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Existence of broad acoustic bandgaps in three-component composite
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Experimental and theoretical studies of acoustic transmission through a two-dimensional three-component
composite composed of a square array of coated cylinders embedded in an epoxy resin are presented in this
paper. The coated cylinders consist of steel inner core and rubber coating, which has much smaller wave
velocity and mass density than the matrix and inner material. We observed a broad bandgap in the measured
power spectrum along th&X propagation direction where only the noise level is measured. The two-
component counterparts composed of a square array of steel cylinders embedded in an epoxy resin without
rubber coating are also studied to investigate the influence of the soft coating on the properties of bandgaps.
The transmission spectrum along th&1 direction is also presented in the paper. The finite-element method
has been employed to calculate the transmitted power spectrum, which is in good agreement with the experi-
mental results. The calculated displacement configurations at the frequency inside and out of the bandgaps
illustrate the generation mechanism of the gaps.
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In the last few years, the existence of forbidden gaps irthen processed at the receiver. The emitter is centered on the
the band structure of acoustidC) and elastioqEL) waves transversal face of the composite and the nearly parallel sig-
propagation in periodic composite materials has received fal is perpendicular to the cylinders. The emitter was excited
great deal of attentiohi® Acoustic gaps are frequency do- with an ultrasonic emission sourcéPanametrics model
mains in which propagation of sound and elastic waves i$800PR producing a short-duration large-amplitude pulse.
forbidden, which are analogous to photonic bandbdps The signal acquired by the receiver is digitized with a Tek-
e|ectromagnetic waves. The design of broad forbidden gadﬁéOﬂiX dlglta' oscilloscope with real-time fast Fourier trans-
in transmission spectrum has been a subject of great intered@rm (FFT) capability to produce the power spectrum.
which may have many engineering applications. Different We have manufactured two three-component and two
geometries of two-dimensiona(2D) systems, such as two-component composite samples of the same physical di-
Squareg'vg hexagonaf-,olll and centered rectangu|ar |atﬁ6e mensions, 88 mm 39 mmx 50 mm. The thicknesses of the
and boron nitride{BN-) like structures;? have been inves- same component samples are along two different directions
tigated in search of large gaps. But the early work focuse®f the Brillouin zone, respectively, to study the influence of
mainly on two-component systerts!’ Recently, the idea of the direction of propagation on the bandgaps. The sample
three-component Crysta| structure has been proposed by mentains 60 inclusions of 5 columns or 59 inclusions of 7
et al1® The localized resonant structure can lead to complete

. . . . I'X direction M direction
sound attenuation in some frequency intervals, which has — —_
spurred a new area of researci’ @ © ©

In this paper, we present a theoretical and experimenta@ © © ©Ia
study of the transmission of elastic waves across crystal slab© © @ © O ©
made up of a square array of coated cylinders embedded ii © @

an epoxy matrix with thickness along two different directions © © @ © ©© @
of the square Brillouin zone. Hard steel cylinders and elasti- 4

cally soft rubber coating constitute the inclusions. In contrast © @ ©

to the transmission spectrum of the two-component counter-
parts consisting of a square array of steel cylinders embed (@)
ded in an epoxy resin, those of the three-component compos
ite show attenuation to noise level intensity in a much larger M
frequency interval along thEX direction. The finite-element
(FE) method has been employed for modeling the propagat-
ing and scattering of elastic waves across the crystal slab Fa Y K,
Comparison of the experimental results with the calculation
shows good agreement.

Our experimental setup is based on the well-known ultra-
sonic transmission technique. A couple of ultrasonic broad- FIG. 1. Two-dimensional cross section of the square arrays of
band transducers with a central frequency of 1 MRana- coated cylinders distributed in an epoxy matrix along ¢tAel’ X
metrics contact transducers type Videoscan No. Y1@&e and (b) I'M directions, respectively. The inset shows the two-
used in the experiment, launching a probing wave signatlimensional irreducible Brillouin zone of the square array, and
from the emitter through the composite sample, which isK(Ky,Ky) is a two-dimensional wave vector.
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FIG. 2. Experimental transmission spectrum measured perpendicular to the vertical face of the three-component composite samples along
(a) the I'X direction and(b) the I'M direction and the two-component composite samples alohghe I'X direction and(d) the 'M
direction.

