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CHAPTER I

INTRODUCTION

Rubber and other viscoelastic materials otherwise referred to
as elastomers are widely used as vibratioh isolators to reduce the
transmission of vibratory forces or displacements. They are also
used as vibration dampers, turning motion into heat in order to
reduce the vibratory response of a system, especially near frequencies
of resonance. They are good antivibration mountings, especially when
isolating small machinery and mechanical devices.

Elastomers are utilized in many other applications, including
underwater sound systems where they find use as sound reflectors,
sonar domes, lining for test tanks and transducer windows.1 In some
cases, transmissibility of the material is important; in others,
its absorption coefficient and its characteristic impedance take
larger roles.

It is clear from the previous statements that the study of the
characteristics of elastomers is of great importance. There exists
a vast amount of literature peréaining to elastomers and studies
concerning their different characteristics, including moduli of
elasticity, absorption constant, loss factor, as well as their ability
to transmit and reflect acoustic energy.

In order to completely characterize the engineering properties
of an elastomer, it is important that the bulk, shear and Young's
moduli be known. In this thesis, the complex Young's modulus of

eight different elastomers is experimentally obtained over a wide
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range of frequencies. This data, in conjunction with that obtained

—

through an Applied Research Laboratory's grant to the Physics
Department of the University of Texas will allow a complete
characterization of these selected materials.

When elastomers are used as transducer windows, impedance

matching with the water, together with material stiffness and losses

are very important. The results of this thesis will provide needed
data to aid in the selection of those materials best suited to
these applications.

In Chapter II, the general stress-strain relations pertaining

to elastomers are discussed. In addition, the relationships between
the moduli and their dependence upon frequency and temperature are
considered. Chapter III covers in detail experimental procedures
and a discussion of the relative limits of various approaches is
provided. The experimental results are presented in Chapter IV and
interpretation of the data, conclusions and recommendations for

further studies is covered in Chapter V.
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CHAPTER 11

GENERAL BEHAVIOR OF VISCOELASTIC MATERIALS

2.1 Historical Background and Generalities

Over the years, an increasing number of studies related to the
properties of different viscoelastic materials have been made. At
first, studies were made of static characteristics and it was not

until the early forties that important studies of dynamic character-

‘istics were made at various laboratories and research centers.

Rubbers are capable of achieving large elastic deformations and
are zenerally able to recover their original shape once the deforming
stress is removed. In the early theories of elasticity, it was
considered that the body returns to its original shape instantly;
however, even ;f it seems that the rubber regained its original
shape, there may still be some residual strain which will decay over
a period of time. Observations were made of this phenomenon, and
some time dependent effect relations were proposed by Boltzmann2 in
1874. Some time before that, Gough3 noticed that rubbers behave
differently at different temperatures and that heat is generated when
they are extended. This represented the beginning of the studies of
the non-static behavior of rubber. These studies, together with
previously developed static theories, provided the basis for the
development of a vast amount of literature on the properties of
viscoelastic materials.

The classical theory of elasticity formulated by Hookea in 1678

states the relation of proportionality between stress and strain;

N pe—
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. the stress being proportional to the strain but independent of the
rate of strain. This relation holds for an ideal situation; the
stress-strain behavior, however, is in general more complicated.

When a elastomer is deformed, the stress needed to hold a constant

W e W T v

strain will eventually diminish. This phenomenon is called stress
relaxation. Similarly, when a constant stress is applied to an
elastomer, it undergoes a strain which will increase or "creep"
with time until breakage occurs. These two processes are time
. dependent. In the case of a sinusoidally varying stress, the

resultant strain will also .vary sinusoidally but with lagging

phase as shown in Figure 2.1.1.

S wt
5m 6
Figure 2.1.1. Stress and Strain Sinusoidal Excitations
: Equations describing these curves are:
g v e, sin wt (2.1.1)




and

€ = eo sin (wt + V) : (2.1.2)

where o and co are the stress and the stress maximum amplitude, € and

R ee e g

eo are the strain and the strain maximum amplitude, and Y is the
phase difference.

