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ULTRASONIC HYSTERESIS ABSCE2{ON IN POLYMERS
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Bruce Har:i.&nn
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ABSTRACT: Ultrasonic absorption measurements were made in poly-
methylmethacrylate, polyethylene, and polyethylene oxide as functions
of frequency, temperature, and strain. At room temperature, all
three polymers show a hysteres’s type absorption that extends at
least over the frequency range from 1 Hz to 107 Hz, as shown by
using literature values for results at 1 Hz, There is no strain
dependence to the absorption ir any of the polymers in the strain
range from 109 to 10", The mechanism responsible for the hyster-
esls absorption is postulated to be the trapping of the polymer in
one of its many local metastable potential energy minima. This
mechanism leads to the prediction that the hysteresis absorption
should be a linearly decreasing function of volume and this predic-
tion is in reasonable agreement with the experimental data.
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ULTRASONIC HYSTERESIS ABSORPTION IN POILYMERS

This report describes experimental work done in measuring ultra-
sonic absorption in polymers as a function of temperature, fre-
quency, and strain, In addition, an interpretation of the results
in terms of a molecular model is also given. The purpose of these
measurements is to gain an understanding of the mechanism of sound
absorption in polymers so that improved acoustic materials can be
developed for a variety of ordnance applications.

This report was taken from a dissertation submitted by Bruce
Hartmann to the faculty of the American University in partial
fulfillment of the requirements for the degree of Doctor of Philos-
ophy in physics.

This work was conducted in part under Task ORD 333 004/092-1/UF51-
543-301 and in part under Task NOL 278/0NR. The materials used in
this report were obtained from commercial sources. Their evalua-
tion by the Laboratory in no way implies Navy endorsement.
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Captain, USN
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JTRODUCTION
Dynamic measurements ‘have been shown to give valuable insight

into the physical properties of ma.tter.l"LL

While there is a large
amount of data on polymers at low f’requency,3 to date there has
been no systematic study of sound absorption at ultrasonic fre-
quencies, Some ultrasonic studies of high polymers have been
made, but generally only one frequency 1is used or ‘the measurements
are only made at room temperature., ©For ekx-mple, rellable absorp-
tion measurements were made by Eby5 on polyethylene (PE) over a
wide temperature range but only at one frequency, 12 Mdz. Absorp-
tion measurements on polymethylmethacrylate (PMMA) were made by
Asay, Lamberson, and Guenther6 as a function of frequency, but only
at room temperature,.

The polymers chosen for study here are PMMA, PE, and poly-
ethylene oxide (PEO). PMMA and PE were chosen partly because they
represent extremes of crystallinity, PMMA being amorphous and PE
highly crystalline. PEO was chosen because low frequency (1 Hz)
sound absorption measurements have been done7 but no ultrasonic
measurements are available on it.

The principal conclusions of this work are that the sound
absorption in polymers has a strain independent hysteresis back-
ground throughout the temperature-frequency plane. Superimposed
on this background are various relaxation processes. The mechanism
responsible for the hysteresis absorption is postulated to be the
trapping of the polymer in one of its many local metastable

potential energy minima.
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MATERIALS ‘USED
The polymethylmethacrylate used here was made by the Rohm
and Haas Company, Philadelphia, Pennsylvania, under the trade

name Plexiglas II UVA, and was received in the form of a cast

“block. This is & speclal grade that has been annealed and is of

high optical clarity. The polymer is amorphous but is on the

order of 60 percent syndiotactic.8 Its measured density was

1.191 g/cm3. The glass transition temperature of PMMA is generally
accepted8 to be 105°C. For this material, the reported9 number
average molecular weight is 7.2 x 1O5 g/mole and the weight

average molecular weight is 4.4 x 1c® g/mole.

The polyethylene used here was made by the Allied Chemical
Corporation, Morristown, New Jersey, under the trade name FF 50-
001, and received. in the form of an extruded block. This block
had a measured density of 0.957 g/cm3. The manufacturer gives a
weight average molecular weight of 2 x 105‘g/mole. For the
polymer used here, the melting point is takenlo as 137°C.

