
Acoustic Analysis of Composite Soft Materials. I.
Characterization of the Core and Boundary Layer from
Compressibility of Core/Shell Particles Dispersed in
Poly(vinyl chloride)

SHINOBU KODA, NAOKI TSUTSUNO, GEN YAMADA, HIROYASU NOMURA

Department of Molecular Design and Engineering, Graduate School of Engineering, Nagoya University, Chikusa-ku,
Nagoya, 464-8603 Japan

Received 3 May 2000; accepted 2 October 2000

ABSTRACT: The sound velocity of butyl acrylate rubber particles modified by poly-
(methyl methacrylate) in poly(vinyl chloride) was measured as a function of particle
concentration. A model for estimating the adiabatic compressibility of the particle and
the boundary layer was proposed. From the model, the partial specific adiabatic com-
pressibility of the particles and the rubber core were evaluated. The adiabatic com-
pressibility of the rubber core was estimated as 3.82 3 10210 Pa21. The adiabatic
compressibility of the poly(methyl methacrylate) shell is discussed based on the mod-
ified model. The study indicates that the shell, including the boundary layer between
butyl rubber and poly(methyl methacrylate), is perturbed by the butyl acrylate mole-
cules and is so soft as to be comparable to the rubber. © 2001 John Wiley & Sons, Inc. J Appl
Polym Sci 81: 2089–2094, 2001
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INTRODUCTION

The physical properties of composite soft materi-
als have been evaluated by various methods.1,2

Macroscopic properties, such as the rheological,
thermal, and mechanical properties of materials,
are important for practical usage. Molecular
structure has been investigated by means of X-
ray, IR, Raman scattering measurements, and so
on. To enable further improvement of composite
polymers or design of new functional materials, it
is desirable to obtain information regarding prop-
erties and morphology on the microscopic scale,
between the molecular and the macroscopic.

The acoustic method has several advantages in
material characterization. The longitudinal,

shear, bulk, and Young’s moduli are evaluated
from the longitudinal and transverse sound veloc-
ity and the density data. The velocity can be ob-
tained with a high degree of accuracy, and is
sensitive to subtle changes in the local structure
and properties of materials. Thus, sound velocity
measurement is a useful method for characteriz-
ing soft materials and has been used to investi-
gate the physical properties of solid polymers.3–8

Morphology can be studied on the micrometer
scale by means of scanning acoustic microscopy.
In addition, acoustic material characterization is
performed under noncontact and nondestructive
conditions. Our final goal is to characterize, using
acoustic methods, composite soft materials com-
posed of polymers, and to interpret their macro-
scopic properties from microscopic levels.

In polymer and colloidal solutions, the partial
specific adiabatic compressibility of the solutes is
interpreted well by the solvated model proposed by
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Nomura and Miyahara.9,10 The model gives infor-
mation about not only the solute itself but also, with
appropriate assumptions, the solvation layer.

As amorphous polymers are considered to be
homogeneous, composite materials that are com-
posed of amorphous polymer and dispersed parti-
cles are regarded as forms of colloidal solution.
That is, the polymer matrix and the dispersed
particles are regarded as the solvent and solute,
respectively, and the interface or boundary layer
between the particles and matrix polymer corre-
sponds to the solvation layer. Application of the
solvation model to composite materials based on
the analogy described above makes it possible to
estimate the partial specific adiabatic compress-
ibility of dispersed particles in polymers. In addi-
tion, information about the boundary layers or
interface will be obtainable.

Rubber particles, glass fiber, or compounds are
added to polymers in order to reinforce or culti-
vate them.1,2 Rubber particles consisting of a
crosslinked rubber core and copolymerized shell
are sometimes used to toughen plastics.11 The
bulk properties and morphology of polymers con-
taining core/shell particles have been investi-
gated by several researchers.12–18 In composite
materials, the physical properties of the tough-
ened plastics depend on the nature of the addi-
tives and their content. In addition, the mechan-
ical strength of the composite materials is influ-
enced by the dissolved or dispersed states of
additives and the boundary layer between the
additives and polymers. It is very important to
know the properties of the dispersed particles and
boundary layer in composite materials.

In this work, we apply a theoretical treatment
to obtain the partial specific adiabatic compress-
ibility of particles dispersed in polymer, and apply
the theory to core/shell particles dispersed in
polymer. The adiabatic compressibility of particle
and core are evaluated by extending the above
theory. It will be shown that partial specific adi-
abatic compressibility is useful for studying core/
shell particles in polymer.

