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ABSTRACT: The velocities of longitudinal, transverse,
and leaky surface skimming compressional waves (LSSCW)
of polyvinylchloride composite materials were measured as
a function of the particle concentration. The mica and cal-
cium carbonate (CC) particles were used as additives. The
longitudinal and transverse velocities for the PVC/mica
composite increased with the concentration of the mica. In
the case of the PVC/CC composite, the transverse velocity
increased with the concentration of the CC particle, but the
longitudinal velocity was independent of the concentration.
The LSSCW velocity for the polyvinylchloride matrix did
not change in each composite. The partial specific volume
and the partial specific adiabatic compressibility of each

particle dispersed in polyvinylchloride were evaluated from
sound velocity and density data. The compressibility of the
boundary layer around the particles was estimated. The
thickness of the boundary layer around the mica particle
was estimated. For the PVC/CC composite, on the other
hand, a softer phase than the PVC matrix was formed
around the CC particle because the compressibility of the
boundary layer was larger than that of the PVC matrix.
© 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98: 1385–1392, 2005
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INTRODUCTION

To elucidate the effect of dispersed fillers on polymer
composite materials, it is necessary to evaluate not
only the bulk mechanical and elastic properties of the
materials but also those properties of the matrix re-
gion and local parts, such as the boundary layer. In
many cases, the mechanical and elastic properties of
polymer composite materials have been evaluated by
several methods, such as the impact test, dynamic
mechanical analysis, and differential scanning calo-
rimetry, and molecular properties are investigated by
some spectroscopies.1–6

The interface or the boundary layer between the
filler and the matrix has been sometimes investigated
through the observation of the fracture surface by
using a scanning electron microscope (SEM) or an
atomic force microscope (AFM). Fu and coworkers

indicated that the cavity around the filler in the com-
posite consisting of the high density polyethylene ma-
trix and the calcium carbonate particles is influenced
by the particle size and the distance between the par-
ticles.7 Lazzeri and colleagues introduced that the
thickness of the immobilized layer of polymer around
the fillers can be obtained from volume strain mea-
surements.8 They reported that the thickness of the
immobilized layer of polypropylene adhering to cal-
cium carbonate particles is fairly thin. The SEM and
AFM are used to investigate the morphology of the
fracture surface. However, it is difficult to determine
the mechanical or elastic properties near the interface
quantitatively.

The acoustic analysis for composite materials gives
not only the elastic property of the entire sample but
also information about the local region in composite
materials, such as the matrix and boundary layer.9–13

Moreover, acoustic methods are nondestructive meth-
ods because the elastic properties of the specimen are
evaluated from the velocity and absorption of the
elastic wave propagating in the specimen. The scan-
ning acoustic microscope (SAM) has been used pre-
dominantly for the evaluation of the elastic property
in metallic materials.14–16 A few examples of applica-
tions to polymer materials are also reported.17 In these
works, the SAM is operated in the frequency range 10
to 500 MHz, where the wavelength of the acoustic
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wave in water is between 3 and 150 �m at 25°C. The
lateral resolution of the acoustic micrograph obtained
by the SAM is slightly less than the wavelength for
water, which is used as a coupling fluid between the
acoustic lends and the specimen. If the diameter of the
particles dispersed in composites is larger than the
wavelength, the system is considered to be inhomo-
geneous acoustically.18 We have investigated previ-
ously the morphology and sound velocity of plasti-
cized PVC by the SAM.19 The three structures defined
by Liu and colleagues were observed in our acoustic
micrographs of PVC composites.20–22 The LSSCW ve-
locity of the matrix region decreases with structural
changes from the well-dispersed structure to the floc-
culated structure.

The frequency range of the acoustic waves used in
the pulse method is generally between 1 and 10 MHz,
and then the wavelength of the acoustic waves is
between 0.2 and 3 mm for polymeric materials. The
wavelength of the acoustic waves is usually larger
than the particle size in the composite, and the com-
posite is regarded as an acoustically homogeneous
system in this frequency range. Therefore, the parti-
cles have no direct effect on the detected acoustic
signal. The change in the elastic properties, which
stems from addition of the particles, leads to that in
the velocity of the acoustic waves. We investigated the
boundary layer around the spherical particle in the
systems of PVC-PMMA-BR and PVC/glass compos-
ites.10,23 The compressibility of the boundary layer
around the BR was comparable to that of BR particles,
and that around the glass particles was more rigid
than that of the PVC matrix and the thickness of the
layer was a few micrometers. The shapes of the BR
and the glass particles used in the previous study were
almost the sphere. The model developed in our pre-
vious study can be applied to any composites that
involve particles of an undefined shape.

