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ABTRACT.

This Thesis is a réeview of the effect of temperature
and frequency of oscillation on the vxscoelastic
properties of natural rubber when a sinusoidal oscillation,
either elecprical or mechanical, is used to stress the
rubber. |

The Thesis is divided into two sections. The first
part discusses the dynamic mechanical properties of -
various types of natursl rubber vulcanizate, with
.parmlcular{emphasis on the interdependence of temperature
and freqﬁgnéy of oscil;atinn.) The‘second part discusses
the dielectric properties of natural rubber and again
treats the interdependence of températupe and frequency
on the physical properties in detail. Moleculqr theories
regarding the mechanical and dielectric properties aré

reviewed and applied to experimental data.
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PHYSICAL PROPERTIES OF NATURAL RUBBER
CHAPTER 1

1. INTRODUCTION

. In describing the mechanical properties of materials,

there are two basic theories which ¢an be used -

a) The classical theory of elasticity: .for a material
Qhose mechanical response is brqpbrtional to strain but
independent of the rate of strain, or

b) The classical theory of hydrodynamics : for
perfectly viscous liquids in which the material property
is proportional to the rate of strain but,xndependent.of _
the strain itself.

The deviations from these two basic conditions

which can occur in resl materisls can be summarised as -

a) The strain (in a solid¢) or rate of strain
(in a liquid) may not be directly proportional to stress
but may depend upon stress in & more complicated manner

- the material possesses stress anomalies
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b) The stress may depend on both strain and rate
of strain together, as well as on higher time derivatives
‘of strein; - the material possesses tine anomalies.

¢) Both stress and tlme anomalies may occur

together.

IQ viscbeléstic.méterialé‘such'as rnﬁbef or plastics
‘time enomalies reflect a behaviour. which combines both
liquid-like and solid-likg;characteristlcs. If time
anqmal;es onl& are preqent,aa material is seid to possess

linear ﬁiscoelastiedt&b qnd-i;s-behaviour can be simulated .

F by a model consisting ~f suiiahle combinations of springs
and dashpots with the sprxngs .obeying Hookes' law and the
viscous dashpots obeying Newton s law. ° Such models are
of limited applicability in descrlbing the viscoelastie
behaviour of real materiala. such as natural rnbber, and
it appears both stress and time anomalies are pnesent in
@ rubber. |

Deformation of hard solids, such as diemond,
sodiunm chloridefand crystalline zinc involve displacement’

of atoms from equilibrium positions in localized fields
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of force. . From a knowledge of the intefatomic potentials,
the elastic constants of such materials can be calculated.
Kittel (t;§6). In an ordinary liquid under stress,
viscous flow reflecﬁs the change with time ‘of the _
distribution qf molecules surrounding a given molecule,
and heré, too, the relevant forces and processes of
readjustment are quite local in»character. and frog a
knowledge of them, the viscosity cem, in principle, be
celculated. Kirkwood, (1946). | o

| In a polymér, on the other hand, each flexible
threadlike molecule pervades an everase'voldme hucn
greater than atomic¢ dimensions and is éontinnously
changing its shape &s it waggles and wreathes with its
thermal energy. To characterise the various |
configurat;ons or contour shapes the polymer molecules
assume, it is necessery to consider gross. not only
long-range configurational relationships, but also more
local relaétonships, over the whole range down to the
orientation of bonds in the chain backbone with respect

to each other on @ scale of atomic dimensions. See Fig. 2.1.
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Alfrey (1948) has referred to these spetisal
relationships, viewed over progressively longer ranges,
ag kinks, curls and convolutions. Rearrangements on a
local seale (kinsd are relatively rapid, on a2 long
-range-(cqnvo;utiona) very slow, so there is a wide range
of time scales covering the response of such a system
nndér-stress. . Even at temperatures.well_below a
‘glass—transition temperature, where the long range
convolutional readjustments are severely restricted,
polymers still show a wide range of response rates to
external stress; Energy can be dispersed imn a polymer
by interaction of electrical as well as mechanical waves
with the segmental modes of motion of the polymer chain.
This is rezlised, if we note that the dipoles in a liquid
follow an alteinating field of suitqble-erQuenqy by
aligning themselves. For_instance,.in a pelymer such as
polyvinyl chloride, the strong C-C{ dipole can only become
aligned by the motion of the chain segment to which it is
attached. Similarly, with vulcanised natural rubber,
the sulphur dipole iniroduced into 2 crosslink or into

a cyclic chain by vulcanisation can only respond by
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‘involving a segment of the polymer chain to which it is
attached. As in the case ¢f the mechanical excitation
of segmental motions, heat can ﬂe generated by internal
friction, and a resonant frequency obtained at the match
point of,. segmental and applied. frequencies. Therefore,
a study of dielectric properties should aid a study of
mechanical properties.

Technologically, dissipation of energy either
mechanically or-dieleetrieallylin polymers is of
importance. The mechanical dlssipation of energy causes
the ‘'power loss' in rubber tyres when they‘heat up under
the cyclic deformation imposed by the tyre folling on the
.road surface. This heating also causes oxidation,
degradation and premature agelng of the rubber.
zﬁﬂelectric power loss is a serious drawback in
finsulators for cables carnying alternating currents,

Antivibration and shock mountings or rubber )
have critical requirements with regard to elasticity,
damping and vibration transmissibility. It is apparent
therefore that a study of mechanical and electrical

response of polymers has a direct bearing on the practical
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applications of elastomeric materisls.

A convenient way of studying these time dependent
properties is to impose both electrical and meéhanical
sinusoidal oscillations on the materials, and then to
measure and characterise the subsequent response.

This thesis confines itself to a review of the present
state of knowledge of the effect of temperature and
freguency when a ginusoidal oscilletion, either electrical
or mechanical, is used to .stress or strain & polymer.

Most of the deta discussed refer to natural pubber,
although some data referring to other rubbers is
mentioned in the text, either for purposes of comparison,
or when relevant information on natural rubber is too
sparse to illustrate the point being discussed.

The thesis is also restricted to areas in which
the author has himself contributed, either in published

studies or in recent unpublished work.
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DYNAMIC MECHANICAL PROPERTIES,K (Temperature and frequency
dependence)

2.1 INTRODUCTION

This chapter réviews the effect of temperature and
frequency on dynsmic mechanical pmbemiea. stressing |
in particular the interrelationship between these two
variables. The influence of compounil‘ing'_in modifying
the dynamic properties will be summarised, and the
experimentelly derived data will beé compared with current

molecular theories.
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LIST OF SYMBOLS USED
LIST OF SYMBOLS USED IN CHAPTER 2

DEFINITION

Young's (tensile) moduius, Aqaa_naln

complex dynamic tensile modulus, me:a em

2

tensile loss modulus, nw:a on™2
shear modulus, dyne cm”~ | L
coaplex dynamic shear modulus, dyne cm™

shear storage modulus, dyne cn ™2

shear loss modulus, dyne cm™>

dissipation factor or 108s tengent & tané or 3/ /J

equilibrium or pseudo-equilibrium shear modulus
dyne cn™2 | |

modulus centribution of model element

time dependent shear modulus, dyne cm >

relaxation spectrum.(shear)

shear compliance , nsm\n«:@ : )
complex dynemic shear compliance, cm‘/dyne
shear storage noaanhuaao..naﬁ\nezm

shear loss compliance, nsw\nesm

time dependent shear compliance, oan\gean

equilibrium ewmcnouoacnm»vtha..oq steady-state
‘shear complience, cm“/dyne

compliance contribution of model element

retardation spectrum (shear)

mwolecular weight per monomer unit ,

average molecular weight between entanglement

JTT nts o
ncmmmm ybummw“»mn weight of a network strand

G:f\%m 'Qodevn'ossraa,m?-?q:_f o

b

. SYMBOL:.,;; DEFINITION

N, Avogadro's nuiber,
T absolute temperature -
ec reference temperature for reduced variables
Ty 8tandard reference temperature for WLF equation
in form of equation 2.19, chapter 2
ﬁm ‘glass transition temperature
| 2 dverage degree of polyserisation between

entanglcment coupling points

root-mean-square end-to-end distance per square root
of number of monomer units

‘ratio of relaxation times at two different
temperatures

shear strain )

force, or fractional free volume

fractional free volume at the glass transition

. temperature . . . _

translational fraction coefricient of a sub-molecule

Boltzmann's constant

slope of logarithmic plot
number of. molecules pep cc

summation index

number of monomer units in a sub-molecule
. tdime (seconds)

Gamioa function |

phasgse cycle detween stress and strain, or Dirac

delta . _

dielectric constant

real woseesman of complex dielectric constant

dmaginary component of complex awnwmneSho constant
translational friction coefficicat per monomer unit
‘translational friction coefficient for manwn foreign

molecule
shear viscosity

©

-3 -

aw uesumwm_awsﬁs»n m}»mﬁ_<pmnombpw

I5? real part of, complex viscosity

g’ dmaginary part of complex viscosity

n, -viscosity contribution of model mnasnzn

- SYMBOL

- volume fraction

DEFINITION
density

qunlsmczlmnlwam end-to-end distance of a sub molecule
shear stress |

nmhmuweyez or retardation time; argument of H or L
qauannw»ou or retardation time of element of
mechanical del ’
A foacesren Yor  wkln - ™ ol Do c ste “
am?w eilter)y 7 %
frequency 4in rad/sec.

-
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where J’ is ihe réal-compongnt.and J'! the imaginary
.component. of the complex compliance, and can be
represented vectorially as in Fig. 2.2b

The behaviour of polymers is best summarised by

reference to Fig. 2.5, in which it can be seen that:-

a) the gpergy absorption rises to & peak as the
applied freguency matches the average segmental
relaxation rate of the polymer chains. ' Such a pesak
is obtainable, either as the teaperature is varied at
fixed frequency (ségmental frequency variable. applied
frequency fixed), or as the frequency is varied at
constent temperature (app;ied ffequency variable,

seguental frequency fixed).

b) the dynamic elastic modulus rises from a low

value in the soft or rubbery state to é high value in
the hard or glassy state along a characteristic S
shaped curve either as the frequeney is raised or as
the temperature is lowered. - The modulue reaches its
maxinum rate of change with temperature or with

freguency at the match-point of segmental and applied
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frequencies, i.e. the point of ‘inflexion of the S-shape
-~gcoincides with the position of the energy absorption peak.
‘The following sectiofis of this chapter discuss

these phenomena in greater detail.