EXPERIMENTAL

Samples

A composite polymer consists of a polymer matrix
of poly(vinyl chloride) (PVC) and butyl acrylate
rubber particles (BA). The surfaces of the BA
rubber particles are copolymerized by methyl
methacrylate (MMA) in order to enhance the com-

patibility of the rubber particles. In other words,
the rubber particles comprise cores of BA rubber
and poly(methyl methacrylate) (PMMA)-rich
shells. All samples used here were supplied by
Kaneka Chemicals Co. Ltd. The diameter of the
core and the % weight of the core and shell are
summarized in Table I.

Sound Velocity and Density Measurements

Sound velocity was obtained from measurement
of the time required for transmission through a
sample of thickness l. A sample with a cross sec-
tion of 4 cm2 and a thickness of 2–3 mm was
prepared for the measurement. The transmit
time t was measured by the TAC (time-to-ampli-
tude converter) method. Lead zirconate titanate
(PZT) and X-cut quartz operating at 5 MHz were
used as transducers for the transverse and longi-
tudinal sound waves, respectively. The sound ve-
locity V is calculated from the following equation:

V 5 l/t (1)

Experimental error for sound velocity was within
3 ms21. Details of the apparatus and experimen-
tal method are given in a previous paper.8

The adiabatic compressibility ks is evaluated
from the bulk modulus K.

ks 5 1/K (2)

where

K 5 M 2 4/3G. (3)

The longitudinal modulus M and shear modulus
G were obtained from the following equations:

M 5 dVl
2 (4)

G 5 dVt
2 (5)

Table I Samples

Sample
No.

Ratio of
Shell to

Core
(wt %)

Particle
Diameter
(31027 m)

Core
Diameter
(31027 m)

Thickness
(31027 m)

1 5 1.69 1.66 0.028
2 10 1.68 1.62 0.058
3 15 1.65 1.56 0.087
4 20 1.59 1.49 0.112
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where Vl and Vt are the longitudinal and trans-
verse sound velocities, and d the density. The
density of the sample was measured by a pycnom-
eter with a volume of 50 mL. All measurements
were carried out at 30 6 0.1°C.

THEORY

When additives are dispersed in polymer, a
boundary layer is formed around the additive.
From an analogy between solutions and compos-
ite materials, the dispersion particles, boundary
layer, and matrix correspond to solute, solvation
layer, and solvent in solution, respectively. The
correspondence is particularly good if the polymer
matrix is homogeneous. A composite material
consisting of additives and polymer is shown
schematically in Figure 1. If the additivity for
volumes holds, the volume of the composite poly-
mer is given by the following equation9,10:

V 5 ~nm 2 nSMnp!vm 1 np~vp 1 nSMvSM! (6)

where vm, vp, and vSM are the specific volumes of
the matrix polymer, the dispersed particles, and
the boundary layer, respectively. The nm and np
are the gram of the matrix polymer and the dis-
persion particles, and nSM the gram of the bound-
ary layer per gram of the dispersion particles. The
partial specific volume of the dispersion particles
is obtained as the derivative of eq. (6) by np.

v# p 5 vp 1 nSM~vSM 2 vm! (7)

The limiting partial specific compressibility of
the dispersion particles is defined by

k# p
0 5 2

1
v#p

0 Sv#p

p D
s,0

(8)

The subscript zero refers to the value where the
concentration of dispersion particles approaches
zero. The letters S and P means entropy and
pressure, respectively. From eqs. (7) and (8), the
following equation is derived:

k# p
0 5

vp

v# p
0 kp 1

nSM

v#p
0 ~vSMkSM 2 vmkm! (9)

where kp, kSM, and km are the adiabatic compress-
ibility of the particles, the boundary layer, and
matrix phase, respectively. If vp 5 v#p

0 is assumed,
the first term in the above equation gives the
adiabatic compressibility of the particles. In gen-
eral, the assumption is valid because the differ-
ence between vpand v#p

0 is small. The second term
involves information about the boundary layer
and the matrix polymer.

The partial specific volume and adiabatic com-
pressibility are obtained experimentally from the
following equations9,10:

v# p
0 5 lim

x30
S1 2

d 2 x
dm

D 1
x (10)

k# p
0 5 2

km

v#2
0 lim

x30
Sd 2 x

dm
2

k

km
D 1

x (11)

where x is the concentration of the dispersed par-
ticles (g cm23). The d and k are density and adi-
abatic compressibility of the composite polymer at
the concentration of x, respectively.

