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Periodic composite materials have many promising applications due to their unique ability to
control the propagation of waves. Here, we report the existence and frequency tunability of
complete elastic wave band gaps in bio-inspired periodic composites with nacre-like, brick-and-
mortar microstructure. Numerical results show that complete band gaps in these periodic compo-
sites derive from local resonances or Bragg scattering, depending on the lattice angle and the
volume fraction of each phase in the composites. The investigation of elastic wave propagation in
finite periodic composites validates the simulated complete band gaps and further reveals the mech-
anisms leading to complete band gaps. Moreover, our results indicate that the topological arrange-
ment of the mineral platelets and changes of material properties can be utilized to tune the
evolution of complete band gaps. Our finding provides new opportunities to design mechanically
robust periodic composite materials for wave absorption under hostile environments, such as for

deep water applications. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892624]

I. INTRODUCTION

Periodic composite materials with spatially modulated
elastic constants and mass densities have attracted much
interest owing to their capability to manipulate the propaga-
tion of mechanical waves.'™ Interesting phenomenon arises
in band structures, known as complete band gaps (CBGs)—
frequency ranges within which mechanical waves are totally
reflected by the structure irrespective of the incident angle or
their propagation is prohibited if the mechanical wave is gen-
erated inside of the structure. This fundamental property
promises many novel applications, such as wave filtering,”’
waveguiding,*'* and energy harvesting.''™?

The formation of CBGs is led by two mechanisms,
Bragg scattering and local resonances.'*'> Bragg scattering
is based on diffraction and it arises when the relevant wave-
lengths of mechanical waves are on the order of the perio-
dicity of the composites. Periodicity, topology, and the
contrast in elastic constants and densities of constituent
materials are all of great concern.'* Bragg-type CBGs
has been reported in two-dimensional (2D) and three-
dimensional (3D) periodic composites with different com-
binations of constituent materials and different lattice
symmetries.'®"'? In addition, topology-optimization method
has been implemented to maximize the relative width of
Bragg-type CBGs in 2D composites.*” Interestingly, recent
studies demonstrate that large deformation can be used to
tune the evolution of Bragg-type CBGs in 2D and 3D soft
periodic solids.?'** Local resonances can also give rise to
the formation of CBGs where the frequency is dictated by
the frequency of the resonance. For example, the frequency
of a resonance gap can be two orders of magnitude lower
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than those resulted from Bragg scattering.”> This phenom-
enon is attributed to the insertion of a relatively soft mate-
rial and hence the frequency of a resonance CBG is
independent of periodicity and symmetry in general.m’zé“25
Although periodic composites have been extensively inves-
tigated, it is still a challenge to design and fabricate
mechanically robust periodic composites with well-defined
topology and desired CBGs.

Recently, hard biological materials are of great interest
because of their remarkable mechanical performance that
cannot be readily achieved in man-made composites. For
instance, fish scales, lobster cuticles, and crab claws have
been found to possess extraordinary capability to resist
dynamic loading.?®° In addition, the highly ordered brick-
and-mortar arrangement of hard inorganic and soft organic
materials in seashell nacre and bones enables unusual combi-
nations of stiffness, strength, impact resistance, and tough-
ness.’'’ The structure-function harmony in these biological
materials suggests that there may be a strong correlation
between the resistance of mechanical waves and the underly-
ing microstructures and also provides the opportunity to
enhance multi-functions of the bio-inspired composite
materials.

In this work, we specifically focus on investigating elas-
tic wave propagation in periodic composites with 2D nacre-
like, brick-and-mortar microstructure using finite element
analysis (FEA). Firstly, the existence of CBG and the mecha-
nisms of CBG formation in the considered periodic compo-
sites are investigated. Then, we validate the simulated CBGs
and further reveal the mechanisms of CBG formation
through analyzing elastic wave propagation in the periodic
composites consisting of a finite number of unit cells.
Finally, the effects of topological arrangement of the mineral
platelets and the material properties of organic matrix on the
frequency tunability of CBGs are studied. The results of this
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work will provide new avenues to design mechanically
robust metamaterials while having integrated wave filtering

property.