In this work, we tried to apply the three states
model to the composite, including the nonspherical
particles, and to evaluate the elastic property of the
boundary layers around the particles in the PVC com-
posite materials from density and acoustic wave ve-
locity measurements and analysis of the acoustic mi-
crograph on the basis of the three states model. The
morphology of the PVC composite material and the
velocity of LSSCW of the PVC matrix were investi-
gated by the SAM. The pulse method using the time to
amplitude converter was applied to obtain the veloc-
ity of bulk longitudinal and transverse waves propa-
gating in the PVC composite materials.

EXPERIMENTAL

Sample preparation

PVC powders were kindly supplied by Kaneka Chem-
ical Co. Ltd. The average size of the PVC grain particle

was about 150 �m. The molecular weight of the PVC
was approximately 40,000. The mica particle (PDM-7–
80) was supplied by TOPY Industries Ltd. The nomi-
nal particle size (�) distribution of the mica was as
follows; � � 300 �m: less than 5 wt %, 300 �m � �
�100 �m: 35–60 wt %, � � 100 �m: 30–60 wt %. The
calcium carbonate (CC) particles of the average size 11
and 27 �m were supplied by Shiraishi Kogyo Ltd., and
those of the average particle size 100 and 300 �m were
supplied by Ohtori Seiko Ltd. Methyl tin isooctyl tio-
glycolate supplied by Kohsei Co., Ltd. was used as a
stabilizer of the PVC matrix to prevent release of the
HCl gas by heat in the molding process of the samples.

PVC samples with different particle concentrations
were prepared by the following procedure. PVC pow-
ders and each particle were mixed with the stabilizer
at 50 rpm for an hour. The molding temperatures were
set to produce a transparent part in the center of the
specimen molded. The molding temperature for the
PVC/mica composites was 160°C, and that of the
PVC/CC composites was 180°C. The mixed raw prod-
ucts were maintained at 160 or 180°C under the pres-
sure of 3.0 MPa by using a hot press and a ring of
stainless for 15 min. They were cooled down to the
ambient temperature at the rate of 12°C � min�1 after
the molding. The volume content of the stabilizer
added in all the samples was 0.95%. A plasticized
sample disc of 100 mm diameter and 2 mm thickness
was obtained. The PVC disk used in this study con-
sisted of three regions, which were responsible for the
distribution of the stress and temperature within the
disc. The center of the disc was transparent, and the
edge was white because the agglomerate of the PVC
was not dissolved completely. In this work, the center
(well-dispersed structure) part was used for the den-
sity and velocity measurements.

Velocity measurements

Bulk acoustic wave velocities at the frequency of 5
MHz were obtained by measuring the time required
for transmission through a specimen of thickness (l).
To determine a transmission time precisely, the pulse
method with the time-to-amplitude converter (TAC)
was used in a double transducer system. Lead zir-
conate titanate (PZT) and X-cut quartz were used to
generate the transverse and longitudinal waves, re-
spectively. Details of this experimental method are
described in the literature.24 The frequency of 5 MHz
was chosen so that the scattering of the acoustic wave
by an immersed particle did not influence theoreti-
cally the velocity measurements.25

The velocity (V) was calculated from the following
equation:

V � l/t (1)
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where t is the transmission time through the speci-
men. The l is the thickness of the specimen. The l was
the averaged value for five points on the specimen
measured by using a micrometer. The velocity mea-
surements were carried out at 25.0 � 0.1°C. The ex-
perimental error of the velocity measurements in this
work was within � 10 m • s�1.

The longitudinal modulus (M), the shear modulus
(G), and the bulk modulus (K) were calculated from
the following equations, respectively.