columns along thd"X or I'M direction, respectively. The 400 kHz in thel'X direction and 100—190 kHz and 580—-650
lattice constant and filling fraction of the inclusions are equakHz in theT'M direction.
in all samples. The lattice constantdas=7 mm. The steel From a comparison of Figs(& and Zc), we can obtain a
cylinder has a diameted; =5 mm in the two-component much broader forbidden gap when the embedded cylinders
crystal slab. The diameter of the coated cylinderdis are coated with a rubber layer. Because of the same geometry
=5 mm and the core steel cylinderds=4 mm. The thick- arrangement and equal size of the matrix and inclusions in
ness of the rubber coating is 1 mm. We have illustrated irthe three and two-component composite, the elastically soft
Fig. 1 the cross section of the specimens. coating layer is the main reason for the broadening of the
A broad low transmission intensity appears clearly in theband gaps. The coating layer is softer compared with the
power spectrum of the three-component composite along thelastic constant of the matrix and the core material, which
I'X direction as we can see from Figap The gap extends meets the condition for local resonarf@eHowever, no ob-
from 220 to 560 kHz followed by a sharp rise in transmissionvious broadening is observed along 1Bl direction in Fig.
centered at 600 kHz. In Fig.(®), one noise-level transmis- 2(b) compared with Fig. @)). The difference in the transmit-
sion interval appears clearly from 400 to 530 kHz. ted spectrum of the three-component composite along two
The transmitted spectra of the two-component compositelirections is a signature that the sample geometry influences
along thel’X andI'M directions are illustrated in Figs(@  the gap properties and that the Bragg mechanism in periodic
and 2d), respectively. Two forbidden gaps are shown clearlysystems also plays a role in the bandgap generation in the
in Figs. 4c) and 2d), in region of 100—200 kHz and 340— high-frequency range. The three-component samples have a
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FIG. 3. Theoretical transmission power spectrum computed by the FE method of the three-component composite sarf@ldhaloKg
direction, (b) theI'M direction and the two-component composite sample alehghe I'X direction, (d) the I'M direction.

high concentration of the embedded units with filling frac- weighted by a Gaussian profile whose spectrum envelope
tion of 40% so that the individual resonances couple stronglyesembles the experimental one. The transmitted longitudinal
with each othet? The two mechanisms of linear dispersion displacement vectau, is collected as a function of time at
and resonance of the individual coated cylinder open théhe other side of the model. For a sufficiently large number
forbidden gap. of theseu, data on the time axis, the displacement fields are
Theoretical transmission spectra are calculated using thEourier transformed into the frequency space to yield the
2D FE method. The FE solution involves the discretizationtransmitted power.
of the domain into a number of elements, approximating the The FE calculated transmission spectra of the three-
displacement values interior to the elements in terms of itsomponent composite are shown in Fig&)3and 3b). One
nodal value through the shape functions of the chosen eldroad forbidden gap from 200 to 460 kHz is present in Fig.
ment and the determination of nodal vald&&?In this work,  3(a) along the I'X direction. There is another low-
the sample size and the scatter arrangement are fixed at thansmission region from 500 to 545 kHz. Compared to the
experimental valuéd with the thicknessI{X or I'M direc-  experimental spectrum in Fig(&, the peak centered at 490
tion) along theY direction. A uniform four-node quadrilat- kHz separates one broad bandgap from 200 to 545 kHz to
eral element mesh for spatial discretization is used as recontwo bandgaps. Along thEM direction, the width of the gap
mended for wave propagation probleffisthe step sizes of from 420 to 535 kHz in Fig. ®) is slightly narrower than
temporal and spatial discretization in the finite model are fineghe measured one in Fig(i9.
enough for the convergence of the numerical results. The Figures 3c) and 3d) show the transmission spectrum of
transducer is modeled as a traction boundary condition apthe two-component composite sample computed with the FE
plied for a finite duration. The force is a sinusoidal wavemethod along thd’X andT"M directions, respectively. The
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FIG. 4. The longitudinal displacemenj, field output along thé"X direction of the three-component sample at frequeiaeyl50 kHz

(b) 250 kHz and one unit in the three-component composite)at50 kHz,(d) 250 kHz, and the two-component sample at frequeiety
150 kHz and(f) 250 kHz. The arrows indicate the direction of the incident wavealirection.