2.3 ELEMENTARY MODELS USED TO DESCRIBE MECHANICAL BEHAVIOUR
OF VISCOELASTIC MATERIALS.

2.3.1 'Mgge;_.l Unit S
ot The~§1mp1gst model used to describe the time or
frequency E%pendgncg'of_vjscoelastic materials is a
Maxwel;'unit_- éonslsting of a =pring and dashpot in
sefies. aﬁd,cqn be used to illustrate some aspects of
the dynamic behavicur of rubber. Fig. 2.6a. “
The equation of motion of a Maxwell unit is:-

L e,

I i
46,

where the reluxation time of the element is defined as
G = /6

and e is shear strain, 0> shear stress, L sheap

viscosl&y,-ﬁi shear modulus of the element. This
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. equation can be solved to give :-

w t i -
¢ o &S - C (2.5)
G o ——t—d o (2.6a)

tan = 1 /m-z_:i (2.6Db)

where ® is the frequency in radians per sec, _

The dynamic modulus G’ and demping G’’ of a Mexwell
unit as a mneﬁj:on 'of frequency are shown in Fig. 5.7.
In this example, the moduln.s G of the spring and the
viscosity n of the dashpot are both 1 0‘0 units, so the
relaxation ¢ is one second. At low freguencies, _
where most of the deformation comes from the dashpot,
the dynamic modulus G’ is very low. At very high
frequencies there is not encugh time for sny appreciable
flow L0 occur in the dashpot during the time of a

cycle of oscillation, and therefore the motion at high
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frequencies is due to the stretching of the spring, so‘
that the dynamic modulus is equal to the modulus of the
spring. At intermediate frequencies where the time for
an oscillation is roughly equal to the relaxation time,
motion of both the spring and the dashpot take place
under’ehe action of an applied force. in this frequency
range, the dynemic modulus increases rapidly with
frequency. - -

The loss modulus G’ epproaches zero at both
high and low fregquencies. Energy dissipation comes
from motion of the dashpot. At high frequencies a
cycle of oscillation takes so 1ittle time that no _
motion can occur in the deshpot. At low fredquencies,
there is 8 lot of motion of the dashpot, but the motion
is 80 slow that the rate of shear in the dashpot is small.
Viscous damping leads to the dissipation of large
amounts of energy only when the amounts of motion
(total shear) and the rate of shear (frequency) are
both large. At intermediate frequenéies both the
rate of shear and the motion of the dashpot are large,

so the dissipation of energy is large. The loss
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modulus goes through a maximum when o = ‘/%-_ ]
The absolute.value of the modulus /G / is defined

/G/ = \f(c' S (40 L ' 247

and.ié aiso plotied 16 Fig..z 7. At low frequencles
the absolute value of the modulus 1s equal to G’ while
at high rrequencies it equals G’'. The dissipation
G”/G' of e Maxwell element is equal to t/w<T , so that
G¢" /¢’ increases contimuously as the frequency decreases.
Nﬁtnral and otﬁer rubberé shew Maiwell-type behaviour
only near their glass or high frequency transxtlon,

and it is necelsany t0 use more conplex models and to
postulate_a broad distribution of relaxation and
retardation times in order to describe the mechanical

response of rubber.

Voig o vin) Eleme
A single spring-dashpot point in parallel is called
a Votgﬁ% element, Fig 2.6b and it can be shown that

o34

G’ =« Gl
” oy " » L

G \? “1”21 = om, 2.8

tan é; =-m7?i

etc.
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For a spring corresponding to a shear modulus
G1 = ‘/Ji’ and the dashpot to a viscosity ﬂ1¢7T} is the
retardation time = "1/°1-

Graphs of these functions have been given in many.
places, Alfrey (1941), Ferry (1961), Leaderman (1944),
and will not be given here, because, as with a Maxwell
element, they are too simple to correspond to tﬁé-real

viscoelastic behaviour in rubber.

2.4 A GENERAL DESCRIPTION OF THE DYNAMIC RESPONSE GF NATURAL

2.4.1

RUBBER.

It is useful at this stage to consider in detail some
results obtained by the author on é lightly wvulcanised
natural rubber and at the same time to define more
precisely some of the terms used to describe its behaviour.
Storage mod 8

The shear stbrage modulus G’ is defined as the stress
in phase with the strain in a sinusoidal deformation |
divided by the strein. log G’ is plotted against log w
in Fig. 2.8a for a lightly vulcanised natural rubber. .

2.4.2 The lLoss Modu;us

The lo0ss modulus G” is defined as the stress 90°
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out of phase with the strain divided by the strain.
It is plotted as a function-of'frequencx-lnvflg 2.8b.
In frequency regions where G’ changed slowly (eee Fig 2.8a),
the behaviour is more nearly perfectly elastic, hence .
comperatively little energy is dissipated in periodic-
deformations. L

At high frequencies, a generalised Maxwelllmodel for
instance would be expected to apéroach perfect-elastlc
behaviour as the motion of the deshpot became negligible
compared with that of the springs, and G’’ should also
approach zero. For lightly vulcanised natural rubber
this is not the case as a slight maximum in G appears
but does not drop down to zero at higher fregquencies.
There must therefore be some molecular or atomic adjustments
capable of dissipating energy even at the highest

. freguencies.

At very low fregquencies, a system corresponding to
a finite mechanical model should exhibit direct
proportienality of G’ to o (e slope of 1), for lightly
vulcanised NR this is certainly not the case.

2.4.3 The Uypamic Viscosity
: The dissipative effect of an alternating stress caen be



}
o\
Y

1
0
. v

log \TI(H) ra cm‘/dyne.
L
- —

-5 Q s 10
hjf-o
v
¥
2
s
£ er
8
-8}
3
LY
o -0}
o
-y K
—’2:—
1 4 i _.j
-S Q s T ]
,09 w
1t
w
j -l,.
A
-2
) | 1 r 3
-5 o +5 1o

Fic 2 8o

_{‘/—m e__Com, &nqc‘, /b/cﬂ’cc( toganrl X Ml-m?.

l:}"ﬁ vabeonised R ol 257C

Fie 2-8¢

Loss Cam/éZalam /Mc( %f&flfmicog.

4',}4,5 velearisec/ R o~ 25°C.

Fio .78/

Loss la, ?"‘t /Mol uilﬁu'u;?.

Ay(/j vealianisecl R ol Z2s5°c.



2.4.4

22,

described by the stress in-=phase with rate of strain divided
by the strain. This lias the dimensions of a viscosity,

and is the real part 7’ of complex viscosity n* where
n' = 6" fow S 2.9

-With fincreasing frequency, 1n’, falls monotonically
for a 1ightly vulcanised natural rubber as shown in
Fig 2.8¢, reaching values many orders of magnitude smaller

than 7, the ordinary steady flow viscosity of the polymer.
he St hi'e’cé ' o

The storage complience J' is defined as the strain
in a s;)gusoidal deformation inphase with the stress divided
by the stress. It is plotted on logarithmic scales in
Fig. 2.8d for a lightly vulcanised naturail rnbber. It can
be seen that at low frequencies J’ reaches a stéhq,value

) lu-h.ﬂra-:"t 3"

and approaches J» the equilibrium compliance at low

frequencies.'
2. 4.5 Ihe Loss Compliance

The loss compliance JY is derined as the strain 90°
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out of phase with the stress divided by the stress. It
‘48 plotted on logarithmic scales -in Fig. 2.Be. . This
function is characteiised by & broad maximum, for. both
vulcaniscd and unvalcenised polymers of high molecular

weight, at o point corresponding to the low-frequency

.end of the transition zone. It is presumably characteristic

of a network structure, whether the network is formed of
permancntly bonded moleculsr chains or chains coupled by
entanglements, Simple finite mechanical models predict
that J° becomes inversely proportionel to « (in fact
‘/ﬁﬁ)' and, of course, this is not so for the lighﬁly
~ crosslinked matural rubber.
2.4.6:ﬁgg kgés Tangent
A useful parameter which is a measure of the

ratio of energy lost to energy stored in c¢yclic

deformation is :~-
tan® = G” /G’ = 3' /3' (=dissipation factor) 2.10

The logarithmic plot in Fig. 2.8f for lightly
vulcanised rubder reveals that in the transition zone
between glosslike and rubberlike states, the lo0ss tangeni

: goes through a pronounced maxima.
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1t is of interest to note that the maxima in 3"
occurs.to the left of that in tan 8 , and the maxima in
G" occur to the right of that in tan& on the frequency
scale; the diffcerences amount to several decudes, As
each of these .t.hree. functions is & measure of elastic
losses or heat dissipation,. it is clear that the
fraquency region in which the "loss® occurs depends
upon the choice of function by which the loss is

specified.

2.4.7 piscrete Viscoelestic Spectra

Any number of Mgxwell elements in series have the

properties of a single ilaxwell element with J= E% and

.1
./'q

parallel have the properties of z single Voigt element
with 6 :-.-.2-61 and 1 = 2“1' ;
Maxwell elements in paraliel or Voigt elements in

= 2 ‘/ﬁi. Any number of Voigt elements in

series as in Figs 2.9 and 2.10 odbviously have much more .
compliceted properties, and are wore 9s‘em1 representations
of viscoelastic behaviour than a single Maxwell or Voigt
element. For instance, if the number of elements in the

Maxwell model of Fig 2.10 is increased without limit, the
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result is a gontipuous spectrum of relaxation times in
which each infinitesimal contridbution to the shear

- modulus is associated with relzxation times lying in the
rapge between ¢ and T + dT. As is evident
from the dynamic data plote, it is more useful to

. consider ontinuous relax on _spec as defined

by Bda(laT ), the contribution to rigidity associated with
relaxation times whose logarithms lie in the range
between InT and InT + dInT , and it carn be shown

that :- :
. .
G(t) = Gb :///7 fie ‘/?T d{inT) 2.11

-

This equation may be teken to be e mathematical
déscript.ion of H without recourse to use of any models.
Here G, is added to allow for a finite value when the
relgxation time is ve'ty»'lops:. (T =» w). (Ge is usually
assumed to be zero" for unci*eéslinked polymers, but this
1snore§ the effects of entanglements which act as
crosslinks, so G, always has a finite value).

Fig. 2.1t is a pio-f. of log H, the relaxstion
spectrum for lightly crosslinked natural rubber. 'i”he
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maximue in log P! represents g concentraticn of relsnation
processes in a certudn region of the logarithmic time
scale. B atiains quite 8 low velue at long times but
gives no indication of approaching any Zero, showing

that some degree of relexetior contimues zpparently
incefinitely. Alsc H is finite at very short times
indicating that scune relaxaticn process cccurs even at

the shortest tines.

2.4.8- The. Retupdation Specyrum.
In an entirely analogous-mannér, if the Voigt
model in ¥ig 2.6b is made infinite in extent as in
Fig 2.9, there results a continuous spectrum of

retardation times, L, so 3~

@
J(t) = S+ L{l-e ““4?) dln? ¢« tA 2.12

Ja) is instantaneocus or glasslike shear compliance
(shear compliance measured at very low temperatures or very
high frequencies) Fig 2.12 plots the retardation spectrum

of lightly wulcanised natural rubber and it is aspparent that
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some elestic compliance mechanisms persist beyond the
longest tismes for which deis is available. In this
long time zcne L is also reletively flat. The platesu
zone in the spectrum H corresponds roughly to the

maximumw in the spectrum L.

EFFECTS OF'TEMPERATURE'AND-F§EQUENGY AND THEIR
 INTERRELATION.

The fundemental nature of rubber causes its
deformation to be dependent on temperature us well ss on
the rate at which strain or stress is-npplied. When
the_températufe is reduced, the thermal motions of'the

moleéules become slower, and since rubber-like

'deformatlon depedds on these motions, the response to

stress changes become more sluggish gnd the rubber
appears stiffer, and the effective modulus increases.
At a sufficiently low témpepétune, substantislly no
molecular motions can occur, behaviour then resembles
that of a glass in which deformation is due to the
straining of inter-atomic bonds; the deformation of
inter-atomic bondé lavoives.high forces and hence is

associated with a very high modulus. If we analyse the
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effective or complex moqulus ¢" into its in-phase and
cut-of-phase components, we find the former (6')
behaves much 1ike G*, giving the characteristic
tenmperature veriation shown diagramma&icall; by curve
1 in Fig. 2.13. The out-of-phase modulus G/ rises
sooner (with lowered temperature) but falls again at
very low temperatures (curve 2). The ratio G’ /G’
(or tan & ), therefore, passes through a maximum
corresponding roughly to the middle of the rising part
of the G’ curve (see curve 3). Since G’ and G’ vary
over a range of 4 to 5 decades, they are generally
plotted on logarithmic scales.

