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ABSTRACT: The acoustic properties of PMMA poly(methyl methacrylate) deformed by
tensile stress were investigated by the coherent Brillouin scattering method. The
ultrasonic velocities of PMMA in steady stress–strain states were measured in the
frequency range of 100 MHz to 1 GHz. The ultrasonic velocities decreased with increas-
ing strain, and the ratio of the decrease increased with increasing strain rate. This
result indicates that the crazing residues still remain in the steady stress–strain states,
and the amount of the residues depends upon the strain rate. The velocity dispersion
was observed around 400 MHz for virgin and deformed PMMA and reproduced with a
single relaxation process. The relaxation process is assigned to the g-relaxation accord-
ing to the dispersion map for methyl group relaxation in PMMA. The relaxation
frequency and strength were independent of the applied stress and strain. The vis-
coelastic and plastic deformations have little effect on the g-relaxation. © 2000 John
Wiley & Sons, Inc. J Appl Polym Sci 76: 978–986, 2000
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INTRODUCTION

Polymers are used extensively as industrial ma-
terials, because they have a number of advan-
tages, such as ease of processing, low density, and
various unique properties as compared to other
industrial materials. In engineering applications,
they are placed under mechanical stress. Thus,
mechanical properties during deformation pro-
cesses attract much attention.

Ultrasonic velocity measurement is the most
useful method to investigate such mechanical
properties as elasticity and compressibility.1–4

During the deformation process, these mechani-

cal properties are affected by changes in the mo-
lecular orientation and packing state, and ultra-
sonic propagation in the materials is quite sensi-
tive to their changes. Yap et al.5 studied the
acoustic properties of PMMA poly(methyl meth-
acrylate) under uniaxial tensile stress using the
Brillouin scattering method and reported the
strain dependence of the ultrasonic velocities.
Kawabe et al.6 observed the strain dependence of
the ultrasonic velocities by scanning acoustic mi-
croscopy and stated that the “embryo” of crazing
produced in the deformation process before craz-
ing affected the acoustic properties of PMMA.
However, the strain rate dependence of the acous-
tic properties remains to be well understood. For
amorphous polymeric materials, it is well known
that stress increases nonlinearly with increasing
strain, and the stress–strain curve depends upon
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the strain rate.7 Strain rate dependence is also
observed for creep and stress relaxation. Thus,
the mechanical properties under uniaxial tensile
stress will be affected by the strain rate. Plastic
deformation, such as the embryo of crazing, may
cause strain rate dependence of the acoustic prop-
erties.

Recently, a new phase-coherent light-scatter-
ing method, the coherent Brillouin scattering
(COBS), was developed by Tanaka et al.8 This
method is a light-scattering technique in which
the light is scattered by optically generated coher-
ent phonons instead of thermally excited pho-
nons. In this method, the scattered light is de-
tected as a heterodyne signal in the lock-in detec-
tion. The COBS method realizes both high
resolution and high signal-to-noise ratio (SNR) at
the same time, both of which are required for
high-precision spectroscopy. To apply the COBS
method to the study of the acoustic properties of
condensed matter, we constructed an experimen-
tal system in which the intensity of the coherent
phonons was enhanced by using high-power fre-
quency-tunable lasers, and we succeeded in mea-
suring the ultrasonic velocities of several organic
liquids in the frequency range of several hundred
MHz to GHz.9,10 The COBS method is applicable
for studying the acoustic properties of condensed
matter in an external stress field, and it is useful
for measuring the ultrasonic velocity of uniaxially
stretched specimens with high accuracy.

This article deals with the acoustic properties
of PMMA deformed by the tensile stress. Empha-
sis is placed on the changes of the ultrasonic
velocities caused by the strain and strain rate in
the frequency range of 100 MHz to 1 GHz. The
velocity dispersions observed for virgin and de-
formed PMMA are also discussed.