RESULTS

The longitudinal and transverse sound velocities
are plotted against the concentration of dispersed
particles in Figures 2 and 3, respectively. The
sound velocity decreases as the core/shell particle
content increases. The sound velocity extrapo-
lated to zero particle concentration gives that of
PVC itself and the values are summarized in Ta-
ble II. A slight change in extrapolated sound ve-
locity is recognized, depending on the core/shell
ratio. The change in the sound velocity of PVC
matrix may be caused by preparation conditions

Figure 1 Model of composite materials to estimate
partial specific compressibility. (A) Matrix, (b) bound-
ary layer, and (C) dispersed particle.
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and other factors. In the calculation of for PVC
matrix, the extrapolated sound velocity is used.

The representative plot of [1 2 (d 2 x)/dm] and
[(d 2 x)/dm 2 k/km] against the concentration of
core/shell particles (x) is given in Figure 4. The
values of [1 2 (d 2 x)/dm] and [(d 2 x)/dm 2 k/km]
are linearly proportional to the particle concen-
tration. The partial specific volume and adiabatic
compressibility are estimated from the slope in
Figure 4 with eqs. (10) and (11). These results are
summarized in Table II together with the density
and sound velocity of polymer matrix.

The partial specific volume of a particle is around
1.1 cm3/g. The specific volume of PMMA estimated
from the density is 0.86. As a particle mainly con-
sists of its rubber core, the rubber core contrib-
utes to the partial specific volume of the particle.

DISCUSSION

Figure 5 plots the partial specific adiabatic com-
pressibility of a particle against the % wt of

PMMA. Weak concentration dependence of par-
tial specific adiabatic compressibility is observed.
As the thickness of the shell is of negligible thin-
ness for the core diameter of the samples indi-
cated in Table I, the partial specific adiabatic
compressibility in the low content of PMMA is
mainly attributable to butyl acrylate rubber.
Strictly speaking, the limiting value of the partial
specific adiabatic compressibility at the zero con-
centration of PMMA gives the adiabatic com-
pressibility of rubber itself. The adiabatic com-
pressibility of butyl acrylate rubber is estimated
as k 5 3.85 3 10210 Pa21 with 5 1.1 and 5 1.0
cm3 g21. Unfortunately, the adiabatic compress-
ibility of butyl acrylate rubber is unavailable. The
adiabatic compressibility of a peroxide-linked la-
tex rubber reported by Wood and Martin19 is
around 4 3 10210 Pa21 at 30°C. The magnitude of
the adiabatic compressibility of butyl acrylate
rubber in the core/shell particle is of the same
order as natural rubber.

The slight increase in sound velocity should be
interpreted from the first and/or second term in
eq. (9). The second term is determined by the

Figure 2 Concentration dependence of longitudinal
sound velocity for particle of size 0.17 mm. Ratio of
shell/core: (a) 5:95, (b) 10:90, (c) 15:75, and (d) 20:80.

Figure 3 Concentration dependence of transverse
sound velocity for a particle of size 0.17 mm. Ratio of
shell/core: (a) 5:95, (b) 10:90, (c) 15:75, and (d) 20:80.
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properties of the intermediate phase between the
shell and the PVC matrix. Although Albert et al.
said that PVC and PMMA may be not homoge-
neously mixed at the molecular level,20 PMMA is
highly compatible with PVC.21,22 In a previous
paper,22 it was found that the addition of a small
amount of PMMA to bulk PVC does not affect the
bulk modulus of the PVC. This means that the
phase between the PMMA shell and PVC is not
especially perturbed by the presence of the shell.
Moreover, as indicated in Table I the particles
investigated in our work are almost the same size.
Thus, the contribution of the second term to the
partial specific adiabatic compressibility of the
particles is of the same order for the different
particles, and the slight increase in Figure 5 is
responsible for the first term in eq. (9), that is, the

change in the adiabatic compressibility of the par-
ticle itself.

In the above discussion, a particle is regarded
as homogeneous. Yao et al. proposed the model
structure from an acoustic absorption study on a
multilayer core/shell particle.23 The latex consists
of butyl acrylate core, PMMA shell and the inter-
mediate phase of butyl acrylate and methyl
methacrylate copolymer. The particle shell used
in our work is considered to be perturbed by butyl
acrylate molecules.