In a viscous medium with an applied stress, the molecules are
not all displaced at the same velocity. Some will displace faster
than others, causing a drag on the slower ones with a resulting time

-dependent strain. If the medium were perfectly viscous, the

resulting strain would be 90 degrees out of phase from a sinusoidally

varying stress.

Elastomers are neither perfectly elastic nor viscous, but
combine both effects. These materials are capable of absorbing great
amounts of energy and, in order to discuss their dynamic behavior,
it is necessary to consider both their elastic and their viscous
properties.

The moduli of viscoelastic materials vary as a function of

frequency and temperature and the effects are inversely related.

They generally exhibit rubber-like properties at high temperatures
or low frequencies and glass-like properties at lower temperatures
or at high frequencies. An exact description of the stress-strain
behavior of a given elastomer would generally involve a very complex
nonlinear model. However, simplifications based on linear network

theory have been shown to be accurate for small deformations.5

2.2 Stress-Strain Linear Relationships and Modulus of Elasticity

Two basic types of deformation may be experienced by a materjal
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when a stress is applied to it; shear deformation which implies a
change of shape without a change in volume, and bulk deformation
which implies changes in volume but not in shape. Both are

6,10

described respectively by tﬁq shear modulus G and the bulk

modulus K where:

F/A,
G = E—?E;;—gy (2.2.1)
and
K=mm (2.2.2)
where
F = force applied on the body,
At = area of the face transverse to the applied.force,
© = angle of strain deformation,
P = pressure applied on the body,
and AV, V = volume compression and volume of the body.

Other moduli, which involve both change in volume and shape

are the plane wave modulus:

M= K+%G ’ (2.2.3)

which represents the ratio of stress to strain in a medium where
the lateral dimensions are large compared to the longitudinal

dimensions, and the Young's modulus:

9KG :
E = K+G ° (2.2.4)

which is the ratio of longitudinal stress to longitudinal strain for
a thin rod. Another equation describing it is:

E=2(+p)C |, : (2.2.5)
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where p is the ratio of Poisson, defined as the ratio of lateral

strain to longitudinal strain for a thin rod, and it is equal to:

p = AL/ (2.2.6)
where
At = contraction suffered by the rod,
t = width qf the rod,
A% = elongation experience by the rod,
and £ = length of the sample.

1 These basic types of deformation and the moduli describing them
are basic tools for studyiﬁg the static elastic characteristics of
a material; however, when considering dynamic stress and strain,
it is necessary to take into consideration the complex elastic
moduli which are discussed in Section 2.3.
Figure 2.2.1 shows the basic deformation in elasticity and the

equations related to them.

At
-
F
F €
G = F/At
d (tan 6)
a) Simple Shear
‘.‘f'




P
K=

b) Bulk Compression
F

v

e e ——————

4
M K+3G

c) Plane Wave Compression

-~

E=JKC F/A
3K+ G AL/%

d) Simple Extension




At/2
RnEa 4
{ L SR ¢

o At/t
P = AL/t

e) Poisson's Ratio

Figure 2.2.1. (a through e) Moduli of Linear Elastic Deformation.

2.3 Stress-Strain Complex Relationships

When a sinusoidal stress is applied on a viscoelastic material,
the resulting sinusoidal strain will lag the stress by a certain
phase difference. The stress can be decomposed into two components,

.one in phase and another 90 degrees out of phase w}th strain as

shown in Figure 2.3.1.

Q:
et

qr—____--____
-

Figure 2.3.1. Vector Representation of Stress and Strain.
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0 = stress,
o' = component in phase with strain,
0" = component out of phase with strain,
€ = strain,
and Y = phase difference between stress and strain,
0"
where tan Y = = i (2.3.1)

and n is often called the loss factor.

The projection of the stress vector over the strain vector gives
a component in phase with the strain, and the projection of the
stress vector over another vector perpendicular tb the strain, gives
the component 90 degrees out of phase with respect to strain. The
shear modulus of a body with a stress applied is the ratio of stress

to strain produced:

o :
G = £ (2.3.2)

This ratio, when considering both the in-phase and out-of-phase

stress components, becomes a complex quantity represented by:

Gk = G' + jG" (2.3.3)
L]

where ¢t =L (2.3.4)
11]

- G" = %— : (2.3.5)

These ratios are called the storage modulus and the loss modulus,
respectively.