The polyethylene oxide used here was made by the Union Carbide
Corporation, New York, under the trade name WSR-301 and received
in the form of a powder., The weight average molecular weight of

11,12 to be 2.9 x lO6 g/mole, and the

this polymer is reported
melting point is givenil as 68.5°C., The powder was compression
molded at 1000 atm and 180°C for one hour and allowed to cool to
room temperature before the pressure was released., After molding,
the measured density of the specimens used in thls study was an
average of 1.208 g/cm3, indicatingll a degree of crystallinity of

about 80 percent. The molded specimens were ihen machined to

exact size,
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EXPERIMENTAL EQUIPMENT

Most of the data presented here was obtained using an
immersion apparatus. In this apparatus, the specimen and trans-
ducers are all immersed in a bath of silicone liquid. Ultrasonic
pulses are sent* from one transducer to the other, both with and
without the specimen in the path of the sound beam, Measurements
of longiltudinal and shear sound speeds and absorptions can be méade
as functions of frequency, temperature, and strain. Specimen
strain was estimated using the 'measured voltage applied to the
transducer and the manufacturer's values of the piezoelectric
constants,

Some ultrasonic measurements were made using an aluminunm
delay rod apparatus. The difficulty with this type of equipment
lies in trying to get a reproducible silicone grease or liquid
bond between the delay rods and the specimen. With some diffi-
culty, reliable measuremeiits can be made with this type of equip-
ment. To improve the accuracy of the delay rod results, the room
temperature absorption measurements reported here were made using
four different specimen thicknesses rather than just two. These
measurements were all repeated several times in order to check the
reproducibility of the data. DBased on these repeated measurements,
the absorption measurements are estimated to be precise to within
+10%.

Some low frequency meagurements were made in an Instron
Universal Test Machine which applied the lcad at a cross-head
speed of 0.05 cm/min. The Load is applied ot this rate up to the

desired maximum, then the machine is reversed, releasing the load
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at the same rate, When zero lcad is reached, the machine is again
reversed and the process is repeated as often as desired. The
frequency of these measurements was 10'3 Hz. The specimens used
were 20 cm long, 1.27 cm wide, and 0.318 em thick, in the region
between the grips. In the grips, the specimen was 1.91 cm wide,
following the ASTM standard method for this type of test (test
method number ASTM 638-68).

EXPERIMENTAL RESULTS AND DISCUSSION

A1l of the experimental results will be given in this
section, Ultrasonic data from both the immersion apparatus and
the delay rod apparatus will be presented as well as some low
freq ~mcy stress-strain measurements, Whére possible, comparison
wit 4 other data will be made.

Some of the conclusions that follow more cr less directly
from the measurements will be given in this section. More

detailed analysis will be givén in subsequent sections.

Ultrasonic Measurements in PMMA

Ultrasonic measurements were made in the immersion apparatus
on four PMMA specimens of thickness 0.632, 1.270, 1,903, and
2.540 cm respectively. Longitudinal absorption at room tempera-
ture was measured at frequencies of 0.6, 2.2, and 5.5 MHz. The
results are shown in Figure 1 along with literature values.6’l3’14
A1l of the data fall very close to a straight line. A similar
frequancy plot for the shear absorption is shown in Figure 2.

Again, the frequency dependence is a straight line. Both plots

indicate a nonzero extrapolated absorption at zero frequency. The
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data for both lcngitudinal and shear absorption is of the form
o = A+ Bf (l)

where ¢ is the absorption (dB/em), f is the frequency and A and
B are constants. Litovitz .and Lyon15 found a similar behavior for
ultrasonic absorption in viscous liquids at frequenciles above the
structural relaxation peak. They attributed the zero frequency
component to the tail end of a relaxation.

The major component of the room temperature absorption, both
longitudinal and shear, in PMMA has a linear dependence on fre-
quency,

o = Bf (2)

This type of absorption is referred to as a hysteresis absorp-
tion, From equation (2), a hysteresis absorption is one for

which
o\ = constant (3)

where the constant is independent of frequency and \ is the wave-
length.

Since the absorption is of the hysteresis type, it would be
desirable %o express Figures 1 and 2 in terms of o)\, the absorp-
tion per wavelength, as the dependent variable rather than «, the
absorption per centimeter., The longitudinal and shear sound

speeds for this material were found to be v, = 2690 m/sec and vy =

2
1340 m/sec. Then o\ (longitudinal) = 0.19 dB and o\ (shear) =
0.29 dB.

