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Ultrasonic measurements, covering the frequency range 5 MHz to 1 GHz, are reported on linear and
branched polyethylene. At the lower frequencies the temperature dependence of the velocity and the
amplitude of the absorption loss are consistent with observation of the familiar beta (3) and gamma ()
relaxation processes. Studies as a function of the thermal history of the samples indicate that the detailed
attenuation profile and the magnitude of the velocity are sensitive to crystallinity, reflecting changes in
the branched chain content and lamella thickness. Data are also reported illustrating how the
morphological changes of drawing and annealing influence the acoustic propagation parameters. The
high frequency attenuation is due to the Y-macromolecular conformational relaxation, crystalline

spherulite-amorphous region thermoelastic heat flow and spherulite-phonon scattering.

INTRODUCTION

Despite a number of acoustic investigations of po-
lyethylene during the past fifteen years, no complete
correlation of the effects of morphology on both the
acoustic absorption and velocity appears to exist. Most of
the previous studies have been carried out at what is now
considered to be the lower end of the available frequency
range, and as such have been closely related in concept to
high frequency dynamic mechanical testing. A preli-
minary study’ of acoustic losses over the wider frequency
range 5 MHz to | GHz indicated the existence of a variety
of attenuation mechanisms sensitive to the detailed
morphology of the polymer. Consequently, the investi-
gation reported here was undertaken in an attempt to
explore systematically the effects of change of mor-
phology on both the ultrasonic attenuation and the
velocity.

Polyethylene (PE) exhibits three distinct major re-
laxation processes'?. The highest temperature process («)
is associated with molecular reorientational motion wi-
thin the crystalline phase'*'*. Mechanical studies on
samples which have been subjected to an applied stress
indicate the presence of a minor transition in this region
which has been ascribed to reorientational motion of the
crystalline domains themselves and is designated the o
process'®. Two lower temperature relaxation processes
have been observed using both mechanical and dielectric
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methods. The higher temperature process (ff) appears to
be associated with the micro-Brownian reorientational
motion of the chains in the amorphous region'?, whereas
the lower temperature (y) process is ascribed to small scale
motion'” 2% of polymer chains both in amorphous and
crystalline regions'”-'® The y process has been found to
be sensitive to chemical crosslinking, the amplitude of the
loss decreasing with increasing crosslink density'®. Each
of these processes should be observable at appropriate
temperatures and frequencies. Their identification and
quantification should be assisted by extension of obser-
vations to higher frequencies, and by more careful con-
sideration  of other attenuation mechanisms.
Furthermore, the inter-relationship with the morphology
requires clarification.

EXPERIMENTAL

Characteristics of polymers

The samples of polyethylene were of commercial origin
and their characteristics are summarized in Table 1. The
molecular weights were determined by gel permeation
chromatography. The densities of the samples were
determined by a flotation method?'. The melt tempera-
tures, T,,, were determined using a Perkin-Elmer DSC-1
differential scanning calorimeter.
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Table 1 Characteristics of polyethylene samples

Molecular Volume fraction Melt Lamella
weight of crystalline Density at 298K temperature thickness
Code Source Trade name My, phase (%) (kgm—3x10-3) (K) (nm)
P1 B.P. Rigidex 7500 81 970 409.6 55
P2 B.P. Rigidex 13000 78 966 410.1 60
P3 B.P. Rigidex 29000 75 962 409.3 52
P4 M.B. 30000 70 954 406.3 33
P5 M.B. 10000 76 963 408.7 47
P6 M.B. 10000 81 970 409.2 49
P7 B.V. 48 923 384.9 8
P8 S 47 922 385.1 8
P9 S 51 926 389.2 10
B.P. — British Petroleum
M.B. — Metal Box
B. V. — British Vistanex
S — Shell
Table 2 Chain branching characteristics
N.m.r. shifts
{ppm) 39.6 38.2 37.7 347 343 329 32.2 274 23.4 228
assignment ny ng+ns+ngy 2m 2n4 + 305 n +ng ns neg 2ny +2ngq +2n5 ng ng+ ngy
+3ng4 +3n¢+