II. NUMERICAL MODELING
A. Characterization of the unit cell

The considered periodic composites with nacre-like
microstructure consist of multilayered staggered mineral pla-
telets embedded in the organic matrix, as schematically illus-
trated in Fig. 1(a). The periodicity of the 2D microstructure is
characterized by a rhombic Ilattice with vectors a;=a,
=[(L+d)/2, tana-(L+d)/2], where L is the length of the
mineral platelet, d is the thickness of the organic matrix along
x direction, and o is the lattice angle. (see Fig. 1(b)). The vol-
ume fraction (V) of the mineral platelets is characterized as

2Lh

Vi=——F,
! (L+d)*- tana

6]

where /4 is the height of the mineral platelets. Note that the
manner of defining volume fraction using the lattice angle
enables us to distinguish the First Brillouin zone (FBZ) for
the unit cell with different lattice angles and hence provides
a convenient way to parametrically study the effect of geo-
metric features on the evolution of CBGs.

B. Governing equation and material behavior

The governing equation of elastic wave propagation in
inhomogeneous medium is given by

V-6(u) = —poru, 2)

where o is the Cauchy’s stress tensor, u is the displacement
vector, o is the angular frequency, and p is the mass density
of the constituent material.

The constitutive relations of elasticity among the stress,
the strain, and the displacement fields for a linear elastic ma-
terial are given by
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FIG. 1. (a) Schematic illustration of 2D nacre-like periodic composites con-
sisting of mineral platelets and organic matrix. (b) 2D unit cell. L is the
length of the mineral platelets; d is the thickness of the organic matrix along
x direction and « is the lattice angle.
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where C is the 4th order elasticity tensor, € is the strain
tensor.

C. Boundary condition using Bloch’s theorem

The characteristic of elastic wave propagation in peri-
odic composites can be captured by studying the unit cell
according to Bloch’s theorem. In this case, Floquet periodic
boundary conditions are applied at all the boundaries of the
unit cell such that*®

u;(r + R) = ®Ru;(r), (3)

where r is the location vector, R is the lattice translation vec-
tor, and k is the wave vector.

The governing equation (2) combining with the bound-
ary condition, Eq. (5), leads to the standard eigenvalue
problem,

(K-o*M)u = 0, (6)

where K and M are the global stiffness and mass matrices
assembled using standard FEA procedure.

The unit cell is discretized using 6-node triangular ele-
ments. Equation (6) is solved by imposing two components
of wave vectors and hence yields the corresponding eigenfre-
quencies. The band structures are obtained by scanning of
wave vectors in the FBZ. The FBZs of the unit cells with dif-
ferent ranges of lattice angles are constructed by calculating
the associated reciprocal lattices, as illustrated in Fig. 2.

lll. RESULTS AND DISCUSSION

The mineral platelets and the organic matrix are assumed
to be linear elastic, homogeneous, and isotropic. The length
of each mineral platelet is L = 10 um and the thickness of the
organic matrix along x direction is d =L/50 = 0.2 um, which
are similar to the values reported in nacre.>**' The material
properties of the mineral platelets and the organic matrix
are assigned as follows unless otherwise specified: for
the mineral platelets, Young’s modulus E,, = 100 GPa, den-
sity p,, =2950 kg/m3, and Poisson’s ratio v, =0.30; for the
organic matrix, Young’s modulus E,=20MPa, density
po=1350kg/m>, and Poisson’s ratio v, = 0.30.