The loss factor can now be defined as:

n=gr (2.3.6)

vhere tan Y = n as previously defined by Equation (2.3.1).
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Similarly, other moduli are represented by their storage and

their loss modulus as follows:

K* = K' + §K" (2.3.7)
E* = E' + §E" ' (2.3.8)
and Mk = M' + jM" (2.3.9)

where the loss factors of each moduli are represented by:

nK X (2.3.10)
E"
nE =g (2.3.11)
and "u = g; . (2.3.12)

Equations (2.2.4) and (2.2.5) in their complex representation

become:
- 9K*G* X 9(K' <+ jK")(G' + jG")
L 3K* + G* 3(K' + jK") + (G' + jG") (2-3-13)
and
L] 11}
R CUL S L SR I (2.3.14)

26 ~ ©~  2¢6" + §6™)

2.4 Mechanical Analogies of Viscoelastic Linear Behavior

A general mechanical representation of a viscoelastic material

linear behavior can be made with a system of springs and dashpots, in

series or in parallel or a combination of both.

The most simple representations are the Maxwell and Voigtz’6

elements as illustrated in Figure 2.4.1:
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|-

a) Maxwell Representation b) Voigt Representation

Figure 2.4.1. Maxwell and Voigt Simple Models of
Linear Viscoelasticity.

With these model elements and extensions of them, it is
possible to represent the small deformation behavior for most

viscoelastic materials.6

2.5 Wave Propagation in Long Rods; Young's Modulus and Loss Factor

The propagation of a pressure wave in a long thin rod is
represented by the following equation:

e—jkx e—ax ejwt

P = P0 5 (2.5.1)
where
P = pressure at a point '"x" along the rod,
Po eJmt = ginusoidally varying wave applied at one of
the ends of the rod,
k = wave number, equal to w/c (w is the frequency in
radians, and ¢ is the wave velocity),
and a = attenuation constant of the material.

Equation (2.5.1) can be rewritten as:

Pl = P2 e i (2e5:2)

IO VIR SSIRRSENO e |
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which can be solved for & where:
i .y
& = =— 1ln —— (Nepers/cm) . (2.5.3)
Ax P2
where P1 is the pressure wave at any point X along the rod and
P2 is the pressure wave at a point, x2 = xl + Ax.

Bobber7 explains clearly the equations for the longitudinal
wave propagation in a rod together with its related components.
Using an electrical analogy with an acoustic transmission line,

he finds that the loss factor n of a viscoelastic material is given

by:
ne—2%— (2.5.4)
1-r)
where
al
T =S 5 (2.5.5)

r being the loss parameter in Nepers, \ is the wavelength of the
vibration, and o is the attenuation constant.

Nolle8 defines the storage Young's modulus as:

E' = pcz N ) . (2.5.6)

where p is the density of the material, c is the velocity of the
wave, and r is the loss parameter. From this equation and Equations

(2.3.1) and (2.3.11), the Young's loss modulus is given by:

2
pc2 -Sl—:—l%l% - (2.5.7)

1+7r)

E" - nE' -

The classical relation for Young's modulus states that:

2= pet (2.5.8)

which defines only purely elastic propagation.
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2.6 Frequency and Temperature Dependence

It was mentioned before that viscoelastic materials show a
great dependence on frequency and temperature. This dual dependence
is also inter-related. In facﬁ,,when the temperature of a visco-
elastic material is increased, its internal molecular arrangement
changes and becomes more mobile, hence, more elastic, whereas when
the temperature is reduced, the molecular mobility is reduced, hence,
the material becomes stiffer and presents glass-like properties.

On the other hand, if the temperature of an elastomer is kept
constant and the stress frequency is increased or decreased, a
similar but inverse phenomenon occurs. At low frequencies, the
period of stress is sufficiently long for the molecules to coil and
uncoil; therefore, the material presents rubber-like properties. At
high frequencies, the period of stress is very small and the
material presents glass-like characteristics.

Tobolsky9 conducted studies of stress relaxation phenomena on
polymethyl-methacrylate of two different molecular weights under
constant stress and, from the data obtained, drew curves of Young's
modulus versus time and described four regions in the behavior of
a viscoelastic material:

(a) A low temperature, glassy region, where the Young's

modulus is almost constant. The time dependence of the
modulus is quite independent of the molecular weight,
but dependent on the annealing rate of the sample.