Sample Py Py P3 Pq Pg Pe P, Pg

C 0 0 0 3—4 0 0 0 0
Branches C, 0 0 0 0 1 0 4 3
per 1000 Cs3 0 0 0 0 0 0 0 0
CH, Cq 0 0 0 0 1 0 6 5

Cs 0 0 0 0 0.3 0 2 2

Ce+ — 0.2-0.6 0.2-0.5 0 1 0.5-1.3 2-4 2-4

Total 0.1-0.2 0.2-0.6 0.2-0.5 3-4 3 0.5-1.3 14-16 12—-14

Estimation of chain branching in polymers

13C n.m.1 spectra permit quantitative estimation of the
extent and nature of branching in normal alkane po-
lymers?2. The spectra used in this study were obtained by
Dr F. Heatley of Manchester University, using a Varian
SC 300 spectrometer. The polymers were dissolved in a
mixture of ortho-dichlorobenzene and deuterobenzene,
and the spectra recorded at approximately 400K using 'H
noise decoupling at a frequency of 755 MHz
Approximately 100000 transients were collected at an
acquisition rate of 0.34 s™'. The chemical shifts were
recorded relative to TMS as internal standard. Under
these conditions the spectra of the terminal methyl groups
are saturated as a consequence of their long T, values. The
peaks used in the analysis, Table 2, were assigned to CH,
groups in specific structures®?. Since these structures are
chemically similar, their T, values are also assumed to be
similar, allowing the composition of the polymer to be
deduced by a direct comparison of the relative intensities.
An estimate of the uncertainty of the analysis is included
in Tuble 2.

Preparation of samples for ultrasonic study

The samples used in this study were of two types; thin
films and slabs/rods. The thickness was governed by the
frequency used in the acoustic attenuation experiments.
Plots of attenuation versus thickness were used to de-
termine the value of the attenuation coefficient at a
particular frequency.

Films and thin discs were prepared by making a
sandwich of the molten polymer between microscope
slides, the thickness of the films being adjusted by use of
selected spacers of known thickness. The polymer was
fused in an oven at ~420K and then cooled. The plates
were usually coated with a thin layer of silicone release
agent prepared by dipping the glass slides in a dilute
solution of silicon grease in hexane. The thicknesses were
measured using a linear voltage differential transducer
and were in the range 20 ym to 3 mm.

Slabs and rods of the polymer were prepared by melting
the polymer at about 470K in a glass tube provided with a
brass plunger and evacuated to a pressure of 10~ 2 torr.
When the apparatus was opened slowly to atmospheric
pressure the plunger was depressed to form a solid plug of
polymer. The samples so prepared were then cooled to
room temperature at a rate of about 0.05K s~ !. Discs of
suitable thickness were finally machined on a lathe from
the rods of diameter 30 mm.

The samples used in the annealing experiments were
held in an oven for a specified period at a temperature
defined with a precision of +1K. Where the period
exceeded 3 h, the oven was evacuated to a pressure of
1072 torr 1o avoid possible degradation due to atmos-
pheric oxidation. Drawn®? samples were prepared at

1

340K using a draw speed of 0.16 mm s~ '

Ultrasonic measurements
Ultrasonic attenuation measurements were performed
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Figure 2 Temperature dependence of velocity v and attenuation
divided by frequency, a/f,at 5 MHz. O, P1; X, P4; ®, P8. Broken
lines show the literature values for velocity and o/f data; high den-
sity refs. 3, 4, 5, 6, 8, 9 and low density refs. 5, 8, 11 polyethylene

in the frequency range 5 to 1000 MHz using an adaptation
of the Watermann immersion method?*. Details of the
apparatus for studies in the frequency range 5 to 70
MHz?% and 70 to 1000 MHz'-*® have been described
previously.