?Agﬁre 2.13 refers tc tests at one fixed frequency.
1f this frequency is increased the curves move to the
right (highernﬁ%ﬁperature), and if it is decreased, they
move to the left. Thus for e series of frequencies we
have for the in-phase modulus, G, a family of curves
similar to curve t but spaced out along the temperature
gxis as in the left-hand half of Fig. 2.14. If now
we select one tempersture, T, the corresponding values

of modulus plotted against frequency (or more
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conveniently its logarithm) will fora a euéve droadly
similar in shape ©o Lhe'temperature-modulus curve
provided increase in frequency is plotiea froi& righi Lo
left (right-hcad half of Fige 2.14). |

A precisely anclogous result fTollows, xr'we use the
curve for ihe out-of-phase component G’ (carve 2 of
Fig. 2.13.}; and il we take ' /G’ a peaked curve for
G" /&' against log frequency wili be obtained, similar to

curve 5 in Fls. 2.% 3.

Method of Reduced Variables.

Ferry and Fitzgerald (1953) have developed a method
of transforming the temperature and frequency sceles, so
that ihe observed values of & given property such as
elastic modulus or dielectric constant cen be brought on
to a single curve covering a very wide range of

temperature and frequency. This transformation of the

data involves two steges.

Stage 1: Density and Kinetic Theory Changes

| This stage ariszes because (i) rubder alters in
density with change of témpérat;}e. (ii) the true
elastic modulus is proportioncl to the absolute



temperature, as required by the kinetic theory of rubber
- elasticity. It is therefore necessary, from the observed
" modulus values. at temperature T, to calculate 'reduced"
values corresponding to a reference temperature To as
follows:

In-Phase Component. From the mathematical point
of vlgw-it is convenient to consider the compliance
{inverse of modulue), since this is the sum of the true
rubbdber-like ('storage') complience and a8 very small
compliance Jm corresponding to the limiting
deformation in the glassy stateg then the reduced

compliance J; is given by:-

J;;, = (J"-Jm)- (‘l'ﬂ/'l‘opo) * J(D 2.13

where € and € o’ density at T and ‘To_ respectively
(note that these temperatures are all expressed on the
absolute scale).

- Since at the usuel operating temperatures the o
term is very small compared with the value of J’, Lt can
for practical purposes be ignored, thus enabling the
relationship to be expressed directly in terms of
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~a

N
‘modulus:
6, = G T,€/Te o - 244

=

Out-of -Phase Component :— -

. ; : '
Gr" = c’! Toeﬂ( _ 'A"."S
Complex_modulus:—
o s 7z /2% | |
Since /G‘/ -’WAG:' " ¢+ 6. ), we can (agsin neglecting
Jo ) express the reduced complex modulus as |
c: = d’ To /T 2.16

g
{

§
Stage 2: Transformation Along Frequency Scale.

- 1f now the values of the reduced in-phase modulus

Gr' (from equation 2,.,}.20‘)“%fia‘"l'plot.téd against frequency
for a series of temperatures, a family of curves
similar to that in the right-hand half of Fig. 2.14 is
obtained. 1f these curves are moved parallel to the
frequency axis, it is found that they will all coincide

end form a single curve of medulus against frequency.
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In practice, of course, it may well happen"that only
short portions of each curve apre available, because
there may be only a limited renge of test frequencies,
but these short portions will be found to merge together
into a smooth curve as shown in Fig. 2,15.

- The practical importance of this result lijes in
the fact that, if the available frequency range is
limited, as is often the case with the simpler types.
of test equipment used for technological purposes
‘provided tests can be made at various temperatures, it
is possible to predict the effect of a much wider
range of frequencies than thset available experimentallﬁ;

This is in itself an important simplification
in obtajining data on the frequency dependence of the
mechanical aad dtelectrxc behaviour of rubbers. However,
there is a rurther step that makes it unnecessary in
many cases even to obtain the full composite curves from
observations at a range of temperatures as in Fig. 2.14.
This comes about in the following way;

If in Fig. 2.15. we select one curve, say number 4,

as a reference curve and denote its temperature by To
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it is~c1ear.“that for each of ‘the other curves there is
a known difference of temperature from the reference
curve and a corresponding frequency change needed to make
the curve fit into place on the composite curve. We
now write:

Temperature difference = AT = T - Ty 2,17
frequency shift (on log scale) =Alog n = log n,

- log n 2.18

such that the property measured has the same value at
frequency n, and temperature "l'o asat n end T
(note particulerly that in equation 2.17 the reference
value T, has a negative sign whereas in 2.18,108 n
is positive). | ' '_ _. o
When AT and Alog N for curves 1+2,3,5,6,7
are pl'oﬁted against eac-:_h' ot.her' they give a curvé of the
shape shown in Fig. 2.16. curve {. When such curves
'a:;e obtained for a variety of rubbers (or for that matter
many other deformable materials such as amorphous I
plastics) it is found that all these curves are of the
same shape but d.ispiaced at various distancés along the

axes, and so éém all be made to coincide with a single



master curve by suitable shifting along the axes; -
The master curve has been expressed by the -

following equation:-
1og agy = " ~8.86 (T-T.) / (101.6 * T—'r s) T 2.19

where T is a characterlstic temperature of the material
under examinat;on and agp 48 the ratio between the
frequencies at T, and T respectively at whlch the property
measured has ihe»same value (aT was originally define&
as the ratio of relaxation time at T and T,
. respectively, but since frequency is the inverse of
relaxation time, this is identical with the definition
. jJust given). This equation is now well known as the
WLF equation (The Wiliiems, Landel and Ferry equation) .
and will be referred to assuch in the rest of this Thesis.
Tg is about 46% (2 390) above the so-called 'glass
traﬁéltion temperature' where the rubber assumes a glassy
' state. It is possible in view of this7re1atioqship to
use Tg instead of T, 80 that equation 2.19. becomes:-

log oy = =16.2(T-T)/(55.6 + T-T) . 2.20 .

This latter eguation possesses the advantsge of avoiding
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the use of the rather arbitrary T, temperature®
To meke the experimental curve t in Fig. 2.15.
‘coincide with the master curve 2 we have to move the
former along -the AT axis by an amount . X ond along .the
A log n axis by an amount y.
" Hence AT = (T - Ts) - X 2.21
' 'L&ldg D =108 8g =¥ 2.32

X énd ¥» of course, héve.no absolute slgnificancé, since
they depend on the partlculér curve in Fig. 2.14.

chosen as the reference-cur&e. If this reference cufve
happencd to be that for the chafacteriétic-temperature
is' X and y would both be zero. Now wheh"T equals

Tb.lkr' is zero and hence 2,20 gives

This enables the characteristic temperature to be

determined, since Tb is known and x is found experxmentally.:

An alternative calculation of ?s is derived from

!°A short description of glass transition temperature is

given in Appendix 5.2.



36.

equation 2,22 which.sivqss . _ :iﬁra
y = "8.86 (TO-TB)/(‘OI‘.G <+ .To - Ts) e 2.24

. The two values of'"T ~ should, of course, agree
(since theoretically y = -8B. 86x/(|0| 6 +.x)) and the
closeness of agreemeqt will be & check on the accuracy
of the experimental data and the curve fitting. .

The prxnciple of supcgpgiftxon of property/frequency
curves lllustrated 1n Fig. 2.15;Lhas been found to apply
over ranges as great as 20 decades of frequency or

ime and over & temperature range of about T 50 c.

{(Further information on this principle will be ’
found in: Andrews,(1952} Davey and Payne (1965), Ferry,
Fitzgerald, Grandine, and Williams,(1952; Ferry, Grandine
and Fitzgerald,(1953f - Fletcher and Gent; (1957; Hutton
and Nolle, (19545 Leaderman, (1943} Marvin, (1952; Payne
(1957, 1958, 1959g5 Payne and Scott (1960), Philippoff,
(1953, 1954% Schmieder and Wolf, (3 953 Tobolsky end
Andrews (1945); Tobolsky (1956), Williams, Landel end
Ferry (1955). :

An additional note on the time or frequency-
-temﬁerature buperpbsition principle appears in the
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2.5.2

3.

Appendix 5.t to this Thesis.
The implication of the equation 2.20 relating the

' tempefature freguency equivslence to the glass transition

of the polymer is given as 2 note at the end of this
Thesis, Appendix 5.2, where it is shoWn'that the constants
in equation 2.20 can be related to the change in the free

volume in the polymer below and above the glass transition

temperature.

Experimental Results

To illustrate the general principles discussed
above, some data obtained with the RAPRA einusoidal
strein machine (Payne and Scott, 1960) will now be
given and discussed. |
ug;g;ggggseé Négugg; Rubber .

vfzgs. 2.17a and-?.t?b‘show respectively the
values of ér‘ and Gr", that is, the in-phase and
out-of-phase eompongnté of shear modulus reduced to
® reférence temgerature-(?ol of ?5°c‘uy equation 2.14
and 2.15. The value found for the limiting or glassy
state coapliance, was 8 x 10~ cm?/dyne, corresponding

to a modulug of 1.25 x 10'? dynes/en® or 1.8 x 10° 1b/in®
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Fig. 2.18 gives the composite curves obtained by
transposing slong the log frequency axis. It is clear
from the close fit of the points on the curve that the
superposition of the constituent curves can be made
with little ambiguity.

When the log frequency shifts required for tnis
superpeosition were plotted against. the corresponding
temperature differences, the resulting curve cﬁuld be
closely superimposed on the master curve given by
equationvz;f,zs hﬁ using an appropriste value of T,
namely. 248°% (-2590). fig. 2.19 shows the theoretical
master curve with the-experiheneal values from the '
modulus curves in Figs. .17a and 2.17b, and other data..

An importsnt finding from these experiments was
that £he'frequency shifﬁs required were the same for both
the in-phase and out-of-phase modulus components, so that
the same value of Té' applies tc both; this would indeed
be expected theoretically since the frequency shifts
correspoﬁd to the temperature dependence 6f the molecular
reléxation times.

Figs 2.20 and 2.2% show the composite G.' and

Gr“' curves for the following:
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A. Unvulcanised natural rubber. ‘
B. Lightly vulcanised. rubber without filler.
"C. ' Rubber containing 50 parts per 100 of
carbon black (HATF).
D. Ebonite, that is, very fully vulcanised

rubber.

Cnryes A, B, C are for a temperature of 298QK and curve D
for 333%. It will bhe noticed that theée curves cover
16 decades of frequency, @ much wider range than the
aetug; Experinental results (5 decades), thus showing the
value of the temperature/frequency inter-relation
principle in deducing data far outside the ran@e of
conditions optainabie by direet experiment.

The relevant data for these four rubbers are

shown in Table 2.1
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TABLE 2.1

PARAMETERS OF GENERALISED MODULUS/FREQUENCY CURVES FOR
NATURAL RUBBER,

6¢'( = & -ap|.)rox.).’

Lo o 2
T | J'w 1b/in
Rubber ' : o Elastic Glassy
[¢] - O : region region
K c cmzfd,yne
» Unvulcanised ' 248 -25 8 x 107! ¢.90 1.8 x 107
. Lightly vulcanised .25t  -22 8 x10°'' g0 1.8 x 107
,» Vulcanised, com~ |
pounded with carbon 11 5
black 253 20 2.9 x 10 1600 5.5 x 10

. Ebonite 560 487 - 8x10"'' 450 1.8 x10°

The Or‘ curves in Fig 2.20 all show the three well defined regions
strated by Fig. 2.18.

A high plateau at the high rrequency end (gléssy region).

A steeply rising central portion (transition region)

A lower platesu in the low frequency renge (rubbery

or elastic region).