(b) A transition region where the Young's modulus changes

very rapidly with time and temperature, ranging from

1010 to 107 dynes/cmz.
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(c) A quasi-static rubbery plateau region, where the modulus
remains more or less the same, at about 107 dynes/cmz.
(d) A flow region where the values of the modulus drops
very quickly to almost zero.
Figure 2.6.1 gives a graphic idea of these regions.
In the description of a viscoelastic material, three rather
than four regions are sufficient when considering the general

moduli, especially if the loss factor behavior is taken into

. account. These three regions are the rubbery region, the relaxa-

tion region, and the glassy region, as shown in Figure 2.6.2. 1In
this consideration, the storage modulus at high temperatures or
low frequencies is almost constant, but as the temperature is
reduced or the frequency increased, the modulus shows a rapid
increase until a point is reached where the modulus keeps nearly
constant. The region of rapid increment is the relaxation region,
and the other two are the rubbery region (high temperatures or low
frequencies), and the glassy region (low temperatures or high
frequencies).

The loss factor follows a different pattern. In the rubbery
region, this factor is almost constant, increasing just a little
with increasing frequency or decreasing temperature. In the
relaxation region, it increases enormously, reaching a maximum point
called the transition point, and from there, it decreases until it
reaches another plateau where the factor is again almost constant;
then, the material is in the glassy region.

The transition point is different for different materials; for

example, -73% for rubber, and 100°¢C for polysryrene.lo
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Ferryll gives a thorough description of the molecular thceory of
polymers. In Chapter XI, he describes the dependence of viscoelastic
materials on temperature at different frequencies. He concludes,
by using mechanical models, that.frequency and temperature are
inversely related and a procedure known as the WLF transformation
is stated. This transformation requires the change of abscissa from

log w ianto log wa,. where:
e - 1)
-log a_, = 0 . (2.5.9)

T
(C2 + T - To)

ar is the ratio of any specific relaxation time at a certain
temperature T, to its value at an arbitrary reference temperature
TO. The relaxation time is the time required for the stress in each
mechanism to relax to 1/e of the initial stress induced by a
suddenly applied constant strain, and Co and Co are ccnstants for

1 2
the material.

B0 ine Lt




CHAPTER III

EXPERIMENTAL SET-UP FOR TENSILE TEST

3.1 Kuehl and Meyer Technique

Different methods exist to test the dynamic tensile character-
istics of viscoelastic materials. Two approaches with slight
variations are henceforth described. The first approach, after the
experiments made by Kuehl and Meyer,12 presented various technical
" difficulties. The second, after Nolle's experiment,13 was the
experiment from which data included in Chapter IV was obtained.

Figure 3.1.1 shows schematically the apparatus as used by
Kuehl and Meyer for the determination of sound velocity and
attenuation constant in elastomers. The elastomer strip hangs in
a column of water from an electromechanical shaker driven by an
Electrodyne-Oscillator. The shaker rested on a triaqgular plate
with perforated corners in order to slide the plate over a three
rod mount and thus, attain perpendicularity. A screw nut in each
rod helped to tighten and fix the position at each corner. By
this means, the elastomer could be moved in and out of the water.
The other end of this elastomer was connected to a thread which
passed fhrough a hook in the bottom of the water column and was
connected to the external part through a small hole in the 1lid of
the tube. This way the string could be pulled to provide some
tension on the elastomer.

The sound that the elastomer radiates into the water is

measured by a very sensitive hydrophone which enters the water tube
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through a hole in the 1id. The purpose of this was to provide the
water surface with a hard surface having a mass large enough such
that its mass impedance is equal or larger than the wave impedance
of the fluid. In this way, the sound pressure at the top of the
tube becomes an antinode and hence has a maximum pressure level.
From that point on, the pressure wave pattern in the tube is that of
a standing wave. In order for the water level to remain constant when
moving the elastomer in and out of the water, a siphon tube was
connected through the 1lid into the water with its other end
connected to a small water container. The hydrophone was connected
to an amplifier and to a band pass filter before the wave signal was
registered by a voltmeter. An oscilloscope helped to observe the
signal level. A phase meter was connected to the signal being
registered by the voltmeter, and to the electrodyne-oscillator
providing the original sinusoidal input signal. The general circuit
can be observed in Figure 3.1.1. Since the hydrophone cable was
extremely sensitive, precautions were taken to isolate and ground it.

