simulated using the FEM
possibilities are suggested: model of nacre which may not be feasible in the labo-

ratory. These simulations can help in developing new
i. We estimate that the actual modulus of the or-laminated composite materials mimicking the nacre mi-

ganic layer is much higher than that reported. This carfrostructure. A comparison of FEM simulations with
arise from the multilayer structure of the organic phasénechanical tests performed in the laboratory can thus
with each layer exhibiting a different elastic modulus. Shed light on nature of mechanical behavior at inter-
To verify such a hypothesis, we conducted simulated@ces in complex biological systems.

tensile tests using the constructed FEM 3D model of

nacre with varying modulus of the organic phase fromAcknowledgements
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