Ultrasonic velocity measurements were performed at 5
and 15 MHz using a method similar to that described by
Arnold and Guenther®. The method is based on the
accurate measurement of the time of flight of the pulse in
the sample (Figure I). A continuous wave is split into two
parts, one part being divided by a factor of 2" and the
other applied directly to a switching circuit. The value of n
is 12 for the measurements at S MHz. The output from the
divider is a rectangular wave in phase with the original
continuous wave and acts as a trigger for both a pulse
generator and the oscilloscope. The pulse generator
produces a rectangular pulse whose width, amplitude and
delay are all completely variable yet locked to the original
signal. By varying the delay time it is possible to observe
both the excitation and various reflected pulses from the
sample. The oscilloscope was equipped with a device to
delay the start of the sweep thereby enabling a persistent
picture to be obtained. The delay time was calibrated by
observation of a continuous wave signal of variable
frequency. With increasing delay time, the original pulse
was observed followed by the detected signal. The delay
was determined by measuring the separation in time
between the tenth oscillation of each pulse. The velocity
determined by this method is estimated to have a
precision of better than +0.4 km s~ ! at 15 MHz
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RESULTS AND DISCUSSION

Temperature dependence of sound attenuation and velocity

The temperature dependence of the attenuation and
velocity at 5 MHz were investigated on high (PIl),
intermediate (P4) and low (P8) density samples of PE and
the results are presented in Figure 2. Data from other
authors® ~'2 are also shown for comparison. For the low
density P8 two relaxation regions were clearly delineated.
It is useful to consider the position of the loss peaks on the
temperature axis relative to other measurements on the
dynamic properties!®-14:18:27731 (Figyre 3). Clearly the
loss peaks in this sample coincide well with the § and y
processes. The variation in the amplitude of the ff process
(believed to be a glass-rubber transition) with polymer
type is consistent with the known variations in amor-
phous content.

The temperature dependence of the velocity (dv/dt)
changes in the region of the loss peaks (Figure 2).

The variation of the sound velocity with the decreasing
modulus associated with thermal expansion has been
reported by Schuyer!! and by Wada and Yamamoto??.
According to Schuyer, the temperature dependence of the
longitudinal sound velocity v is given by

If dv | A4| op 1 [d0 )
T |7 p| 5T [ T=o? 8T i

where A, p and ¢ denote a constant, the density and the
Poisson ratio, respectively. If we assume a Lennard-Jones
intermolecular potential, implying purely van der Waals
interactions between chains, the value of 4 is 3.17. The
temperature dependence of velocity outside the relaxation
regions (Figure 2) is consistent with the predictions of this
equation.

The change in velocity due to an ideal single relaxation
time process is

(¢2 —13)/e3 =2ui(max)/m ®

where «, v, and v, denote respectively the attenuation per
wavelength, and the velocity at high and low frequen-
cies?. The term x (max) indicates the value of the acoustic
loss for the condition aA=1. The appropriate value of «
being defined with reference to the correlation diagram
(Figure 3). The relaxations are in practice somewhat
broader than ideal and hence allowance has to be made
for an effective underestimate of the increment based on
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Figure 3 Arrhenius correlation plots for the a, ', § and v pro-
cesses (references 13—20, 27—31). Present data: 0, and &, from
temperature dependence of a/f. ®, and O, from frequency depen-
dence of aff
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Figure 4 Frequency dependence of a/f for P1 and P7 at 298K.

O, P7 as received film; ®, P7 anneated at 378K for 46.5 h; &, P7
slowly cooled from melt with the rate 0.06K min—!; X, P1 quenched;
@, P1 slow cooling 4.4K min—!; 0, P1 slow cooling 2.0K min—1;

A P1 stow cooling 0.06K min—1;®, quenched and then annealed

at 403K for 2 days

equation (2), this being performed on a semi-empirical
basis. For polymer P8 this equation predicts a velocity
change of 0.6 km s~ ! through the f-process, similar to
that found experimentally. However, low frequency ob-
servations of the y-process show that it exhibits marked
non-ideal (distributed relaxation time) behaviour, under
which circumstance equation 2 grossly underestimates
the velocity change. Semi-empirical allowance for this
raises the 0.17km s~ ! predicted by equation 2 t0 0.3 t0 0.8
kms ™!, to be compared with the observed value of 0.9 km
s

Thus the temperature dependence of velocity and
attenuation at these lower frequencies can be ascribed to a
superposition of thermal expansion and well recognised
relaxation features.

