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I INTRODUCTION

Various properties of solid polymers depend decisively
on the nature of the motion of the individual groups and
segments of the molecular chains from which they are built
up. Therefore it is both of practical and theoretical im-
portance to know the type of molecular motion occurring in
the given polymer and the dependence of the type of motion
on the composition, structure, molecular weight, temper-
ature, and other factors. One of the most useful physical
methods for the investigation of the internal motion of poly-
meric chains is the internal friction method, the essential
features of which are as follows.

When a body is deformed, internal forces (or stresses)
arise, due to the change in the distribution of molecules or
atoms in it. If the stresses and the relative deformations
throughout the period of operation of external forces remain
constant and fall to zero instantaneously when the operation
of such forces ceases, then we are dealing with a perfectly
elastic substance. The isothermal state of such a sub-
stance, if the latter is isotropic, is known to be described
by the generalised Hooke's law !:

1
O =2G (“m_'g‘éik”u)ﬂ'K'"u‘Guz ’ (1)

where us = 0 when the external forces are constant. Here
oi¢ is the elastic stress tensor, uje the deformation tensor,
and G and K are the moduli of shear and bulk elasticity
respectively.

It is possible also to imagine another ideal case, where
the relative deformations of the substance are not constant
under the action of constant external forces, but increase
continuously at a particular constant rate which is propor-
tional to the stress. The behaviour of such an ideally
viscous isotropic material is described! by the generalised
Newton equation:

, fLo .
Ty =21 (”tk+§'6m”u) + Ly - 8y (2)

where a,-'k is the dissipative stress tensor, u;p thederivative
of the deformation tensor with respect to time, and n and ¢
are the shear and bulk viscosities.

However, in no real substance with a definite structure
can stresses exist indefinitely or decrease instantaneously,
since during deformation the structure of the substance
changes continuously (and in a complex manner) at acertain
finite velocity, determined by the nature of the substance.
Therefore the behaviour of a real material is in fact des-
cribed by more complex relations than Eqns. (1) and (2).
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The nature of these relations is most readily elucidated
using the state of idealised linear stress as an example.
Since shear deformations are of the greatest importance in
mechanical problems associated with polymers and plastics,
we shall consider homogeneous shear deformation. For
this case,

1%

u=1u, andu, =
Y 9 6z

For non-zero components of the stress tensor, we find
from Eqns. (1) and (2)

du
. ®)

The behaviour of an ideally viscous material described by
Newton's equation [Eqn. (3)] can be represented schemati-
cally by a section of a 34y/02 —0yz straight line passing
through the coordinate origin (Fig. 1, curve I). The direct
proportionality of the flow rate gradient ady/az to the stress
0yz implies that the shape and state of the structural ele-
ments of the object do not undergo any changes and that the
shear stress increases and decreases instantaneously.

ou .
0,=6G_¥ o6, =
1z ’

v 8z v

The flow of high polymers and plastics does not usually?
obey Newton's equation [Eqn. (3)]. Their flow rate gradient
can increase with shear stress either faster (Fig. 1, curveIl)
or more slowly (Fig. 1, curve III). Apart from fluidity,
polymers and plastics exhibit a certain elasticity and there-
fore the onset of non-elastic deformation (flow) does not as
a rule coincide with the origin of the coordinates (Fig. 1,
curves IV-VI) of the 94y/32—0yz curve. Therefore the total
deformation in a solid under the influence of a mechanical
load can be represented by the sum of two terms: the
reversiblet (elastic) deformation u3$ propagated at the
velocity of sound and the irreversible (plastic) deformation
uy. The latter type of deformation in a real substance is
not established instantaneously but increases gradually
when an external constant load is applied. Its experimen-
tal time dependence uy = ®(t) is very complex and is related
to the previous history of the specimen. As a result, when
the external load is changed periodically there is a phase lag
between the total deformation and the stress, which entails
energy dissipation by vibrations. The capacity of a sub-
stance to transform the energy of mechanical vibrations

buy
oz I
I Ir
¥
o r
0 € G 6z

Fig.1l., Principal types of flow curves:

1) viscous Newton substance; II) and II) “quasi-
viscous” substance; IV) Bingham's “plastic”
substance; V) and VI) “quasi-plastic” substance;
oy—conventional limit of fluidity.

T If the substance exhibits rubberlike elasticity, it is essential
to take into account also the rubberlike deformation.
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into heat is known as mechanical losses or internal fric-
tioni. The following quantity can serve as a measure of
internal friction:

8=AE/E , (4)

where AE is the energy dissipated during the cycle and E
the vibrational energy. The physical cause of internal
friction is the rearrangement in the solid occurring at a
finite rate under the influence of mechanical stresses.

Five types of this kind of rearrangement are known: ther-
mal rearrangement (thermoelastic effects), electrical rear-
rangement (electron redistribution, ion migration, rotation
of electrical dipoles, and other effects), magnetic rear-
rangement (magnetomechanical hysteresis, relaxation of
the magnetic flux as a result of the appearance of macro-
or micro-fluxes, rotation of magnetic dipoles, and other
effects), atomic rearrangement (ordering of the atoms
under the influence of the stress, the appearance, redistri-
bution, and migration of dislocations, etc.), and molecular
rearrangement (relative.displacement of groups, segments,
and the entire molecules).

In the present review special attention is given mainly
to the last type of rearrangement which has been least
investigated§. The first four types of internal rearrange-
ment and the mechanisms of internal friction associated
with them have been fairly thoroughly examined at various
times by numerous investigators (see the review articles "~1%).

I. METHODS OF MEASUREMENT OF INTERNAL
FRICTION

Internal friction can be measured by different methods:

(1) from the temperature variation of the substance during
deformation; (2) from the variation of the phase shift angle
between the stress and the deformation; (3) from the
amplitudes of free and forced vibrations at various fre-
quencies; (4)fromthedecay of elastic waves. Thefirst?!2,13
and the second 7! methods have nobbeen widely used.
The third and fourth methods are the most extensively ap-
plied and therefore we shall in fact consider them, leaving
aside methods developed for rubberlike materials (see, for
example, the review by Bartenev et al. 7).

1. Methods of Free and Forced Vibrations

The third group of methods is usually divided into two
parts. The first part includes all the low-frequency
methods and the second all the high-frequency methods.

We shall consider briefly the methods in each subsection of
this group separately.

a. Low-frequency methods. The low-frequency
methods include all known methods based on torsional,
bending, longitudinal, and transverse vibrations in the
range between 10-3 and 102 ¢/s. At vibration frequencies
above 2 ¢/s the variation of the amplitude with vibration
frequency is usually recorded automatically. At lower
frequencies it is possible (and very convenient) to make
visual observations.

1 In earlier studies® internal friction was erroneously identi-
fied with the viscosity.

§ It has been partially described by Kolsky ! and Ferry?.
Molecular motion in polymers has been described by Mikhailov and
Borisova f,
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The oldest and the simplest of all the low-frequency
methods for the measurement of internal friction is that of
the torsional pendulum. As early as 1837, Weber 8 used
the torsional pendulum to solve the problem of the non-
elastic behaviour of silk threads, whereby he initiated the
studies of internal friction by this method. The torsional
pendulum method received general recognition in subse-
quent years. The method has been used particularly ex-
tensively during recent years after its very successful
application®-2! in the study of the viscous behaviour of
grain boundaries in metals.

The principal disadvantages of the method of low-ampli-
tude torsional vibrations, which otherwise has many advan-
tages 2!, are the inhomogeneity of the deformation of the
specimen (the relative amplitude of deformation varies
from a maximum of 10-3-10"% on the surface of the speci-
men to zero at its axis) and the presence of a constant ex-
tensive load due to the weight (of the order of 30-50 g) of
the inertial system attached to the lower end of the speci-
men. A torsional pendulum free of the last defect was
proposed in 1954 by Ang and Wert? and in the same year
by Jenckel®. It is known as the “reversible torsional
pendulum”. Its most successful version was developed and
constructed in 1960 by Piguzov®. This apparatus permits
the measurement of internal friction and the modulus of
shear in the temperature range between 80° and 770°K. In
its design provision is made for the irradiation of the
specimen with ultraviolet and X-rays and for the deforma-
tion of the specimen directly during the measurement.

Other versions of the torsional pendulum with different
design features are also known?-3!, A novel apparatus,
permitting the measurements of the internal friction in
polymers and plastics in the frequency range between 10-3
and 102 ¢/s during bending vibrations has been described
by Maxwell®® and apparatus for the measurement of inter-
nal friction during torsional vibrations in the infrared
frequency range has been described by Illers and Breuer 3¢
(see also Refs. 35 and 36). Illers3s described a novel
method for the measurement of mechanical losses at a fre-
quency of about 1 ¢/s.

A simple shear pendulum has been proposed by Rorden
and Grieco??. Methods in which longitudinal vibrations
are used 3,3 have been developed predominantly for mate-
rials with rubberlike elasticity. A very interesting meth-
od, for materials of the same type, using longitudinal
vibrations excited electrically has been described by Hutton
and Nolle%?. The logarithmic decay decrement 6, or the
quantity @ -!, which is smaller by a factor of 7, serve as
measures of the internal friction in this method. The last
symbol was introduced by analogy with the decay of elec-
tromagnetic oscillations in elecirical circuits®; @ is the
Q@ -factor of the system in which the mechanical vibrations
are excited.

We may note that materials with a very small internal
friction (of the order of 10-3%) cannot be investigated with
the aid of a torsional pendulum (of whatever design), for
example, since under these conditions the decay resulting
from the losses in the apparatus has an effect.

b. High-frequency methods. These methods
are characterised by the absence of a special inertial sys-
tem linked with the specimen. The specimen in the form
of a rod executes torsional, longitudinal, transverse, or
bending vibrations at one of its natural frequencies. Steady
forced vibrations (resonance method) and the decay of
natural vibrations (the method of free vibrations) can be

used for the measurements. In the first case the internal
friction is measured by the quantity

Av
where Av is the half-width of the resonance peak. In the
second method the internal friction is measured, as in the
low-frequency methods, by the logarithmic decay decre-
ment § or QL. :

The frequency range depends on the type of vibrations
excited and the size and shape of the specimens.  For
example, in torsional, longitudinal, and transverse vibra-
tions the frequency is usually between about 102 and 10%¢/s.

In bending vibrations the frequency is in the range approx.
10%-10% c/s.

