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Host-guest composites containing ultrasonically
arranged particles
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Ultrasonic particle arrangement method was used for the fabrication of composite
materials with layer or lattice structures. Guest particles were periodically arranged in a
host solution by using ultrasonic standing waves, and then the solution was solidified to
obtain a solid composite material. The sample cell was rotated during the solidification
process to prevent particle sedimentation. Polymer, glass, or metal particles with various
shapes were ultrasonically arranged in a polysiloxane resin, which was useful as a host
material due to its simple solidification process and suitability for forming fine structures.
Composite materials with periodic structures were successfully fabricated by this method.
© 2000 Kluwer Academic Publishers

1. Introduction region is limited to the area around the focal point of the
Composite materials with layer or lattice structures exdaser beam. A laser beam even induces thermal damage
hibit anisotropies in thermal, mechanical, electrical, orin materials.
optical properties. In a composite material consisting We have recently proposed an ultrasonic arrange-
of metal and dielectric layers, for example, electricment method for the fabrication of a periodic structure
and thermal conductivities depend on the direction ofin composite materials [5]. As described in Sec. 2, par-
conduction. Periodic structures also induce optical oticles in liquid aggregate at the nodes of an ultrasonic
acoustical functions due to the interference of transstanding wave [6—10]. Being compared with an optical
mitting waves. These functions can be utilized for theforce in laser trapping, ultrasonic waves exert a large
fabrication of diffraction gratings or frequency filters. trapping force on particles regardless of their shapes and
To develop novel materials with these useful functions chemical constitution. In addition, an ultrasonic stand-
fabrication techniques of periodic structures have beeing wave can also trap many particles simultaneously
intensively studied of late. The interesting prospectsand arrange them in a wide region over the entire so-
for photonic band gap crystals are currently promotingution. A composite material with a periodic structure
the research in this field [1, 2]. The microprocessingis obtained, if ultrasonic oscillation is continued during
techniques for semiconductor devices, e.g., vapor dethe solidification process of the solution. In a previous
position and photolithography, are usually used for thework, we fabricated polymer composites with acrylic
construction of microstructures. It is difficult, however, and polysiloxane resins [5, 11]. In this work, we synthe-
to fabricate large bulk materials by using these thin-filmsized composite materials with glass or metal particles,
techniques. which used to be difficult to arrange because of gravi-
A bulk material with periodic structure may be ob- tational segregation.
tained by extending the fabrication techniques of host-
guest composites. It has been demonstrated recently
that a three-dimensional lattice structure is formed in2. Principle
a colloidal suspension of polystyrene spheres due thet us consider a particle suspension that fills the space
a repulsive electric force and an attractive van dembetween two ultrasonic transducers. If ultrasonic waves
Waals force between particles [3]. To adopt this self-of an appropriate frequency are transmitted from the
organizing method, however, the component materialéwo transducers, a standing wave is excited in the lig-
must be in the form of particles and liquids and areuid, as shown in Fig. 1. The standing wave creates
consequently limited, and the lattice structure and thenodal planes at which no ultrasonic oscillation takes
lattice constant are difficult to control. A laser trapping place. Then particles in the liquid tend to aggregate at
technique was also utilized to form a two-dimensionalthe nodal planes, where they can stay without distur-
lattice of polystyrene particles in water, and it was re-bance [5-13]. As a consequence, particles are arranged
ported that a composite material with a lattice structuren planes of a regular spacing, i.e., half of the ultrasonic
would have been obtained if the suspending water hadavelengthA /2. One can obtain a composite material
been frozen [4]. The laser trapping method, howeverwith layered structure by solidifying this suspension.
cannot be used for opaque materials, and the trappingurther, if two or three ultrasonic standing waves are
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Transducer Transducer The acoustic force that is exerted on a particle has

L - been studied theoretically by many researchers [12—
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18]. If a spheric particle of volum¥ is located at a
distancex from a node, it suffers an acoustic force
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- whereP is the ultrasonic power density aids a con-

stant that is determined by the densities and compress-
ibilities of the particle and the liquid [9, 13]. Equation 4
indicates that the acoustic force is directed toward the
Transducer Transducer node, i.e.,F >0 for x <0 and F <0 for x > 0, and
/\ hence particles are trapped at the node. The theoreti-

Figure 1 Ultrasonic standing wave between two transducers.

cal expressions for the trapping force, however, depend
strongly on the particle shape [15-18]. Unfortunately
there is no simple expression for a general shape. Fur-
ther the constanA is difficult to evaluate for some par-
ticles, since the material constants of particles are occa-
sionally different from those of the corresponding bulk
Particle materials. Therefore one can use Equation 4 only for
@ (b) semiquantitative evaluation. Nevertheless Equation 4
provides some useful knowledge concerning particle
Figure 2 Fabrication method of lattice structures. Particles are trappedarrangement; e.g., a high frequency and a low sound

at intersecting points of ultrasonic standing wave nodes. (a) Lattice conve|ocity is desired not onIy for attaining afine structure

stants (spacing of particles) can be adjusted by tuning the ultrasoni . . .
frequencies. (b) Lattice structure can be modified by changing the direcht also for mducmg a Iarge trapping force.