The Gr'” ‘curves of Fig. 2.21 likewise show a
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centrel steeply rising region but with a final decrease
at the highest frequéncies.

At the right-hang of high frequehcy cnd of the
curves in Figures 2,20 and 2,21 all the materials exhibit
‘behaviour characteristic. of theislassy.atate because the
frequghcy of stress variation is s0 great thst no rubber-'
~-like deforwmation hus time to occur. In this region,

~ therefore, derormaeienzls.sdvetnéd by the binding forces
..’ between neighbouring atoms, and the modulus for all the
-feur-typés of rﬁbber~is seen to be in the neighbourhood
of ! 4 x 10 Qynea/cm and practically independent of
frequency-or temperature. In this region the loss factor

(] "/b ') is relatively small (about O.l) and decreases
m .with 1ncreasing frequency. _ g

;n the central region, moving towards the left,

the matériBI ls.passing out of the glassy state as the
slower stress variations allow the molecular chain
segments of the rubber increassing freedom co move, and
finally permi§ complete mobility. The rubbéi-ehus passes
through a semi-rigid or lesthery condition in which the

modulus has intermediate values and the loss factor passes




through a maximum as shown in Fig. 2.2t. '

Finally, in the low frequency plateau on the left,
the materisl is essentially rubber-like, showing a low
modulus and emall loss factor, indicating rapid and free
response to stress variations. It must be noted that
the ébonite curve D relates to a temperture of 60°C, at
which the material is no longer rigid but shows more
rubber-like behaviour. _

The final decrease towards the left shown by
the unvulcanised fubber curve A represents a fourth region
characteristic of materials in which the absence of
cross-links permits flow to occur ('flow region' of
Fig. 2.18).

In the asbove description we have considered the
effect of decreaains frequency, that is, moving from
right to left in the Figure ; it will be understood
that the same seguence of changes wnulq be produced by

keeping the frequency the ssme and reising the temperature.
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2.6 -  DEPENDENCE OF TEMPERATURE/FREGUERCY BEHAVIOUR ON THE
NATURE OF THE RUBBER, THE FILLERS, THE PLASTICISERS
AND ON THE VULCANiSATION SYSTEM.

The above results serve. essentially to fllustrate
ﬁow the fréquency-temperature-superposition relationship
hgs-been.applied in the case of natural rubber to obtain
master curves for the in-phase and out-of-phase modulus
corponents over g very wide frequency range. e must now
consider how these master curves can be used to illustrate
how the mechanical behaviour depends on the nature of the
basic polymer, on the effects of vulcanisation and

of added materials such as fillers and plasticisers.

2.6.1 Nature of Polyme

The wost important effect of varying the nature of
the polyher is to move the wmodulus/frequency (or
modulus/temperature) master curves parallel to the freguency
(or tempersture) axis. The curves move towards lower
frequency or higher temperature; as the polymers become
more polar (a polar substance is one.whose molecules |
contain atom groups that are electrically unsymmetrical,

having positive and negetive poles); thus among the common



 types .of rubber the polarity increases in the orders:
Natural rubber and butyl rubber, butediene-styrene
rubber (GR-S or SBR), neoprene, nitrile rubber, while

polyvinyl chloride is much more polar than sny of these.

2.6.2

Thelinfluehﬁe.ot vulcenisution and cﬁmpdundiﬁg
can be manifested in two:wajsi(ij a bodily movement of
the master curve of modulus or tan & against temperature
or frequency along the temperature or frequency axis, (ii)
chenges in the shape of thé.curve. representing increases
or decreases in the modulus or tan & in the various
regions of the curve. _ .

Considering first the movement of the curve along
the temperature or frequency axis, the directions of

this movement are as follows:

Vulcanisatxon: Towards lower frequency or higher
temperature. '
Plasticisers: Towards higher frequency or lower
' temperature.
Fillers: Substanttally»no effect.
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The temperature shifts can alsc be considered as
;hanges.in the characteristic temperature Ts; thus
vulcanisation increases while plasticiser decreases the
value of -T . _

' _ Comparison of the curves ln Fig 2.20 for rubber,
unvulcanlsed (A), vulcanised to the soft stage (B), and
vulcanised to ebonlte (D) tllustretes the effect of
varying degrees of vulcanisation. Fuller data, in the
form of prpperqx/temperaaure curves, are given in Fig.
2.22; from these and other data it may be estimated that
for each 1% of combined sulphur (calculated on the rubber -
content) the curve is moved, that is, Ts is raised

about 2.5qc for natural rubber or 5.2°c for a styrene
butadiene rubber (Payne 1958b). This effect of
vulcanisation is really Qhe sume as that of increasing
polarity described above, since the sulphur atoms
introduced by vulcanisation fenner the material more polar.

It is not possible to give any fixed quantitative
value for the effect of a.plasticisér since thxs will
depend on the nature of the plasticiser used. The T

g
values for plasticised natural and butadiene styrene



‘rubbers show -?g to be lowered ny-some'iso to 20° by .
20 and 40 parts (per 100 rubber) respectively of
‘plasticiser.Dor. oot pltare) -

' The effects of vulcanisetion and compounding
~on the shape of the property versus frequency (or
temperature)} curve are suammarised in Table 2.2 in terms
of the two components of the complex modulus and their
ratio tan,é’; It has been found convenient to- distinguish
between the effects in the rubbery and gikassy regions.
of the complete curve ir Figure 2.18 since these
represent eﬁclrely different states of the materiel.
Table 2.2 includes references to Figures illustrating

the effects noted.
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TABLE 2.2
SUMMARY OF EFFECTS OF VULCANISATION AND COMPOUNDING ON DYNAMIC

PROPERTIES.
er;y' | Region Vulcanisation Plasticiser‘ ‘Filler
hase Tubbery  Increase | Decrease | Large anreéée;
lus 'platean’ . 'plateau’ leng~
or E’) lengthened = , . thened
_A. B & n R s
Fig. 2.22
glassy  Little effect S1ight decrease Increase
f-phase rubbery increase  Incresse Increase
.us Figo 2.20 - F‘s. 2.20C
w EY A&B
o glassy Little effect' Increase Increase
| Fig. 2.20C
= 1/Q rubbehy increase Decrease Increase
Ao o
glassy Decrease -Deéfe&se' Increase

transition Peak lowered Peak lowered Peak lowered
and broadened and broadened and broadened
Fig. 2.22 (at high plas~
ticiser content
peuk may be
raised again)

48 the peak (maximum) transmissibility, a quantity sometimes used by .
gineers in place of tan & . See Davey and Payne (1965) for
lternative definitions,

This table can only present results in broad outline, and must of
:cessity omit many important details; thus, according to de Meij and
in Amerongen (1956) tané for a pure gum vulcenisate may be two or
iree times as great if an organic sulphide (tetramethylthiuram
.sulphide) is used as the wulcanising agent instead of sulphur. This
ijpect of the dynamic behaviour of natural rubber vulcanisates is to be
.scussed in greater detail later in this Thesis.
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The increase in rubbery modulus produced by

vulcenisation is due to the introduction of cross~links

‘additional to the pseudo crossiinks provided by the

molecular entanglements in the uqvulcanised-polymer.

In normal soft.vulcanised rubber, containing say 2 to 3%
combined sulphur, .the effect of this sulphur level on
modulus is relatively small but in a highly cross-linked
ebonite containing 20 to 30f% sulphur the increase in
modulus is considexable (compare curves A and D 1n

Fig. 2.20; see also Fig. 2.23. Note partxcularly

that in these Figurés the ebonite is not in the noraal
hard state with which we are fomilier but in the |
relatively soft rubbery state into which it passes at high
temperatures). Even greater increases in the rubber
modulus can be produced by campounding with fillers
especially cérbon black, as is shown by curve C in

Figo 2.20.

BFFBCT OF DIFFERENT TYPES OF CROSS-LINKING
Following on from the observation of de Meij and
van Amerongen (1956) that tan § in the rubbery plateau

region for a pure gum vulcanisate may be two or three
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times as great if an organic suiphide (tetramethylthiuram
disuiphide) is used as the vulcanising agent instead of
sulphur., Heinze, Schmeider, Schnall and Wolf (1961)
carried out dynamic measurements over a. wide temperature
range but at a'single frequency of test on natural

rubber compounds vulcanised by varying emounts of :-

a. Suliphur
' ' b. Dicunyl peroxide

Co Irradiation

Figures 2.24 and 2.§5ipldt the results'for the
éulphﬁr vulcﬂniﬁétes, and it-cén be seeﬁ that the
transition region chénses.so-ﬁigher temperatures, this
chenge being particulerly noticeable for sulphur contents
about 5%. On the other hand, vulcanisation by dicumyl
peroxide hardly alters the transition temperatures, even
up to a concentration of curative of 35% or more of
dicumyl peroxide. Fig 2.26. Similarly, increased
radiation dosage hardly alters the transition, even though
the radiation dosage was sufficient to raise the shear
modulus value in the rubbery elastic plateau region to
levels comparable to that obtained with 30% sulphur. A
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comparison of the rédxation vulcanisates with the sulphur
vulcanisates is given in'Fig. 2.27.

- .. Stratton and Ferry (1964) remark on the fact that
there 18 a need for more specific information on two
particular points :-

t. The reasonr for the presence of very slow
" relaxation wechanisms reflected by an extremely slow
approach to elastic equilibrium. Thirion and‘Chassét
(1962), Gent (1962).

2. The presence of elastic loss in periodic

deformations at low frequencies, Payne (1958 a and b)

" In order to study these observations fufther, some
experimepts were cafried out using natural rubber
crosslinked with sulphur, tetrumethylthiuram disulphide,
dicumyl peroxide and high energy radiation as the
cross 1inking agents. _?able 2.3 is a summary of the
composition and properties of the vulcanisates they

studied.




51,

TABLE 3.3

COMPOSITION AND PROPERTIES OF VULCANIZATES

STUDIED BY FERRY AND STRATTON

Sulphur vulcenizates (all with S5 parts ZnO, 1 part phenylcyclo-

hexyl-p-phenylenediamine, and 1 part stearic acid)

No.

Hevea rubber®(Natural rubber)

% s

Mercappobenzothiazole

ﬂlbhgnyl guanidine
Benzthiazylcyclohexyl sulfenamide
Time of_vulcahization, min. at 146°
Density, g./cc.

Y
@o X t0 7, from Jo

Nonsul fur vulcanizates

No.

Hevea rubber® (Natural rubber)
Tetramethylthiuram disulfide
Dicumyl peroxide '

" Time of wvulcanization, min. at 140°
Density, g./cc.

M, X 107, rrom J,

8Smoked sheet except No. 4, which is crepe.
CContains also 5 parts Zn0, 0.5 part phenyl-

Y-radiation.

0.913
7.4

2
100
3

1

40
0.963
4.3

40
0.963
6.4

cyclohexyl-p-phenylene dismine, and 1 part stearic scid.

3
100

4
0.5
1

15
0.973
3.2

50
0.912
8 0‘9

bIrradxated with
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In Fig. 2,28 log Jr' and log Jr" are plotted against
log e, for samples 3 and 4. (See ‘lfai:les 2.3 for details
of vulcanisate emmitl.on). : i‘n each sample :J' drops and
J’’ ;;aisses through x.tm,um with increasing frequency
88 expected, when the tn:msit.xon zone is entered.

At lovf frequencies, however, there is a striking difference
bet.weg_l! the' T_t.'yg_-samples-. __ ﬂér-sapple 3, the rubber
crossunkei’i".' ﬁth sulphur, J" bro;_;é rapidly with decreasing
frequency and J’ beéom'ea. elmost frequency independent.