The above measurements were all done at room temperature.

The longitudinal absorption in PMMA as a function of temperature
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at frequencies of 2.2 4nd 5.5 MHz is shown in Figure 3. Using

the longitudinal sound speed as a function of temperature (to be

published elsewhere), o\ as a function of temperature was .calcu-

lated and is shown in Figure: &, Results for tie two frequencies
fail on the same line: Thwus the absorption is a hysteresis type
over this tenperature i.i.erval.

Some of the temperature dependence in Figure‘3 is seen to
result from the change in sound speed with temperature. Another
point of interest is that about half of the difference between
longitudinal absorption and shear absorption is due to the fact
that] ‘hear waves travel only half as fast as longitudinal waves.

Further ultrasonic measurements were done on PMMA to deter-
mine whether or not the absorption‘has a strain dependence. This
information is of interest in determining the mechanism of the
absorption. These measurements were all made at room temperature
and a frequency of 2,2 MHz., For both longitudinal and shear waves,
the absorption has no measurable strain dependence for strains in

the range from 1079 to 10'6.

Ultrasonic Measurements in PE
Ultrasonic measurements ‘were made in the immersion apparatus

on three PE specimens of thickness 1.270, 2,032, and 2.526 cm,
respectively. Longitudinal absorption at room temperature was
measured at frequencies of 0.6, 2.2, and 5.5 MHz. Measurements
were also made in the delay rod apparatus at 3, 5, 7, 8.8, and

11 MHz., The results are shown in Figure 5. As with PMMA, the data
follows a streight line, but in this case the zero frequency inter-

cept is zero, within experimental error. Shear waves are highly

6
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attenuated in PE and no values at 5.5 MHz could be obtained.
Values for the lower two frequencies are shown in Figure 5.
The points are consistent, within experimental error, with a zero
frequency intercept of zero.

The longitudinal and shear sound speeds for this material
were found to be v, = 2430 m/sec and vy = 950 m/sec. Then
(longitudinal) = 0,40 dB and o)\ (shear) = 1,20 dB at room temper-
ature,

The absorption per wavelength as a function of temperature
at 2.2 and 5.5 MHz was calculated and is shown in Figure 0.
Within experimental accuracy, the two frequencies have the same
«\ at room temperature (compare with Fig. 5) and near the melting
point. In between, however, there is a deviation from hysteresis
behavior due to a relaxation process. This relaxation behavior
will be considered elsewhere,

As with PMMA, there is no strain dependence in the longitu-
dinal absorption at room temperature and 2.2 MHz over the region

of strain covered here,

Ultrasonic Measurements in PEO

Ultrasonic measurements were made in the immersion apparatus
on four PEQ specimens ¢ t.nickness 0.%11, 1.021, 1.533, and 2.038
cm, respectively. Longitudinal absorption at room temperature was
measured at frequencies of 0.6, 2.2, and 5.5 MHz. Measurements
were also made in the delay rod apparatus at 3, 7, 9, and 11 MHz,
The results are shown in Fipure 7. As with PE and PMMA the fre-
quency dependence is a straight line and as with PE the zero

frequency intercept is zero.
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Shear waves are so highly attenuated in PEO that no shear
measurements could be made even at room temperature.

To express Figure 7 in terms of o\, we measured the longi-
tudinal sound speed at room temperature and found that Vy = 2250
m/sec. Then &\ (longitudinal) = 0.8 dB at room temperature.

The measured longitudinal sound speed as a function of
temperature for PEO is shown in Figure 8. No literature values
could be found for comparison. Using the above sound speed, a)
as a function of temperature at 5.5 MHz was calculated and is
shown in Figure 9. The data at 2.2 MHz for this polymer had a
lot of scatter in it and is not shown in Figure 9. Jualitatively,
however, as with PE, there is hysteresis behavior at room temper-
ature and again in the melt but a deviation from hysteresis in
between,

As with the other two polymers, there is no strain depend-
ence in the longitudinal absorption at room temperature and 2.2