A. Existence of CBG and mechanism of CBG
formation

The band structures of the unit cells with different lattice
angles are constructed in the corresponding FBZs to examine
the existence of CBG in the considered composites. The
volume fraction of the mineral platelets in each unit cell is
set as 0.90 for comparison purposes. Band structures of the
unit cells with lattice angles o= 10°~75° are shown in
Fig. 3. Multiple CBGs arise in the band structures of the unit
cells with lattice angles « = 10°~30°. The frequency range
of the widest CBG is w=162~200MHz for «=10°,
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FIG. 2. The first Brillouin zones for the periodic composites with different ranges of lattice angles. (a) a<45°, T'=(0,0), X = ﬁ,O), S =
(ﬁ’ (L+([7)T- tana %)7 Y= (O (L+d1)!'tanz + ?L:‘:i;) - () a=45%, I'= (07 0) X= <(L27ﬂd) ’ 0)’ Y= <07 ﬁ) and () a>45, I'= (0 0)
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®w=105~180MHz for «=15°, w=38~133MHz for
o =30°. In contrast, only one CBG exists in each band struc-
ture of the unit cell when the lattice angle increases to
o =45°~75°. These results suggest the existence of CBGs in
the periodic composites with nacre-like microstructure and
also indicate that the geometric feature of the unit cell, i.e.,
the lattice angle, is significantly associated with the evolu-
tion of CBGs.

To reveal the mechanism of CBGs formation in the con-
sidered composites, band structure of the unit cell with lat-
tice angle oo =15° (Fig. 3(b)) is further discussed. The very
flat bands are observed in the band structure and correspond
to localized modes. The eigenmodes of the unit cells are
plotted at given points (Point A and B) on the flat bands, as
shown in Figs. 4(a) and 4(b). Evidently, the total displace-
ment is almost concentrated in the organic matrix, indicating
that the local resonances arise in the soft phase. Therefore,
the formation of the CBG bounded by the flat bands is
derived from locally resonant effects. However, the first
CBG in the band structure is bounded by two normal bands

2n
(0’ (L+d)- tan 7) .

and hence can be termed as a Bragg-type CBG, which is fur-
ther supported by the corresponding eigenmodes at points C
and D (Figs. 4(c) and 4(d)).

B. Elastic wave propagation in finite periodic
composites

Now we investigate the behavior of elastic wave propa-
gation in the periodic composites consisting of a finite num-
ber of unit cells. The goal of this analysis is, on the one
hand, to validate the simulated CBGs by calculating the
transmission coefficient of elastic wave propagation, and on
the other hand, to further reveal the mechanisms of CBGs
formation by observing the deformation behavior of the peri-
odic composites. The periodic composite under investigation
consists of an assembly of 4 x 8 unit cells sandwiched by
two homogeneous parts of the organic matrix, as illustrated
in Fig. 5(a). The volume fraction of mineral platelets is
Vy=0.90 and the lattice angle is «=15° in the unit cell. To
determine the transmission coefficient along YT direction,
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FIG. 3. Band structures of the unit cells with different lattice angles. (a) a=10°, (b) a=15°, (c) =30°, (d) 2=45°, (e) a=60° and (f) =75°. The volume frac-

tion of the mineral platelets is V= 0.90.
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an incident elastic wave along y direction is modeled by
applying harmonic displacements with an amplitude of
up=0 and vop= 10nm in the x and y direction, respectively,
at line S. Perfectly matched layers (PMLs) are applied at the
two ends of the homogeneous part to prevent reflections by
the scattering waves from the domain boundaries.** In addi-
tion, periodic boundary conditions are applied along the
left and right edges of the considered composite. The trans-
mission coefficient is defined as ¢ = 201log [(|u| + |v])/
(|uo| 4 |vo])], where u and v are horizontal and vertical dis-
placements collected along the interface between PML and
homogeneous part on the bottom side.

The frequency domain analysis sweeping from 0 to
350 MHz is performed and the simulated transmission coeffi-
cient as a function of frequency is plotted in Fig. 5(c). Strong
attenuation zones can be observed in the transmission spec-
trum, which agree well with the corresponding partial band
gaps along YT direction in the band structure (Fig. 5(b)).
This confirms that the simulated CBGs in the band structure
using Bloch theorem is reliable and also demonstrates the
potential application of finite periodic composite as elastic
wave filters.

To gain further insight into the mechanism of CBGs for-
mation, we present in Fig. 6 the displacement fields of the
composite at excitation frequencies below, within and above
the CBGs. Figs. 6(a) and 6(b) show the horizontal and verti-
cal displacement fields of the finite periodic composite at the
frequency of 30MHz, which is below the first CBG. The
incident elastic wave is partly reflected and partly passes
through the periodic composite. Similar trend holds for the
composite with incident wave frequency above the fourth

J. Appl. Phys. 116, 063506 (2014)

max

FIG. 4. Eigenmodes of the composites
at the representative points in the band
structure in Fig. (3). The color scale
indicates the amplitude of total
displacement.