Frequency dependence of attenuation

The frequency dependence of the attenuation of 298K 1s
much more difficult to interpret (Figure 3). These curves
are sensitive to the thermal history of the samples, but do
show a maximum in the range 10%- 10° Hz and a steep rise
around 10° Hz.

Inspection of the frequency-temperature correlation
plot (Figure 4) allows the maximum to be assigned to the 7
process, and by the same token the negative slopes at
5 MHz represent the high frequency tail of the f-process.
It is noticeable that the y-process is less sensitive to the
amorphous/crystalline content than the glass-transition
reflected in the f-process.

The attenuation at the highest frequencies is dependent
on the sample morphology, and can be discussed in terms
of thermoelastic and phonon scattering processes.

Thermoelastic absorption processes

The adiabatic passage of a sound wave is associated
with a fluctuation in the local temperature of the transmit-
ting medium. When viscothermal processes lead to heat
transport between the peaks and troughs of this fluc-
tuation, there arises classical viscothermal absorption
familar in all homogeneous media. However, in hetero-
geneous media the wave may couple differently to dif-
ferent domains, and the temperature difference between

domains may also lead to thermoelastic losses. In order to
explain the total observed attenuation we consider calcu-
lated values for these processes.

The attenuation due to classical viscothermal absor-
ption is calculated from the Stokes~Navier equation and
is given by?*+3%

20 AN (M, —M,
e ?

v

where a4, £, p, v, A, C,, are, respectively, the attenuation,
frequency, density, velocity, thermal conductivity and
heat capacity at constant volume. M, and M, are,
respectively, the adiabatic and isothermal moduli. For a
longitudinal wave, the adiabatic modulus is given by

M,=K+@#G )

where K and G are, respectively, the bulk and shear
meduli. If we set*®37 G, equal to G,=1.1 x 10° N m ™2,
K=48Nm~?% p=9.60x 10° kg m~3, the thermal expan-
sivity a=74x10"* K™% v=26x10> ms™!, Cp 1o
205T K 'and A to 05T m™t s7t K1 it is possible to
evaluate o, as a function of frequency. The results are
illustrated in Figure 5, curve 5, where it can be seen that this
process contributes only a minor fraction of the observed
attenuation.

The other process to be considered is attenuation due to
the finite time for intergranular conduction3®3°. The

Log (a/#}

Log £ {Hz)

Figure 5 Comparison of the calculated and observed frequency
dependence of a/f. O, P1 quenched; ®, P1 slowly cooled

(0.06K min—1); curve 1, molecular relaxation for the g process;
curve 2, molecular relaxation for the y process; curves 1 and 2 are
plotted so that the maximum value of «/f is equal to the observed
maximum of a/f in the temperature dependence curve shown in
Figure 2. The curves 1 and 2 were calculated assuming that the 8
and y processes may be approximated to a single relaxation time
and the appropriate values of fy were obtained from interpolation
of the data in Figure 4. Curve 3, scattering due to spherulites cal-
culated in terms of equation (9} with the value of a equal to 10 um:
curve 4, scattering due to lamellae, equation (9) @ = 10 nm; curve 5,
thermoelastic attenuation from equation (3); curve 6, inter-grain
heat flow, equations (5), {6) and {7); curve 7, phonon—phonon
interaction, equation (10)
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Figure 6 Correlation of the velocity with density O, 4.96 MHz;
®, 15.3 MHz. Broken line, data by Davidse et al. at ~5 MHz
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amplitude of the loss can be described®® by

nC,—C, . fof

MEEL T N (5

where f,, denotes a relaxation frequency, given for large
domains by

Jo=NpC, L2 (6)
and the parameter R is given by

- <(M - <M>nr)2>nv

R="—anr.