The transmission of vibrations between the shaker and the
triangular plate was improved by means of rubbery mounts separating
them from direct metal to metal contact.

It was also recommended by Kuehl and Meyer to isolate tﬁe entire
tube against air sound with a thick mineral wool shell; this precaution
was not taken in this experiment. The hydrophone kept picking up a
large amount of external noise of both acoustic and electric origin and,
of the measurements made of the sound propagation in some materials,
almost no reliable information could be obtained; therefore, a
different experimental setting was made., this time usinn a licht

record player stylus to pick-up the vibrations on the elastomer.
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3.2 Nolle's Technique

Kuehl and Meyer, prior to their experiment, rejected the
measuring of advancing waves with a pick-up stylus on a thin elastomer
because they could not get data beyond 5 kHz. Nolle,13 however,
presented some results of up to 26 kHz. Therefore, by using some of
the equipment already described in the last section, a new experiment
was set up to expand on Nolle's method.

The shaker was still suspended by resting on the triangular plate
and the three rods. The elastomer connected to the shaker was to
remain fixed for the pick-up to scan its surface, so a position for
the shaker was chosen and the screws were set in a definite position
during the entire experiment. The pick-up consisted of a stereo
pick-up stylus and it was mounted on a triaxial vernier screw
mechanism which allowed accurate displacement in three dimensions.

In this fashion, the stylus touched the elastomer with the required
tracking force of 1-1/2 to 2 grams along the center of the face of

the elastomer on which measurements were made. A simple diagram of
the vernier mechanism and shaker with elastomer is shown in

Figure 3.2.1.

Samples of viscoelastic materials of\1/16 x 1/16 inch cross
section and 12 inches long were attached to the shaker which was
connected to an electrodyne oscillator and this to a variable
oscillator capable of operating up to 100 kHz. This extreme
frequency range was not necessarf, however, as the cartridge was
incapable of operating above 45 kHz. The other end of the sample
was connected to a piece of thread whose purpose was to put a small

tensicn on the sample and maintain alignment.
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When the elastomer is under a sinusoidally vibrating stress, as
is the case in this experiment, there is a compressional wave
: travelling through it. Transverse waves are excited at the same
time. Both signals were thought to be detectable by means of the
| two stereo components of the pick-up stylus used. This process is
explained with clarity in Section 3.4.

After the signals were detected, they were amplified, filtered
from noise and measured by the voltmeter. The signal measured is the
particle velocity of the travelling wave. A phase meter was connected
to the output of the oscillator and to the output of the filtered
signal. A double beam oscilloscope helped to easily follow the
changes of phase of the signals. A frequency meter connected to the
negative terminal of the oscillator helped to select the exact
frequency of operation. Inasmuch as force is in phase with driver
current, a resistor was placed in series with the driver coil and
the drop across this resistor was monitored for the phase. The general

circuit is shown in Figure 3.2.2.

3.3 Characteristics of the Pick-up System

The pick-up system consisted of an Audio-Technica dual magnet phono-

graph cartridge, Model AT-12-E, having the following characteristics:

Frequency Response 15 - 45,000 Hz
Output at 5 cm/sec 3.5 mV

Channel Separation at 1 kHz 22 dB

Channel Balance 2 dB

Tracking Force 1-1/2 - 2 grams

. Vertical Tracking Angle 20°
-
S —— w2 TN pere—
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Load Impedance 47 kQ
Cartridge Inductance 670 mH
DC resistance 1300 Q