CBG (Figs. 6(g)-6(h)). In contrast, the incident elastic wave
is almost totally reflected and confined in the top homogene-
ous part when the frequency of the incident wave (130 MHz)
lies within the first CBG (Figs. 6(c) and 6(d)). This phenom-
enon is consistent with what have been experimentally
observed in a periodic array of pillars when the frequency of
incident surface elastic wave lies in a Bragg-type band
gap.'> When the frequency of the incident wave lies in the
third CBG, as shown in Figs. 6(e) and 6(f), the vertical dis-
placement is localized in the organic matrix among the first
mineral layer and the amplitude is amplified to 44.7 nm, indi-
cating that locally resonant effect plays a role in wave
absorption. These results provide direct support to our previ-
ous identification of the Bragg-type and locally resonant
CBGs in the same periodic composite. It also demonstrates
that two mechanisms can be achieved simultaneously to
maximize CBGs in the same composite.

C. Effect of topological arrangement of mineral
platelets

To understand the effect of topological arrangement of
mineral platelets on the evolution of CBGs, two geometric
parameters, the volume fraction and the lattice angle, are
chosen to perform a parametric study. The effect of volume
fraction on the evolution of CBGs for the unit cells with dif-
ferent lattice angles is shown in Figs. 7(a)-7(e). For the unit
cell with a lattice angle «=10°, three CBGs are observed
and the width of these CBGs increases as the volume fraction
increases from 0.50 to 0.80. When the volume fraction con-
tinues increasing, the width of the first two CBGs tends to
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FIG. 5. (a) FEA model of the finite periodic composite consisting of 4 x 8 unit cells sandwiched by two homogeneous parts, where «=15° and V,=0.90.
(b) The corresponding band structure and (c) the transmission coefficient along YT  direction.
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FIG. 6. Displacement field (nm) for elastic wave propagation in the considered periodic composite with excitation frequencies (a)—(b) 30 MHz, below the first
CBG, (c)—(d) 130 MHz, within the first CBG, (e)—(f) 235 MHz, within the third CBG, and (g)—(h) 300 MHz, above the fourth CBG.
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FIG. 8. Evolution of CBGs as a func-
tion of elastic constants, where o=15°
and V;=0.80. (a) Young’s modulus ra-
tio and (b) Poisson’s ratio of the or-
ganic matrix.
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shrink and several new CBGs arise. It shows that the maxi-
mum width of the first two CBGs is achieved at an interme-
diate volume fraction and these CBGs tend to close when
the volume fraction is relatively high. This phenomenon is
consistent with those have been observed in other 2D and 3D
periodic composites, in which the CBGs are induced by
Bragg scattering.>*** This behavior still exists for the first
CBG of the unit cell with o= 15°. However, the width of
the rest CBGs enlarges and shifts towards higher frequency
range as the volume fraction increases. The maximum widths
of these CBGs are observed at the volume fraction of 0.90.
For the unit cell with lattice angle o =30° ~ 60°, the maxi-
mum width of CBGs are all achieved at the volume fraction
of 0.90. The only difference between these CBGs is that
the CBGs open at larger volume fraction for larger lattice
angle. These results indicate that the width of CBGs is gov-
erned by the volume fraction and hence can be tuned by tai-
loring the volume fraction for the unit cell with a given
lattice angle.

The effect of lattice angle on the evolution of CBGs is
presented in Fig. 7(f). The volume fraction of the mineral
platelets is set as 0.90, where the periodic composite exhibits
largest CBGs when the lattice angle is above 10°. The CBGs
shift towards lower frequency range as the lattice angle
increases. Two wide CBGs are observed for the unit cell
with lattice angle o= 15° ~ 35°. Specifically, the maximum
width of the first CBG is 95.03 MHz with a lattice angle of
30° and the maximum width of second CBG is 8§0.06 MHz
with a lattice angle of 20°. Moreover, the relative width of
CBGs, which is defined as the ratio between gap width and
the midgap location, in the unit cell with a lattice angle of
30° is 1.1, which is larger than those have been reported in
other 2D and 3D periodic composites.'®'#44

These results indicate that the volume fraction of the
mineral platelets and the lattice angle are two important geo-
metric parameters governing the evolution of CBGs and also
indicate that we can achieve desired CBGs in the periodic
composites with optimal design.