tions of standing waves.

nerated hown in Fig. 2, on n fabricate tw 3. Experiments and results
generated, as sho g. £, O0ne can fabricale Wop 4 e ntioned in Sec. 2, a material with a low sound

cg{;tr;rr?:l—dlmensmnal lattice structures in a CornIOOSIn?/elocity is preferred as a host material or a suspending
Nowlét us discuss the problem quantitatively. When"qUid' The liquid also needs o solidify b_y a si_mple
. o2 2 process. We employed a polysiloxane resin (Shin-Etsu
an ultrasonlcWave_offrequendypropagates ina Ilq_wd Chemical, KE103) as a host material in this work. This
with a sound velocity, the ultrasonic wavelength is resin can be synthesized easily from a mixed solution
of principal and curing agents. The curing tinse8ih at
room temperature. The volume shrinkage during solid-
) i i ification is negligible. Synthesized resin is very clear
If the spacing between the opposing ultrasonic transang contains no bubbles. The sound velocity of the
ducers isL. (Fig. 1), the condition of the standing wave polysiloxane resin is 980 m/s, which is lower than that

v
A=T 1)

excitation (resonance) is of any other solid material (2000-8000 m/s) or water
L= > T of 2) Guest materials used were polymer, glass, and metal

particles. Specifications of the particles are as follows.
wherem is a positive integer. In case @f=19 mm  Acrylic spheres (Hayakawa Rubber, L-11R) argd0
andv =980 m/s, which are the values correspondingin diameter and their density is 1300 kg/nGlass

to the current experiment (Sec. 3), the resonance frecods (Nippon Electric Glass, PF-90) areu®n in di-
guencies are, for examplé,=7.995 MHz (n=310) ameter and 20-10@&m in length, and their density
and 8.021 MHz 1= 311) from Equation 2. It follows is 2600 kg/ni. Silver particles (Tanaka Kikinzoku,
from this evaluation that one can excite a standing wavé\Y-6010) have a sphere-like indeterminate shape of
by tuning the oscillation frequency betweef.99 and 613 um size and their density is 1kg/m®. Gold

~8.03 MHz. leaves (Fukuda Metal Foil & Powder, PH-870) are
The spacing of arranged particles, i.e., the spacing 0.15 um in thickness and 1-10m in size, and their
of the nodes, is density is 19 x 10* kg/m?.

A v Fig. 3 shows a sample cell used for the fabrication of
- =— (3) layered composite materials. The sample cell consists
2 2f of four glass plates. Two ultrasonic transducers are in-
Equation 3 indicates that a finer structure is obtainederted from the opposite sides of the cell to a distance
by increasing the ultrasonic frequency. If the sound ve-of 6—20 mm from each other. The transducer (Nippon
locity is 980 m/s, for example, the spacing is calculatedDenpa Kogyo, custom-made) is made of a lead titanate
to be 60um for 8 MHz, and 5um for 100 MHz. It  zirconate (PZT) plate with & 15 mn? surface area.
also follows from Equation 3 that a material with a low The thickness of the PZT plate is adjusted so that the
sound velocity is preferred to fabricate a fine structureresonance frequency may be in the 8 MHz range. The
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Sample graph of the fabricated composite. Acrylic particles are

p

Transducer =2 arranged at a spacing of 60n, as predicted by Equa-
e ’ tion 3.

Experiments for the other particles were also con-
ducted in a similar manner. It was difficult, however,
to disperse glass and metal particles uniformly over

the entire sample, since their densities were too large
Figure 3 Sample cell for the fabrication of composite materials with FO suspend in the polysiloxane solution V.Vhose. density
layered particle arrangement. is as low as 970 kg/?n_ Although the starting mixture

of particles and polysiloxane was stirred continuously

until it became viscoidal midway through the solidifi-
transducer is packed in a plastic case; 89 mn? in cation process, most particles sedimented at the bottom
transmission surface area and 15 mm in length, togeth fore the solutlon completely solidified. Fig. 5 shows
with an electric circuit forimpedance matching. A high- € photomlcrographs'that were takef‘ atthe upper and
frequency power of-1 W from an electric source is di- lower parts of the; fabricated composites. Particles are
vided equally and supplied to the two transducers. Th eento have sedlmgnted at t_he bO“O"FS of t_he samples,
oscillation frequency is tuned in the 7.9-8.1 MHz range orming large _cqlonles. Particles sedlmentmg on the
soas to excite an ultrasonic standing wave in the samplR0tiom were difficult to arrange ultrasonically because
cell. The standing wave excitation can be confirmed ei-Of frictional or adsprptwe 'forces at the glass surface.
ther by microscopic observation of particle distribution ¢ tT O prevent F[)al"[IC:]e sed_lmgntagoz, W? prgparedlatro-
or by monitoring the rise in signal voltage due to the ation apparatus shown in ig. ©. An aluminum piate,
resonance between the transducers [19]. on whl_ch a sample c¢_e|| is mounted, rotates at 10rounds

Fabrication of a layered composite was first at-Per minute bel'ng drlvgn by a motor. High-frequency

electric power is supplied to the transducers through a

tempted by using acrylic particles. Acrylic particles S .
werg dispe);sed ir? a pgysilgxane solutiox\ﬁ \F/)ol% rotary connector to prevent a twist in the electric cable.