The frequency response gives the limits of freqﬁency testing in
this experiment. The minimum frequency in which measurements were
taken was 500 Hz and the maximum 25,000 Hz. The cartridge arm
consisted of a tube similar to those used in a record player, with a
support for the cartridge having a 20° slope to compensate for the
vertical tracking angle. Care to provide a force of 2 grams through
all the measurements made was taken. The cartridge uses two permanent
magnets mounted at an angle of 45°. These, when working on a record,
are perpendicular to the two sides of the groove. With its pole
pieces and electrical coils, each magnet becomes an electrical
generator reproducing mainly the signal from one side of the record
groove, with a maximum of 22 dB cross-talk from the other channel.
This was a very important factor in the measurements of both the
extensional and the transverse wave signal. The cartridge translates
into an electrical signal the particle velocity of the wave at a
rate of 3.5 mV per 5 cm/sec. Each stereo channel has an output and
ground connections which can be connected for monaural operation by
joining the left and right pick-up coils together in parallel. With
this monaural connection, the vertical output of the cartridge is
cancelled so that the longitudinal excitation is the only one obtained.

In order to reduce the output impedance of the cartridge, an
operational amplifier was used. It had a double purpose, one to
reduce the load impedance from 47 kQ to just a few ohms, and to act

as a 10 dB amplifier to reduce electrical noise interferencos,
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3.4 Relation Between Stereo Signal and the Longitudinal and
Transverse Waves

A stereo record has information recorded on both sides of a 90°
V-shaped groove; therefore, the information on one side is largely
independent of the information on the other side of the groove.
Figure 3.4.1 shows a schematic view of the groove undulations in a
stereophonic disc phonograph record. A is the unmodulated groove;

B is the modulation in the right channel; C is the modulation in the
left channel; D is the lateral modulation formed by the combination
of right and left modulations in phase; E is the vertical modulation
or combination of right and left modulations out of phase, and F is
the combination of equal vertical and lateral amplitudes. Heavy
lines in the figure indicate zero amplitude or unmodulated groove.
Dashed lines indicate maximum limit of groove undulation. Arrows
indicate direction of motion of the reproducing stylus.14

In a sound reproducing system, the stylus follows the undulation
in the groove of a rotating record and tranfers the vibration of the
stylus to the pick-up transducers. In the case of this experiment,
the stylus picks up the vibration from the travelling wave in the
elastomer and transfers it to the transducers in the cartridge.
Figures 3.4.2 and 3.4.3 show the direction of the particle motion of
both the longitudinal or dilatational wave and the tranverse wave,
respectively.4

Figure 3.4.4 shows graphically the two signals along the
elastomer and the stylus on it. Figure 3.4.5 shows how a record
player acts over the same stylus. By these illustrations, it is seen

that the signals in the elastomer are detected as vectorial components
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Figure 3.4.1. Schematic View of Groove Undulations in a
Stereophonic Disc Phonograph Record.
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Figure 3.4.3. Particle Motion for Transverse Waves.
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Figure 3.4.4.

an Elastomer.

Figure 3.4.5. Stylus on a Record Player Groove.

Longitudinal and Transverse Signals on
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at 450; i.e., the longitudinal travelling wave is given vectorally
by C2 - C1 and the transverse travelling wave by C2 & C1 as shown
in Figure 3.4.6.

According to the process explained, both the left and right
signals from the pick-up stereo were expected to be obtained. There
were, however, many difficulties in doing so; a perfect alignment
between the elastomer and stylus was very important in the measure-
ments of the transverse wave and this was difficult to achieve.

.Two other problems were interference between channels and flexural
waves. These problems led to connecting the two stereo channels

into a monaural pick-up, hence, recording only the longitudinal

travelling wave. In Section 3.6, some of these problems are explained.

3.5 Materials Tested

Samples of eight viscoelastic materials were prepared by molding
them in a metal mold whose cross section was 1/16 x 1/16 inch and 12
inches long. Figure 3.5.1 shows the shape of the samples and their
base which serves to attach the elastomer to the shaker by means of
a screwv.
The different elastomers tested were:
(a) Castomold Polyester
(b) EN-6 Polyurethane
(c) Hypalon H-862 synthetic rubber
(d) PRC-1564 polyurethane
(e) Butyl B-252 synthetic rubber
(f) Natural Rubber 33001
(g) Neoprene 33003, and

(h) PRC-1524 polyurethane
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Figure 3.4.6. Vectorial Components of Longitudinal and
Transverse Wave.
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These particular materials were chosen as being representative

of those used in sonar applicationms.