MHz over the region of strain covered here,

Low Frequency Stress-Strain Measurements
At room temperature for all three polymers, the absorption
is of hysteresis type. If this behavior extends over a wide fre-
quency range, then it should be possible to measure the stress-
strain hysteresis curve directly at low frequency and correlate
this measurement with the ultrasonic measurements. An attempt
was made to do this using the low frequency tester described

earlier. These tests ware all done at room temperature, and dif-

ferent maximum loads were used.
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These results showed that the shape of the hysteresis loop

depends on the load. N:i.elsenj‘6 points out that for PE at room

temperature, the creep compliance is independent of stress up to

6 dyne/cmz. Beyond this, the compli-

a stress of about 3.5 x 10
ance increases with load., With a 30 kg load in our tests, the
stress is 7.2 x 107 dyne/an, well above the linear range.
Another way to put the above results is that the maximum allow-
able strain for PE is 5 x 10'4 to ensure linearity, while at 30

kg load the strain is 75 x 10'4. (Recall that the maximum strain

6

in the ultrasonic measurements is 10"~ ,) Therefore, the results
at the higher loads should be ignored and only the lowest load
for each polymer will be considered further. Here the maximum
stress is 9.8 x lO6 dyne/cm2 and the maximum strain is 12 x 10-&.
These values are marginal as far as being in the linear region,
but this is as low a strain as can be measured with this instru-
ment,

ualitatively, the results are as expected. The hysteresis
loop is the smallest for PMMA and the largest for PEO, just the
same ranking as the acoustic absorptions per wavelength. Unfor-
tunately, quantitative measurements of the area of the hysteresis
loop for PMMA and even PE are not possible because of the small
arsas involved, In addition, the magnitude of the "instrument
hysteresis," i.e., backlash in the gears, etc., is not known, but
is probably comparable to the area we are trying to measure. For
°EO, however, with its high loss per cycle, measurements are mar-

ginally possible., From Gemant17 we see that

A
o = 8.686 — dB (4)

Je




NOLTR 72-18T7

A 1s the area of the hysteresis loop and ¢ and ¢ are the maxi-
munl values of stress and strain. For PEO, we find o) (tensile) =
2.4 dB. Tt has been shown18 that to a good approximation the
tensile absorption per wavelength is just equal to the shear ab-
sorption per wavelength., Unfortunately, we don't know the shear
absorption in PEO. However, the ratio of shear to longitudinal
absorption per wavelength in PE is 3 to 1. If we assume the same
ratio of shear to longitudinal absorption holds in FEO, we would

expect an ultrasonic ) of 3 x 0.7 dB = 2,1 dB, in excellent

agreement with the measured tensile value of 2.4 dB.

Comparison with Torsional Pendulum Data

In a further attempt to determine if the hysteresis absorption
extends to low frequencies, comparisons were made with torsional
pendulum measurements in the literature, all nominally at 1 Hz.
For PMMA, the shear absorption per wavelength as measured in a
torsional pendulum, o) (TP), has been measured as a function of
temperature by Nielsen.19 Unfortunately, we cannot ccmpare the
room temperature ultrasonlic value with the room temperature tor-
sional pendulum value because PMMA has a broad relaxation peak at
1 Hz and rcom temperature due to the rotation of the COOCH3 groups.,
On the higher temperature side this relaxation overlaps the major
relaxation in this polymer, the glass transition. On the lower
temperature side o) (TP) drops off markedly and is still dropping
at -50°C, the limit of the experimental data. At -50°C, o)\ (TP) =

0.5 dB, It is entirely consistent with the data to assume that at

still lower temperature (i.e., sufficiently far from the relaxation)

oA (TP) will be the same as the ultrasonic value of 0.29 dB,

10
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Although this comparison of ultrasonic and torsional pendulum
data is not entirely conclusive, as well as can be determined from
the -available data, PMMA has a constant value of o) at least over
the frequency range from 1 Hz to 107 Hz, except in the vicinity of
a relaxation,

20 £inds oA(TP) = 1.7 dB and Thornton>® finds

For PE, Nielsen
or(TP) = 1.6 dB. These values are in excellent agreement with
the ultrasonic value of 1.2 dB. Thus, at least over the frequency
range from 1 Hz to lO7 Hz at room temperature, ¢\ for PE is a
constant,

For PEO, the reported 22 g\ (TP) = 1.7 dB for a material of
slightly lower crystallinity than that used here. This value is
in good agreement with the 2.1 dB estimated for the ultrasonic
measurement and the 2.4 dB found in the tensile measurement. Thus,
at least over the frequency range from lO"3 Hz to lO7 Hz at room
temperature, )\ for PEO is a constant.