High-frequency vibrations can be excited and recorded
in different ways. However, most investigators use the
same methods for both purposes. Depending on the way in
which the forced vibrations are excited, all the high-fre-
quency methods can be divided into electrical, piezoelec-
tric, electromechanical, and electromagnetic.

In the electrostatic method (Fig. 22) mechanical vibra-
tions are excited by applying an alternating potential to a
condenser, one plate of which is the end of the specimen
(covered by a conducting layer in the case of polymer) and
the end is a stationary plate. To record the vibrations, it
is possible to use the same type of condenser at the other
end of the specimen, operating as a capacitive microphone.
The electrical method is suitable for longitudinal, bending,
and torsional vibrations. The method was used for the
first time by Bancroft and Jacobs ** to excite longitudinal
and bending vibrations in metallic rods. It was then used
by Parfitt* for polymers. A description of the subsequent
use and development of this method can be found in Refs.
14, 43-49, etc.

Fig.2. Schematic representation of high-frequency methods for
the measurement of internal friction:

a): 1) specimen; 2) condenser plates; 3) oscillator; 4) detector;
b): 1) specimen; 2) quartz; 3) constant amplitude and alternating
frequency generator; 4) constant frequency generator; 5) multi-
vibrator; 6) amplifier; 7) reproducer (beat detector); 8) resis-
tance; 9) valve voltmeter;

c): 1) specimen; 2) “detector”; 3) oscillator; 4) electromechani-
cal transducer; 5) flat springs; 6) connecting rod;

d): 1) specimen; 2) pole pieces; 3) and 4) electromagnetic trans-
ducer and receiver; 5) oscillator; 6) detector,

789



Vol.36 No.10

RUSSIAN CHEMICAL REVIEWS

October 1967

In the piezoelectric method (Fig. 2b) the specimen of the
test material in the form of a rod is attached by a cement
to the end-face of the piezo-quartz rod. When analternat-
ing potential is applied to the piezo-quartz rod, the speci-
men and the quartz begin to vibrate as a single body (compound
vibrator), executing longitudinal or torsional vibrations.
From the variation of the current flowing through the quartz,
measured by means of a valve voltmeter 9 (or determined
from the changes in the resonance curve), it is possible to
determine the internal damping of the system, whichyields
the overall internal friction of quartz and the specimen.
The internal friction of quartz can be determined sepa-
rately and allowed for. The vibration frequencies of
the compound vibrator are measured by the method of
beats.

Quimby %°:5! and then Zacharias®? were the first to use
this method to measure the internal friction in solids. The
compound vibrator method has been applied to the investi-
gation of polymers in Refs. 53-56 and other investigatons.
It has been found®” that, as a resutl of the differences be-
tween the coefficients of linear expansion of quartz and the
specimen, the internal friction is greatly influenced by the
deformations in the cementing layer. This effect is small
if the specimen and the quartz rod are selected to ensure
that they have similar natural vibrations so that avibration
node is located at the point of attachment. This require-
ment cannot always be satisfied and therefore the method is
not suitable for the investigation of internal friction as a
function of temperature. Using a number of precautions,
Mikhailov and Solov'ev5%5¢ and Wada and Yamamoto 5®
nevertheless succeeded in investigating the temperature
vibration (in the range between 100° and 360°K) of the in-
ternal friction of certain polymers by the compound vibrator
method.

In the electromechanical method the vibrations of the
specimen are excited by an electromechanical transducer
of special design 14,%8,% or simply with the aid of a loud-
speaker %% asshowninFig. 2c. Inthe earliest studies 80,62
the amplitude of the vibrations of the specimen was mea-
sured visually using a microscope.

A photoelectric method has been employed for recording
the vibrations of specimens 14,58, Robinson's work® is par-
ticularly interesting, since he developed a method whereby
it is possible to measure the internal friction in the tem-
perature range between 20° and 600°K at vibration frequen-
cies between 102 and 10® ¢/s.

Capacitive and inductive methods have been employed for
the recording of vibrations ®,%, An improved capacitive
method has also been described % for the measurement of
the vibration amplitudes in the frequency range between 6
and 6000 ¢/s. The temperature during the measurements
could vary between —50° and +300°C.

In the electromagnetic method (Fig. 2d) adisc of aferro-
magnetic material is attached to each end of the specimen
by means of a special cement. A coil (supplied with power
from an oscillator) located near one of the ends of the
specimen sets up an alternating magnetic field whichinter-
acts with the ferromagnetic disc and gives rise to the vi-
bration of the specimen. In a second coil (near the second
disc) an e.m.f. is induced and then amplified and recorded.
The relative positions of the coils and discs determine the
type of vibration: depending on the relative positions, the
vibrations can be longitudinal 6%:%¢ bending 2267»%, and
torsional®. The method is not very suitable for the mea-
surement of low internal frictions, since the discs can

790

move at their points of attachment causing additional energy
losses. Forster ™ eliminated this defect by modifying the
method. In his procedure the vibrations of the specimen
are transmitted via a wire suspension. They are then
transmitted through another wire suspension to the record-
ing device. This method is suitable for the measurement
of internal friction at high temperatures: the wires emerge
from the furnace and the entire electrical section is at
room temperature. After some design modifications;
Kline " used Forster's method to investigate the internal
friction in polymers at temperatures between 4° and 600°K
and frequencies between 50 and 5000 c/s.

Borovitskaya ™ used an optical interference-modulation
method ™ to investigate the internal friction in rubberlike
materials at frequencies between 102 and 105 ¢/s.

2. Method of Wave Propagation

This method for the investigation of internal friction
consists in the measurement of the decay of the stresswave
during its propagation in the solid. Under certain condi-
tions* it is possible to compare this decay with the internal
friction determined by the methods examined above. Itcan
be shown that the absorption coefficient @ and the quantity
6 are related to the wavelength A as follows:

1

o= H 8 . (6)
Using the case where only one relaxation process, charac-
terised by one relaxation time 7, takes place in the solid,
Zener ™7 ghowed that the parameters (examined above)
defining internal friction are simply relatedf, regardless
of the exact mechanism of energy dissipation, provided that
the internal friction is low (for example, tan ¢ < 0.1). This
relation is as follows:

e e ()

Bearing in mind the above relation, it is possible to ex-
press the absorption coefficient in terms of any parameter
used as a measure of internal friction. However, one
must not forget that in fact the decay of the pulse is not due
solely to absorption but also to a large extent to dissipation
at inhomogeneities. The decay of the stress waves is
particularly pronounced when the average size of an individual
inhomogeneity is comparable to the wavelength. Under
these conditions the decay of stress waves is caused not so
much by absorption, whose mechanism is similar to that of
internal friction, as by diffusive scattering of stress waves
by the inhomogeneities.

The method of wave propagation can be subdivided into
two separate procedures: the method of “travelling waves”
and the pulse method. The method of travelling waves was
first used by Ballow and Silverman ™ and then by Nolle 8,

T Eqn.(7) breaks down when tan ¢ > 0.1; it depends on the
mechanism of energy dissipation™, In the region of very high
internal friction the logarithmic decay decrement cannot serve as
a reliable characteristic and in the region of aperiodic motion the
concept of a logarithmic decrement loses all significance. There-
fore inthe aperiodic regionand inthe adjacent regions (see Figs.7,
8, and 10) of rapid decay of the vibrations, it is necessary to use
other quantities as characteristics of internal friction, for example
the absorption coefficient™ o or the coefficient of mechanical
losses, which in this case is related to tan 6 in a different way '8,
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Kuznetsov®, and others. The theory of this method and
the calculation of the dynamic characteristics of the mate-
rial have been discussed®?-®%, The method has been de-
veloped most completely (Fig. 3a) by Volodin?®s.

This method for the measurement of o can be used only
in a restricted frequency range (approx. 103-105 ¢/s) and
for materials with values of a which are neither unduly
large nor unduly small8!,85,

The pulse method (Fig. 3b) consists in the excitation of
a short high-frequency vibration pulse (v= 105-5 X 108¢/s)
and the measurement of its propagation and decay times
during passage through the specimen. 1In the earliest
studies®8-88 the pulses lasted between 1 and 15 ps with vi-
bration frequencies of the order of 108 ¢/s. The pulse
passes back and forth through a liquid (transmitting medi-
um) and along the specimen I and is detected by the receiv-
ing crystal 3. The relative amplitudes of the successive
pulses determined with a valve voltmeter 8 provide a mea-
sure of the decay and the time intervals between them, de-
termined by an oscilloscope 7, give the rate of propagation.

The method was developed further by other workers®8 94,
Intheir study of the intrinsic piezo-effect of quartz, Merkulov
and Yakovlev? measured the absorption coefficient of
quartz (for shear and longitudinal waves) by the pulse meth-
od up to hypersonic frequencies (v = 10°) in the tempera-
ture range between —200° and +200°C.

As shown above, the results obtained by the pulse meth-
od must be interpreted with some caution. It is necessary
to take into account the “spreading” of the pulse during its
propagation in the absorbing medium (due to the dispersion
of the velocity of sound) and also the fact that the overall
weakening of the pulse is due not only to absorption but also
to a large extent to scatter by inhomogeneities.

A pulse method for hypersonic frequencies (approx. 10°—
10! ¢/s) has been described®:%. This method, which is
a development of Baranskii's method??, is based on hyper-
sonic excitation in a quartz rod with the aid of an electro-
magnetic cavity resonator. The quartz rod is the test
specimen. Hypersonic vibrations of higher frequencies
(v = 10!2-10%8 ¢/s) cannot be excited artificially. We may

Schematic representation of the “travelling wave” and
pulse methods for the measurement of the rates of propagation
and absorption of vibrations in solids:

Fig.3.

3) electromechanical
6) double~beam

a): 1) threadlike specimen; 2) oscillator;
transducer; 4) piezoelectric rod; 5) amplifier;
oscilloscope;

b): 1) specimen; 2) piezoelectric transducer;
receiver; 4) pulse generator; 5) amplifier;
unit; 7) oscilloscope; 8) valve voltmeter,

3) piezoelectric
6) synchronisation

note that the limit of natural thermal hypersonic frequen-
cies is of the order of 1012-10% c¢/s even in crystalline
materials. The study of the rate of propagation and ab-
sorption of natural hypersonic vibrations in crystals is pos-
sible only by indirect methods, namely optical® and

X -ray99-108 methods.