M � dV1
2 (2)

G � dVt
2 (3)

K � M � �4/3�G (4)

where Vl and Vt are the longitudinal and transverse
wave velocities, respectively, and d is the density of
the specimen. Poisson’s ratio (�) was calculated by the
following equation in the case of isotropic materials:

� � ��3K � 2G�/2�3K � G��. (5)

The adiabatic compressibility (�) is the reciprocal of
the bulk modulus K.

� � K�1. (6)

The velocity of the LSSCW propagating on the sur-
face of the specimen was measured by a reflection-
type scanning acoustic microscope (HSAM-210, Hita-
chi Kenki Fine Teck Co., Ltd. and RTX-1, Honda Elec-
tronics Co., Ltd.). A V(z) curve was measured by
varying the distance (z) between the sample and the
acoustic lens. The velocity of LSSCW can be calculated
from the following equation14,18:

Vlsscw � Vw/�1 � �1 � Vw/2f	z�2�
1⁄2 (7)

where Vw is the longitudinal wave velocity in water
and f is the frequency of the acoustic wave. 	z is the
defocus distance between successive minima in the
V(z) curve. In the velocity measurement, a frequency
of 100 MHz was used, and the velocity was measured
by using water as a coupling fluid. The temperature of
the specimen was measured by a thermocouple placed
on the sample surface and was controlled at 25.0
� 0.1°C. The experimental error of the LSSCW veloc-
ity measurements was within � 20 m • s�1.

Observation of acoustic micrographs

All acoustic micrographs were observed by employing
the point focus lens (Honda Electronics Co., Ltd.: UPF-
4A). The semiaperture angle and the focal length of

the lens were 60° and 0.5 mm, respectively. The fre-
quency of the acoustic wave was 400 MHz, and the
theoretical lateral resolution on the sample surface
immersed in water was about 4 �m.18 The focal plane
of the acoustic wave was set to the sample surface so
that the amplitude of the reflected wave from the PVC
matrix was the greatest amplitude. The difference in
the intensity of the reflected wave from the sample
surface gives the contrast of the acoustic micrograph.

When the acoustic wave enters into the sample with
incident angle of 0°, the reflection coefficient at the
sample-water interface denoted by R is determined
from the following equation:

R �
�Zl � Zw�
Zl � Zw

(8)

where Zl and Zw are acoustic impedances of the lon-
gitudinal waves propagating in the sample and water
as the coupling fluid, respectively. The acoustic im-
pedance is the product of the density and the velocity
(Z 
 dV) in each medium. The acoustic impedance is
expressed as the elasticity divided by the velocity of
the acoustic wave. The large reflected signal is de-
tected when the acoustic impedances of the specimen
are different largely from water.

Density measurements

Density measurements were carried out by a water
immersion method by using a pycnometer at the tem-
perature of 25.0 � 0.1°C. The fine air bubble was
eliminated from the cut surface of the specimen by
degassing in the vacuum desiccator. The experimental
error was within � 2 kg • m�3

ANALYSIS OF EXPERIMENTAL DATA

We reported earlier that the three states model, as
shown in Figure 1, could be applied to polymer com-
posites in which particles were dispersed.10,23

Figure 1 Schematic diagram of three states model. The
model consists of the particle, polymer matrix, and bound-
ary layer between the particle and the matrix.
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The volume of a composite is given by the following
equation when the volume additivity between the
PVC matrix and that in the boundary layer holds26,27:

V � �nm � nbnp�vm � np�vp � nbvb) (9)

where vm, vp, and vb are the specific volumes of the
PVC matrix, the particle, and the boundary layer,
respectively. The nm and np are the mass of the matrix
polymer and the dispersed particle, and nb is the mass
ratio of the polymer in the boundary layer to which
the particle is added. The partial specific volume of the
dispersed particle is obtained as the derivative of eq.
(9) by np:

v� p � vp � nb�vb � vm). (10)

The limiting partial specific compressibility for the
dispersion particle is defined by:

�� p
0 � �

1
v�p

0��v�p

�p�
S,0

. (11)

The subscript zero refers to the value where the con-
centration of dispersion particles approaches zero. The
terms S and p denote the entropy and the pressure of
the system, respectively. From eqs. (10) and (11), the
following equation is derived:

�� p
0 �

vp

v�p
0�p �

nb

v�p
0 �vb�b � vm�m) (12)

where �p, �b, and �m are the compressibility of the
particle, the boundary layer, and the matrix, respec-
tively. If it is assumed that the partial specific volume
of the particle is equal to the specific volume of that,
the first term represents the compressibility of the
particle itself. The second term contains information
about the boundary layer and the matrix.