A summary of the comparisons between the ultrasonic measure-

ments and low frequency measurements is given in Table I.

MOLECULLAR MODELS OF HYSTERESIS ABSORPTION

The major result of the experimental measurements has been to
show that a hysteresis absorption is characteristic of both crys-
talline and amorphous polymers and that this hysteresis behavior
extends for at least ten decades of frequency. In this section we
will attempt to interpret this behavior in terms of the molecular
processes responsible, The analysis is divided into two parts:
existing general molecular theories of absorption and a proposed

molecular theory specifically for polymers.

11
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Existing Theories

Perhaps the most common model for absorption is that of
relaxation absorption. A single relaxation absorption increases
as the square of the frequency, not linearly., A distribution of
relaxation times can result in a hysteresis absorption. Ferry23
points out that an ¢\ independent of frequency results from a
fractional power law distribution of relaxation times (provided
the power is small). The disadvantage of this model is that at-
tempts to quantitatively justify this distribution of relaxation
times on a molecular basis have not been successful, Mathematic-
ally, almost any experimental result can be expressed in terms of
a distribution of relaxation times, but this does not mean that
any particular motion of the polymer occurs in the relaxation
times found. It is unlikely that the fractional power law distri-
bution of relaxation times has any physical significance.

A second possible mechanism, for the crystalline polymers at
least, would be scattering, either from voids or from spherulites,
The frequency dependence of such an absorption depends on the
ratio of the wavelength to the size of the scatterer., For this
reason it is of interest to know the crystallite size and the void
size. These dimensions were found by using a scanning electron
microscope. The void size in PEO is 30 um or less., At 5.5 MHz
and room temperature for PEO, the wavelength is 400 ym so that
the scattering is in the long wavelength limit, which has an :f'lL
deperdence., The spherulite size can be as much as 200 ym, i.e.,
on the order of, but less than, the wavelength. Papadakisgu has

shown that in this case the absorption is proportional to the

12
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square of the frequency. Therefcre, scattering, whether from
spherulites or voids, cannot be the explanation for the absorption
in PEO, Similar considerations apply to PE. This mechanism is
presumably absent from PMMA because it is amorphous (and hence has
no spherulites) and has no appreciablé voids.

Another possible cause of absorption is phonon-phonon inter-

action: It was this type of loss that Litovitz and Lyon15

sug-~
gested would explain the observed hysteresis loss in viscous
liguids. The simplest case to consider is the thermoelastic loss.
If the sound wavelength is much larger than the mean free path of
the thermal phonons in the material, the thermal phonons can be
treated as a fluid with a viscosity which results in an f2 absorp-
tion. Another way to express the condition for this result to
hold is

U.)Tth << 1 (5)

where » 1s the angular frequency and Tih is the thermal relaxation
time, i.e., the mean time between phonon collisions, A second
mechanism is also possible when equation (5) holds. This is the
Akhiezer25 mechanism whereby the strain modulates the frequencies
of the thermal phonons. The equilibrium population of these modes
is therefore modulated also, but with a time lag that results in

26

absorption., It has been shown ~ that the absorption in this case

also has an f2 dependence,

Phonon-phonon interaction for the case

thh >> 1 (6)

was considered by Woodruff and Ehrenreich‘g7 and found to produce

a hysteresis absorption., It is therefore of interest to find the

13
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thermal phonoh relaxation timé. This time may be taken to be
approximately the same as that appearing in the expression for
the thermal conductivity of an insulator

K = 1/3¢, <v>2 Ten (7)

where K is the thermal conductivity, <v> is the Debye average
SQund'sbeed} and CV is the specific heat at constant volume, For

28 5 x 10~4

"PMMA, the: therm3l conductivity at room temperature is
cal cm/cme,sec deg, the specific heat 15°9 0.3 cal/cm3 deg, so
that. the thermal phonon relaxation timé is. about 10713 sec. For

-6

the highest frequency used here w = 167 sec™ so that mrep = 10

h
<< 1. As shown earlier, we would therefore not expect to see any
hystéresis,

A further point against phonon-phonon interaction is that
such an interaction is inherently anharmonic and thus strain
dependent. However, as shown above, there is no strain dependence
to the absorption., Finally, the strong temperature dependence
found for this type of leoss is not seen experimentally.

