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SYNOPSIS

The first part of this study deals with the design of a new instrument for measuring the
velocity and attenuation of ultrasonic waves propagating in thin polymeric films. The ex-
perimental results indicate a large anisotropy. In addition, a strong velocity and attenuation
dependence on both frequency and temperature has been observed. The results are explained
by means of phenomenological theory. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

The basic object in making mechanical wave mea-
surements is to determine the velocity and atten-
uation. These measures may then be related to
structural properties of the material. The wave ve-
locity is primarily a function of the elastic constants,
while the attenuation is largely determined by dis-
sipative mechanisms operating in the material.’

In general a choice has to be made between the
use of continuous wave or pulse. The traveling-wave
method has been used for making measurements on
thin strips of materials and fibers. The specimen is
driven at one end into vibration by means of a suit-
able transducer. A second transducer, placed in con-
tact with the specimen, is used to record the longi-
tudinal waves generated in the specimen. Disadvan-
tages of this method includes the difficulty of
avoiding standing-wave effects.

Pulse methods involve the timing of the passage
of a wave packet as it traverses the material and are
particularly suited to the study of material properties
at high frequencies. It is difficult to extract the phase
velocity corresponding to a given frequency unless
Fourier analysis is employed. Even the determina-
tion of the group velocity is not reliable if appreciable
dispersion is present.
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The measurements of the propagation velocity
have been generally used in the evaluation of mo-
lecular anisotropy and orientation in polymeric fi-
bers and films,? but very few studies have been re-
ported on biaxially oriented polypropylene (BOPP)
films.2® It is often difficult to understand some
properties of BOPP films when referring to the gen-
eral behavior of nonoriented polypropylene films.

The purpose of this study is to provide some in-
sight on the anisotropy of BOPP films in connection
with viscoelastic properties.

EXPERIMENTAL

More detailed information on the material behavior
may be obtained by making ultrasonic measure-
ments at more than one frequency. Using Fourier
transform method one can obtain information on
the propagation of ultrasonic waves in a given ma-
terial system in the form of a response spectrum.
In the first part of this study a special instrument
for measuring the ultrasonic wave velocity and at-
tenuation is described. The idea for the mechanical
arrangement has been taken from a commercially
available instrument (PPM-5, H. M. Morgan Co.,
Inc.).® It consists of two transducers made from
bending piezoceramics—one serves as transmitter
and the other as receiver. The film strip is 1 mm
wide and 200 mm long and is kept taut between the
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Figure 1l Block diagram of the instrument for ultrasonic
velocity and attenuation measurements: T transmitter, R
receiver, 1 generator, 2 sampling oscilloscope, 3 pream-
plifier, 4 PC AT-286, 5 ohmmeter, 6 thermistor, 7 interface,
8 stepping motor, 9 ventilator, 10 digital to analog con-
verter, 11 heating elements.

transducers. The transmitter can be moved along
the specimen by means of a screw and a stepping
motor.

Figure 1 shows the block diagram of the instru-
ment. The whole experiment is controlled and eval-
uated by the personal computer AT-286. The square-
wave pulse is supplied by a generator and converted
to mechanical oscillations by the transmitter. After
having propagated in the specimen the pulse is con-
verted back to voltage in the receiver and amplified.
Then the signal is sampled by PCIP-SCOPE and
saved in PC memory. The other instrumentation-
like thermistor, ohmmeter, etc., enable automatic
temperature control in the range from 30 to 70°C.

The principle of the method resides in sampling
signal at two different transmitter locations (a and
b). Two files, each containing 1024 samples at 10-
MHz sampling rate, are obtained. Using the fast
Fourier transform (FFT') algorithm,” two complex
series in frequency domain are obtained. In accor-
dance with the basic principle of ultrasonic spec-
trometry, the transfer function of the generator,
transducers, and amplifier are eliminated.

Then, the complex transfer function D, (f) of
the strip, between a and b positions of the trans-
mitter, is given by the expression

Ua(f)
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where U,(f) and U,(f) are the voltage responses
of the system. | D, (f )] is absolute value and 8, (f)
is a phase of the complex number D, (f). The at-
tenuation «(f), is given by
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where x,, x; are the distances between transducers
at the two transmitter positions. The phase velocity
is given by

Xg — Xp
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where 8,,(f) is the phase of D, (f) after phase-
straightening process.®

Two commercially available BOPP films for elec-
trical use (film 1 and BK6) were selected for the
present study. Both were made by the “tenter”-type
orientation. The machine direction (MD) and the
transverse direction (TD) orientations were carried
out successively.

RESULTS AND DISCUSSION

Figure 2 shows the results of ultrasonic velocity
measurements on film 1. The results obtained by
ultrasonic spectrometry are compared with ones ob-
tained by the traveling-wave method. One can see
quite good agreement between the two methods. At
frequencies below 50 kHz there is larger dispersion
in experimental data because of the overlapping of
the main pulse with an echo generated by reflection
from the strip holders and transducers. The echo
must be removed from the signal since it leads to a
loss of information in low-frequency range. The re-
producibility of the ultrasonic spectrometry was de-
termined as 0.5% for velocity and 10% for atten-
uation measurements over a frequency range from
50 to 400 kHz.