The partial specific volume and the partial adiabatic
compressibility of the particle are obtained experi-
mentally from the following equations26:

v� p
0 � lim

x30
�1 �

d � x
dm

� 1
x (13)

�� p
0 � �

�m

v�p
0 lim

x30
�d � x

dm
�

�

�m
�1
x (14)

where x is the concentration of the dispersed particles
(kg • m�3). dm and d are densities of the matrix and
entire specimens, respectively. � is the adiabatic com-
pressibility of the composite material at the particle
concentration, which is indicated by x, respectively.

EXPERIMENTAL RESULTS

Figure 2 shows the concentration dependence of the
density of the PVC/mica and PVC/CC composites.
The densities increase linearly with the increase of the
particle concentration for each composite. As particle
size dependence is not observed in the case of the
PVC/CC composite, the densities are averaged at each
concentration of the CC particle. The increment of the
density for the PVC/CC composite is smaller than that
of the PVC/mica composites.

The concentration dependences of the longitudinal
wave velocity for the PVC/mica and PVC/CC com-
posites are shown in Figure 3. As the longitudinal
velocities of the PVC/CC composites were almost
constant even if the CC particle size changed, the
velocity shown in Figure 3b and used in the analysis is
averaged at each concentration. The velocity of the
PVC/CC composite is constant in the concentration
range from 0 to 12 wt % within experimental error.
The velocity of the PVC/mica composite linearly in-
creases with the concentration of the mica particle. The
velocity of the mica free PVC sample in Table I is
slightly faster than that of the CC free PVC sample.
The difference is caused by the molding temperature.
As we mentioned in the Experimental section, the
molding temperature of the PVC/mica composite was
set to 160°C, but that of the PVC/CC composite was
180°C. Faunker indicated through SEM images that
the collapse of the PVC grain particle is affected by the
molding temperature.28

Figure 2 Concentration dependence of the density mea-
sured on (a) PVC/mica and (b) PVC/CC composites.
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Figure 4 shows the plots of the transverse wave
velocity against the particle concentration for the
PVC/mica and PVC/CC composites. The increment
of the transverse velocity against that of the particle
concentration is smaller than that of the longitudinal
velocity. Although the longitudinal velocity of the
PVC/CC composite doesn’t change with the increase
of the CC particle, the transverse velocity increases
with the concentration of the particle.

The particle concentration dependence of Poisson’s
ratio of each composite obtained from the density and
the velocity data is shown in Figure 5. Poisson’s ratio
is also equal to 0.405 � 0.003 in all the PVC/mica
composites, and the value is nearly equal to Poisson’s
ratio of PVC/glass composites.23 Poisson’s ratio of the
PVC/CC composite decreases with the concentration
of the CC particle.

Figure 6 shows acoustic micrographs of the surface
of PVC composites in which mica and CC particles are
dispersed. Although a good contrast cannot be ob-
tained by the optical micrograph because the optical
refractive index of the particle is almost the same as
that of PVC, a definitive contrast is obtained in the
acoustic micrograph because of the large difference in
the acoustic impedances between the particles and the
PVC matrix. Since the contrast of the acoustic micro-
graph reflects the difference in the elastic modulus,
bright parts in Figure 6 correspond to the particle
having larger modulus than the PVC matrix. Some
parts darker than the matrix part observed in Figure 6
are traces of the unstuck particles. The prominent
bright rings around the particle due to the interference
between the reflected waves from the sample surface
and from the PVC-glass interface are observed in the
case of the PVC/glass composite.23 However, the
rings are not observed in Figure 6 because the irreg-
ular surface of the mica and CC particles disturbs the
phase of the reflected wave from the PVC-particle
interface. The particle immersed in the matrix cannot
be observed in the micrograph when the distance
between the particle and the surface of the PVC com-
posites is longer than the penetration depth of the
acoustic wave. The penetration depth determined in
the case of the PVC matrix is less than 20 �m in the
frequency of 400 MHz.