The last of the possible mechanisms to be considered here is
that of dislocation damping, a mechanism which has been found
useful for metals and rocks. Dislocations may produce absorption
in four general ways:; (1) A resonance absorption of the disloca-
tion length., This loss has an f2 dependence. (2) A dislocation
relaxation mechanism (Bordoni loss), also with an f2 dependence,
(3) A strain dependent hysteresis loss caused by a dislocation
breaking away from the impurity pinning points. (4) A strain
independent hystereslis loss caused by the motion of kinks in the

dislocation length.

14
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Only the last of these dislocation mechanisms agrees with
the experimental results, namely a strain independent hysteresis
loss. Ma.son30 suggested that the kinks may behave differently
under increasing and decreasing stress, but did not give a molec-
ular reason why this should be so. This mechanism is therefore
unsatisfactory from the point of view that it is not specific in
the molecular mechani.m involved, and no one has ever applied

this mechanism in detail to polymers.

Polymer Model

None of the above models was specifically proposed for
explaining absorption in polymers, and none is completely satis-
factory. Let us now consider specifically a mechanism of hyster-
esis absorption in polymers.

In general, hysteresis can be attributed3l to the existence
of a large number of independent domains at least some of which
can exhibit metastability. Here a domain means only some element
of the system which can exist in one or other of two states. As
applied to magnetic domains, Levy32 points out that there are
potential energy irregularities in a crystal that determine the
domain wall positions. Irreversible domain wall motion (and hence
magnetic hysteresis) occurs when a potenvial hill is crossed.
This general idea should also hold for polymers because there are
many independent configurations possible for a polymer chailn.
Further, due to steric effects (excluded volume) there are many
irregularities in the potential energy, leading to many positions
of metastability. 2QJualitatively, then, elastic hysteresis in

polymers could be anticipated.

15
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Mason33

proposed a similar mechanism when he speculated that
the dislocation hysteresis loss in metals is connected with irre-
versible changes in the bonding mechanism between the atoms as they
approach each other under thé stress of the sound wave. These
changes occur over an energy barrier which has to be surmounted by
thermal agitation. The absorption is independeént of applied fre-
quency so long as the frequency of Jjumping is greater than the
applied frequency. The frequensy of jumping, fy» is related to

the energy barrier, Hi’ by

-Hi/RT

£, = fge (8)

where fo is approx?mately lO13 Hz, i.e.; equal to the reciprocal

of the thermal phonon relaxation time (see previous section). As
applied to polymers, Mason et a134 suggest that the motion involved
is a twisting of chain segments which cannot quite jump from one
stable potential well to a neighboring one but are displaced to
intermediate metastable potentlial minims and held there by steric
restrictions. Sauer et a135 noted that ithe slipping of chains past
one another was a possible mechanism of loss.

At this point, we would like to suggest a molecular model
which qualitatively accounts for our experimental data. In brief,
the suggested model involves rotation akhour the covalent bonds in
the main chain such that the polymer becomes Srapped in one of its
many local metastable potential energy minima., It is well known36
that for a single small hydrocarbon molecule, for example, rotation

about the carbon-carbon bond is not comple*ely free; there are

three preferred posltions. The same qualitative features hold in

16
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a solid polymer,but the energy barriers to rotation are accentu-
ated and multiplied.

Guided by the above considerations, we make the following
assumptions:

I. Under the applied stress of the sound wave, some reorien-
tation of the polymer occurs (by way of rotation of individual
mers). Upon release of the stress, not all the mer units return
tr their original orientation because they are trapped in one of
the many metastable configurations possible for a polymer chain.
This dissymmetry of behavior under stressing and unstressing is
the origin of hysteresis.