D. Effect of material properties

It has been demonstrated that the contrast in elastic
constants, wave velocities and densities of constituent
materials is vital for the width and location of CBGs.** The
contrast in elastic constants of the mineral platelets and the
organic matrix has been observed in biological materials.

Young’s modulus of the mineral platelets has been reported
at the range of 50 ~ 205 GPa, while the Young’s modulus
of the organic matrix varies a lot, e.g., 1 ~20MPa, or
15 ~20 GPa.?>*4

To investigate the effect of the contrast in Young’s
modulus on the evolution of CBGs, we focus on the
Young’s modulus of the organic matrix at the range of
20 MPa ~ 2 GPa. Here we consider the unit cell with a lat-
tice angle of 15° and the volume fraction and Young’s
modulus of the mineral platelets is set as 0.80 and
100 GPa, respectively. The evolution of CBGs as a func-
tion of modulus ratio between the mineral platelets and the
organic matrix is reported in Fig. 8(a). The second CBG,
which is the largest when the modulus of the organic ma-
trix is 20 MPa, enlarges from 62.25 MHz to 71.50 MHz and
then shrinks progressively towards closure as the modulus
ratio decreases from 5000 to 50. Notably, other newly gen-
erated CBGs at smaller modulus ratio emerge at higher fre-
quency range as the modulus ratio decreases. The largest
width of CBGs appears when the modulus ratio decreases
to intermediate values, indicating a proper selection of
modulus ratio in the composites can help achieve the
desired CBGs.

We then examine the effect of Poisson’s ratio of the or-
ganic matrix on the evolution of CBGs. The Young’s modu-
lus of the organic matrix is set as 20 MPa and the Poisson’s
ratio is varied from 0.1 to 0.49.*” The evolution of CBGs as
a function of Poisson’s ratio is given in Fig. 8(b). The width
of the two CBGs shrinks steadily as the Poisson’s ratio
increases and both of the CBGs close as the organic matrix
become nearly incompressible.

Although the volume fraction of the organic matrix is
relative low in nacre-like composite, our study indicates that
the contrast in elastic constants, i.e., Young’s modulus and
Poisson’s ratio, and the compressibility of organic matrix are
critical to the evolution of CBGs.

IV. CONCLUSION

We have numerically demonstrated the capability to
manipulate the elastic wave propagation in bio-inspired peri-
odic composites with nacre-like microstructure. Single or
multiple CBGs are observed in the periodic composites with
a wide range of lattice angles and volume fractions. The for-
mation of these CBGs can be attributed to Bragg scattering
or local resonances in each unit cell or due to both of them in
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the same periodic composites. Wide multiple CBGs can be
obtained by utilizing these two formation mechanisms simul-
taneously. In addition, the investigation of elastic wave prop-
agation in a finite periodic composite shows good agreement
between transmission coefficient and the simulated CBGs,
and further supports the origins of CBGs. The frequency tun-
ability of CBGs can be achieved not only by engineering the
lengthscale of the composites but also by tailoring the topo-
logical arrangement of the mineral platelets and material
properties of each phase. The results of this work can help
guide the creation of mechanically robust metamaterials
while having integrated wave filtering property.

Note that here we only consider the first level of hierar-
chy of the nacre-like microstructure, while it has been
observed that many biomaterials, e.g., nacre and bones, have
multi-level structural hierarchy with self-similar microstruc-
tures.>® This, in turn, gives rise to the formation of band gaps
in broader frequency range on the transmission spectra of
elastic wave propagation in one-dimensional periodic struc-
ture as compared to conventional periodic structures with
single periodicity.* It is expected the hierarchy could also
play a role to further improve CBGs and transmission spec-
trum of periodic composites with multi-level hierarchical
nacre-like microstructures.
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