For sample 4, the mbbe-!". crosslinked. by radiation, 3’/
persists with a subst-.antxall megnitude at the lowest
frequencies measured, and J’ continucs to rise with
decressing frequency. The results for the oiher

sulphur vuleanisates (samples 1 and 2) resemble those of
sample 3, whereas those for the other non sulphur
vulcanisates resembdle :tjhbsé. ‘fer sample 4. These

i .

observations will be discuscsed later.in this Thesié. ..

DISTRIBUTION OF KELAXATION AND RETARDATION TIMES:-
METHODS OF DERIVINA DISTRIBUTION FUNCTIONS
The distribution of relaxation o} ret.erdaéion timeé

can be obtained from either the G’ or G” or tan & master

curves. If the experimental data i_at'g_acci:rat.e, ‘the same




distributions should be obtained from two or more master
curves relating the property to log @ such as G' snd ¢,
or the relsted J’, J”, or ¥’ and tan § master curves
of any ccmbination thereof.

it 1s not intended to discuss here in any great
detail either the exact or the approximation methods of
deriving the relaxatioé or retardation spectra frem
ékperimental functions, but only to note the most useful
ones. In partléular. we will note those used to derive
the spectra which are discussed later in this Thesis.
The attentfion of the reader is drawn to the fact that
considerable effort hes been made by many investigators
to develop meghods of graphically dr numerically deriving

the diserlbuti?ns from expgrimencal results.

3,

Y

2.8.1 Reloaxation Sgégtmm‘!mg the Storage Modulus, G’
The qgtﬁbd of Ferry and Witliams (1952) provides
two formulee, depending on whether m, the negative slope $/
H, the relaxation spectrum, on a double logarithmic plot
of K versus T is greater or less than 1. Almost N

invariably mf3 in which case:-

HEe) = AG"el(Gp &) ft(ye) |
Ry



$34.
'where_A=:__ (2.-m)/2r(2-3) M(1- %’). If on the other .

hand | <m<2 » the corresponding formula is

H@) = A'c(2 - o L5 c’/a/ fgu)’

z— 2 ‘e 26

where AL =m/2 M (1 +3) M (2-8

Values of A and m necessary to derive H(T) have . been |
cbm-puted and tabulated (Perry), so one can derive H{7).
by graphical differentiation of the log storage modulus-
frequency curve; Okano (1958) and Pujita's (1958) method

for deriving the relaxation spectrum is 3=

e fxe! ( A€
H(T) = 47 (xBe0 2 0((& w)\)) 2.27
. ' L.

and Ninomiya and Perry's (1959) numerical method is T

""".,,(z) = C/(a:)" ¢’ ayfa
R G a

G - R&a 2,28

This last method involves no measuring of slopes, but




".8.2

_is derived: viz., at w/a ' aco ‘and a

S3c¢

_utilises in the numerical computation certain values
of G’. spaced at equal intervals on a logarithmic

'_frequency scale above and below the frequency,

w = 1/‘ ccrresponding to the value of 2' for which H
2<¢ w:lth a=0,2

:to 0.4 for accuracy. The numerical calculation can
be eaoily performed with ‘the use of a standard tabnlation
| proceee and perforated guide carda. Perry (1961) '

This method is relatively easy and qnick compared to
the graphical differentiation methods,

Re&amggggn Sgeg_t.ng f;gm St.grage Compliance.
Schwarzl and Staverman (1956) derived the retardation

spectrum from :-

@)~ ~olT [ (as) + AP " ot (le)* I )

=T . 2.29
and Fujita (1958) froms:-
- et fus’ _ ¢
'((?)—A_c;orﬂ.o 24('-’“))\ 230'

th

and Ninomiyas and Ferry (1959) from a numerical calculation

of:~-

Tet) —Ftas) _ ar Tt - 7l - 27%4) _.gff@@

Sy 2éa @)’ 26 a 2.3
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Schwarzl and Staverman (1956) from a graphical
second approximation method derived relaxation speétrum

as follows:~

- R( ?).'=.-(é/ r) (6" - -de." /d_l(ln w)? ‘

1.
';i,ét 2.32
. ' . . K ) .'_ ‘.F,a- 'y ' .
similarly Fujita froQ s : 2.33
| ' 2 /0ot - a6t /a1
H(T) = (e°/am) (6" - d°G /g(an) .I
5 =7

Ninomiya and Ferry (1959) by a first approximation
numerical method from:- '

0 ofey )
wel)|
- =T C2.34

2;854'Rgtagdatign Speg;rnm from Low Cempliance. -
Schwarzl and Staverman's (1956) second approximation

H(w) =

TS

method for deriving the retardation spectrum gave:-

L@ = =2 (37 - 3 faim)?) \ | 2.35
- = 't"

e
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Fujita's (1958) first approximation metiod gave:-
2 ‘ .
L(D) = (-3-”-) 3 (1 - (a103” /a1mw)® - @P1n 3% /a(1m0)? 2.36
tor

whéreas Nihomiya and Ferry's first approximation numericel

method gaves-

-g. ' - l ( ' i -
L) = (F) (3" @)=y {3 (a0) 4 3° (0/a)

2.37
-2J" (w) ;)l
. %{ -

Other methods of deriving H or L have been used,
and mention should be made of the following references for
a complete description of these and other methdds.- No
comment cah be made as io which of the above or other
methods are preferable, the only real criterion of their
usefulness is whether the same distribution is obtained
from simultaneous data, such as analysing two or more of

the functions, G', G” , J', 3’ or tan 4 . which can
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usually be obtained from the same physical measurements..
If the distributions egree, then the particular method
used to derive the spectra is adequate for that particular
set of experimental results. The references to the
relevant literaturg-on graphical and numerical methods of
derivlng-spectfé will be found in Alfrey and Doty (1945),
Zener (1948), Schremp, Ferry and Bvﬁns (1951 ), Andrews
(1952), Ferry and-Wllliams (1952), Schwarzl and

Staverman ¢1953), Williams and Ferry (1953), Leadermann
(1954), Roesler and Twyman (1955), Catsiff and Tobolseky
(1955), Roesler (1955), Staverman and Schwarzl (1956),
Tobolsky and Catsiff (1Y956), Benbow (1956), Hopkine end
Hanning {1957), Dannhauser, Child and Ferry (1 958_),

Okeno (1958), Fujita (1958), Smith (1958), Berge, Saunders
and Ferry (1959), Ninomiya and Ferry (1959), Plazek (1960)
and in particular Ferry (1961).

MOLECULAR THEORIES RELATING ¥0O DYNAMIC PROPERTIES
lodified Rouse Theo
Rouse (1953) and later Cerf (1959) derived
a molecular theory in which the simultaneous motionq of

all the segments of a polymer chain can be

ne
rT.
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described through a transformation of co-ordinastes as

the sum of a serics of co—éperative modes. Each motion
represents motion away from & given instantaneous
configuration in which the segments are co-ordinated along
the molecular contour somewhat similar to the segments of
a vibreting string, Fig. 2.29. This is the classical '
problem of the loaded spring. Bueche (1954). Each lode
ﬁ&répver corresponds to q.discrete_contr1buiion to the
'rélaxatlon spectrum. .Ib is convenient to express thé
results in terms of the syeétrmm R, and can be expressed

Y - 2.38
. ”= nK‘TZé TPS'('Z‘-'Z‘P) ehere -

P=l
1;= 0“‘1){/24‘/\’7-04'&[}0'/20‘/*’27' - 2.3

where & 4is the Dirac delta, and n is the number of
polymer molecules per c.C.. A. line spectrum is
predicted, in which each contribution to the shear
modulus ép “has the magnitude nkT. .fo is the
transletional friction coefficient of a sub-molecule.

N 4is the number of sub-molecules in a macromolecule.
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-The polymer molecule is ideéalised as e necklace

of spherical beads connected by elastic éprlngs. Each

bead and associated spring represents a gaussian segment

of the polymer. The spring has an elastic constant

kT (in shear) arising from the kinetic theory of rubber
elasticity as applied to the segment. ' The moving bead
obeys Stoke's law and represents the demping forces

retarding the segment motion.

-
A - o

- -

NkT NkT

w5 Sl

KT~

L

&

— - m % =

BXténding this theory to undiluted polymers, snd -

teking ihto account the further complication of entanglement
coupling we have -

f"'(?Gf’A4>)/QJVIHQ)C};AﬂC/Z)4g27_}2 2.90

-

and -

L= (( :L/%)/ﬂ‘a.f /vo)(é/i/rr) hrta 2.4
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where Mo is the _-monomeric molecular weight. .No is
Avogadro's number, j o 15 the monomeric
friction coefficient (translational friction coefficient
per monomer unit).
These last two functions plotted on logarithmic scales
(Log H or.L versus log ) should be -linear with slopes of =
~Y% and % respectively. The importance of these.

relationships is that from the experimentally derived
values of H and L which give a slope of -% or +% when
log H or Log L is plqt.ted'aga._lnst log -, the monomeric
friction coeff-icieﬁb. j‘ o’ ©aP be determnined as the other
parameters in equations 2.40C and 2.41 should be known, or
could be determined independently, as will be demonstrated
later Ain this review.

Another theoretical treatment of the modified Rouse

theory gives :-

G = p/c’1§ '2~ t 2.42
/+ w Z~ 2
and
» .
g"e ST Y et 2.43
- | 2 l-ﬁu‘?)z '

P=/
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where 4 M .
= Jg :
2-9 ”2. e QTPZ ' (?= /, 2,3 --- M/”e)

o is the steady state viscosity at zero rate of shear
at a given temperature, T, and molecular weight, M, of the

-

polymer. Me is the molecular weight dbetween entanglements.
P has .i'nt.'egr:;;l values between t and M/Me.. © is the
density at the absolute tempersture T. _

For velues of P greater than M/M-e., the relaxation

times T°. are given by :-

p
67, M
Tp = u 2.4 2.44
e ﬂT‘P‘(H/ﬂe) %
2.9.2 'B;';zam and Marvin Theories.

Biizard (1951) assumed a model in which polymer
molecules are represented as springs moving in a viscous
medium. This model is represented in Fig. 2.30a, a model
which is analogous to the so-calied ladder network ln'
electrical network theory. When the finite (luanped)
eprings and dashpots are uniformly distributed along the

length, the mechanical model becomes exactly analogous
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‘to an electrical model of an inductive transmission line,

and can be solved to give i~
ol : . | 2 % B 4 .
c* /c = (C//MZZL C).N N) Q/‘@Cg ”zq) "{72.45

where M is molecular weight, and C‘ an.dC_2 are
constants. | '

Gross and Fuoss (1956) noted that this type of
eguation eorresponds to a discontinuous relaxation

spectrum with discrete lines, and therefore :-

and :
G = af [6/ «T 2.47 .

. Usingthe same model, but using a capacitative

transmissioﬁ line snalogy which eorrespondé to a holecular

spring with one end free and one end fixed, Marvin (1960)

derived:-

Y o
Cle 16" = € Yr)(cC M) % pant (i iy 2098
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-All these treatments &re identical at high
frcquencies. There are slight divergencies at low
frequencies. For example the low frequency limiting

relation for G' - has the form
Gl () e (atg, fomar)Itet g

but K has the values 3500, 3240 and 1000 respectively
in the Rouse series expression and in the Blizard and

Marvin continuous functions respectively.