(7)

In the above equations L, and M are the size and
longitudinal modulus of the heterogeneous domains in
the sample. The suffix av denotes the statistical average.
PE consists of crystalline spherulites dispersed through an
amorphous phase*®~*2. The size of the spherulites varies
from 5 to 50 um whereas the width of the crystalline
lamellae or amorphous zones lie in the range 5 to 50 nm
depending on the crystallinity of the material. To consider
heat flow from one crystalline spherulite to another we
substitute these dimensions in equation 6. This indicates
that f;, has a value of 10 kHz for 5 um domains and would
be less than 10 kHz for large domains. It is therefore
reasonable to assume that the losses due to inter-
spherulite heat flow can be ruled out because the charac-
teristic frequency is much too low. A possibility is heat
flow between crystalline lamellae and the amorphous
zones. In order to estimate the modulus of the amorphous
phase it is necessary to assume that the molecules behave
similarly to those in the melt. Extrapolation of the
temperature dependence of M for molten polyethylene at
12 MHz to the temperature of observation indicates that
an appropriate value would be 23x10° N m~2 °.
Extrapolation of a plot of velocity versus percentage
crystallinity (Figure 6) indicates a value of 8.0
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x107°Nm~?2 for the crystalline phase. The velocity

measured in this study is equivalent to the isotropic value
obtained by extrapolation of the velocity data to the 1009,
value; it is of interest to note that this value lies between
the anisotropic values which are respectively 320 G Mn ™2
along the chain direction and 1-3 G Mn ~? perpendicular.
These figures yield

R=041-035y )

where y is the volume fraction of the crystalline phase. For
the quenched high density polymer (P1) the value of y is
0.7 and the value of a/f calculated was found to be 4.5
x107% s mm ™! at the frequency f,. This value and the
associated frequency dependence of («/f) are comparable
with those observed experimentally (Figure 5 curve 6).

Thus the increase in a/f observed at the highest
frequencies can be ascribed to a relaxation process
involving heat flow between the crystallite lamellae and
the contiguous amorphous zones.

Phonon scattering processes

Attenuation of the sound wave may occur as a con-
sequence of scattering by inhomogeneities or defects and
phonon-phonon interactions. Looking first at scattering
by phase inhomogeneities, if the wavelength of the sound
is larger than the size of the domain and multiple
scattering is neglected, then the Rayleigh equation can be
applied. Okano*? has calculated the ultrasonic atte-
nuation in the case of viscoelastic spheres suspended in a
viscoelastic medium and obtained

4743 2 1_,0\2
LR o

v 3\ Ky 2pi+po
where a, K, p and ¢ denote the radius, bulk modulus,
density and volume fraction, respectively. The suffixes 1
and O denote the spheres and continuous medium re-
spectively. The value of a/f has a maximum around the
frequency at which the wavelength is comparable with the
size of the domain, although the attenuation in this
condition is not described by the above equation. Several
examples of the appropriate calculations have been
described by Truell et al**.

In order to assess whether appreciable scattering may
be caused by either the individual lamellae or the
spherulitic aggregates of lamellae appropriate values are
substituted into equation 9. For the lamellae this calcu-
lation yields, for quenched high density P1, a value of
6x107'? s mm™!, which is much smaller than that
observed experimentally.

For spherulites it is necessary to include the anisotropic
response within the spherulitic structure. This anisotropy
has been measured by Rider and Williamson?, and for the
purposes of this semi-quantitative calculation we use a
mean modulus of 6.5 GPa. Use of equation 9 than
predicts an attenuation at 50 MHz of 2.6 x 10~ ° s mm '
which (increasing with frequency) is comparable with the
experimentally observed values.