EXPERIMENTAL

Sample

Commercially available PMMA sheets of 5-mm in
thickness were used. The specimens were cut

from the sheets and shaped to their dimensions
according to ASTM D638, as shown in Figure 1.

Experimental Condition

The deformation processes of the PMMA speci-
men are schematically illustrated in Figure 2.
The specimen was uniaxially stretched with Shi-
madzu AG-25TE tester in the path (1), and the
following two states were studied.

1. State A: On the stress–strain curve shown
in Figure 2, the stress relaxes at a constant
strain, and then reaches a steady-state
value, sA following the process (2) in Fig-
ure 2(a). The steady stress–strain state is
kept in a state A.

2. State B: The steady-state stress, sA is re-
leased in the state A. The strain dimin-
ishes along path (4), as shown in Figure
2(b). The reversible deformation of the
specimen recovers to a state B.

The specimen in states A and B are called “PMMA
in the state A” and “PMMA in the state B,” re-
spectively. In path (1), the specimen was de-
formed at the strain rate of 0.1, 0.5, and 1.0 mm/
min at room temperature. To attain the states at
various strains on the stress–strain curve, the
stress applied to the specimen was changed from
20 to 70 MPa.

Figure 1 Dimensions of specimen (mm).

Figure 2 Schematic illustration of the deformation
process.
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Ultrasonic Velocity and Density Measurements

The detailed description and procedures of the
COBS method for the ultrasonic velocity mea-
surement have been given in the literature,8 how-
ever, only a brief outline is given here. We used
two frequency-tunable lasers with a power of 200
mW (Model 140-0532-200, Lightwave Electronics;
single axial mode, continuous wave output, fre-
quency-doubled green Nd:YAG laser) in our
COBS apparatus.9 In the COBS measurement,
the complex resonance spectra of the laser-in-
duced coherent phonons are measured as a func-
tion of beat frequency of two laser beams. The
ultrasonic velocity is calculated from the follow-
ing equation.

c 5 v/kp kp 5 2q sin~u/2! (1)

where v is the frequency of phonon, kp the wave
number of phonon, q the wave number of the
laser light, and u the crossing angle of two laser
beams. Experimental errors of the ultrasonic ve-
locities were within 60.1%.

The ultrasonic velocity measurement system of
PMMA in the state A is indicated in Figure 3. The
X, Y, and Z axes are selected, as shown by the
arrows in Figure 3. When two laser beams are
located in the X–Y plane, the coherent phonons
excited in the materials propagate along the Y-
axis. The Y and Z axes correspond to the “perpen-
dicular” and “parallel” directions to the loading
direction, respectively. The ultrasonic velocities of
PMMA in the state A were measured in the di-
rection perpendicular to the loading direction.
The ultrasonic velocities of PMMA in the state B
were measured in the directions both perpendic-
ular and parallel to the loading direction. The
ultrasonic velocities of virgin PMMA and PMMA
in state B were measured at 5 MHz using the
time-to-amplitude converter method.1

Densities of the specimens were measured us-
ing the pycnometer. Experimental errors of den-
sity data were 60.5%. All measurements were
carried out at 294 6 0.2 K.

RESULTS

Stress–Strain, Stress Relaxation, and Creep
Recovery Curves

Figure 4 shows stress–strain curves of PMMA at
different strain rates corresponding to path (1) in

Figure 2. The nonlinear deformation is observed
for PMMA, and the stress–strain curves depend
upon the strain rate. These experimental results
are in good agreement with those reported by
Sadd and Morris.11 The arrows in Figure 4 indi-
cate the breaking points. As seen in Figure 4, the
strain at breaking point decreases with increas-
ing strain rate, but the stress at breaking point
increases with increasing strain rate.

The stress relaxation process (2) in Figure 2,
while keeping the strain a constant, is shown in
Figure 5. In the short time region, the stress
relaxes very sharply, then gradually decreases to
the steady-state stress, sA. The sA observed for
all the experimental conditions are shown by the
filled symbols in Figure 4 as a function of strain.