Figure 3 Concentration dependence of the longitudinal
wave velocity for (a) PVC/mica and (b) PVC/CC compos-
ites.

TABLE I
Density and Longitudinal Velocity of the Specimen

without Particles

Particle type
d0

kg � m�3

V1,0

m � s�1

Mica 1396 2380
Calcium carbonate 1397 2351
Glass* 1396 2389

* referred from the result of a previous study.22

Figure 4 Concentration dependence of velocity of the
transverse wave for (a) PVC/mica and (b) PVC/CC com-
posites.
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For specimens containing CC particles whose aver-
age particle size is 300 �m, the velocities of the LSSCW
in the PVC matrix parts in which the particles do not

exist near the surface are shown in Figure 7. The value
of the LSSCW is the averaged one measured in several
points in the composite. It is well known that the
velocity of LSSCW is nearly equal to that of the bulk
longitudinal wave propagating in polymer materi-
als.18 The velocities are almost constant and are inde-
pendent of the particle sizes and concentrations. The
PVC matrix is considered to be homogeneous acous-
tically. There is a slight difference between the veloc-
ities of the bulk longitudinal wave for PVC itself and
the LSSCW for PVC matrix parts without particles. In
a previous article, similar results were obtained for
PVC/glass composites.23 The LSSCW velocity for PVC
composites including the mica or small CC particles
whose concentration was more than 3 wt % was not
measured because the normal V(z) curve was not ob-
tained due to the fine particles found in the measuring
area. The LSSCW velocity of the PVC/CC composite
molded at the temperature of 180°C is also slower than
the velocity of the PVC/glass composite molded at the
temperature of 160°C.23

The plots of (d-x)/dm and the compressibility ratio
(�/�m) against the concentration of mica and CC par-
ticles are given in Figure 8. The values of (d-x)/dm and
the compressibility ratio are almost linearly propor-
tional to the particle concentration, respectively. The
values of (d-x)/dm and the compressibility ratio in the
concentration range less than 100 kg � m�3 are used in
the estimation of the partial specific volume and the
partial specific adiabatic compressibility. One can es-
timate the specific volume and compressibility from
the slopes in Figure 8 by using eqs. (13) and (14). These
results for each particle are summarized in Table II.
The partial specific volumes are equal to specific vol-
umes of each particle.

DISCUSSION

The three states mode is applicable to analysis of
polymeric composite materials when a polymer ma-

Figure 5 Concentration dependence of the Poisson’s ratio
of (a) PVC/mica and (b) PVC/CC composites obtained from
velocity and density data.

Figure 6 Acoustic micrographs of the PVC composites in
which the (a) micas and (b) CC particles are dispersed. The
frequency of the acoustic wave is 400 MHz.

Figure 7 Concentration dependence of the LSSCW veloci-
ties measured on the PVC matrix part of the PVC/CC com-
posite. The particle size of the CC particle is 300 �m.
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trix is homogeneous.10 As described in the Results
section, the PVC matrix in PVC composites investi-
gated here is regarded as homogeneous acoustically.
From Table II, the specific volumes of each particle are
equal to the partial specific volume, that is, v�p

0 � vp. In
addition, if the specific volume of the boundary layer
is assumed to be equal to that of the PVC matrix, eq.
(12) is rewritten as follows:

�� p
0 � �p �

nbvm

v�p
0 ��b � �m). (15)

Only two unknown parameters relating to the
boundary layer remain in eq. (15). From acoustic mi-
crographs, the thickness of the boundary layer around
the particles may be less than the lateral resolution of
the acoustic micrograph of 4 �m.