M. EXPERIMENTAL RESULTS

The solid polymers and plastics which have been investi-
gated are listed in the Table which indicates the range of
conditions investigated, the method of investigation, and
the literature sources available to the author of the review.
1t is evident from the Table that technically important poly-
mers such as polyethylene, polystyrene, poly(vinyl chlo-
ride), polyamides, and acrylic acid polymers have been
most completely investigated. Few studies have been
made on plastics.

TABLE.
Range investigated
No.{ Polymer M unit temp. freq Ys Method Refs.
ture, °K /s
i |polyethylene|  _cH.—cH, 140—400 | ~1 |torsional vibrations 104108
85—400 ~1 shear vibrations 109
80—450 |102—10% |transverse vibrations 1o—116
50—550 1102—10% |ditto 17,118
470—350 {102—103 » 19
300—425 1102-—10% |shear vibrations 120,121
190—425 {103—104 |longitudinal vibra- 11,49,
tions 122—127
110—370 [104—105 | ditto 128—130
210—340 | ~10% [shear waves 128—130
275—360 | ~10% |longitudinal waves s;.q?zlx‘fs
30, 1
2 | polyox: —CH,0—CH,0— |  100—450 ~1 torsional vibrations 132—134
methyrne
3 | poly-a~ —CH.—CH~— £0—350 {10*—10® [transverse vibrations 135
olefins l{
4 {poly- —CHy—CH— 50—450 |102—103 [transverse vibrations 136
propylene 190—275 longitudinal vibrations 49
CHs 230—400 longitudinal waves 137
5 | polyiso- CH, 110 41) ~1 |torsional vibrations 104
butylene —CH0—|C— 30—35.403! shear vibrations 138
S 230—-37.: 102—10% |ditto 129
CH, ~10¢ longitudinal waves 92
6 pol{(vmyl —CH,—CH— [ ~300 10~3—102| Lending vibrations 33
hloride) . 125—425 | 1—10 |torsional vibrations '27.6:)‘, om,
1 25—350 [102—103 | transverse vibrations m
255—300 [102—10% | shear vibrations 138
| 285315 108 1 longitudinal waves 55.92, 141
l175—475 | 108 |diso 12
poly(vinyl- cl 110470 ~1 torsional vibrations 104
idene chlor- |
ide) —CH,—C—
poly(vinyl _cﬂz_c}.,_ 175—475 ~1 |torsional vibrations 142
alcohol | 290—450 (10°—10% (transverse vibra- 143
HO tions
polyacrylo- —CH;—CH— 110—500 ~1 |jtorsional vibrations 104
nitrile _—
polystyrene —CH,—CH— ( 100—210 ~1 |[torsional vibrations 144
e 135—425 | ~1 |ditto 23,104,107
o Hs 145,146
50—500 {102—103 |transverse vibrations G:i*?ié“'
50—300 |103—10* |longitudinal vibrations| 9,149,150
210—365 |103—105 |ditte 195,127
290 10¢ » 92
175—475 10¢ » 142
| 210~370 | 108 » 58
1 polyvinyle | _ch.—cn ~300 |102—10° |shear vibrations 129
styrene i
H;—CH—
CoH,
1 ~315 [10-1—1p?|torsional and trans- 151
12 P::Z(i‘::};)’] —CH,—CH— 1o 10 verse vibrations
b4 CH0—C=0
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TABLE (contd,)

Range investigated

No.| Polymer Monomer unit tempeta- | trequency,| Method Refs.
ture, °K c/s
13 |poly(methyl cl 220—4301102—103 |[transverse vibra— 152
a=chloro~ tions
acrylate) —CH— .
|  CHO—C=0
14 |poly(methyl CH;, 250—350110~3—102| bending vibrations 153
‘mothe _CH—d— 30—300{103—104 [ditto 154
acrylate) * L 150—43 ~1 [torsional vibrations |1s5,156 __
CHy0—C=0 4,2—1000 ~1 itto 57
190— i—10% | » 8. 158-160
200—4001102—108 |transverse vibrations {28,158, 160
290—370{102—10% |longitudinal vibrations| 48
225—385103--10* |ditto 49
225355104 —105 |, » . . 125
200380 ~10¢ |longitudinal waves 55 0945,
162
15 |poly(ethyl CH, 4.2—10 torsional vibrations 157
meth- —CH.—(';— 22528 1 ditto 151
acrylate) I ~315 [10~1—103|torsional and trans- 151
CiHi0—C=0 verse vibrations
16 |poly(cyclo- CH, ~-315 |10~ —103|torsional and trans- 151
hexyl 'meth-| _cp, __":_ verse vibrations
acrylate)
CoHyy =0
17 I:lcyy(:v:glyl EN 220—430410*—10° l¢rapsverse vibra- 152
= —CH,—C— -
acrylate) : o tions
18 |poly{tributyl e ~ CH, ~315 [10-1—108|torsional and trans~ 151
meth- —CHy—C— verse vibrations
acrylate)
Cz:H,,0—C=0
19 Pgly(»lso- . ~CH—GH- 110—37q 1—10 {torsional vibrations |[!04163
et|l':e); )vmy O-—CH:CH(CH,)
20 P:ézs:::’ —CH:—CH—CH,~CH—| 195460 2-10° longitudinal waves 164
(o t=o
CIH, CHy
21 {poly-p- —CH,—CH—CH,—CH— | 100—210} 10~1—1 |torsional vibrations 144
chloro- ‘C,H,CI CsH;CI
29 p?l);-:':: —CH,~CH—CH,~CH— | 100—210) 10~1—1 |torsional vibrations | 144
g{%neag—e CgH;Br  CoH,;Br
23 {polyvinyl CH,—CH— 120525 ~1 |torsiona: vibrations {104,163
carbazole =
C H/} H,
«H;—CoHy oo .
24 Ipolybutylene | cHy—~Cia—CH-CH; ~ 210-23]103—104 longitadinal vibra- o
| |
25 |polytetra- —CF.—CFe— 125—433 ~1  |torsional vibrations 1155165
luoro- 20—560  ~1 [ditto 30,31, 106,
ethylene 163,166
4.2—100 ~1 .
50__(]00 102—103 transverse vibrations [111,112
102103 shear vibrations 120
26 {polychloro= —CF,—CF— ‘ 0400 ~1 torsional vibrations 158
tn{luoro- & 10—4700  ~1 [ditto 104,163
ethylene I
27 |phenol for- OH 200—36(01103—10* [longitudinal vibrations 9
maldehyde PN 200—450110*—10° [ditto 125,127
resins —|/ “‘CH:— 290—360) 108 » 55
/
{
28 goly(d;-o- (l‘) C]H= C""' 100—5100  ~1 ftorsional vibrations 167
cresyl car- J —_
bonate} O—C—O—<=>—C—
CH, {
CH,
AT N
N=—/
29 [polyester polymer of complex | 220—520) ~4 torsional vibrations |!04.163
resins structure 210—360{104 —10% |longitudinalvibrations
30 jvolyamides | ditto [100-—485 ~1 [torsional vibrations |i68,169
110—525 ~1 ditto 104,106
I 50—600{102—103 [transverse vibrations [111.170471
235-—535{108—10+ (longitudinal vibrations| 4¢
210—290104—105 |ditto 125
265—335 108 longitudiral and shear| 128
l waves
290—360| 108 longitudinal waves 55
31 | polyesters » 210—525 ~1 ltorsional vibrations 7
32 |poly- » 101—425] ~1 [torsional vibrations 23,106.4
urethanes 17217
33 |celluloid plastic 200—450] ~1 |torsional vibrations 7
300 |103—102 |bending vibrations 33
290—360( 108 longitudinal waves 55
34 |ebonite ditto 290—450102—10? |transverse vibrations | 175
290—360] ~10% |longitudinal waves 53,55
35 |Novolak » 290—7000 ~1 |torsional vibrations 2
plastics
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We shall consider briefly the principal results of studies
on the temperature and frequency dependencef of the inter-
nal friction in polymers and plastics on various factors:
structure, impurity content, thermal and mechanical treat-
ment, irradiation, etc., using as examples the macro-
molecular compounds which are technically the most
important.

1. Temperature Dependence

Figs. 4a, 4b, and 5 show the temperature variation of
the internal friction of polyethylene, polystyrene, and
poly(methyl methacrylate) of technical purity at various
frequencies. The results demonstrate that the @ ~!-
curves for all the polymers examined have one or several
maxima whose positions along the temperature axis may
depend on the vibration frequency (as can be seen in Fig. 5).
Fig. 5 shows that, with increasing frequency, the internal
friction peak is displaced towards higher temperatures,
degenerates into a point of inflection, and finally disap-
pears altogether. However, the peaks on the polyethylene
@~!-T curve, for example, do not disappear when the fre-
quency is increased from 1 to 108 ¢/s and their position
along the temperature axis changes little, although their
shape does alter appreciably. The shape is very sensitive
to the number of methyl groups in the polyethylene macro-
molecule 117,

a“'n , .
. .
z T
5
[ \/N
1
e v 4N
s NS | Bt
Rz _\r_./’// ‘ E
b |t o3
I v/
Fig lws
ll .?03
1 0 8
1'7/\/ n'}“” 1w 2
a5 - &
/‘ o7 v g
” £
V—m —ar —mw 500 °K

Fig.4. Temperature variation of the internal friction
and of the absorption coefficient o of polyethylene
(curves I and II) and polystyrene (curves III and IV):
a) frequencies: 1 ¢/s for curves I and III and about
10® ¢/s for curves II and IV;

b) frequencies: about 104 ¢/s for curves I and II and
about 2 x 108 ¢/s for curves Il and IV,

1t For low deformation amplitudes, which usually obtain in
measurements of internal friction, the variation of internal fric-
tion with the experimental temperature and vibration frequencies
is of fundamental importance (see the theory). Various factors
(preceding treatment, impurities, irradiation, etc.) alter Q~NT)
and @ 1(¥). By studying these changes, we are able to assess the
nature of molecular motion in solid polymers.
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of the internal friction of poly(methyl methacryl-
ate); 45158 frequency (v, ¢/s):

D) 0.4; ) 2; ) 20; IV) 200; V) 2 x 10%;

VD) 3 x 104,

The shape of the peaks depends significantly alsc on
other factors, in the first place on the relative amounts of
the amorphous and crystalline phases in the solid polymer.
Thus the low-temperature peak on the @ “*-T curve for
Teflon decreases in height with increasing degree of crys-
tallinity, while the height of the peak in the region of 300°K
actually increases with increasing crystallinity 31,165, The
high-temperature peak on the Teflon @ ~-T curve (at about
400°K) varies with the degree of crystallinity in a more
complex manner.