Figure 3 Ultrasonic measurement system in state A.
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The value of sA depends upon the strain, but is
independent of the strain rate of the deformation.
Figure 6 represents the creep recovery process (4)
as shown in Figure 2. The strain relaxes to a
steady-state B in Figure 2. The strain of PMMA in
state B was less than 0.5% for all experimental
conditions.

Ultrasonic Velocity and Density Measurements

Figure 7 shows the real and imaginary parts of
complex resonance spectra of virgin PMMA ob-
served around 470 MHz. The ultrasonic velocity
calculated using eq. (1) was 2780 m/s.12 The
strain dependence of the ultrasonic velocities
measured is shown in Figure 8. For PMMA in the

state A, the ultrasonic velocities decrease linearly
with increasing strain, and the slope of the line
increases with increasing strain rate. The ultra-
sonic velocities of PMMA in state B are also plot-
ted as a function of strain at the moment of re-
leasing the stress. A similar linear relation was
also observed in state B, but their slopes were
steeper than those in state A.

The ultrasonic velocity measurements in state
A are carried out for the specimen held on the
tensile mechanical tester. Thus, it is difficult to
measure the directional dependence of the ultra-
sonic velocities in state A. On the other hand, the
directional dependence of the ultrasonic velocities

Figure 4 Stress–strain curves of PMMA at different
strain rates. The filled circles represent the stress–
strain relationship of PMMA in state A.

Figure 5 Time dependence of the stress relaxation
observed in path (2).

Figure 6 Creep recovery curves observed in path (4).
Tensile stress of 60 MPa at different strain rates is
applied in path (1).

Figure 7 Complex resonance spectra of virgin PMMA
around 470 MHz obtained by the COBS method. The
filled and open circles are real and imaginary parts of
spectra, respectively.
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can be measured for the specimen in state B,
because the specimen can be taken off the me-
chanical tester. However, no directional anisot-
ropy of the ultrasonic velocities was observed for
PMMA in state B.

The ultrasonic velocities as a function of fre-
quency are shown in Figure 9. The velocity dis-
persion is observed for virgin and deformed
PMMA. Solid curves are those fitted with a single
relaxation equation described as follows:

c2~f! 5 c0
2 1 ~c`

2 2 c0
2!F ~f/fr!2

1 1 ~f/fr!2G (2)

where f is the frequency, fr the relaxation fre-
quency, subscripts 0 and ` refer to the low- and
high-frequency limiting values, respectively. The
relaxation strength is given as follows:

« 5 ~c`
2 2 c0

2!/c`
2 (3)

The observed relaxation strength was 0.028, re-
gardless of the experimental conditions. The re-
laxation frequency is 410 MHz, as shown by the
arrow in Figure 9.

The density measurements were carried out for
virgin PMMA and PMMA in state B. The density
of virgin PMMA was 1.185 g/cm3, with accuracy of
60.5%. The density of PMMA in state B was
around 1.182 g/cm3 for all experimental condi-
tions in path (1) and was in agreement with that
of virgin PMMA.

DISCUSSION

It has been recognized that the large deformation
of brittle polymeric materials such as PMMA con-
sists of two parts: one is viscoelastic, and the
other is the plastic deformation.11,13–15 In this
case, the tensile stress–strain relationship is lin-
ear at low strain region, followed by a region of
non-linear behavior, and finally extends to a re-
gion of perfectly plastic flow. The stress for the
large deformation can be written as

s 5 selastic 1 splastic (4)

where the first term is dominant in the linear
deformation region, and the second term de-
scribes the stress in the strain levels exceeding
the linear behavior region. As a first and rough
approximation, we applied the stress–strain rela-
tion based on the three parameter viscoelastic
solid model16 with a single relaxation time for the
first term on the right-hand side of eq. (4). The
stress–strain equation in the case of constant
strain rate loading is described as follows17:

selastic~«! 5
E1E2

E1 1 E2
« 1

E1
2Tt

E1 1 E2

3 F1 2 expS2
«

TtDG ~0 # « # «0! (5)

where E is the elastic modulus, T the strain rate,
and t the relaxation time. As for the nonlinear

Figure 9 Ultrasonic velocities as a function of fre-
quency. The solid curves are those fitted to eq. (2). The
arrow represents the relaxation frequency. Tensile
stress of 60 MPa at different strain rates is applied in
path (1).