first well-defined drop in intensity in Fig.(8) appears be- kHz, which may be compared with the second bandgap in
tween 100 and 180 kHz, which is in good agreement with thd=ig. 2(c). The first low-level transmission interval appears
measured one in Fig(®. At the higher-frequency range, the from 100 to 195 kHz in Fig. @l) and the second gap from
transmission power drops to a noise level from 300 to 3500 to 670 kHz. One notes that the two bandgaps in the
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experimental spectruisee Fig. 2d)] overlap with the theo- 4(c). Large transmitted power can be observed in the receiv-
retical ones. ing side of the epoxy host. Inside the bandgap, the local
Comparison of Figs. 2 and 3 shows good correspondenogsonance leads to a very larger displacement in the rubber
in the position of the forbidden gaps between the experimenthan that in the epoxy resin as we can see from Fis.ahd
tal and theoretical transmission spectra. One should note thatd). The greater part of the strength is localized in the rub-
because the transmitted power is strongly attenuated at thgsr coating and little is transmitted in the epoxy host. Com-
high-frequency range, it is difficult to define precisely the paring the displacements in the epoxy host in Figs) and
edges of the region with the noise level transmission. Howy(q) e can see those outside the bandgap in Fig. dre
ever, some discrepancies remain when considering the ex proximately one order of magnitude larger than those in-
width and edges of the bandgaps. One possible reason fQfyq the pand gap in Fig.(d. In this way, the bandgap is
t_hese discrepancies is the difference l_)etween the_ COMPUtGpserved for small transmitted power on the receiving side of
tion model and the samples measured in the experiment. Tqﬁe epoxy resin
computation is performed on a 2D model assuming the '

model is very thick relative to its lateral dimensions, while Figures 4e) and 4f) show the displacement fields of the

the size along the cylinder axis of the samples in the experigwo-component composite at frequency 150 kHz inside the

; . . - gap and 250 kHz outside the gap frequency. The displace-
ment is comparable to their lateral size along the propag_;anorﬁnent amplitude in Fig. @) becomes very small after propa-

higher-frequency than in the lower-frequency range is a siggatmg across one layer of the steel cylinders because the

nature of the greater influences resulting from the small im—aImOSt full reflection resulting from Bragg scattering pre-

. : . vents the strength from transmitting across just one layer of
perfections in the experimental samples on shorter waves

lengths. The absorption and viscous-loss effect in thehe steel cylinders. But the wave outside the bandgap can

experiment that is not included in the calculation also lead tqcrr(;)r?]slztige“((:f())mposne without big reflections as we can see

the difference between the experimental and theoretical re- . . . .
sults. And this effect is more serious in the higher-frequency, From comparison of Fig.(®) with Fig. 4€), we observed

domain. The external loading in the calculation may not co! absolutely different representation of the displacerugnt

o : X ) -..__In the bandgap frequency. In the three-component composite,
incide exactly with the signal emitted by the transmlttlngthe Iocalizgd presc?nancey in the soft rubbgr coating g the

transducer in the spectrum envelop and the emitted signal i . . .
: . e ominant mechanism for the bandgaps, while Bragg scatter-
not a true plane wave in the experiment along the inciden . . .
ing is the only reason for gap generation in the two-

direction as the theoretical calculation assumes. ?omponent composite
We have also investigated the displacement field output o In summary, we have studied the band structure in the 2D

the calculation model. By comparing the longitudinal dls'three—component system. The width and frequency domains

p]acgmgnuy field output along thd'X direction at freqL_Jen— of the theoretical band gaps are comparable to those of the
cies inside and outside the bandgaps, we can investigate ttﬁg

generation mechanism for the bandgaps. The unit inzthe easured one. Both results proved unambiguously the exis-

axis is arbitrary for absolute values of the displace t tence of @ much broader bandgap in the three-component
All field out ut)s/ in Fig. 4 are results of the sange carr(:ﬁ)lqationcryStal slab along thé'X direction than those in the two-
P 9- .component one, which has equal physical size, filling frac-

'tjhneltt?]?edei?g:r? lgﬁgmgcg?nnd(;gﬁgsé;?: (Ejlesrp])(l:acizgnertHlee(l)oLljst gion, and the same geometry of inclusions. In light of the
P P R y reement between the measured and calculated gaps, we

the bandgap and 250 kHz inside the gap are presented . . :

Figs. 4a) and 4b), respectively. Figures(d) and 4d) show a J&Z\;etéhs:ggg el:qsteh(;f fi?b?é?jsefle;ypmﬂ coating layer can be
only one unit in Figs. @) and 4b), respectively. Outside the '

bandgaps the field is uniformly distributed and we can see an This work was supported by the Excellent Youth Science
obvious extended wave shape as shown in Figa. and  Foundation of China, under Grant No. 10125417,
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