Another factor which influences significantly the shape
of the peak is impurities. Fig. 6a shows this effect in
polyethylene containing various amounts of chlorine atoms.
It is seen that for technically pure polyethylene there is a
point of inflection near 270°K instead of the peak. With
increasing percentage content of chlorine atoms in poly-
ethylene, the peak not only becomes distinct but also in-
creases rapidly in height (Fig. 6z’). The high-temperature
peak (340°K) also varies appreciably on introduction of
chlorine atoms into polyethylene but the variation of its
height and position is more complex. The effect of chlo-
rine atoms on the position and height of the low-tempera-
ture peak (at about 170°K) is slight.

The position of the maximum in the @ ~!-T curve can
also depend on the molecular weight of the polymer. For
example, increase of the molecular weight of polystyrene 104
from 80000 to 120 000 causes a displacement of the peak
(without significant change in its height) towards higher
temperatures by about 16 deg, but effects of this kind are
not always observed. For example, a change of the mole-
cular weight of polyisobutylene from 500000 to 1750000
changes neither the position nor the height of the peak on
the curve 194,

According to Fig. 60, the @ ~'-T curves for polyiso-
butylene and polystyrene have distinct maxima. A mixturef
of these polymers also gives rise to a peak (Fig. 6b, curve III)
on the Q -'-T curve, whose position on the temperature
axis (Fig. 6b') depends on the relative amounts of styrene
and isobutene in the mixture.

It has been shown % that heat treatment influences the
form of the @ “*-T curve for a mixture of poly(vinyl chlo-
ride) and poly(vinylidene chloride). In the first place the
authors draw attention to the fact that, in contrast to pure

1 For more detailed information on the composition of the
polymers see, for example, Bartenev et al.%"

0
a1
7

pl=x¢
100 200 300 400

Fig.6. Effect of chlorine on the shape of the Q~1=T curve
for polyethylene:

a) frequency v ~ 1 ¢/s:1 ) 0 wt.% Cl; 1I) 5.8 wt.% Cl;
) 104 wt.% C1; IV) 12.3 wt.% Cl; V) 28.2 wt.% Cl;

a’) variation of the height of the 270°K peak on the @~ 1~T
curve with the chlorine content;

b) temperature variation of the internal friction of a mix~
ture of polyisobutylene and polystyrene at v ~ 1 ¢/s: 104

I) polyisobutylene; II) polystyrene; MI) 50% polystyrene—
50% polyisobutylene mixture;

b’) temperature variation of the Q;} maximum with the
ratio of styrene and iscbutene in the mixture.

amorphous polymers which have no peaks on the @ ~'-T
curve, the curve for a mixture of amorphous homogeneous
polymers has an internal friction peak at approximately
300°K. Crystallisation of the mixture (as a result of the
heat treatment) leads to the appearance of a second peak on
the @ “!~T curve, whose height increases slightly with in-
creasing amount of the crystalline phase, while the peak
characteristic of the amorphous phase decreases sharply.

Irradiation has a significant effect on the shape of the
@™'=T curve. Irradiation withy-rays emitted in the
decomposition of radioactive cobalt-60 nuclei at a selected
dose (about 100 mr) does not give rise to an appreciable
change 1! of the shape of the @ “1~T curve for non-irra-
diated polyethylene. The situation changes markedly when
polyethylene is irradiated with a neutron beam of the order
of 10'® neutron cm~2 g1, 111,115,118 With increasing intensity
of the neutron beam, the low-temperature y-peak initially
broadens and increases in height and then begins to be dis-
placed towards higher temperatures with a simultaneous
decrease in height. At the same time the 8 and a peaks
me1ge into a single, broad peak, which then vanishes alto-
gether.

Summarising, one may say that the @ ~*-T curve char-
acterises a given polymer under concrete conditions. Each
change in the specimen, be it a change in molecular weight,
composition, degree of crystallinity, etc., is reflected in
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a characteristic change in the shape of the internal fric-
tion—-temperature curve. We shall see below that theo-
retical and experimental studies of these changes provide
information about the characteristic features of the mech-
anism of certain processes in polymers.

2. Frequency Dependence

The variation of the internal friction of polymers over a
wide range of frequencies has not been investigated. This
is due to the experimental difficulties involved in such
experiments. Fig. Ta shows the frequency dependence of
the internal friction of polyethylene and poly(methyl metha-

crylate) at 30°C based on the results of several investiga-
tors 28,55,119,125,128,142,153,176

Examination of Fig. 7 shows that in the frequency range
between 10-3 and 10% ¢/s poly(methyl methacrylate) has a
single maximum and polyethylene two maxima in the @ ~*-v
curve. The origin and nature of these maxima will be
discussed below. Here attention is drawn to the possible
dependence of the positions of the maxima along the fre-
quency axis and their shape on various factors. The re-
sults of the investigations presented in Fig. 7 make it pos-
sible to follow the effect of temperature on the shape of the
Q~'-vcurve. It is readily evident that an increase of tem-
perature entails a displacement of the maximum towards
higher frequencies (see also Fig. 5) and an increase in its
height.

It has been shown 2 that the introduction of a plasticiser
into the polymer # almost does not alter the position of the
maximum in the @ ~!=v curve for poly(methyl methacrylate)
but does increase somewhat its height. However, if the
molecular structure of the polymer is altered, for example
by copolymerisation, the shape of the @ ~~v curve can
change significantly®. Comparison of the @ “!-v and
@ ~'-T curves shows that in the first case the frequency
must be varied within very wide limits (at least by 5-6
powers of ten, see Fig. 1) in order to detect the required

w1 0 0: w
vibration frequency v, ¢/s

Fig.7. a) Frequency dependence of the internal
friction of polyethylene (curve I) and poly(methyl
methacrylate) (curve II) at 30°C;

b) frequency and temperature dependence of the
internal friction of poly(methyl methacrylate).
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maxima, while in the second case it is sufficient to vary
the temperature by less than 1-2 powers of ten (see Fig. 4).

IV. THEORY OF INTERNAL FRICTION

It was noted above that in a real solid deformation does
not follow exactly the stress applied to the substance from
outside but lags behind it by a certain angle ¢. Asa
result, in a periodic deformation of such a substance at a
frequency v, elastic vibration energy is dissipated. In-
vestigations show (see Figs. 4-7) that the relative amount
of energy dissipated in one cycle (or internal friction)
depends on the vibration frequency and the experimental
temperature. The nature of the temperature and frequen-
cy dependence of internal friction depends in turn on a
multiplicity of various factors, some of which have been
examined above.

The theory of internal friction should provide an answer
to three questions at least: (1) why there are maxima in
the @ -*-v and @ -'~T curves and what is their nature; (2)
why certain amorphous substances do not have maxima in
the @ --T curve; (3) how various factors affect the nature
of the @ "'—y and @ ~*-T curves. The modern theory of
internal friction cannot yet provide an exhaustive answer to
these questions but many of aspects are now fairly clear.

The theory has developed in two main directions: one
involving the phenomenological description of the principal
laws governing internal friction and one involving the de-
velopment of its various mechanisms on the basis of the
molecular-kinetic theory. We shall examine briefly the
principal results of the theory obtained in these two ways.

1. Phenomenological Theory

The phenomenological approach to the solution of the pro-
blem of the dissipation of the elastic energy of a real vi-
brating solid may be twofold. It is possible to solve the
problem within the framework of the thermodynamics of
irreversible processes after making certain simplifying
assumptions about the properties of real substances. An-
other approach (purely formal) is based on the replacement
of the real substance by a model, which reflects some
definite property of the real substance. The mechanical
properties of real solids, including internal friction, can
be described more or less fully by a set of models. We
shall begin with the latter procedure, since it has had some
success 177 because of the clear-cut nature of the results
obtained.

a. The model theory. We shall examine a sub-
stance which undergoes elastic deformation under stress
and which can also flow. The total deformation of such a
substance under the influence of a shear stress, for ex-
ample, is equal to its elastic deformation and degree of
flow, i.e.

e=¢e;+¢e or

'8=él+é2 (8)

where a dot over a symbol denotes differentiation with re-
spect to time. The rate of elastic displacement is deter-
mined from Hooke's law and the rate of viscous flow from
Newton's law [see Eqn. (3)].

Hence we have from Eqn. (8)

w2k g
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Let the specimen, the material of which obeys the Maxwell
equation [Eqn. (9)] undergo a deformation €, and then remain
in this state. Then €, = 0 and Eqn. (9) reduces to the fol-
lowing relation:

4+—=0.

C)‘q»
ERE]

The solution of this differential equation has the form

—=t

o=g, e " .

(10)

Thus the decrease (relaxation) of stress in the specimen
with time is exponential and is characterised by the relaxa-
tion time

T=1/G , (11)

As will be shown later, the relaxation time is a very con-
venient characteristic of the rate of relaxation processes
in both simple and complex systems.

The behaviour of a substance which obeys the Maxwell
equation can be represented by the mechanical model shown
in Fig. 8. When stress is applied at a certain instant ¢,,
the spring is instantly extended by an amount ¢/G and the
piston begins to be uniformly displaced at a rate o/5. When
at another instant £, the stress is discontinued, the spring
instantly contracts but the piston remains in the displaced
state. As a result, the motion of the lower end of the

model [or the deformation €(¢)] is of the form shown in Fig. 8.