Figure 3 shows the frequency dependence of the
ultrasonic velocity and attenuation measurements
on film BK6. In accordance with the other mea-
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Figure 2 Results of the ultrasonic velocity measurements of the film 1.

surements on polymers,® the linear growth of atten-
uation with frequency is referred to as hysteresis
absorption. If we extrapolate the curve to intersect
the « axis then at f = 0, we will not get precisely «
= 0, which seems to have no physical sense. But we
must realize that the attenuation measuring accu-
racy is not very good and it can cause this phenom-
enon.

The velocity shows a linear growth with the log-
arithm of excitation frequency and considerable drop
in magnitude with temperature. This observed phe-
nomenon is referred to as relaxation behavior of
polymers.!® By applying the time-temperature su-
perposition principle the curves measured at differ-
ent temperatures can be shifted to generate a master
curve.

Figure 4 illustrates the algorithm used to generate
the master curve for the square of the ultrasonic
wave velocity versus the logarithm of frequency. The
straight lines corresponding to different temperature
can be described by equations:

i (f) = ai@ + biglnf (4)

The y coordinate of a center y, can be defined as

Ye = [e3(f1) + c3(f2)1/2 (5)

Then, the shift factor can be determined
Inar(1,2) = (y.— a1) /by — (3. — a2) /b2 (6)

so that point P, is moved into point P; and the ab-
scissa T is shifted to the left to a new position in
Figure 4.

Figure 5 shows the plot of c? versus In f from the
measurements made on film BK6 before and after
time—temperature superposition. From the four
curves one master curve is obtained in the interval
from 20 Hz to 400 kHz. Now the frequency range is
broad enough to compare measurements with the-
ory. There are a number of existing models! de-
scribing the mechanical relaxation process. Visco-
elastic properties of polymers are usually described
by the Zener solid model, giving the relation

¢?=A - B/[1+ (2xfr)?] (7)
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Figure 3 Results of the ultrasonic velocity and attenuation measurements of film BKS.

where c is the phase velocity, A and B are material
constants, 7 is the relaxation time, and q is a pa-
rameter of relaxation time distribution.

Square of Wave Velocity

1n aT(1.2)

S,

Logarithm of Frequency

Figure 4 Illustration of the time-temperature super-
position algorithm.

Figure 6 shows three curves computed by using
Eq. (7) for parameter g = 0, 0.5, and 2, where A
=95X10°m?s™?,B=6X10°m?s~2, and r = 53
us. The curve g = 2 refers to the Zener solid with a
single relaxation time. Because the transition region
is very narrow, this curve cannot describe the mea-
surements on Figure 5. The curve g = 0.5 refers to
broadened relaxation time distribution and fits the
measurements on Figure 5. For ¢ = 0 the relaxation
times are extremely spread and so the relaxation
behavior is lost.

Only one term in Eq. (7) depends on temperature,
that is, the relaxation time 7. The relation is given
by

T = T70exp(U/ET) (8)

where U is an activation energy, k is the Boltzmann
constant, and T is the absolute temperature. The
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Figure 5 Application of the time-temperature super-
position for measurements of film BK®6.

shift factor, using the well-known Williams-Landel-
Ferry (WLF) equation may be written as
7(T) U U
1 =lnl—— |72~ —— 9
nar “[T(To)} kT kT, )
Figure 7 shows the dependence of In ap versus 1/
T for the time-temperature superposition shown in
Figure 5. According to the relation,® the dependence
should be a straight line from which the activation
energy U = 2.3 eV is calculated. Despite the large
anisotropy, the activation energy gave nearly the

Figure 6 Theoretical curves that should fit the mea-
surements in Figure 5.

' , .

0 - -

_2 - h
-

© L -

c -4

oy

-6 b 4

-8 BK6 1

3 3.1 3.2 3.3

10°/7

Figure 7 Dependence of the shift factor on temperature
for measurements of film BK6.

same value for both films and both directions
(MD, TD).

CONCLUSIONS

The first part of this study dealt with the design of
a new instrument for measuring ultrasonic wave ve-
locity and attenuation.

The second part dealt with the application of it
for BOPP films. A large anisotropy in ultrasonic
wave velocity has been observed. Besides this, a
strong dependence of wave velocity and attenuation
on both frequency and temperature has been ob-
served. The results are interpreted by phenomeno-
logical theory using the Zener solid model. A simple
algorithm for time-temperature superposition has
been designed, and the model for the relaxation be-
havior has been extended on relaxation time distri-
bution. The activation energy has been determined
and gave nearly the same value for both films and
both directions (MD, TD).

The method and instrument are excellent for
the study of orientation, anisotropy, and homo-
geneity.!!"!® But it would be necessary to extend
the temperature range of the experiment in order
to obtain a deeper understanding of the relaxation
behavior in the material.
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