The compressibility of the boundary layer around
the mica particle is equal to that around the glass
particle, (0.7 � 0.3) � 10�10 Pa�1,23 since the chemical
composition of mica is similar to that of glass, and the
effect of the interaction between the mica and the PVC
is considered to be almost the same as that between
the glass and the PVC. The mass ratio for the bound-
ary layer around the mica particle thus estimated is in
the range from 0.3 to 0.4 kg � kg�1. When the volume
of a spherical particle is the same as that of a rectan-
gular particle whose aspect ratio is 10, the surface area
of the rectangular particle is about six times larger
than that of the spherical particle. The larger mass
ratio of the PVC/mica composite is caused by the
larger surface area of the mica particle discussed
above. In the case of scare-like rectangular particles of
which the length of the long axis is 100 �m and the
aspect ratio is 10, the thickness of the boundary layer
obtained from the mass ratio may be in the range from
3.2 to 3.8 �m. These values are larger than the thick-
ness of the interface region in polymer mixtures or
diblock copolymers, which range from 20 to 100
nm.29,30 The larger values obtained in this work are
because the acoustic method gives information about
the region where the elastic property of the boundary
layer is different from that of the matrix.

In the case of the PVC/CC composite, although the
shapes of the CC particles are rectangular solid, trian-
gular pyramid, and so on, it is assumed that all the CC
particles are cube to facilitate analysis. When the thick-
ness of the boundary layer is less than 4 �m, which is
the lateral resolution of the acoustic micrograph, the
upper limits of the mass ratio for the boundary layer
around the CC particles obtained through the above
assumption is 0.13 kg � kg�1. The compressibility of
the boundary layer is larger than 4 � 10�10 Pa�1,
which is larger than that of the PVC matrix (1.67
� 10�10 Pa�1). As is shown in Table II, the difference
�� p

0 � �p is positive. From eq. (15), this means that the
compressibility of the boundary layer (�b) is larger
than the matrix region (�m). At any rate, the boundary
layer is softer than the PVC matrix.

Lazzeri and coworkers and Thio and colleagues
indicated that the fine CC particles aggregate in the
polymer matrix and small amount of air entrapped in

Figure 8 Plots of [1 � (d-x)/dm] and compressibility ratio
against the particle concentration (x) for (a) PVC/mica and
(b) PVC/CC composites.

TABLE II
Specific Volume and Compressibility for Mica, Calcium Carbonate, and Glass Particles, and Partial Specific Volume

and Partial Specific Adiabatic Compressibility for PVC Composites Involving the Particles

Particle type
vp

10�3 m3 � kg�1

�p

10�10 Pa�1

v�p
0

10�3 m3 � kg�1

�� p
0

10�10 Pa�1

Mica 0.36 0.23 0.36 �1.1 � 0.5
Calcium carbonate 0.37 0.13 0.37 0.8 � 0.7
Glass* 0.40 0.25 0.40 0.0 � 0.5

* referred from the result of a previous study.22
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the aggregate.8,31 If air exists in the aggregate, voids
are formed in the specimen by expansion when the
specimen is heated in the molding. Considering the
compressibility of the CC particle and its partial spe-
cific volume, we suggest that the PVC/CC composite
has a small amount of the fairly soft phase. However,
that phase is not observed in some micrographs ob-
tained by optical and acoustic microscopes due to low
resolution. The decrease of tensile strength and the
increase of Young’s modulus with the addition of CC
particles have been reported by Wu and coworkers
and Zhu and colleagues in the mechanical testing of
PVC/nano-CC and PVC/CC composites.32,33 Wu and
coworkers suggested that the decrease of tensile
strength with the CC content originated from the poor
interaction between the CC particle and the PVC ma-
trix. The soft phase presented in our discussion may
be equivalent to the poor interaction layer.

CONCLUSIONS

The elastic property or the thickness of the boundary
layer around the particle, which is an undefined
shape, is estimated quantitatively by using acoustic
techniques and the three states model.

The elastic property of the PVC matrix is not influ-
enced by the addition of particles, since the LSSCW
velocity is independent of the concentration of the CC
particles. The effect of the addition of particles on the
partial specific volume of the particles is not recog-
nized in the case of the PVC/mica and PVC/CC com-
posites. The percentage by mass of the boundary layer
around the mica particle against the particle deter-
mined on the basis of the three states model is about
40 wt %. The PVC/CC composite has a small amount
of the soft phase from the viewpoint of partial specific
adiabatic compressibility.

The authors would like to express their appreciation to
Kaneka Co. Ltd., Shiraishi Kogyo Ltd., Ohtori Seiko Ltd.,
TOPY Industries Ltd., and Kohsei Co., Ltd. for providing the
basic ingredients of the composites.
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