It should be noted that in this case the wavelength is
approximately 50 um at 50 MHz, comparable with the
spherulite domain size. Furthermore, above 250 MHz the
thickness of the samples for the ultrasonic measurements
was less than 70 um. Consequently, the assumptions in the
theory become less tenable at the higher frequencies, and
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Table 3 Spherulites in sample P1

Position of increase
in the frequency

Cooling rate Diameter of dependence of off
K min—1 spherulite um MHz
~50 13+3 100

4.4 13+3 120

2.0 305 50

0.06 354+ 200

0O98r

=3
)
O
2
|

T

p (gem

O9%6

o 20 40 60 80
Annealing period (h)

P W S B 1

700

120

Figure 7 Effect of annealing at 403K on the density of the sample
P1 measured at 298 K

this result can be considered as only semi-quantitative.

The sizes of the spherulites measured using polarizing
microscopy are listed in Table 3. There is no precise
correlation between the size of the spherulites and the
wavelength at which absorption increases are observed.
This is not surprising since the theory used contains a
number of assumptions and approximations.
Nevertheless, the general correspondence between pre-
diction and theory leads to the proposition that such
scattering is a significant cause of ultrasound attenuation.

It is rather unlikely that dislocation damping, well
documented in metals®*#*, will occur in the same way in
polymers. However, defect migration may very well be
associated with molecular relaxation processes such as
the --relaxation. Chain ends and branches, as well as
‘kinks’ in the chain contour all form ‘defects’ in both the
crystalline and amorphous phases*®. In addition, various
types of dislocation exist*®*7. All of these could facilitate
relaxation by the ‘defect diffusion’ mechanism*®.

The existence of phonon—phonon scattering interac-
tions may be predicted on the basis of the theory of
Woodruff and Ehrenreich for both long- and short-lived
phonons*?. The lifetime of the phonon in PE at room
temperature is of the order of 107 '* s and so is much
shorter than the period of ultrasonic wave. We can predict
the amplitude of the attenuation

4 N'T
y'Pp: = f*;jgf""* (1())

where 7 denotes the Gruneisen constant. The other
symbols have their usual meanings. With the aid of data
on thermal conductivity and the published value of 7%,

we can calculate «,_, having a value of 1.3 mm ! and

0.013 mm ' at 1000 and 100 MHz respectively. These
values are considerably smaller than the observed atte-
nuation (Figure S curve 7).

Thus the dominant attenuation processes are the
molecular conformational relaxations (f and y processes),
crystallite-amorphous thermoelastic heat flow and pho-
non scattering by spherulites.

Annealing

Annealing effects are most pronounced in the samples
of high crystallinity. For films of Pl annealed under
vacuum at 403K the density and the acoustic attenuation
both changed with time (Figures 7 and &). The relationship
between attenuation and density for measurements at 240
and 730 MHz is shown in Figure 9.

Investigations of the effect of annealing of polyethylene
near its melting point have indicated the occurrence of
lamella thickening*'**:5!, However, the spherulite size
does not necessarily alter. The frequency dependence of
the difference in a/f between quenched and annealed
samples (Figure 10) indicates a maximum at appro-
ximately 200 MHz and a further increase at appro-

15
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Figure 8 Effect of annealing on the value of o/f for the sample P1
at 298K. O, 70 MHz; ®, 140 MHz; &, 240 MHz; O, 460 MHz;
A 730 MHz;®, 1010 MHz
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Figure 9 Correlation between the value of o/f and density for the
annealed sample of P1. O, 730 MHz; ®, 240 MHz

POLYMER, 1981, Vol 22, August 1037



High frequency ultrasonic studies of polyethylene: K. Adachi et al.

4f
e |
o8
o
< 9
0] 8 9
Log 7 {Hz)

Figure 10 Frequency dependence of the difference in o/f between
quenched and annealed samples of P1

ximately 1 GHz. The process at 200 MHz may be
correlated with the y process (see curve 2 of Figure 5)
whereas the loss at 1 GHz appears to be associated with
intergranular heat transfer. The observed changes on
thermal treatment are consistent with changes in the
lamella thickness, the intergranular heat loss moving its
relaxation frequency to approximately 10 GHz and also
decreasing in amplitude as represented by equation (8)
together with equation (5).