When a stress o(f) = ooei“’t, which varies periodically,
is applied to a Maxwell substance, dissipation of vibration
energy is observed. Indeed, on substituting o(t) in the
Maxwell equation [Eqn. (9)] and integrating the latter, we
find

e=1I* ¢,

1

ion (12)
where I* is the reciprocal of the complex shear modulus G*
or the pliability. The following quantity is adopted as a
measure of internal friction:

M=

+—_1—
G

_ Im (G*) Imyy
Q7 =tanp = Re(GY)  Re(r) * (13)

. a s 6
NERE il g,
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time ¢
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time ¢

Fig.8. Variation of the deformation with time for different types
of substance (model):

a) Maxwell substance; &) Voigt substance;
substance”; d) Alfrey—-Kobeko substance.

c) “standard linear

Bearing in mind Eqn. (13), we find

i L
T

(14)

Since the viscosity of amorphous objects is known 2,17 to
decrease rapidly with temperature [in accordance with
Eqn. (14)], the internal friction of a Maxwell substance
should increase steadily with the temperature of the mea-
surements. The low-frequency internal friction of certain
amorphous polymers (K-18-2 resin), polypropylene, etc.,
does indeed increase steadily with experimental tempera-
ture, but this by no means imr:lies that the properties of a
Maxwell substance describe a real polymer satisfactorily.
It was assumed above that elastic deformation takes place
instantly, i.e. that the substance exhibits ideal elasticity
(as well as ideal viscosity). A real substance may show a
lagging elastic response, which can be represented by the
mechanical model in Fig. 80. This device differs from
that in Fig. 8a in that the spring and the piston are linked in
parallel and not in series. There is a significant differ-
ence between Voigt and Maxwell elements. In contrast to
a Maxwell substance, the behaviour of a Voigt substance is
described by the following differential equation:

o-:G-a+'r|-:z, (15)

It can be readily shown that the lag time (retardation) is

defined by the same equation [Eqn. (11)] as the relaxation
time.

In a cyclic deformation of a Voigt substance the defor-
mation is a periodic function of time, which can be written
thus:

(16)

where ef,‘ is the complex amplitude. When Eqn. (16) is sub-
stituted in Eqn. (15), we obtain ¢ = G*¢, where G* =G +
iwn is the complex shear modulus. We find from Eqn. (13)

(17)

Comparison of Eqns. (14) and (17) shows that the variation
of the internal friction of a Voigt substance with tempera-
ture [ = 7(T')] and frequency is precisely the opposite type
and therefore it does not correspond in the least to the
experimental variation @ ~! with T and w.

Ql=01 .

We shall now assume that the solid is a mixture of two
phases, one of which is viscous [obeying Eqn. (9)] and the
other is purely elastic. = The mechanical model represent-
ing such an object is shown in Fig. 8c. H we putG,=0in
the model, the latter becomes a Maxwell model, and if we
put G, = =, the Voigt model is obtained.

It is not difficult to show that the differential equation
corresponding to the mechanical model in Fig. 8¢ is of the
form

a+Gﬂ&=G,~e+ne‘ (18)
Since this is the most general linear homogeneous equation,
relating the stress, deformation, and their firstderivatives
with respect to time, the solids which obey Eqn. (18) are
called “standard linear substances”. If it is assumed that
¢ is zero, Eqn. (18) is converted into the equation o + (/G,)& =
G€,, which has a solution of the form

S{8) =Gy - &y + (5 —Gy - &) % .

where T¢ = 11/G, is the relaxation time of the stress under
conditions of constant deformation.
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If it is assumed that ¢ is zero, then, on the basis of
similar considerations, we obtain from Eqn. (18) the solu-
tion

&) = G l6o + (6 ~ GT* gy /%0
where 7¢ = /G 18 the retardation time.

Introducing the new constants 7¢ and 74 into Eqn. (18),
we obtain

641, 6=Ce+1, ©) . (19)

We now find the relation between the stress and deforma-
tion in standard linear substances when these quantities
vary periodically with time. For this purpose, we sub-
stitute in Eqn. (19)

O =0, e‘.nds._.e e“"l.
o

As a result we have ¢ = G*¢, where the complex modulus
G* is represented by the expression

1+iwt, . 20
=l+ione G ( )

The internal friction is now found thus:

0 (Tg—T,)
o= 1+, T4 (21)
The last expression loses its significance only when 74 —
T¢ > 0, i.e. when the retardation time is greater than the
relaxation time, As will be shown below, this doeshappen
in real solids.

In order to represent the variation of the internal fric-
tion of a standard linear substance with angular frequency
as clearly as possible, we introduce the geometrical mean$
of the times 7¢ and 74: i.e. T = (7¢74)Y/2, and the geo-

metrical mean of the moduli G, and G,, i.e. G = (G,G,)V2
Then, using the equation
o _G (22)

Tg G

it is possible to transform Eqn. (21) into the following form:

P e I (23)

G 14 (T3

Eqn. (23) agrees fully with the familiar expression for
Q! obtained by Zener " by a formal generalisation of
Hooke's law, provided that we put G, = My and G, = M,,
where M, and M, are the non-relaxation and relaxation
modulif respectively.

For an isotropic substance, M is understood as one of
three quantities: the modulus of elasticity E, the modulus,
of shear G, and the modulus of bulk compressibility K. In
this case the first multiplier on the right-hand side of
Eqn. (23) defined the degree of relaxation of the modulus M.
However, as will be shown below, for simple exponential
relaxation it is more convenient to estimate the degree of
relaxation of the modulus M by the quantity

aMa—Me (24)
which is called the defect of the modulus.

§ This artificial procedure was introduced by Zener ™. As
will be seen later, T is in fact the really significant time, since in
many cases a single average retardation time is sufficient to des-
cribe the frequency (or temperature) dependence of the decay.

% The final value of the stress/deformation ratio which is
attained at the end of the relaxation process for the chosen mech-
anism with a single relaxation time,
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The internal friction defined by Eqn. (23) has a maximum
given by

, 1 G Or (25)
2

when
ot=1 (26)

i.e. when the vibration frequency w is equal to the recip-
rocal of the relaxation time 7. On either side of this
maximum the internal friction decreases asymptotically to
Zero.

Thus a standard linear substance, i.e. a substance con-
sisting of an elastic matrix in which viscous regions are
embedded, dissipates elastic energy during periodic defor-
mation to an appreciable extent only when Eqn. (26) holds.
The relaxation time 7 depends on the physical nature of the
viscous region and also on its size and shape. If different
amorphous regions are embedded in the elastic matrix
(the basic material of the solid), then each region will have
its own relaxation time 7; and the behaviour of such a solid
will be determined by the complete set of relaxation times
7i, which leads to some “spreading” of the maximum (if the
relaxation times are fairly close to one another).

Numerous experiments have shown that the relaxation
time for relaxation phenomena associated with atomic and
molecular rearrangement (in the field of internal forces)
induced by periodic external forces varies with tempera-
ture largely according to the law

S 27

where H is the heat of activation for the process, R the gas
constant, and T the absolute temperature.

Since according to Eqn. (23) the internal friction @ -!
varies with frequency and the relaxation time in terms of
the parameter wr, it is possible to keep the frequency w
constant and vary 7 by varying the temperature. Ata
certain temperature T Eqn. (26) is satisfied and an internal
friction maximum due to the occurrence of the relaxation
phenomenon discussed above will be observed in theQ ~‘w-T
curve.

Thus the rheological model examined makes it possible
to explain the peak on the @ ~1-T curve but it does not
account for the appearance of an internal friction back-
ground, i.e. the increase of the internal friction beyond
(with continuous increase of temperature) the high-tem-
perature maximum (Fig. 4). An attempt will be made to
describe the relaxation peak and the background by a model
based on a series combination of Maxwell and Voigt mate-
rials, i.e. an Alfrey—Kobeko substancet (Fig. 6d).

The differential equation relating € and o can be obtained
in this case from the following considerations. The overall
deformation of an Alfrey—Kobeko substance, under the
influence of shear stress for example, is equal to the sum
of the deformations of the Maxwell and Voigt elements, i.e.
€ =€y + €y Or € = €y + €y, where according to Eqn. 9)
the rate of change of the deformation éy is

. 13 o
™=

and according to Eqn. (15) that of € is

£y =2 G gy, (28)

1 This model is sometimes called the four-element model.
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On adding together €y and €y, differentiating the result-
ing equation once more with respect to time, and eliminat-
ing €y and €y from these two equations, we obtain with the
aid of Eqn. (33) the required differential equation in the
following form:

i4 (LJF Qe t)sr % _git %l (29)
T G, Ty Ty Ty T2
where the relaxation times are
T, =W,/G;; T, =n,/G, (30)
On substituting in Eqn. (29)
0 =0, eiande = gq €0 ,
we obtain
s=0C*eg,
where
— G0 + i©G, /Gy
e ENTES B1)
Ty G, Ty Ty Ty
According to Eqn. (13),
G,
14 o4l 4t
e + o, + G,m TiTe ) (32)
G, +G
e )

Internal friction at a constant frequency depends signifi-
cantly on the relation between 1, and G, on the one hand and
7, and G, on the other. 1If, for example, G, > G,, then the
deformation of an Alfrey-Kobeko substance will be deter-
mined mainly by the deformation of the Maxwell element
and therefore the internal friction must be calculated in
this case from a formula analogous to Eqn. (14). Indeed,
if G, = o, it follows from Eqn. (32) that Q! = 1/wT,, i.e.
Eqn. (14) obtains. If, on the other hand, G, > G, and
1, > 17, the deformation of an Alfrey—~Kobeko substance is
determined almost entirely by the deformation of the Voigt
element. In the limit, when G, = » and 7, = «, we obtain
from Eqn. (32) Q! = wr,, i.e. Eqn (17), which applies to a
Voigt substance.

For other relations between G, and G, and between 7,
and 7,, a maximum and a background can appear on the
Q4-T curve. Fig. 8a confirms this. The average re-
laxation time 7, was found from the data of Nolle et al. 17
(Fig.5). The ratio G,/G, = 0.16 was obtained from
Eqn. (32) on the assumption that the maxima on the theo-
retical and experimental Q ~!~T curves are of the same
magnitude. We now find that an Alfrey—Kobeko substance
does indeed reflect the properties of real solids more fully
than a standard linear substance. With its aid, it is pos-
sible to explain qualitatively} the temperature variation for
certain polymers. However, many polymers have not one
but several broad and narrow maxima on the @ -*-T curve
(Fig. 4).

I No model with a single relaxation time can describe satis-
factorily a real @ !-T curve whatever the relations between the
moduli G; and the viscosities 7;, since only absolutely rigid mole-
cules can have a single relaxation time. The molecules of a real
polymer are flexible. As a result of their flexibility, the relaxa-
tion processes in polymers can be described only with the aid of
an extensive set or a continuous spectrum of relaxation times.
However, when the maxima on the @~1-T curve are fairly narrow,
they can be described satisfactorily also with a single average (or
most probable) relaxation time. See also Refs.6 and 179.