The suspension was poured into the sample cell, and
then an ultrasonic standing wave was generated in tF - Rotation
suspension. Ultrasonic oscillation was continued for 81

until the solution solidified. Fig. 4 shows a photomicro- Rotary connector

5 »
:1,015.'?"53 Motor
.7-. q‘

2 o!‘i /
SETR04 0 i 4
‘i?;f:’f: J/

437 15 L }
..I ‘:'. f n ‘
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Figure 4 Polysiloxane composite with acrylic particle layers. Figure 6 Rotation apparatus for preventing particle sedimentation.

Top
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@ ®

Figure 5 Particle distributions at the top and the bottom of the polysiloxane resins. (a) Glass rods, (b) silver particles, and (c) gold leaves are dispersed
in the resin.
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Figure 7 Polysiloxane composites with periodic arrangement of (a) glass rods, (b) silver particles, or (c) gold leaves.
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Figure 8 Sample cell for the fabrication of lattice structure.

Composite materials with glass rods{.1 vol%), sil-
verparticles(vo.oz VOI%), or gold |eave3(0.02 VOI%) Figure 9 Polysiloxane/acrylate polymer composite with lattice struc-
were fabricated by using this apparatus. Rotation and'e- The spacing of acrylic particles$60 um.
ultrasonic oscillation were continued throughout the so-
lidification process. Fig. 7 shows the photomicrographs ) ) ) ) )
of the fabricated composites. Particle layers-60.m In this work, we fabricated composite materials with
spacing are observed in the composites. one- or two-dimensional particle arrangement. This
Finally, two-dimensional lattice structures were fab- technique can be extended to the fabrication of three-
ricated by using a sample cell shown in Fig. 8. The topdimensional lattice structure. As mentioned in Sec. 1,
and bottom of the sample cell are made of glass platedabrication methods of three-dimensional lattice struc-
and the sides are enclosed with four PZT transducersures are being studied intensively in the field of optics
The cross section of the transducers is 89 mn?,  to realize photonic band gap crystals. Currently it is
and accordingly the inner size of the sample cell isNOt certain whether the ultrasonic arrangement tech-
6 x 19x 19 mm. A pair of opposing transducers are Nique is applicable to the fabrication of photonic band
driven by an electric source~L W), and the other 9ap crystals, since ultrasonic waves of submicrometer
pair by another electric source { W). The oscillation ~ Wavelength are required for the construction of a fine
frequency of both electric sources are adjusted aroungtructure. One problem is the attenuation of ultrasonic
8 MHz so as to excite two ultrasonic standing waves si\vaves; i.e., the attenuation constant of ultrasonic waves
multaneously in orthogonal directions. An experimentincreases in proportion to the square of the frequency,
was conducted by dispersing0.3 vol% acrylic parti- and hence excitation of a standing wave becomes more
clesin a polysiloxane solution. As Fig. 9 shows, a latticedifficult for high-frequency ultrasonic waves. There are

structure was successfully constructed in a compositéome other difficulties including the machining preci-
material. sion of a sample cell and the thermal expansion due

to ultrasonic oscillation. We are currently making ef-
forts to overcome these difficulties. Even if such a fine
4. Discussion structure cannot be realized, however, periodic struc-

It has been demonstrated in the current experiment th&res still exhibit useful functions based on anisotropy
ultrasonic arrangement method is adoptable for variou&nd interference. We have already demonstrated some
particles regardless of their material and shape. Therf these functions [5, 11], and will further look for
fore this method seems more versatile than the lasdtoVel functions through the characterization of fabri-
trapping method, which restricts the adoptable refractated composites.

tive index and transmissivity of composing materials.

If other materials, e.g., ultraviolet curing resin or sol-

gel glass, can be employed as host materials, the ultr®. Conclusion

sonic arrangement technique will find more applicationUltrasonic waves are useful for arranging small parti-
fields. cles, since it simultaneously exerts a sufficient trapping
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force on many particles that are dispersed in a wides.

region. By using a polysiloxane resin as a host ma-

terial, small-periodicity structures can be constructed,

and the structures are not disturbed during the solidi--
fication process. Sedimentation of heavy particles can

be prevented by continuing the rotation of the samples.
celluntil the suspension solidifies completely. Polymer, 7.
glass, and metal particles were successfully arranged irf-

a polysiloxane resin, forming composite materials with 4
layer or lattice structures.
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