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Abstract—The acoustic properties of passive materials
for ultrasonic transducers have been measured at room
temperature in the frequency range from 25 to 656 MHz
using ultrasonic spectroscopy. These materials include
alumina/EPO-TEK 301 composites and tungsten/EPO-
TEK 301 composites. Experimental results showed that
the acoustic impedance of the composites monotonically in-
creased with the volume fraction of the particle filler, which
is in agreement with the Denavey model. The attenuation,
however, peaked between 7 and 9% volume fraction of par-
ticle filler. For comparison, several other passive materials
were also fabricated and measured. The results suggest that
materials that possess a higher attenuation also appear to
have a larger velocity dispersion.

1. INTRODUCTION

FACTOR limiting the performance of ultrasonic trans-

ducers is the large acoustic impedance mismatch be-
tween the piezoelectric element and the load (tissue). As
a result, the acoustic pulse transmitted into the tissue dis-
plays a long ringdown that degrades the axial resolution.
One method commonly used to dampen the ringdown is to
attach a lossy backing material. This procedure results in a
shorter pulse and reduced sensitivity. A better approach is
to incorporate an optimal front matching layer, which can
reduce the pulse length without sacrificing the sensitivity.
Two or three matching layers can be used for such a pur-
pose with various combinations of acoustic impedance and
thickness [1]-[3]. Often a lens is incorporated in front of the
matching layer(s) to collimate the ultrasound beam over
a specified distance. Typically, the acoustic impedance of
the lens material is similar to that of the tissue. The over-
all performance of a transducer depends critically on these
passive materials, i.e., matching, backing, and lens mate-
rials.

Ultrasonic transducers operating at frequencies greater
than 20 MHz can provide higher resolution in both the ax-
ial and lateral directions, resulting in improved diagnosis of
many diseases and new medical applications [4]. Currently,
the design and fabrication of high frequency transducers
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operating between 30 and 100 MHz remains an engineering
challenge [5]. Knowledge of the high frequency properties
of active and passive transducer materials is crucial at the
design stage. Numerous papers were published on the char-
acterization of active materials [6], {7]; unfortunately, ex-
perimental data on the acoustic properties of passive ma-
terials at high frequencies are scarce. This paper reports a
set of such data for a number of matching, backing, and
lens materials measured using an ultrasonic spectroscopic
technique. Both acoustic impedance and attenuation were
measured in the frequency range from 25 to 65 MHz.

II. MATERIALS AND METHODS

Ultrasonic spectroscopy has been extensively used in
the characterization of solid materials [8]-[10]. By adjust-
ing the angle of incidence, the mode conversion effect al-
lows for the measurement of both longitudinal and shear
wave properties [10]. The experimental arrangement used
in this case is shown in Fig. 1. A pair of transducers with a
center frequency of 50 MHz, a bandwidth of 80%, and an
element diameter of 0.63 cm were used. Because the ultra-
sonic attenuation in water is about 6 dB/cm at 50 MHz
and increases with frequency, the high frequency compo-
nents of the acoustic signal decrease in amplitude as the
separation distance between the transmitter and receiver
increases. Therefore, the distance between the transmit-
ter and receiver should be made as small as possible and,
at the same time, allow sufficient room for the sample
to rotate. In our experiments, the distance L in Fig. 1
is set to 3 cm.

A Panametrics 200-MHz computer-controlled pulser/
receiver was used to generate a pulse with an energy of 1 pJ
and a damping value of 50 Q. The output waveform from
the receiving transducer was sampled by a digital oscillo-
scope (Tektronix TDS 460A) through a 50-Q coax cable
with a length of 1 m. The sampling rate was 10 Gs/s. The
total sample length for each waveform was 2500 points,
and each waveform was transferred to a computer via a
GPIB interface. To reduce random errors, each signal was
averaged 64 times. The amplitude A,, and the phase spec-
tra ¢,, of water were calculated using the FFT from the
output with the sample absent. With the sample in place,
the trigger delay time was adjusted to compensate for the
additional delay resulting from the sample path length.
The amplitude A and the phase ¢ of the output signal
with the sample in place were then obtained. The phase
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Fig. 1. Experimental arrangement.