The introduction of a large number of elastic and viscous
elements makes it possible to set up complex rheological
models, which are consistent with many relaxation times
and which provide the best approximation to various prop-
erties of a real polymer 2,5,177,180-183 A one-dimensional
complex rheological model characterised by n relaxation
times with a zero equilibrium stress leadston — 1 maxima
and an internal friction background curve. However, while
it is still possible to attribute some definite physical sig-
nificance to the elements of an Alfrey-Kobeko substance 77,
this cannot be done for the elements of a complex rheologi-
cal model§. Furthermore, a linear rheological model can-
not be used to find the temperature variation of the square
of the frequency, from which the temperature variation of
the modulus of shear is estimated and therefore it cannot
yield the correct temperature variation of internal friction,
since the latter depends on the frequency.

A less formal approach, which is to some extent free of
the above defects, whereby it is possible to solve from the
very beginning the three-dimensional problem of the dis-
sipation of the energy of elastic vibrations, is provided by
the thermodynamics of irreversible processes.

b. Thermodynamic theory. The principle of the
thermodynamic theory of relaxation phenomena in solids
(isothermal case) was put forward by Finkel'shtein and
Fastov!#4, Later this theory was extended to the case of
non-isothermal deformations 185189,  The following ex-
pression has been obtained for the stress tensor for a
homogeneous isotropic body 88;

t—t ¢
1 . T 2 .
Gp=K-&y.0442G ("'ik —3eu 5m)+'h/fz S ey () e ™ dr + —:L S Leg (1)
—c0 ! —c0

t—t t t—1t

i. . T T ! v
T3 ) dyle T dr —C- 8 -C, S Twye™ dr— Kea 8y ( feyevar
2 =
- (33)

Here K is the isothermal modulus of all-sided compression,
G the modulus of shear, 7, the bulk viscosity, 7, the coef-
ficient of the shear relaxation of the viscosity, 7, and 7,
are the relaxation times of the bulk and shear viscosities
C is a constant, Cy the heat capacity per unit volume of the
substance at constant volume, a the thermal conductivity,
and 74 the thermal relaxation time defined by the expres-
sion

ci

% w?

Ty

, (39

where #’ is the thermal diffusivity, C; the velocity of lon-
gitudinal sound waves, and w the angular frequency. The
variation of 7, with frequency can be accounted for by the
fact that an increase of the frequency entails an increase
in the size of the regions between which the relaxation of
the thermal flux takes place. For polymers (as for
metals), temperature relaxation need be taken into account
only in the hypersonic region [as is readily evident from
Eqn. (34)]. In the region of sonic and ultrasonic frequen-
cies wt, > 1.

For adiabatic deformation in this frequency range we
have 188

. 1
o =K™ e,0, +26 (eilz — e ‘sik)

.

et t -t

t
- T 2 1 =
+"'l;d/"= -8 S gy (t)e g + T S [Blk ) —3u ) 6.‘.5]2 © dr’, (35)
—% —00

T

§ For a physical justification of rheological models, see Zele-
nev and Molotkov 181,12,
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where

K3
K¥= K 4 Tyt ra (36)

'l, =N+ CToaK : 7, (36')

We now use Eqn. (35) for the stress tensor to calculate the
internal friction and the absorption coefficient of longi-
tudinal and transverse elastic waves.

For a pure shear, for example low-amplitude torsional
vibrations, €77 = 0, and therefore

t tr—t

=2G'8,~g-{—-ii e,-;,(t’)e h dat’
1

If the deformation is a periodic function of time, then
e = e &

and the generalised Hooke's law is written in the following
form:

.
0n=G"e; ,

where the complex modulus of shear is

G =G LM
A 1+ ioty

or

(w)? M
1+ o 7

0ty L

(37
1to

G'=G+

The real component of the complex modulus is usually
employed as the dynamic modulus, i.e.

(w1y)? 1
o 1

Go=G+ (38)

We find from the last expression (if the temperature relax-
ation at hypersonic frequencies is disregarded, as wasdone
above)

=G+n/m Go=G . (39)

Taking into account Egns. (38) and (39), we obtain the modu-
lus of shear which determines the degree of relaxation:

Geo — Gy A;

= = 40
Bo Go 1+ o2t (40)
whefe
¢+ Gup—0Gy
Ay = o
is the maximum defect of the shear modulus. Bearing in
mind Eqn. (13), we find from Eqn. (37)
Q' = _Men (41)
1+-G—°: wt?

Eqn. (41) is identical, to within the multiplier G,/G, in
its denominator, with Eqn. (23) obtained above from model
hypotheses for a standard linear body, if G, is identified
with G and G, with the modulus G,. Therefore all that has
been said above about Eqn. (23) apphes also to Eqn. (41).
Furthermore, one may say that the moduli G, and G, now
acquire a completely definite physical significance, defined
by Eqn. (39).
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Repeating the above reasoning and operations, we find
for bulk compression

Q= ._Ao_‘:d‘ﬂ_ , (42)
1+ v T}
where
L
A" = ol (43)
0

Evidently the nature of the variation of Q ~! with the para-
meter wt does not change.

We now find the absorption coefficient &. Suppose that
a transverse wave with frequency w has the wave vector
% x= k, by =0, kz = 0), i.e. it is planar and is propagated
along the x axis. It will be assumed that the wave is pro-
pagated in an infinite relaxing medium, described by the
stress tensor (35). On substituting the non-zero compo-
nents oyy and Oxz is the equation of motion

O, ooy 44
* o T o (44)
we find
k2 A
— p0My = — K*GA, + i —L "
—ioT (45)
24
—p@?A, = —K*GA, + i———z_in—'—
1—ioT

The square of the wave vector, obtained with the aid of
Eqns. (45), is

pw? 1420} + iwTy

P
G 1440} ’

(46)
In the limiting case of low frequencies (w7, < 1), i.e.

when the period of the sound wave is large compared with

the relaxation time, Eqn. (46) yields the following result:

k=0VelG +i VG (47)
i.e. decay takes place, due to the presence of shear viscos-
ity with the coefficient

w2ty

a =—2V0/G ,

; (48)

which is proportional to the square of the frequency, in
agreement with the familiar expressmn for the absorption
coefficient!: a; = wzm/zpct, provided that one puts 5, =
Gr,.

As was to be expected, the rate of propagation of the
wave

=VGle (49)

__
Re (k)

is independent of frequency. In the opposite limiting case
of high frequencies (w7, > 1), we find from Eqn. (46) for
the absorption coefficient

@ =.4i_ Vi = —1— (50)
Ty T G
where the velocity of sound C}' is
Ci = % ) (51)

Both the absorption coefficient and the velocity of sound
are to a first approximation independent of frequency at
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high frequencies. In a more accurate expression the fre-
quency dependence of both quantities is taken into account
by the multiplier 1 - 1/8w?r$, and the first expression in

Eqn. (50) should be used for aj.

We shall now consider the propagation of a longitudinal
sonic wave in an infinite relaxing medium. The only non-
zero terms, the component of the displacement vector €y
and the component of the deformation tensor exy = ikey,
yield the following expression for the corresponding com-
ponent of the stress tensor (33):

ad
ko, kon, koy,

2 &y +‘/s . €x (52)
1—ioT, 1—

where the conversion from the temperature function to the
deformation function is performed with the aid of Eqn. (1),
with x defined thus:

Oy = ikey K +‘/aiG Koy +

x Y
oty 1—inTy

X =13 @?*KTyC,. (53)
On substituting Eqn. (52) in the equation of motion (44), we
find the square of the wave number:

ad
k*=pm’[1<+‘/30—i( e T )] (54)
2 — 0Ty .

1—iot 1—iot

At low frequencies wT, and wr, are both much less than 1
and, as pointed out earlier, wt, > 1. Bearing this in
mind, we obtain the following expression for the wave

number:
. l/ Pt <1+ iw 4y + 034 y/om) ) (55)
TV Ked+G 2 456 + ko4

The rate of propagation of longitudinal waves is found from
the real part of this expression:

Cl = ‘/L‘___ ‘-’1;‘/30 . (56)

The imaginary part of Eqn. (55) yields the absorption coef-
ficient for longitudinal waves:

o Ve (, s X ) 57
2 (kP4 0y fathy oy /. 67

In the region of high but not hypersonic frequencies the con-

oy =

dition w7, > 1 holds for all relaxation times. In this case
we obtain from Eqn. (54)
® ]/p_ + L—V—Z—E—— (ﬂ:d/‘tg + 4/gny/m + x/t§)
YT , (58)
K 03% /5y + /5 (G + /)2
whence
Ci= #[Km’ + ﬂ?d/fz +4/3(G 4 M/ (59)
P
and
-1 ad, 2 | 4 . @Ky’
oy = h? /4Ny /Ty -+ —————— O
t 2(C;)" (ﬂz /T2 +3/sMy/ T, CO(C;)z ) (60)

Thus the viscosity component of the absorption coef-
ficient yields a constant term to a first approximation and
the component due to the principal thermal conductivity
yields a quadratic relation in frequency which does not
differ from the corresponding additional term in the ex-
pression for o, as in both cases the condition wty > 1
holds.

Summarising, one may say that at frequencies between
10-2 and 10° ¢/s, which we examined above (Figs. 4 and 5),
the important factor is viscous relaxation (shear or bulk),
which in the case of homogeneous isotropic solids is charac-
terised by a single relaxation time. Consequently, accord-
ing to Eqns. (41) and (42), a homogeneous isotropic body is

characterised by a peak on the @ ~!-wt curve and the
absence of background. The @ -! background can appear
only if the body is inhomogeneous, i.e. has two (or more)
relaxation times. An example of such a body is a mixture
of amorphous polymers, partially crystalline polymers,
cross-liked polymers, polymers containing impurities, etc.

A thermodynamic examination of the problem for the
case of an inhomogeneous body with two relaxation times
has been made by Shermergor and Meshkov!?®°, The results
of the theory have been examined using polycrystalline
aluminium as an example. The form of the @ ~!-T curve
is similar to that of the analogous curve which the present
author obtained for poly(methyl methacrylate) on the basis
of model hypotheses (Fig. 9a).