—

2.9.3 Swmmary of gg;egn;at.Theories
It is convenient to list the various equatioms for
H and L in Table 2.4 that have been derived from the
literature to descride the behaviour of cross-linked
systemeg, without going into details of their derivation,
By converting the relsxation and petardetion spectra
into loss ecmplience ierms;‘rerry {1961) found that the
Ki rkwood derivatién (given in Table 2.4) deseribed closely
the experimental data for_;tghtly'vuleanised natural rubber
&t highish frequenrcies, although he alsc found that same
. other cross-linked polywmer systems conform more clqsely to

the modified Rouse-Dueche slope of -% and +% for the



relexastion and retardation spectra at high frequencies.
Thevshapes-of the loss compliunce - frequency curves
predicted by the Bueche, Kirkwood an¢ Hammerie-Kirkwood
eqﬁﬁtions at high:rrequencies, are nevertheless

very similar to each othet.

Of great importance, however, is the fact thset

frequencies. This deviation will be discussed in detail

in a later section of this chapter. At present, the
eqnatidnshqudted'tn'Tdble 2.4 can only be regarded as of
limited value in describing the loss compliance or the
distribution functions of cross-linked natural rubber,

the limitations arise because of ;he inability of these
equations te describe dynamic hehaviour in the rubbery )
plateau regibn in cross linked systems, although they are
adequate and useful in the'transition range where they can
be used to derive molecular pan'amet.er,rs such as j‘ o’

the monomeric friction coefficient.
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DISCUSSION ON EXPERIMENTALLY: DERIVED DISTRIBUTION FUNCTIONS

Rubber Plateau Region.

In the transition zone treated in an earlier section
of this chapter, viscoelastic properties are dominated by
configurationsl re-arrangements of individual molecules,
whereas in the rubbery or plateau zone the properties
are dominsted by a quite different feature: the presence
of a network, due either to actual g;gsg—;inks or to
entanglement coupling, which necessitates co-ordination
of the configurational motions of neighbouring moleculeé
or molecular chains. For the slower relaxation
proceSses; the influence of the environment cannot be
described solely in terms of an average friction

coefficient in the same menner as it is possible to

‘describe the relaxation processes associated with the

transition. _

In order to discuss these effects further, it is
userulwnow to derive the distribution functions for both
unvulcanised and vulcanised nstural rubber and compare

these spectra in the plateau zone, Fig 2.32.
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For cross-linked polymers at low frequencies
(corresponding to long times), G' changes very little
with frequency, and G" is also nearly frequency-
=independent, with a magnitude considerably below that
of G'. This behaviour, exemplified by the ecurves for
lightly vulcanized Hevea rubber in Figs. 2.20 and 2.21,
was emphasized by Kuhn, Kunzle and Preissmann (1947)
and Philippoff (1953) and its implications in terms of
the form of the relaxation spectrum H was demonstrated by
Kuhn et.al. (i947}. For uncross-linked polymers of
high molecular weight, G' and G" also pass through a
region where their slopes are relatively small, though
more complicated in shape than for the cross-linked
case. A representstive comparison is shown in Figure
2.3' for natural rubber before snd efter vulcanization.
For the cross-linked polymer, G" is smaller than G' by
a factor of about 0.025. For the uncross-linked
polyamer, the ratio G*/G* is of the order of 0.04, but
varies as G" passes through a shallow maximum and shallow
mlnjlum.

The correspondxng plots of the relaxation spectra are

given in Fig. 2.32. At long times. both are rlat, the
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léve{ for-the crtss-linked polymef‘beinanlduer by a faétor
of 0.46. At shorter times they cross and.enter the
trhnéititn Zone pa%aliel but displaced by abtut 0.8 unit on
the logarithmic time scale. - '

To examine the effect of crosslinklng 1n the rubber
_or plateau regton turther lt is useful now to conslder the
retardatxon spectrum L of the vulcanisates studxed hy
Stratton and Ferry. Fig 2 33 plots L logarlthmieally
aga;nst 't', the retardatlon time. The three non-sulphur
vulcanisates (4,5 and 6) clearly represént a class in which
the retardation mechanisms extend to much longer times
than in the three stlphur vulcanisates. At shorter times
on the other hand, the maxxmnﬁ in L characteristic of any
network structure is similar for all six vulcanisates.

The same grouping eppears in the relaxation spectrum
H plotted 1n Fig 2.34. At short times; the relaxation
spectra are all near to each other, though different in
shape. At long timese, the non-sulphur vulcanisates form
a group in which the relaxation mechanisms persist with a
considerably greater-magnitude. |

The differences tetween the two eltsaes of vulcanisate

sre again emphusised when tané is plotted logarithmically
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against radien frequency reduced to zsqc in Fig 2.55;
In semple 5, tand  falls.to 0.0/%(Payne hss recorded
values less than 0.0l for highly crosslinked ‘sulphur
valcanisutes) whereas in the non-sulphur vulcanisates the
lowest value achieved is asbout O.Qj},:- These differences
in L, H and tan & are, of courqe._dlfltntef-related
and refiect somevhat greater deviations from 1dea1'elastic
behaviour in the non sulphur vulcanisates. The source
and nature of these deviations will be discussed later
~4n this Thesis. |
2.10.2 Fransition Region
The maximum in the loss compliance is a useful
measure of the network structure as its height and position
depend on the number and distribution of the network
strands. A knowledge of Jh;ax’ the maximum value of the-
1oss éomplianee. should, therefore. allow one to derive
sone molecular paremeters, as the following two theoretical

relationships between J'’ and the molecular properties

max
of the network have been proposed. (A further discussion
on the derivations and limitations of the following

Bueche relationship is presented in Appendix 5.2).
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Crossclinked petwork, (Bueche, 1952).

' For cross-linked networks Bueche has. shown that:-

x4 3 ’ . . _ :
me = 0.42 szO/PRT = 0.42 Je 2,50

where

4 = Averuge degree of pblymerisétlon of a network

st.rapd s Mc /M
o

Mo = Molecular weight per monomer unit
Je = equilibrium -psue,do-ecquiubrium_. or steady

state shear compliance end

2, 2

0 = 29.6kT/a Z, 'f ° 2.5
8 = root meain square end-to-end distance per

square root of the number of moncmer units
in 8 rubber molecule

translational friction coefficient per monomer

o

unit.
Uncrossed-linked networks (Morris, 1960)
For rubbers which have not been vulcanised, Morris

has derived:-
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Pax = 032 Zo B /oRT .. 2.52
'whefe

ze . = average degree of polymerisation between
entanglement coupling points = Hk/ub. and
o, = 48kt/a> 2, 2§ 2.53

It is also useful to note thst the value of the
retardation spectruﬁiL corresponding to the meximum in
J' is related simply to that of J" by a fasctor of 2/
or e2/4v- depending on the type of approximation used
to derive L( - ). The maximum in L should be independent
of M, and its position should depend only on zc or ze
in the same manner as given by eguations 2.50 to 2.53 above.
¥We shall, therefore, use experimentally derived values of
L instead of J" in the above equations in order to
. calculate the molecular parameters.

Ferry has noted that in view of the approximate '
equivalence of the maxima in J* and L, the location of
the maxima of log (L/Je} is at zero when plotted against
log 29.6 (k'l'/a2 Z, 2j° ) Assuming this is correct
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then Figure 2,36 shows the retardation spectra of cross-
-linked systems near their maxima reduced to corresponding
states in accﬁrdance with equations 2.50 and 2.51. The
data for this reduction are summarised in Table 2.4. It is
to be noted that the shapes-of the maxima are roughly the
same, their heights varying from 0.115 to 0.19 as compared
to the value of 0.26,pred1cted from equation 2.50 by

applying the factor 2/7 .
TABLE_2-0

DATA FOR REDUCTION OF L TO CORRESPGNDING STATES (CROSS~-LINKED
SYSTEMS). FERRY (1961).

Polymer system Ref. LogJ, M_. log M %/a’ €

Hevea rubber, % Payne -6.68B 4280 24.75
(1958a)

Polyurethene rubber,

0% Landell =7.17 1960 20,48
(1957) :

40% polyvinyl Ferry & -6.70 2780 19.40

chloride in dimethyl Fite~

25% gerald

(1953)

The viscoelastic properties of polymers are described
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adequately in.scme cases by the theory of Rouse, (wqich-
corresponds to the ladder network model of Blizard),

so Stratton and Ferry (1964) suggest that the simplest |
adaptation of the Rouse theories to actual networks.can.
be made by assuming that the cross links are fixed, and
the netwerk strands are of a unifora length. (This is
provided by Blizard's theory if his © is set equal to
zero in his expression 14). | For instance if J“/he is
-plof.ted logarithmically ugainst ml“ » Where i“ is the
ﬁennlnal relaxation time, then curve t in flg. 2.37 is

obtained. Here €, i8 identified with molecular

1
parameters in such a way. as to mske the high frequency
dynamic properties coincide with the predictions of the
Rouse theory (Lovell and Ferry, 1961)", . The predicted
maxima in J* is somewhat higher and sharper than anjwhieh
have been obs‘erved experimentally. (Ferry, 1961 p. 279)
Two modifications to the siimple baéic network imodel

can be wmade -

a) ' The cross linke are not fixedi:- a given strand ends

* Specil‘icany. Blizard's expression !4 muet. be set equal to
2¢* J where G* is the complex shear modulus, and his H is

2.\
'.
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in a Junction with thfee 6thers,'and each of these
with three.others3 and so on. The strand lengths
being.assumed\uniéorm.  (Blizards"eq.-17 where
B = 6*32 and H = 7o ?‘/6). Curve 1V in
. Fig. 2.37. o
. b}~ The cross-linke ere fixed, but the strend lengths
are varieble with a "most probable" distribution.
‘Curve t11 in Fig. 2.37. o
Ca
It is interesting to note ;hat these two mhjor
modifications to the dbasic model, which is ome in which the
cross links are fixed and the network strande are of &
uniform length, produce anly 2 moderate bdrosdening of the
curves with respect té curve t in Fig.'2.37. Lovell
and Frederick, (1964). The differences between thé'eurQes
in Fig 2.37 are really only small, although'the-heigyts‘ot
the maxima J3*/J,, which are 0.362, 0.310 and 0.286
respectively for the three curves} secem more sensitive to . ;”
the type of model used. Nevertheless curve 111 is seen
to fit the J" datae for sample 3 fairly adequately in the

region of the maximum, Fig. 2.28. Stratton and Ferry
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concluded from this agreement, that the distribution of

s d lenzthe in sulphur vulceanigsates is

broader thon the "most probabdble” form. The lower maxima

for the nom-sulphur. vulcanisates suggest a broader

perefo e_RO

distribution . of strand lengths than for the sulphur cured
rubbers. | |

The cross-1inking producet'! by & -radiation is believed
to take place by 2 free radicel process, Chapiro (t962i;
and the same is certainly tfue for dicumyl peroxide.
Braden and Fletcher (1955). Blokl (1959, 1960) from
electron spin resonance measuremehts con&luded that the
vulcanisation feaction in tetramethylthiuram disulphide
vulcanisates also involve free redicals. Stratton
suggests that these free-radical chains might tend to
concentrate cross links locally, end givé a.broader
distribution of strand lengths than would a rendom
chenicel reaction such as that which occurs during sulphur
vulcanisation. | |

The maximwa in J" is higher and broader for semple 4
than for 3 and these differences are also reflected in the

maxima of L in Fig. 2.33. In Table 2.5, log J;ax and
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log J, 2re listed together with the ratio-of_J;a*/3e

for easy comparison. In terms of the ratio Jﬂmax/Je' the
samples again separate into two groups with velues of

C.25 for the sulphur vulcanisates, and 0.16 for the others,
thus the non-sulphur vulcanisates deviate more strongly

, Trom the theoretical predictions discussed above.

TABLE 2-5
PARAMETERS CHARACTERISING TRANSITION AND TERMINAL ZONES AT
259C (STRATTON AND FERRY).