velocity C1, and attenuation aj, of the longitudinal wave
were calculated using the following relationship [10]:
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Here, the attenuation of water, a, is 0.000271xf2
(dB/mm#+MHz?) (f in MHz); C,, is the velocity of water
(1480 m/s) [10]; f is frequency; T is the trigger delay time;
and dis the thickness of the sample. T7, represents the total
transmission coefficient for the longitudinal wave, which is
equal to the product of the two transmission coefficients
of the acoustic wave from the water to the sample and
from the sample to the water. When the wave is incident
at an angle other than 0°, a shear wave is generated by
the mode conversion effect. With the incident angle at the
critical angle of the longitudinal wave, the phase velocity
Cs and attenuation ag of the shear wave were calculated
using (3) and (4), respectively [10]:

Cw

Cg = =
\/ 0, + [leemtniniCe | coog))

(3)

as = ay,cos(d — 6;) + (ln TS:‘") cosf/d  (4)
where 8; is the incident angle, @ is the refractive angle of
shear wave, and Tg is the total transmission coefficient
of the shear wave. In our experiment, 8; was controlled
by a computerized UNISLIDE rotary table (Velmex, Inc.,
Bloomfield, NY), and 8 was calculated from Snell’s law.
Optimized matching layers must have low attenuation
and a well-characterized impedance. 0-3 composites of alu-
mina (Al;O3) (Buehler Ltd., Lake Bluff, IL) in an epoxy
matrix of EPO-TEK 301 (Epoxy Technology, Inc., Beller-
ica, MA) meet this requirement. EPO-TEK 301 was cho-
sen for its low viscosity, low attenuation, and long pot life.

Alumina powder with a 3-um particle size was selected to
minimize the attenuation and provide a reasonable level
of loading. EPO-TEK 301 was characterized first, and
then increasing volume fractions of alumina particles were
added to obtain impedances above 3.0 Mrayls. The desired
amount of alumina was hand mixed with EPO-TEK 301
in a 40-mm diameter sample holder. The mixture was de-
gassed in a vacuum chamber at less than 10 mtorr. The
mixture was then cast between two mold released glass
plates spaced 0.5 mm apart, cured at room temperature
overnight, and post cured for another hour at 65°C in the
oven. The specimens were then 0.5-mm thick, 25-mm in
diameter, and the major surfaces were flat and parallel
with a thickness variation of less than 1%. The volume
fraction of alumina (V) was determined by the relation-
ship V = (M/p)/(M/p+M'/p’), where M and M’ are the
mass of alumina and EPO-TEK 301, and p and ¢’ are the
density of alumina and EPO-TEK 301, respectively. For
these experiments, the volume fraction of alumina varied
between 1.5 and 30%. For each volume fraction of alumina,
five specimens were made to check the consistency of the
properties.

Backing materials were fabricated with the acoustic
impedance ranging from 2 to 10 Mrayls. For this ap-
plication, a high attenuation is desired. Tungsten poly-
mer composites are the most commonly used backing ma-
terials. Tungsten powder with a particle size less than
5 pum (Alfa Aesar, Ward Hill, MA) was selected. A set
of tungsten/EPO-TEK 301 composites was prepared us-
ing the same procedure described for the AloO3 powder-
epoxy composites. The maximum volume fraction of fine
tungsten particles (less than 5 pm) that added to the epoxy
was approximately 25%. Again, five specimens were pre-
pared to check the consistency of the properties.

II1. EXPERIMENTAL RESULTS
A. Matching Material

Fig. 2 shows the properties of alumina/EPO-TEK 301
composites at 30 MHz. Adding alumina powder to epoxy
leads to an increase in density [Fig. 2(a}], ultrasonic ve-
locity [Fig. 2(b)], and acoustic impedance [Fig. 2(c)].
The attenuation, however, exhibits a nonlinear varia-
tion [Fig. 2(d)]. An attenuation peak is observed between
7 and 9% volume fraction of alumina. Similar behavior
had also been observed experimentally by Grewe in alu-
mina/Spurr epoxy composites [11].

It should be noted that because the polymer was the
major constituent by volume (greater than 70 volume per-
cent), all of the composites in this part of the study were
assumed to have a 0-3 connectivity, which means that each
particle was surrounded by the polymer matrix [11]. De-
vaney and Levine [12] have proposed a model based on a
self-consistent formulation of multiple-scattering theory to
describe the elastic properties of such a two-phase compos-
ite. With this model, the bulk modulus K and the shear
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Fig. 2. Variation of the following material properties as a function of the volume fraction of alumina in EPO-TEK 301 (Epoxy Technology,
Inc., Bellerica, MA) at 30 MHz: a) density, b) phase velocity, ¢) acoustic impedance, and d) attenuation. Error bars represent standard

deviations.
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