II. The magnitude of the hysteresis absorption is dependent
on free volume because of two competing effects: (a) the number
of segments that reorient themselves decreases with decreasing
free volume, (b) the fraction of these segments which do not return
to their original orientation increases with decreasing free volume.
The second effect dominates, and the hysteresis absorption
increases with decreasing free volume.

ITI. The free volume in a po.ymer decreases with increasing
degree of crystallinity.

According to assumption II,
o\ = F(Vf) (9)
where Vf is the free volume and F is some undetermined function.

Recall that

Ve = V-V, (10)

where V is the volume of the polymer and Vo is the volume extrapo-

lated to absolute zero temperature without change of phase.

17
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Substituting equation (10) into equation (9) and expanding in
terms of V yields
o = a =bV+ s oo (11)

where a and b are positive constants and the minus sign résults
because g\ increases as V decreases. Thus, the absorption is best
expressed as a function of volume rather than tempeiiture, a result
which was first suggested by Slawsky37 on somewhet more intuitive
grounds.

To a first aspproximation then, the hystéresis absorption
should be a linearly decreasing function of specific volume.
Qualitatively, this is so, at least for the crystalline polymers,
by inspection of the data, Figures 6 and 9, neglecting the relaxa-
tion peaks. For PMMA (Figure 3), there is an increase of absorp-
tion with increasing temperature (increasing volume) but this may
be explained as due to the influence of the relaxation absorption
associated with the glass ftransition. This absorption may increase
with temperature (as the glass transition temperature 1s approached)
more than the decreace i nysteresis absorption which the very
slight decrease in volume would produce.

A plot of o\ ¥s V for PE is shown in Figure 10. The data
used for this ploét is given in Table II. V(T) was taken from
Mandelkern38 and o) (T) was taken from Figure €. Only the hyster-
esls absorption from this figure is used. Thus, only the room
temperature values and values near the melting point are used.
These are the values that are known to be hysteresis type. As
can be seen, there is reasonably good agreement with equation (11).

A similar plot for PEO is not possible because accurate V(T)

data is not available for the particular polymer used here. As

18
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shown in Figure 9, the decrease in g\ at the melting point is
very rapid an? accurate volume data would bYe required to test the
relationship expressed in equation- (il). <ualitatively, there is
agreement between equation (11) and our results for PEQ. The
absorption is lowest in the melt, where the volume is greatest.
Near the melting point, where the volume 1§ .nc.easing most
rapidly, the absorption is decreasing most ‘rapidly.

According to assumption III, free volume and crystallinity
are related so that we can also expand ) in terms of tegree of
crystallinity, x, to obtain

ern = a' +Db'x+ ¢ (12)

where a’ and b’ are positive constants and the plus sign results
because o) increases as x increases., Equation (12) can also be
derived from equation (11) using the relation

Vo= xV, + (1 -x)V, (13)

where Vc is the specific volume of the crystalline regions and VA
is the specific volume of the amorphous regions. By equation (12),
sound absorption is related to the degree of crystallinity of a
polymer and may ofrer & method of determining crystallinity,
provided a’ and b’ are measurable. The constant a’ should be
measurable in the melt (x = 0), but it is doubtful that the pro-
posed molecular model applies to a completely crystalline polymer
(x = 1) since eventually the free volume must become so small

that applied ultrasonic stresses cause negligible reorientation cf
the polymer, Apparently this limit was not reached for the poly-
mers studied in this work. An independent measurement of crystal-

linity i3 required to determine b’,

19
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One of the primary physical parameters of the above molecular
model is the energy barrier to rotation. An upper limit for this
parameter can be obtained from equation (8). At room temperature,
assuming that f = 1013 Hz, f; must be at least as high as the
highest frequency used in this work, 107 Hz. Then the energy
barrier to rotation, Hi’ can be at most 8 kcal/mole. If the hys-
teresis behavior persists up to 109 Hz, Hi can be at most 5.5
kcal/mole. These estimates are somewhat greater than the 1 kcal/
mole typical of the enthalpy of fusion of one mer but are certainly
of the right order of magnitude to be consistent with the suggested

molecular model of the hysteresis absorption in polymers.

CONCLUSIONS AND RECOMMENDATIONS

Ultrasonic absorption measurements for both longitudinal and
shear waves have been made as functions of temperature, frequency,
and strain in vhree high polymers: polymethylmethacrylate, high
density polyethylene; and polyethylene oxide.