Sulphur vulcanisates
Sample No. oy 2 3.

log'golttyne-—sec./cm.) N “be2  ~6e2 ~-6.2

1og I, (cn’/dyne) -6.7  -6.75  -6.89
log 37, (ca’/ayae) -7.’32;25,_“"13;;—7.‘. 55 . -1.46
¥ oy Ve = 024  0.25° 0.27

.Ron-sulphur vulcanisates

Sample No. 4 5 6
log § o(@jng ;_seéfcﬁ,) - 6.4 ~6.4  -6.4
log J, (cmf/&yne) | -6.49 -6.56 -6.4
log 3°_ /(cn’/dayne)  =1.21  -7.36  -T.22

'J;axﬂJe 0.166 0.158 0.151
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THE MOROMERIC FRICTION CCEFFICIENT

The 'posxt.xo_n_ of the transition zone on the time
epaie reflects the absolute magnitudes of the relexation
and retaprdation times, and hence that of the -monomerié
friction coefficient upor which ('accor-d;lng to t.he f).exlble
chain theories of viscoelasticity) they all depend. By

rearranging equation 2.40 as follows

logrfo = 2 log H + l'osr'-»ulog (6/kT) + 2 1‘03 (21rM°/paM°)

The monomeric friction coefficient can be calculated
from the relaxation distribution plots because at the
lg’k-time end of the transition region there is a portion
of the log H, 10gT plot which conforms to the theoreticel
slope of -%. This portion occurs between the steeper
slope which prevails at short times and tlie t‘lat.t.ening or
minimum cheracterietic distribution associated with the

rubbery plateau region. From the position of the tangent

the tiae 'Z“'. ( o con be calculated if we know the density

C. and the monomer molecular weight M ,t 88 well as &, the

root mean square end-t.o-end length per square root of the

2.54

| to the re'la:gation distribution curve whose slope is ¥, i.e.,at
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number of monomer units. (The latter is usually taken as
the value determined in dilute solution in a © solvent,
ufider the assumption that the molecular configuration in -
the undiluted polymer is unperturbded by long-range
effects). .

Values of logrfo for natural rubber, together with
the constants ¥ and a used in the-calcnlations'yg%;'are
given in Table 2-6. The friction coefficient.efo. which
is the average force per monomer unit required for a chain
- segment to push its way through its local surroundings at
unit velocity, must depend upon the free volume in the
polymer, on the intermolecular forces between the chsin
segment and on the static hindrances to rotating around
the bonds. Calculation of an absolute value for j o is
nevertheless uncertain, as the actual relaxation spectrum M
for natural rubber rises more steeply at short times than
the slope of -% on a logarithmic plot required by the Rouse
theory (Ferry, 1961 p. 255 and 267). At longer times R
flattens out because of the entanglement or vulcanisation
network, leaving no intermediate segment with a clear and
definite slope of -%¥. The limitations and difficulties in
applying:the Rouse theory to undiluted polymers have been
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recently discussed at length by Williams (1962).

TABLE 2-6

VALUES OF ¢ AT 298°K, AND AT T , TOGETHER WITH THE VALUES

OF'Mb AND a USED TO CAUCULATE(EO.

. = — ~log ¥ Ref.
a o
23:::?-1 TS - My eax10% at 298°K at T g
Unvulcenised 200 68 6.8 -6.74 3.94 1
-6.87 3.81 1
Cross linked :
sulphur - 203 68 6.8 «5.90 4,66 1

68 2

non-sulphur - 203

6.8

-6.40

Y. From data of Payne.

2. Stratton and Ferry.

Ferry (196t)

It can be seen from Table 2-6, that earlier

calculations (Ferry, 1961) of the monomeric friction

-'coet‘ﬂcient.jo gave log (ro = =6.7 to -6.9 for
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unvulcanised rubber at 250°k. A small shift in §

would be expected from the crestion of cross links

by direct junction of chaiﬁ'carbon atoms in the

radiation and dicumyl peroxide vulcanisates instead of

the polysulphide links accordxng to an analysis by Mason
(1961). For sample rubbers-4 to 6, this would amount to
'1ncreasing losrfo ‘by 0 1.; | -

Because of t.he 1mportance ot}'o. which, of course,
fixes the time scale for visco-elastic behaviour in the
transition éone, it whﬁld be desirsble to obtain an
independent measurement of this quantity. At present
this is not possible for the poiymer chain itself, but
the best attempt reported so far was obtained by measuring
the transiatoty friction coefficient of & small foreign
molecule similar in size to the monoumeric unit and

dissolved in the polymer, for instance :-

& = -x'r/qo- 2.55
where Do is the diffusion cOnstant. ir Do is measured
by mass transport, absqrptionadesorption-or by the

radioactivity of tagged molecﬁles technidques,

~
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Park (1954), Auerbach, Gehmen. Milier, and Kurgla (1958),
then (j {» the molecular friction coefficient for the
foreign molecule in the pol-ymer can be obtained. Aitken
and Barrer (1955) have obtained ({ 4 for se§era1 rore.i.gn.
molecules in natural rubber, snd their results are quoted
in Table 2-7.

_ | IA BLE 2-7
COMPARISON OF (f ' DERIVED FROM DIFFUSIGN EXPERIMENTS WITH
(! ° OBTAINED FROM DYNAMIC MEASUREMENTS. (ALITKEN AND
'BABRRER (1955), FERRY (1961) '

Moi. Wt. ."log.__f‘1 log'jo
n - Butane 58 . -6.74
( = Butane .58 . =6.56
n - Pentene 72 -6.74

Chain unit ' 68 «6.90

All measured at T - T, = 103%.

The values of cf" and ‘_f o B8re 'c.lea'rly similar, and for
natural rubber it aiipears that the monomeric friction

oeff e 'e'sa.most..w_ he e sh
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aside ne ur chains_in. the environment, and to a
negligible extent the difficulty of grticulating the chain
in which the monomer unit is located.
LOSS MECHANISMS AT LOW FREGUENCIES

Accqrdihg to all the present theories of visco-
elasticity Bueche (1954), Blizard (1951), Kirkwood (1946),
Hammerle and Kirkwood (1955), tand§ should vanish st long
times if the behaviour is idesl. All the dynamic
measurements discussed in this Thesis have shown this is

not the case, and the resson for the departures from the

ideal may be due to one or all of the following causes:—

a) The heterogeneity of strand lengths,

b) the length, and consequently the mobility of the
cross-link itself, _

¢) the presence of loose ends (i.e. network strands

attached at one end only).

That the nature of the crosslink does vary is well )
known, For instance in vulcanisates obtained by radistion,

Chapiro (1960), or dicumyl peroxide, Braden and Fletcher
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{1955), the backbone chain carbon atoms of the rubber
strands are believed to be bonded directly, forming a
rather bulky junction. With tetra methylthiuran
disulphide, the chain backbones are joined together

with a single interstitiasl carbon atom. Studebaker and
Nabors (1959). In sulphur compounds, on the other hand,
the chain backbones are joined hy'bridgeé containing one.'
two, three and often even mofe-eulphur atoms. - Studebaker
and Nabors {1959), Moore and Trégo (1961). Such a
flexible junction is, therefore, expected to have consider-
ably less frictional resistance to motion in its
environment and to dissipatc less energy in co-ordinated
motions involving groups of linked strands. Quantitative
assessment of these problems have not yet yielded to any
theoretical treatments.

Another possible source of the low frequency losses
is the effect of loose ends (i.e. network strands sttached
at one end only) on the motion of the network jﬁnézlons as
treated by Bueche, (1959) (1962), but the theon& does not
describe quant;tatively the persistence of loss mechanism

to such very low frequencies such as are evident in the
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non-sulphur vulcanisates. Further work on the. low -

frequency loss mechanisms is. obviously urgently required

-particularly with regard to the 1n1tlal character of the

unvulcanised rubber which can be obtained in a very wide

| range of HMooney viscosities.

For a particulate filler, which does not interact

‘strongly with the polymer, the principal effects arise

from the partisl occupancy of volume by rigid and immobile
masses. Exteﬁsive.studies~hy Landel (1956) on
polyisobutylene loaded with glass beads of the order of
0.004 cm. in diameter have revesled the chanées-in"the
isothermal viscoelastte functions. 'In this case the

particles are Iﬁrgé enough so that the average distances

"between-them, even at the highest loading considered,

are large compuréd with the root-mean-squere end-to-end
separation of the polymer molecules the latter maintain
their Gaussien distribntions. HMoreover, the particles
of filler are too far apart to bé bridged by single

molecules,




The temperature dependence of rclaxation and
retardation times in these loaded systems could be
described by the Williazms, Landel and Ferry, WLE);
equation in the form of equation (2.20)! with the velue
of Té, the glass transition temperature, elevated
- slightly over that of unfilled pure polyisobutylene.
Befe, Ts variéd.roughlﬁ ilﬁéérly with the volumg
fraction (¢.) oecupied hy filler; For instance, for

$ = 0.37, T was 7° higher than for the unloaded

o

polymer. For each individual filled sample, the method
of reduced variables could be applied to obtain sinsle
cumposzte curves for the viscoelastic functiens plotted
ngnxnst rednced frequency or time. The applicability of
reduced varisbles wos alse apparent in ezarlier work on
filled rubberlike polymers by Becker and Oberst (1956),
Blatz (1956), Payne (1958d)

When the-samplés with different degrees of.loadlng
are compared in corresponding teuperature states {i.e.
2989&, for the unloaded poljmer. 2980'#‘18 for each of the
loaded samples), the retardation'and relaxation spectra

fali ratﬁer*closely together at short times up to a
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filler volume fraction of 0.2, At a higher filler
loading H is elevated and L is depressed throughout
the entire time spectrum; and at longer times the
maximum in L is depressed progzgfsively-with increasing
volume fraction of filler.f The last effect does not
correspond to é change in entanglement coupling,
beecause the poéitton of the maximum does not shift
correspondingly along the time scale. |

The pseudo~-equilibrium compliance, can be described

rether well by a theoretical equation of Eilers: (1941)
3/3 =1 +k6/01 -5'4)2 2.56

where J is the compliance of a composition with volume
fraction of filler g, and J, that of the unfilled polymer;
“k = 5/4 and 1/S' = 0.80. The latter parameter has the
significance of the volume fraction occupied by the filler
particles_when close pecked; it is greater than that for
close-~-packed épheres (0.74) presumably because of some
degree of size heterogeneity. Equation 2,56 appears to
hold for data on several filled polymer systeams, Blatgz
(1956), imcluding polyurethane rubbers (Ferry t1961). The
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dropfxn compliance (increase in modulus)} for large filler
particles is analogous to the increase in viscosity caused
by suspending rigid spherical particles in a liquid
medium, both being due to perturbations in the matrix

due to the presence of other particles, Eflers (1941),
Robinson (t957i.vPark1nson (1958}, Bueche (1957}.

In a rubber loaded with finely divided carbon black,
the dehaviour is somewhat different.  There is good
evidence:that the polymer molecules are attached to the
tiller particles by strong absorption forces approaching
the nature of chemical bonds. Parkinson (1958), Bueche
(t957). Moreover, in a compound‘contaipina 505 by weight
of particles of thelorder of 300 A® in diameter, the

interparticle separations are of the order of 100 A°,

which is sim&lar to the g!ergge yegtor dgstangg between

Hence each filler partiele may be bridged to others hy

many polymer chains, and it acts as a mnltlple cross-link
as well @5 a rigid occupier of space. (Agglomeration of :
the partlcles-also cemplicate the picture, Davey and Payne
(1965)); The effect 6n'the transition from rubberlike
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to glasslike consistency is: illustrated by data of Payne.
(1958a) for a carbon-filled rubber vulcanizate in Figs.
2.20 and 2.21, compared with those for an unfilled
vulcanizate.