3.6 Experimental Problems

Flexural Waves. When data were taken, it was néticed that the

transverse wave signals displayed two different wavelengths, which
meant that an external signal was interfering with the measurements.
Figure 3.6.1 shows graphically these different wavelengths for a
single frequency of excitation. This example corresponds to the
sample of Polyurethane EN-6 at a frequency of 12,040 Hz.

The mathematical expression for the propagation speed of
flexural waves is related to that for compressional waves in a

rectangular material by:15

S

’ (3.6.1)

OIO
"

where h is the width of the sample (1/16 inch), w is the frequency

in radians/sec (2nf, where f = 12,040 Hz) and C, and C, are defined

f
by the following equations:

Cc = /E/p (3.6.2)

and

71/4 (3.6.3)

2 2.2
¢, = [(h“w'c))/12
Substituting values for C_ and C_ , where C_ = A_f and C_ = A, f, with
f c f 1 c 2
Al = 0.98 cm and AZ = 3.03 cm as obtained from Figure 4.2.1, Ci/cc =
38.2 m/sec. Substituting values in Equation (3.6.1), hw/v12 = 34.7 m/sec.
These values are very close to each other and this fact led to

the conclusion that both flexural and longitudinal waves were

propagating along the rod.
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- Figure 3.6.1. Measurement of Transverse Waves with Flexural
Waves as a Disturbance.
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The flexural wave velocity increases with increasing frequency
with the result that, while at low frequencies, the flexural waves
are attenuated rapidly, at sufficient high frequencies, flexural waves
are observed throughout the whole length of the elastomer.8

This flexural wave effect is noticeable at lower frequencies for
materials having low dynamic modulus.

In an attempt to avoid the flexural waves which could be caused
by the misalignment of the elastomer and shaker, a solid string and
a weight were connected between them as seen in Figure 3.6.2. By
this means the longitudinal waves should be the only ones travelling
down the piece of wire avoiding the transmission of flexural waves.
This idea was not effective as the mass acted as a low pass filter
and attenuated both waves.

Noise problems. Two mcfse problems were affecting the

experiment, electrical and vibrational ones. The electrical noise
was improved when some of the external connections were grounded;
among them, the wires from the pick-up cartridge, the connection
between the oscillator and shaker, and the connection between the
oscillator and the phase meter. Vibrational noises were prevented
by rubber mounts between metal surfaces. For all recorded data,

a signal-to-noise ratio greater than 10 dB was required.
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CHAPTER IV

EXPERIMENTAL RESULTS

4.1 Reduction and Interpretation of Data

The final measurements in this experiment involved reading of
the longitudinal particle velocity signals together with their phase
difference. For each frequency of vibration, recordings of distance
along the elastomer to every measuring point, voltage and phase
difference were taken. These data were plotted in two different
curves, one of phase difference versus distance, and another of
longitudinal signal amplitude versus distance.

All measurements were taken at temperatures of between 28 and
29 degrees Centigrade.

When plotting phase versus distance, curves similar to that of
Figure 4.1.1 are obtained. Values of the wavelength for each
frequency are obtained as indicated on the figure.

The graph of voltage versus distance is an exponentially decaying
curve, so that on a semilog paper, typical straight lines like that of
Figure 4.1.2 can be drawn. The slope represents the attenuation of
the sound wave as it propagates along the rod. Using this plot,
values for the attenuation constants for the various materials were
obtained utilizing Equation (2.5.3).

These two plots were drawn at several frequencies for each one
of the materials tested. The lower frequency limit was established
when the length of the sample was one-half wavelength of the wave

transmitted or when the attenuation was so small that some reflections
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occurred. The higher frequencies measured were lim@ted by the
attenuation constant which increases with increasing frequency and
by the noise of the system.

With the results for attenuation constant obtained, new graphs
of attenuation constant versus frequency were drawn. The values
were smoothed graphically before other physical properties were
calculated. Figure 4.1.3 shows a typical attenuation graph.

With these new values of the attenuation constant a, values for
the loss parameter r, the loss factor n, and values for the static E,
and dynamic E', E", Young's modulus were calculated by using

Equations (2.5.4) through (2.5.9).