Figure 8 Strain dependence of the ultrasonic veloci-
ties at different strain rates. The filled and open sym-
bols indicate the values measured in the states A and
B, respectively.
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relations between the stress and strain attribut-
able to plastic deformation, we assumed the me-
chanical model of Bingham type.11

splastic~«! 5 Y 1 hTH1 2 expF2
E1

hT ~« 2 «0!GJ
~« $ «0! (6)

where h is the viscosity, and Y 5 selastic(«0). The
stress–strain curves calculated by eq. (4) are
shown by the solid curves of Figure 10. The curves
are in agreement with our experimental data for
PMMA. Our experimental results for large defor-
mation of PMMA support the above deformation
model.

The plastic deformation also affects the stress
and creep relaxation processes.7 The stress relax-
ation and creep recovery processes, as well as the
stress–strain relationship, are caused by the vis-
coelastic and plastic deformations. Figures 11 and
12 show the semilogarithmic plots of the stress
relaxation and creep recovery curves in paths (2)
and (4) shown in Figure 2. As seen in Figures 11
and 12, the stress relaxation and creep recovery
consist of two relaxation processes; one is the
relaxation process observed in the shorter time
region, and the other is the relaxation process in
which the relationship between time and ln s is
linear. The plastic deformation is associated with
the relaxation process in the shorter time region.7

The stress relaxation and creep recovery shown
by the solid lines in Figures 11 and 12 are repre-
sented by the three parameter viscoelastic solid
model as follows.16

selastic~t! 5
E1E2

E1 1 E2
«

1 Sst30 2
E1E2

E1 1 E2
«DexpS2

t
tD (7)

«elastic~t! 5
E1 1 E2

E1E2
Y1

F1 2 S1 2
E2

E1 1 E2
DexpS2

t
tDG (8)

where Y1 is the parameter for representing the
strain after creep recovery. We estimated the
stress or strain contributing to the plastic defor-
mation by subtracting the extrapolated values at
t 3 0 from the experimental ones at t 5 0.

Figure 10 Results of the analyses of the stress–
strain curves. Solid curves are those fitted to eq. (4).

Figure 11 Semilogarithmic plots of the stress relax-
ation. The solid line are those fitted to eq. (7).

Figure 12 Semilogarithmic plots of the creep recov-
ery curves. The solid lines are those fitted to eq. (8).
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Figures 13 and 14 show the stress and strain
contributing to the plastic deformation as a func-
tion of strain applied to the samples, respectively.
The stress contributing to the plastic deformation
depends upon the applied strain, and the slope of
the line increases with increasing strain rate. On
the other hand, the strain in creep recovery
curves depends upon the applied strain but is
independent of the strain rate.

The plastic deformation for amorphous poly-
mers in the glassy states is interpreted in terms of
crazing and shear yielding.13,18–20 The plastic de-
formation attributable to crazing is dominant for
amorphous brittle polymers, such as PMMA. At
the beginning of the deformation, microvoids are
produced in the materials.21–23 After the stress
relaxation, while keeping the strain a constant,
the residues of crazing will still remain in the
materials, and the size or amount of the residues
will depend upon the strain rate, as shown in
Figure 13. However, the stress–strain relation-
ship in state A depends upon the strain, but not
on the strain rate, as is seen in Figure 4. In creep
recovery process, strain rate dependence is no
longer observable. It is difficult to detect the
strain rate dependence from the stress–strain re-
lationships in states A and B. On the other hand,
the ultrasonic velocities of PMMA in states A and
B not only depend upon the strain, but also the
strain rate, as shown in Figure 8. The strain rate
dependence of the ultrasonic velocities is related
to that of the stress contributing to the plastic
deformation. This result clearly indicates that the
size or amount of the residues of crazing depends
upon the strain rate and affects such mechanical
properties as elasticity and compressibility.