At room temperature, all three of these polymers show a
hysteresis type absorption for both longitudinal and shear waves.
For this reason, use of the variable o\ is preferred rather than
« in order to exhibit the frequency dependence explicitly. There
are two cther benefits to using the variable g). Part of the
temperature dependence of ¢ is determ’aed by the temperature
dependence of the sound speed. Also a major part of the differ-
ence in magnitude between longitudinal and shear absorption 1s due
to the difference between longitudinal and shear sound speeds.

There is no strain dependence to the absorption in any of the

polymers in the strain range from 10'9 to 10'6. A strain

20
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dependence becomes apparent for strains above 10 .

For PEO at room temperature, ) is independent of frequency

P A Pt Tt

at least over the range from the highest ultrasonic frequency of
= ) 107 Hz to a frequency of 1073 Hz, used in thé low frequency mea-

’ surements, For PE at room temperature, ) is independent of
frequency at least fronm lO7 Hz to 1 Hz, using literature values

of torsional pendulum results. For PMMA, at room temperature,
such a correlation of ultrasonic and torsional pendulum measure-
P ments cannot be made due to the dominance of the COOCH3 rotation
relaxation in the torsional pendulum results. However, there is
S reasonable agreement with the room temperature ultrasonic measure-

ments and low tempeiature torsional pendulum measurements (that

is, well away from any relaxations).

As a function of temperature, the ultrasonic measurements on
PE and PEO indicate a hysteresis absorption at room temperature
and near the melting point. PMMA shows a hysteresis absorption
over the entire limited temperature range covered for that polymer,

On the molecular level, various mechanisms have been examined
to see if they could explain the hysteresis absorptién. Mech-
anisms that were ruled out as being inconsistent with the data
were relaxations, scattering, phonon-phonon interaction, and dis-
location damping. The mechanism postulated was the trapping of the
polymer in one of its many local potential energy minima., This
mechanism should result in a hysteresis absorption from very low
Trequency to lO13 Hz. For the crystalline polymers at least, this
suggests a volume dependence of the absorption, which in turn
means that the absorption is directly related to the degree of

crystallinity.
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Based on the above measurements, it appears that the sound
absorption in high polymers has a hysteresis background through-
out the temperature-frequency plane. Superimposed on this back-
ground are various relaxation processes. The relatively compli-
cated shape of the hysteresis « vs T plot is reduced to a straight
line by plotting ox vs volume, V. The temperature, frequency, and
strain dependencz of the hysteresis absorption in partially

crystalline polymers can be expressed as

a - bV(T) 14
(T, F, = —
(T,f5e) Y (14)

where a and b are constants for a given polymer and v is the
speed cf sound.

Based cn the above work, we recommend the following experi-
ments be performed:

a., Measurements similar to the above should be conducted on
other polymers to verify that the hysteresis background behavior
is a characteristic of all long chain polymers,

b. Measurements should be made on polymers to very high
frequencies, 1013 Hz, to verify that the hysteresis absorption is
eliminated at some very high frequency and, from the value of the
frequency at which this occurs, to calculate the energy barrier to

reorientation.
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Table I. -Comparison of Ultrasonic and

Low Frequency Measurements

dhg ohg ol g
Ultrasonic Torsional Pendulum Low Frequency Tester
Polymer £ ~ 107 Hz £ ~1Hz £ ~ 1073 Hz
PMMA 0.29 <.5 -
PE 1.2 1.6 -
PEO 2.1 1.7 2.4

26




Ber - POTHE
& e e .
'«% *"y‘ - ~-x P .(;s;..yx‘- Mow Ve s B e gLk A A TR ~ e

NOLTR 72-187

Table TI. Absorption and Volume as Functions

of Temperature for Polyethylene

T, °C v, cn’/g o, 4B
25 1.045 Lo
129 1.149 175
130 1.169 15
131 1.212 .12
132 1,227 .09
133 1.242 .06
134 1,244 .035
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© 5.5 MHz
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FIG.3 LONGITUDINAL ABSORPTION VS TEMPERATURE FOR
POLYMETHYLMETHACRYLATE
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