Under conditions of cyclic deformation, relaxation pro-
cesses occur at different rates and at different sites of an
inhomogeneous polymer and therefore its behaviour is
described by a whole spectrum (discrete or continuous) of
relaxation times. However, the spectrum of relaxation
times in a solid polymer can be due not only to different
rates of the relaxation process in different regions of the
inhomogenous body but can also be caused by the presence
of various relaxation mechanisms resulting from the flexi~
bility of the molecules 2771175,  If several independent
relaxation processes, each characterised by its own relaxa-
tion time 74, take place simultaneously in the polymer, the
internal friction of the latter, for example in the presence
of shear vibrations, is defined by the expression®?®™

n

=3

G .
i= 14 (G_‘”) [CIAY
0 /i

AP o1,

(61)

e

deformation €

internal friction O™

T, Ty Ty %

Fig.9. a) Temperature dependence of the internal
friction of poly(methyl methacrylate): I) experimen-
tal curve !® for v = 0.4 ¢/s; 1) and MI) theoretical
curves [II) G;/G, = 1; I Gy/G, =0.16; 7=
1007y; v = 0.4 c/s];

b) schematic representation of the temperature
dependence of the deformation (curves I and II) and
internal friction (curves Il and IV) of polymers: I)
and IIT) amorphous polymers; II) and IV) crystalline
polymers,
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Finally, for a continuous distribution of the relaxation
constants, which frequently obtains in inhomogeneous ma-
terials, the internal friction is defined by the expression?>"s

P (1) ot

) -+oo
Q—=S 1+(%°i) w4?
p

—o0

d(lnT) . (62)

0

where ¥(7) is an unknown distribution function difficult to
determine experimentally. It can be found from the con-
dition
+oa
Bop= § vmdany

—o0

(63)

where (A,),, is the average defect of the modulus found ex-
perimentally; this requires the inversion of the integral,
which introduces a considerable inaccuracy into the final
result.

It is evident from all that has been said above that the
phenomenological theory describes fairly completely the
frequency and temperature dependence of internal friction
in homogeneous and inhomogeneous isotropic solids. The
theory of internal friction in anisotropic materials has only
just begun to be developed. For example, an expression
has been obtained 1°! for the stress tensor in a homogeneous
anisotropic crystal and it has been shown that the stress
tensor components 0j¢ undergo relaxation to their equili-~
brium values T, but the relaxation does not involve a
simple exponential decay to the equilibrium value, as hap-
pens for an isotropic medium, but is determined by the
entire set of relaxation times 752. In the general case
(crystals of the triclinic system) the relaxation of stresses
in an isotropic medium is determined by six relaxation
times 74 corresponding to six independent components of
the stress tensor.

2. Molecular-Kinetic Description

In contrast to the phenomenological theory, in which the
processes responsible for the dissipation of energy by the
vibrating body are not considered in detail, the molecular-
kinetic theory of internal friction should account for the
principal features of the temperature and frequency depen-
dence of the internal friction of solids (and the effect of
various factors on the variation of @ - with T and v) by a
detailed analysis of the molecular processes which consti-
tute its basis. However, the extremely complex structure
of polymer molecules, the wide variety of possible types of
polymers with the same chemical composition and molecu-
lar weight, and other distinctive features, compared with
low-molecular compounds and metals, led to considerable
difficulties in the development of a molecular-kinetic theory
of internal friction.

The starting point of the molecular-kinetic description
of the relaxation phenomena consists of hypotheses about
the structure of the molecule and about the existence of
polymers in various physical states—three amorphous and
one crystalline. A clear idea about these physical states
is obtained by plotting the deformation of the polymer
(developing in a definite period at a given temperature and
with specified stress) against temperature. For an amor-
phous substance, this plot?, which has been called the
thermomechanical curve, should have the form shown
schematically by curve I in Fig. 9. The two vertical
dashed lines corresponding to temperatures T and Ty di-
vide curve I into three regions. The first (from 0°K toTyg)
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corresponds to the solid vitreous state of the substance, the
second to the rubberlike state, and the third to the viscous
state.

Since on cooling the polymers solidify (are converted
into a glass) in the temperature range arbitrarily denoted
by the temperature Ty, the latter has been called the glass
point. At temperatures much lower than Ty the polymer
molecules cannot change their shape and relative positions.
The conformation of the molecular chain is “frozen”. How-
ever, below Ty individual groups of atoms, which usually
form part of the side-chain but can be linked also to the
main chain, retain their mobility 192-195,

Near the temperature T; and above it (but below Tn) a
change in the shape of the molecules is observed but not
their mutual displacement, the latter being possible near
the flow temperature Tn and above it. The temperature
range between T¢ and T'f1, in which the polymer is a rub-
berlike material, is greater with higher molecular weights.
We may note that the same.amorphous polymer at the same
temperature is capable of exhibiting the properties of vit-
reous, rubberlike, and viscous-fluid materials, depending
on the rate of deformation. Therefore the temperatures
Tg and Tt are not physical constants but depend on the rate
of deformation or the frequency of the changes in deforma-
tion. For example, at a low rate of deformation (v = 1c¢/s)
Tg= 315°K for poly(methyl methacrylate) !"”. The maxi-
mum in the internal friction of poly(methyl methacrylate)
occurs at approximately the same temperature (Fig. 9a).
This relation (schematically shown by curve III in Fig. 9b)
is observed also for other amorphous polymers. This find-
ing led to the hypothesis 104,107,117,119 that the high-tempera-
ture maximum (o -peak) in the internal friction of amor-
phous polymers is due to a change in the segmental mobility{
of the molecule.

Similarly the first internal friction peak (or the sharp
rise of the @ -~T curve near the melting point) of crystal-
line polymers (Fig. 4 and the schematic curve IV in Fig. 95)
is attributed 104, 117,145 to the increase in the segmental mo-
bility of the polymer molecule on fusion of the individual
crystallites.

The nature of the remaining @ ~'-T peaks located below
the first along the temperature axis may be extremely
varied. For example, the second peak (the 8-peak) on the
Q~*-T curve for poly(methyl methacrylate) is thought to be
caused 152,158 by the rotation of the O=C~-OCH, side-groups
between positions of relative stability via an energy bar-
rier, which reflects the steric hindrance due to the methyl
groups attached to the same chain atoms. The study of
copolymers of variable composition 1% shows that the elimi-
nation of the steric hindrance on replacing methacrylate by
acrylate results in the disappearance of the loss mechan-
ism; the replacement of the methyl ester group by any
rigid and bulky ester group leads to the same effect, which
can be explained by the hindrance to the rotation of these
groups. On the other hand, the substitution of a more
flexible ester group displaced the effect of this mechanism
towards higher frequencies and raises the slope of the
curves. Although the steric hindrance associated with the
existence of two substituted chain atoms is probably re-
sponsible for the second peak on the curve for polymeth-
acrylates, secondary loss mechanisms are also observed
for polymers whose chains contain monosubstituted atoms

7 In some cases it can consist of the sum of the contributions
<! and Q! due to the motion of side-groups 1%,
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but these are usually shown at higher frequencies or at
lower temperatures and have smaller maxima. For ex-
ample, the second peak on the Teflon and poly(vinyl chlo-
ride) curves is attributed to an amorphous phase 3'—to con-
formational changes in the amorphous phase relative to
short polar chains!!t. The nature of such local motion is
obscure.

The second peak (f-peak) on the polyethylene curve is
associated either with the presence of an amorphous phase
or with branching of the polyethylene molecules 07,17,126,
The third polyethylene peak (y-peak) is attributed to the
rearrangement of adjacent CH, groups 5.

The motion of methyl groups gives rise to the peak on the
Q ~*-T curve for polypropylene (at about 13°K). 7 Other
cases are also known where the side-groups canbe involved in
motion at low temperatures, while the main skeleton of the
molecules shows little mobility, which gives rise to peaks
on the @ ~!-T curve 104,192,108

The cases examined above suggest that the observed
maxima on the @ -!*-T curves for solid polymers can be
divided into two groups: the group of the so called principal
maximum (@ -peak in polyethylene and other substances)
and the group of secondary maxima (8-, ¥-, etc., peaks)f.
The principal maximum is due to change in the mobility of
the side-groups or individual small atomic groups of the
main chain or the side-chains, which take part in thermal
motion as independent elements. The position of the prin-
cipal maximum is significantly influenced by the size of the
side-groups. It has been shown % that, as the volume of
the side-groups increases, the mobility of the main mole-
cular chain falls and therefore at a constant frequency the
principal maximum is displaced towards higher tempera-
tures. At a constant temperature the maximum occurs at
lower frequencies.

All these findings demonstrate that the temperature and
frequency dependence of internal friction is indeed deter-
mined by the type of molecular motion. The type of mole-
cular motion in turn depends on the composition and struc-
ture of the polymer and also on externalfactors (temperature,
pressure, radiation, the medium surrounding the polymer,
etc). Therefore, in their studies of the effect of composi-
tion, structure, and thefactors indicated above on the nature
of the temperature and frequency dependence of internalfric-
tion, various investigators 3!,104,107,111,117,119,197,198 were able
to arrive at the conclusions discussed above. However,
even for a relatively simple molecular system such as
polyethylene, it is impossible to make a unique interpreta-
tion of the results obtained. This also applies to other
polymers which have been investigated3!»1%4:11t,  This
ambiguity can be eliminated to some extent by comparing
the results of studies of mechanical and dielectric losses
with those obtained by the nuclear magnetic resonance method.

V. COMPARISON OF THE RESULTS OF STUDIES ON
MOLECULAR MOTION IN POLYMERS, OBTAINED BY
DIFFERENT METHODS

1. Mechanical and Dielectric Losses

The first study in which mechanical properties were in-
vestigated in order to compare them with dielectric pro-
perties is that of Mikhailovand Kirilina 2°® more than 25 years

t The same subdivision obtains also for rubberlike polymers %1%,

ago. They established that at a frequency of about 500 ¢/s
the temperature maxima in @ ~* and tan ¢, for ebonite
approximately coincide. A similar result was obtained by
other investigators %!  for ebonite, rubber, and poly-
isobutylene. Comparison of these results, obtained at low
deformation amplitudes, reveals a direct relation between
mechanical and electric relaxation (see also Refs. 164, 202,
203).