The residues of crazing after stress or strain
relaxation are not necessarily the same as the
microvoids that are produced at an early stage of
the plastic deformation. However, at this point,
we consider them to be “microvoids.” The ultra-
sonic velocity and adiabatic compressibility de-
pend upon the quantity of microvoids. Thus, we
can estimate the microvoids qualitatively by the
following procedures.2 If the additivity of com-
pressibility for the volume fraction of microvoids
holds, the adiabatic compressibility of PMMA de-
formed by the tensile stress is described as fol-
lows:

b 5 fMbM 1 fPbP (9)

where f is the volume fraction, and the subscripts
M and P indicate microvoid and polymer, respec-
tively. Assuming that the change of the adiabatic
compressibility of polymer itself is small during
the deformation, the adiabatic compressibility of
virgin PMMA is used in the second term on the
right-hand side of eq. (9). The adiabatic compress-
ibility is calculated from the following relations:

b 5 1/K K 5 M 2 ~4/3!G (10)

where K is the bulk modulus, M is the longitudi-
nal modulus, and G is the shear modulus. The
longitudinal modulus of PMMA deformed by the
tensile stress was estimated from measured ul-
trasonic velocities and density data. The shear
modulus of PMMA and the bulk modulus of mi-

Figure 14 The relationship between the applied
strain and the strain contributing to the plastic defor-
mation. The abscissa represents the strain in state A.

Figure 13 The relationship between the strain and
the stress contributing to the plastic deformation.
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crovoids were estimated from the values found in
the literature.24 It is difficult to obtain the density
data using conventional density measurements.
The density of PMMA in state A is assumed to be
equal to the value of virgin PMMA. The volume
fraction of the microvoids estimated in this way is
shown in Figure 15. The microvoid fraction is of
the order of 1027 and depends upon the testing
conditions.25 Precise density data of PMMA in
state A is needed to investigate the difference
between the volume fraction in states A and B.

As shown in Figure 9, the COBS measure-
ments clearly demonstrated the single velocity
dispersion in the frequency range of 100 MHz to 1
GHz, and its relaxation frequency was around
400 MHz at room temperature. This relaxation
process can be assigned to the g-relaxation of
PMMA according to the dispersion map reported
by Tanabe et al.26 The g-relaxation process of
PMMA is attributed to the rotation of a-methyl
groups in PMMA. The relaxation frequency and
amplitude of the g-relaxation were unaffected by
the deformation processes. This means that even
in the large deformation, amorphous part of poly-
meric materials is predominant, and local molec-
ular motion of polymer chain does not affect the
viscoelastic and also plastic deformations.

CONCLUSION

The acoustic properties of PMMA deformed by
the tensile stress were studied by the COBS
method. The COBS method has been success-

fully used to measure ultrasonic velocities of
PMMA in different steady stress–strain states
without contact with specimens. The major re-
sults obtained are summarized as follows. First,
the ultrasonic velocities decreased with increas-
ing the strain, and the ratio of the decrease
increased with increasing the strain rate. This
shows that the residues of crazing still remain
in the steady stress–strain states, and the di-
mension or amount of the residues depends
upon the strain rate. Second, the g-relaxation of
PMMA was observed around 400 MHz at room
temperature. The relaxation frequency and am-
plitude of the g-relaxation observed in the de-
formed PMMA were in agreement with those
observed in virgin PMMA. The viscoelastic and
plastic deformations have little effect on the
g-relaxation.
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