To estimate the changes in the morphology more
quantitatively we employ the relationship®?

T, =T - 20,/1,Ah) (10)

where T, 6, and Ah denote the equilibrium temperature,
the surface energy of the crystalline lamella and the heat of
fusion per unit volume of the polymer respectively. For
PE the values of these parameters are: T, =414.6K, o,
=90x10"2) m~? and Ah=2.18x 10'°J m~3 3% If one
assumes a clean-cut two phase model for the morphology,

the thickness of the amorphous layer 1, is given by
Le=11=x)/x E0YY

where y is the volume fraction of the crystalline phase.
From the data on the melting points 1, and 1, were
calculated with the aid of equations 10 and 11. The results
are presented in Figure 11, and illustrate large changes in
these dimensions.

The effect of annealing on the velocity was also
examined. The measured velocity depended on the overall
macroscopic density, and hence on the crystallinity in a
way already introduced in Figure 6 and discussed in more
detail below.

Density, crystallinity, velocity relationship

An earlier study of the velocity of sound in a variety of
PE samples indicated an approximate correlation of the
density with the propagation velocity!®!!. A similar
study examining the polymers listed in Table ! at 5 and 15
MHz is presented here (Figure 6). The observations are
similar to those reported by Davidse et al.'® except that
the slopes are somewhat less than those measured by these
authors at 5 kHz. This difference is mainly due to sample
shape effects. Since PE is a mixture of crystalline and
amorphous domains, the density dependence of the
velocity can be expected to reflect the proportion of the
crystalline phase present. It can be analysed by the
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empirical equation for the elastic modulus of a mixed
system

M* =M+ (1= )M, (12)

where M and y denote the modulus and volume fraction
of the crystallite. The suffices ¢ and a represent the crystal
and amorphous domains. It is usual to place vequal to — 1
for a series arrangement and equal to 1 for a parallel
arrangement of components.

Since the velocity of the sound wave is given by

v=y/Mjp | (13)

the dependence of the velocity on the fraction of the
crystalline phase will be given by

de Ap™> _,. v /fdp
=T - 14
dy 7" 2p<d;( (14

where A is a constant given by
A=(M; = M)y (1)

The velocity, density, crystallinity correlation of Figure 6
indicates that v has a value of 0.5. The variation of the
density with x is approximately i of the variation of the
velocity of the comparable crystallinity range, justifying
the neglect of the second term in equation (15) in the
evaluation of the coefficient v. From these data we
calculate dv/dy as 1.7 x10°* m s~ !, compared with the
measured value of 1.6 x10° ms™".

The physical interpretation lies in the effect of branch-
ing, and to illustrate this we present both the velocity and
the density as linear functions of the number of branches
per 10 CH, groups (Figure 12).

Drawing

The effects of drawing on the velocity of sound have
recently been published?. However, the effects on the
attenuation were not investigated. In this study the
density increases with draw ratio while the attenuation
decreases (Figure 13). (This is in contrast with the
behaviour of polypropylene??). The attenuation decreases
more rapidly than the fraction of the amorphous phase, a
result which we interpret as due to a destruction of
spherulite morphology>*-3* with reduction in spherulite-
phonon scattering.

60 o] o
o]
T 40
<
20
- a_ —dl.
o 20 0 60

Annealing period (h)

Figure 11 Effect of annealing on the thickness of the crystalline
lamellae and amorphous zones. O, crystalline lamellae; ®, amorphous
zones
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density, n denotes the number of branches per 1000 carbon atoms

Such effects are absent in the low density polymer (P7)
as expected.

CONCLUSIONS

Variations in ultrasound velocity and attenuation are
attributed to f and y molecular relaxations, to spherulite-
amorphous thermoelastic heat flow and to spherulite-
phonon scattering. Chain branching, annealing and
drawing all affect the crystallite morphology and thence
the acoustic propagation parameters. It is now possible to
correlate branching, crystallite morphology, density, ul-
trasound velocity and attenuation in a self-consistent
fashion.
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