Fig. 10 presents the results of a study of the temperature
variation of the mechanical and dielectric losses for poly-
ethylene !3! and poly(vinyl chloride) 204, Evidently the@ ~*~T
and tan ¢, —T curves are of similar form. The form is
similar but not identical, since even at the same frequen-
cies (Fig. 10b) there is a perceptible difference in the posi-
tions of the maxima in @ ! and tan ¢, along the tempera-
ture axis 84, At a frequency of 2 X 10° ¢/s the tan ¢
maximum (not shown in Fig. 10b) is 27 deg below 2** the
maximum in Q! At a frequency of 3 X 10% ¢/s the tem-
perature difference is 11 deg and at a frequency of 10% c/s
only 8 deg. The difference for ebonite at 500 ¢/s is 3 deg.
Such a slight difference suggests that at low deformation
amplitudes (when we deal mainly with orientation relaxa-
tion), dielectric and mechanical relaxations have a com-
mon mechanism. The mechanical and dielectric losses
are probably associated with the same form of thermal
motion in the polymer?®.  This is shown by the agreement

between the activation energies and between the relaxation
times 175,200,201,204,205

1t is readily seen (Fig. 10b) that at high frequencies
(above 10% ¢/s) the maximum in dielectric losses is higher
than the maximum in mechanical losses, while at low fre-
quencies (below 10 c/s) the opposite relation holds. The
opposite variation of the heights of the maxima in @ -* and
tan ¢, with frequency is due to the fact that the maximum
in dielectric losses is determined by the polarity of the
vibrating side-groups or radicals while the maximum in
mechanical losses is due to their mass.

The polarity of the side-groups determines not only the
frequency but also the position of the maximum along the
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Fig.10. Temperature dependence of the dielectric
loss factor (curves I, IV, and VI) and internal fric-
tion (curves II, IMl, and V) of low-pressure poly-
ethylene (a) and poly(vinyl chloride) (b):
Dv~5x108¢c/s; M v=2 x108c/s; TI) and
V) v=3 x105¢c/s; V)and V) v =10% c/s.
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temperature axis. With increasing dipole moments of the
groups, the maximum in tan ¢, is displaced towardshigher
temperatures, which corresponds to a decrease of mobility
with polarity®s. An increase of the length of the racicals
bound chemically to the main chain, while leaving the dipole
moment virtually unaltered, causes a diplacement of the
tan ¢ , maximum towards lower temperatures 206,

Molecular relaxation observed by the dielectric loss
method can be divided (like the mechanical relaxation ex-
amined above) into two main types: the relaxation of polar
groups and the relaxation of the same polar groups together
with sections of the main chain, i.e. the relaxation of seg-
ments %,193,207,208 Thig has been established for polymers
with a wide variety of structures (linear and branched,
polymers containing rings in the chain, partially crystal-
lised polymers, and fully amorphous polymers 6:163,208,208)
The losses due to the first type of relaxation are called
dipole-radical losses and those due to the second type are
called dipole-elastic losses. Usually losses of the first
type are observed in a definite temperature range corres-
ponding to the vitreous state of the polymer, while losses
of the second type occur above the glass point TgI. How-
ever, the dipole-radical losses are not a feature of the
relaxation of the vitreous state of polymers but can be ob-
served in the rubberlike state, if the period of application
of the electric field is comparable with the relaxation time
for losses of this type at the chosen temperature 193,

Thus dipole-radical losses reflect the molecular relaxa-
tion process which is due to the motion of polar side-groups,
while the main chain remains stationary during a period
comparable to the vibration period of the applied electric
field. 1If the period of the applied field is sufficiently high,
then at certain temperatures it is possible to observe the
dipole-elastic losses caused by the displacement of seg-
ments together with the polar side-groups. In linear poly-

mers a segment may consist of 2—-4 methylene groups 2,20,

The characteristics of losses of the first and second
types are also determined by the factors described above.
For example, the positions of the temperature and fre-
quency maxima in tan ¢, for dipole-radical losses are
independent of the presence of low-molecular impurities 2!,
but the positions for dipole-elastic losses do depend con-
siderably on such impurities. The relaxation times of the
corresponding process decrease under these conditions.
The cross-linking of the macromolecules, which impedes
their motion and increases the relaxation time of the
dipole-elastic losses, has the opposite effect 2?23,  Ac-
cording to the few data available in the literature, the ex-
tension of polymer specimens, leading to the orientation of
the main chain, increases the relaxation time of dipole-
elastic losses but does not affect the relaxation time of
dipole-radical losses 24, Losses of both kinds are con-
siderably influenced by a change in the chemical structure
of the monomer unit of the polymer chain. Both polar and
non-polar groups, which can be attached either directly to
the main chain or to a side-radical, have an effect. For
example in a comparative study of mechanical and dielec-
tric losses it has been shown 52 (see Table, entries 13 and
17) that the replacement of the methyl group in the o -posi-
tion in poly(methyl methacrylate) by a polar group such as
CCl, which occupies approximately the same volume,
greatly inhibits the segmental motion of the macromole-
cules. The effects of polarity are enhanced when CHy

1 Sometimes “degeneracy’’ of the dipole-elastic processes is
observed at high temperatures °,
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groups are replaced by CN. Comparative study of the
temperature variation of @ ~! and tan ¢, for low-pressure
polyethylene (Fig. 9a) 56,131,193 permits the preliminary con-
clusion that the low temperature f-maximum is due to the
“unfreezing” of segmental motion and the high-temperature
o -maximum is due to the incipient fusion of poorly formed
crystals. The nature of the maxima in Fig. 10b, which
have been described in detail®*, is not sufficiently clear.
The maximum in tan ¢, is due to dipole-elastic losses, i.e.
the motion of segments. However, the number of mole-
cular units in the segment remains unknown. The situa-
tion is the same as regards the explanation of the y-maxi-
mum on the @ “-T curve for high-pressure polyethylene,
the macromolecules of which are much more branched than
for low-pressure polyethylene. The dielectric method
does not yield the required information concerning the
nature of this maximum. Some workers have simply attri-
buted this maximum to the thermal motion of the parts of
macromolecules constituting the amorphous regions of the
polymer 215217,

As mentioned above, the NMR method is very suitable
for the investigation of molecular motion. Using this
method, one of the first direct demonstrations of rotation
of groups about bonds in polymer chains has been achieved 28,
Bearing this in mind, an attempt will be made to resolve,
with the aid of the NMR method, the obscure problems
concerning the nature of the @ ! maxima, for example on
the curves for high-pressure polyethylene and poly(vinyl
chloride).

2. Mechanical Losses and Nuclear Magnetic Resonance

The application of nuclear magnetic resonance in the
study of molecular motion is based on the observation of
changes in the width of the absorption line, which becomes
narrower with increasing rate of molecular motion 2197222,
Using nuclear magnetic resonance ?®, it is possible to
determine both the nature of the mobile group in the poly-
mer and the mode and rate of its motion.

The first comparison of NMR data with results obtained
by the internal friction method was made for rubber 224 soon
after thediscovery of NMR. Some investigators ?25-22° have
examined the relation between NMR data and the internal
friction of polyisobutylene, poly(methyl methacrylate),
poly(vinyl chloride), polyethylene, and other polymers.
Much work has been done on the relation between mechani-
cal, dielectric, and nuclear resonance absorption in many
polymers (see, for example, Refs. 224, 225).

Fig. 11 presents the results of studies on the tempera-
ture variation of the internal friction 104,117,119,%30 and the
nuclear resonance absorption line width 1,32 of high-pres-
sure polyethylene and poly(vinyl chloride) 14,21 It is seen
(Fig. 11) that the absorption line width AH varies withtem-
perature similarly to the shear modulus G. In the range
350-360°K, corresponding to the glass point of poly(vinyl
chloride), a sharp change in G and AH and adistinct maximum
in @ -! are observed. The sharp change in AH takes place
near the transition temperatures which are observed refracto-
metrically 23,24 and by heat capacity measurements 2%,

The correlation between the transitions observed by the NMR
method and the conversion to the vitreous state observed
by other methods makes it possible to relate these transi-
tions to the onset of motion of main-chain segments 4.
However, the number of monomer units in a segment has
not been determined with adequate precision. We maynote
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Fig.11, Temperature dependence of the internal
friction (curves I and IV), modulus of elasticity E
(curve II), absorptionline width (curves Il and VI),
and modulus of shear G (curve V) of high-pres-
sure polyethylene (a) and poly(vinyl chioride) (b):
DandI) v ~10% ¢/s; IV)and V) v ~ 1 ¢/s.

that the agreement between the transition temperatures mea-
sured by the NMR and internal friction methods probably
cannot be regarded as proof that the same molecular mech-
anism operates in both cases. It is difficult to imagine
the existence of any close relation between molecular mo-
tions responsible for the @ ~! maximum, which occurs in
poly(vinyl chloride) at 330°K and frequencies of the order
of 1 ¢/s, and the motion responsible for the narrowing of
the NMR line, which occurs in the same temperature range
but at magnetic field frequencies of the order of 105 ¢/s §.
Nevertheless the above correspondence between the transi-
tions is observed very frequently 194,195 and therefore there
is no reason to believe that this correlation is fortuitous.

A second broad maximum is clearly seen on the @ ~!-T
curve for poly(vinyl chloride) at about 240°K. It alsoexists
on the tan ¢, curve ®7. However, in the region of this
temperature there are no significant changes in the NMR
line width. This second @ ! maximum is probably due to
slight vibration of methylene groups in the main chain %4,

Fig. 112 shows that the appearance of the low-temperature
internal friction maximum (y-peak) is not accompanied by
a sharp change in the width of the NMR resonance line.

But the second maximum (5-peak) is satisfactorily corre-
lated with the change in the width of the absorption line.
The transition at about 265°K was first observed by the
internal friction method 104,114,117,230 " pyt jts nature was
elucidated by the NMR method. It is due to the rotation of
CH, side-groups.

Comparison of the second moment of the absorption line
with internal friction data suggests that the y-peak is due
to a reorientation of CH, groups%:1%¢, Tt has also been
suggested 28 that the y-peak is due to a change in the nature
of stereoregularity as a result of cooperative {rans —cis
transitions in polymeric chains. The high-temperature

§ For a more detailed discussion, see Ref.236.

@~! maximum (a-peak) was discussed above. It isassoci-
ated with the transition from the state where the main chain
is “frozen” to one where its deformation is possible. The
corresponding narrowing of the NMR line is almost imper-
ceptible 4. The study of molecular motion in polymers at
these temperatures is best made with the aid of the internal
friction and dielectric loss methods. The internalfriction
method is also preferable in the observation of secondary
transitions in the amorphous regions, associated with the mo-
tion of individual atomic groups, for example low-tempera-
ture tranSitiOnS in pOlymerS49’55?104!106’111’135’128’169-111’202.
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