4.2 Young's Modulus and Loss Factor Results

The experiments and observations made from the different samples
are summarized in the following tables and graphs. Some of these
materials have various frequency limits depending upon the attenuation
constant, noise, reflections and wavelength in the particular sample.

Two figures are shown for each material, omne ;orresponding to
the attenuation constant and the other including loss modulus, storage
modulus and loss factors of the materials.

The density of each material is specified on each figure.

Figures 4.2.1 to 4.2.16 include two figures for each of the
following materials, respectively:

(a) Castomold Polyester
(b) EN-6 Polyurethane
(c) Hypalon H-862

(d) PRC-1564
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(e) Butyl R-252
(f) Natural Rubber 33001
(g) Neoprene 33003
(h) PRC-1524.
These materials are listed from Castomold Polyester which has
the highest storage modulus E' to PRC-1524 with the lowest overall

value.

4.3 Error Considerations

The length of the sample (30 cm) made it possible to measure
the wavelength and attenuation constant over a considerable distance.
Wavelength measurements were more accurate than attenuation measure-
ments, especially at higher frequencies where the signals were
attenuated within a few inches in the elastomer. The wavelength
could be measured to an estimated precision of #*4%. The attenuation
could be measured with a precision of 6% for the lower frequencies
and around 12% for the higher frequencies. The Young's modulus

could be measured with a precision of 8%.




CHAPTER V

CONCLUSIONS

5.1 Findings

The elastic properties of the eight different materials under
observation are summarized in Table 5.1. In Figure 5.1 the
variations for the storage modulus are shown graphically; in order
to compensate for the large range of frequencies reached with

Castomold Polyester and EN-6 Polyurethane and due to the small

variation they experience, this figure shows variations up to 12 kHz.

It gives an idea of the behavior of all samples. For more detail,
the reader is referred to figures in Chapter IV. Figure 5.2 shows

the behavior of loss factor for all samples.

5.2 Analysis of Data

It is apparent that in the frequency ranges and temperature at
which the materials were tested, they tend to fall into glassy or
rubbery region as indicated in Table 5.2.

The storage modulus for glassy materials increases, whereas
the loss modulus decreases with frequency. Storage modulus for
Castomold Polyester is almost independent of frequency; its loss
factor decreases smoothly until 14 kHz, from where it becomes a
constant. The storage modulus for Butyl B-252 increases with
frequency until 6 kHz, but then, above this frequency, it becomes
a constant. At frequencies below 3 kHz, the storage modulus of PRC-
1564 is smaller than that of Hypalon H-862, however, at higher
frequencices the storage awdulus of FRC-1564 becomes larjer thoa thaal

of Hypalon H-862.
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The storage modulus for rubbery materials decreases with
frequency, whereas loss modulus increases with it. Storage modulus
’ for Polyurethane depends very little on frequency, its range of
frequencies reached is much larger than for the other rubbery
materials.
Of these materials, Castomold Polyester has a characteristic

i{impedance of 15.5 x ’05 MKS Rayls compared to that of water,

14.8 x 10S MKS Rayls.

Table 5.2. Categorization of the Tested Materials at 28°c.

Glassy Region Rubbery Region
1. Castomold Polyester 5. EN-6 Polyurethane
> 2. Hypalon H-862 6. Natural Rubber 33001
3. PRC-1564 7. Neoprene 33003
4. Butyl B-252 8. PRC-1524

5.3 Recommendation for Further Studies

The results of this study show that a stereo cartridge, which
can analyze both the longitudinal and transverse waves, can be
effectively used in the determination and analysis c¢f viscoelastic
properties of elastomers.

In Section 3.6, it was explained how certain technological
difficulties made the analysis of transverse waves impossible. In
order to overcome these difficulties, further research is recommended.
Poisson's ratios (calculated from the data which was obtained for
this study) may not agree with the expectgd vglues because of the
interference due to flexural waves.

Elimination of the unwanted flexural waves will certainly enhance
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the accuracy of the calculated values of Poisson's ratio. In order
to avoid the flexural wave effect, the use of two cartridges, one on
each side of the specimen and at the same distance from the oscillator,

is recommended.

: R —— ™ e
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