In order to evaluate the adiabatic compressibil-
ity of the shell part, we adopt an alternative
model (model 2) that is based on the model shown
in Figure 1. In model 2, the core of the particle
corresponds to the C part in Figure 1; the inter-
mediate phase between the core and PVC matrix,
which is composed of the shell and the boundary
layers on both sides of the shell, corresponds to

Table II The Density, Longitudinal and Transverse Sound Velocity, and Adiabatic Compressibility
of PVC Matrix, and Specific Volume and Specific Adiabatic Compressibility of Core/Shell
Particles Dispersed in PVC

Sample
No.

d0

g/cm3
Vl

m/s
Vt

m/s
km

3109 pa21
n# p

0

cm3/g
k# p

0

3109 pa21
k# r

0

3109 pa21

1 1.452 2341 937 1.598 1.13 3.53 3.57
2 1.460 2343 938 1.587 1.20 3.55 3.67
3 1.445 2338 939 1.613 1.15 3.58 3.77
4 1.440 2338 944 1.623 1.01 3.64 3.96

Figure 4 Plot of [1 2 (d 2 x)/dm] and [(d 2 x)/dm

2 k/km] against concentration of particle x for sample 1.

Figure 5 Plot of partial specific adiabatic compress-
ibility against % weight of PMMA. (F) The k#p

0 for dis-
persed particles; (E) the k# r

0 for the particle core part.
The solid lines are curves calculated by the least mean
square method.

ACOUSTIC ANALYSIS OF COMPOSITE SOFT MATERIALS. I 2093



the B layer. The partial specific adiabatic com-
pressibility of the core is thus rewritten as follows:

k# r
0 5

vr

v# r
0 kr 1

nMA–BA

v# r
0 ~vMA–BAkMA–BA 2 vmkm! (12)

where the subscript MA–BA indicates the values
of the shell involving the boundary layers on both
sides of the shell. By analysis similar to that
described in the experimental section, we can es-
timate the partial specific adiabatic compressibil-
ity of the rubber core. The concentration of rubber
core x was calculated from the ratio of shell to core
and the density data. These results are also given
in Table II and are plotted in Figure 5. The partial
specific adiabatic compressibility depends on the
ratio of shell to core. The adiabatic compressibil-
ity of the rubber core is also obtained by extrap-
olating the to zero ratio of shell to core. This value
is in agreement with the extrapolated value of k#p

0.
The change in k#r

0 in Figure 5 is caused by the
second term in eq. (12). The unknown parameters
nMA–BA and vMA–BAk MA–BA, which depend on the
nature of the shell and the boundary layers, appear
in the second term. The value of vMA–BAk MA–BA
must be larger than that of vmkm ( 5 1.10 3 10210

cm3 g21 Pa21), because of the positive slope in Fig-
ure 5. From the least linear fit of the data in Figure
5 to eq. (12) with kr 5 3.82 3 10210 Pa21, the slope
(vMA–BAk MA–BA 2 vmkm)/vr in eq. (12) is calculated
as 2.47 3 10210 Pa21, where nMA–BA is assumed to
be obtained from the ratio of shell to core. The value
of vMA–BAk MA–BA is estimated as 3.58 3 10210 cm3

g21 Pa21. As the values of vPMMAkPMMA and vrkr are
1.27 3 10210 and 3.82 3 10210cm3 g21 Pa21, respec-
tively, the value of vMA–BAk MA–BA for the shell and
the boundary layers is close to that of butyl rubber.
The environment of the interface between PMMA
and PVC may affect vMA–BAk MA–BA, but as dis-
cussed previously this contribution is small.
The assumption of nMA–BA affects the estimation
of vMA–BAk MA–BA. As the value of nMA–BA in-
creases, vMA–BAk MA–BA decreases. The value of
MA–BAk MA–BA changes from 2.2 3 10210 to 3.6
3 10210 cm3 g21 Pa21 for 2Rshell/core . nMA–BA
. Rshell/core, where Rshell/core is the ratio of shell to
core. A doubling of the amount of the shell, includ-
ing the boundary layer between butyl rubber and
PMMA, is not conceivable. The above discussion
suggests that the shell, including the boundary
layer between butyl rubber and PMMA, is per-
turbed by the butyl acrylate molecules and is so soft
as to be comparable to the rubber.

In conclusion, the elasticity of the core and
shell of a particle was evaluated using the two-

state model shown in Figure 1 by measuring the
sound velocity. The model is applicable to compos-
ite materials irrespective of the shape of addi-
tives, and can be used to obtain information about
the interface or boundary layer in a solid polymer.

We thank Kaneka Chemicals Co. Ltd. for preparing and
supplying the samples including the core/shell particles.
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