The filler flattens: both relaxation and retardation
spectré,.Fig..2.39.- The former does not attain.a slope
of % on the doubly logérxthmlc plot in the lower region
- of the transition zone, where the friction coefficients
" are usually estimated. Although this slope is reached
Just to the.right'of the meximum, the Rouse theory cannot
be applied at such short times. At very short times the
relaxation spectrum is essentially unaffected by the filler;
The meximum in L is depressed, but almost in proportion to
the pseudo-equixibriqm modulue J_3 the ratio Lmax/Je'
being O0.115 and 0,10 for the unfilled and filled systems
respectively.

*he.lewel of the pgeudo-equilibrtum shear modulus
was raised by the filler from 10°°8 to 1089 dynes/en?
for ruﬁbers whose spectre date are presented in Fig 2.39.
This increase in the rubber plateau region is greater than
expected from equation 2.56, an equation which is really

only applicable to large spherical particles. The subject
: \



of the dependénce of the modulus on the proportion,

. particle size and chemicsl nsture of the filler has been
adequately discussed by Parkinson (1957), Bueche (1957),
Houwink and Janssen (1954), (1956), Davey and Payne (1965).
From the cited litersture, it is evident that the increase
in modulus for carbon black filled rubbers cannot be
described in terms of the vblume filling properties alone,
but a further discussion on this point is beyond the scope
of this Thesis. The level of the loss modulus in the
pscudo-equilibrium zone was raised in Fig 2.39 from 109°2
to 107°° dynq/cm?, representing e proportionally greater
increase from that for the shear @modulus. The effect of

the filler on the temperature dependence of relaxation and
retardation times could be described in terms of an increase
in T, of 3° to 5°C. Payne (19582 and b). This change

is very small in comparison with the other effects of
filler and is similar to that produced by the gless béaas_

in ﬁolyisobutylene as discussed earl{er.
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‘CHAPTER 3
DIELECTRIC PROPERTIES (Temperature and §requency -
dependence) .
 INTRODUCT ION

In chapter 1 it wis pointed out that energy
can be dispersed in a polymer by intersction of
electrical es well as mechanicsl waves with the
segnental modes of motion, It is known thot the
main mechanical and dielectric absorption peaks coincide
app.vaj.mtely in the glass-rubber transition region,
while the peciprocal of the dielectric constant behaves
analogously to the elastic modulus. (See Fige 2.5) |
This part of the review shows the close similority in
the behaviour of the dielectric properties in regard
to frequency ond temperature changes, to the dynamic
mechanical behaviour discussed in chbpter 2. . It also
shows how some of the relaxation distribution functions
for dielectrics adequately describe the éxperimentsl

date for natural rubbers.

, The first part of this chapter is a summary of
the earlier published work in the field of dielectric
properties of rubber, ‘pa:x-'ﬂcuaavly in -regard to
variations in dielectric properties due to variations in
compounding éf the rubber. The main and later péns
of this chapter nlus"tfrat.e the use of the WLF transfom



£

techniques to derive master curves of the dielectrie
properties, These derived master curves are then
amenable to anglysis for their relaxation distributions.
This part of the thesis is based on published dats of
Payne (1958a), Payne (1958b) and Norman snd Payne (1965).

A number of good books and review papers
dezling with the relation between the electricel behaviour
ofdthe moleculsar structure of elastomers have appeared,
so thet it is only necessary here to give s brief
summary of the . literature. Particularjatiention
is directed to books by Smyth (1955) ond von.ﬂeppe1(1954)
and the "Genersl Discussion on Dielectrics" held at the
University of Bristol in (1946), Books by Birks (1960),
BBtecher (1952), Frélich (1949) end van Vleck (1932),
and reviews by Brovn (1956) Magat and Reinisch (1962),
Schlosser (1960), Wurstlin and Thurn (1956) Wyllie (1960)
end Curtis (1960) will elso be found useful. A recent
review by lMcPherson (1963) is of great value. A summary
article by von Heppel (1958) is included in a recent
Handbook of Physics. The fundomental analogies between
mechanicaol and electricel dispersions have been.explqned
by Hoff (1955), Schmieder and Wolf (1951 and 1953).
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Staverman (1953), Ferry and Landel (1956), Mikhailov
(1951) Poyne (1958). Ferry and Strella (1958), Fuoss
(1941) . Deutsch (1954), Nielsen (1950), Oakes (1954)
Thurn (1956) and their respective Co~workers.

| In many-easeé attempts to correlate mechonical
and-electrﬁcal’propertles have been moderately successful,
the correlation being best when the dipolar part of the
molecule is connected directly to the backbone chain,
as it is for instance in polyvinyl chloride. If the
dipole is in o side cheiny, as in polymethyl methacrylate,
the mein peak does not correlate with the main mechenical
damping peak (Deutsch, Hoff and Reddish 1954), becsuse
although the mechanicsl pesk is associated with molecular
motions of the main backbone of the polymer chain the
main électrlcal peak is associpted with the motion of:

side chains.
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"' PLEASE UNFOLD THIS PAGE TO SUPPLY AN EASY REFERENCE
| TO A LIST OF SYMBOLS USED IN THIS
R o CHAPTER 3. |
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342 DEFINITIONS AND ELEMENTARY THEORY OF DIELECTRIC
DISPERSION (Gaf%iQ(IQGS)

34241 Dielectric congtane.v— The. fundamental

definition of dielectric constant is given in terms

of forces between point charges in a'hombg@neoussuns.

bounded mediums The definition involves conditions
that can never be realized experimentally, so for =

practical purposes, dielectric constant is defined in .
terms of capacitance rat;?ﬁ aid is correctly known os

the'relative dielectric constant',

The ‘relative diel.-ectr.lc c-(_‘ms.t_ant-.'.f E’ » of
an jnsulating msterial is the ratio of thé capacitance,
cp, of e given configuration of. electrodes with the

material as the dielectric, to the capscitance, C,, Of

“y
the same configuration of electrodes with vacuum as

the dielectric.
€= ¢y, | 3.1
To indicste its relative nature, dielectric
constont is sometimes written as ¢ ’/Co‘.- where €,
the dielectric constant of o vacuum, is taken as unity.: .
For the rest of this review € will however be referred

to as the dielectric constant.



92

3:2:2 _ Dissipation factor. = In a capacitor in free
s;aace (or for practical purposes, in air) the current,
which ail‘lowa when an electromotive force is applied; is
90 degrees out of phase with the electromotive force,
at_nd there is no power loss. %hen g solid or liquid
insulating material is between the plates of the
capacitor, however, the current which flows is out of
phase with the electromotive force by angle, e ,

which differs from 90 degrees;' by a sn_xéu..an.gle, 8, .
thus causing the loss of power. The tongent 6? this

angle is the dissipotion factore.

" 7and = VoRC, 32
where' C is the capacitance, R is the resistance of
an equ-iva"lent. parallel c;it'cult.,»’atiti © is8 2 7 times
the frequency in eycles per seconds  The dissipotion
factor is a dimensionless constant and its deteimi.nat.-‘
ion requires no measurement of the ..d‘.tmen,s-.ions of the
specimen. Dissipation factor is often teﬁed_power

factor.

36263 Loss index ( or imsginary pa’rt; or ouf-.-éf-
phase component of t-;he complex .die.'lec'érilc econstant) -
Loss index, which is represented I;y E."r , is the J
product of the dielectric cc_mst.ant. and't.he dissipation

factor.
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€= € tand _ . 33
~ As the name indicates the loss index is o measure of
the power lost in an imperfect dielectric when it is .
subjected to an sltemmating.fields The Lieat generated

in watts/cec for a sinusoidal. voltage iste. .

Bl = /o §E (e‘tans ) x 10712, 5.4"

_-where £ .ts t.he fraqnency m cycles per secondg B
the volt.age gradient in volts per centimeter, 6 the
dielectric constant; am tans t.he dissipation faet.or.

34244 . Complex diélectric constant
The complex dielectric. constant €™ can be
represented by
C*¥ = e’=ce” - '35
If the dipoles have @ single relaxation

time ¢, the electrical properties esn be defined hy
the following equations:=

€'= C4 Es '2 é;’, 346,
t+a0 T
C” (6,-6.9) o 3.7
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P

where € is the dielectric constant at zero {or static)
frequency and €. is the dielectric constant at.
infinite frequency. 'The loss factor goes through o
moximun whenwT= 1. These last equations are derived
An chopter 2 for the real and imezincry psrt of the F
dynamic¢ -coimpiiances - Actual polymers hive many
electrical relsxation times instead of a single one,
just as polymers have a dlstribution.mechaniea; relsx-
ation times. The distribution of relaxation times
spreads the loss factor curves over a ﬁuder'freqnency
range than wuuld-ha§e been found with a single N

relaxetion time.

Dielectric Dispersion

If a dipole system is. subjected to an
altermating electric field, the contrtbution of the
dipoles to the dielectric polagization will depend
upon the frequency of the applied voltage, “hen the
dipoles\are unable to motgtenrasc enough to keep up
with the field at veny'ﬁigh-freqnencies, the orientat-
ional polarisation drops towards zero. This effect
may be described in several nearly equivalent ways
and a detailed discussion is given in an excellent
book by Frilich (1949). It will be useful here to
discuss o simplified model to illustrate the mecahnism
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of dispersion in dielectrics.

Suppose a dipole of moment « is rigidly
fixed to a small molecule and can only rotate into
two positicns, one parallgl an-one antiparaliei ud o
the axis; and thot for the molecule.to.rotaté from-
its one equilibrium posit;pp to the other, an activat~
ion energy E, d4s required. The.chanéé-that,a given
molecule has enough energy to rotate is given by the
Boltzmonn distribution function and is proportional '
to exp ( -Eg/kT).

-If anv electric ?1e1d 15-applied_QO-uhe.materiai
and if it is directed slong the +x axis, the dipoles
will preferentislly rotate so as to line up with 1t?_
In particular, if the potential energy of the dipole
(because of the electric field) is taken as zero when.
the dipole is perpendiculor to the field and 2 vV
when parallel to it, the chonce of e molecule rotating
S0 as to be parallel to the field is pr0portional-eo®-

exp [(-E/KkT) + (V/xT)] 5.8a
The chance for the antiparallel rotation is

'prOportional to expe [—(Eo/kT) - (V/kT)]s If a. 180°
rotation is designeted a' jump and if the result is
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expressed in terms of the jump frequency ¥, the
average number of molecules jumping ‘to the positive
or parallel position per second is '

 npf, exp (V/KT) 3.8b
and for the reverse direction

nd, exp (=V/kT) 5.8¢
In thege expressions, Ny and n, ore the

number of molecules parallel and angiparallel to the
field respectively: The quantity ﬁu 48 the average
Jump or rotstion frequency in the absence of an
applied fields n, plus n, must equal the total
number of molecules.

It is now possible to write an expression
for the quantity (dn._'i/dit-.)-,n the rate of change of the
number of molecules aligned with the fields. This
quantity will be the difference between the number of
molectules rotating into the positive direction and the
number rotating out of the positive direction into the
negative directions-

dn,/de = n @, exp (V/kT) - n g, exp (~V/kT) 3.84
Also, from the same reasoning,
dn,/dt = - ng, exp (V/xT) + nf, exp (-V/kT) 3.8e
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As V/KT is very much less than unity, for
\)@u? where F is the electric ﬂeid} 'F‘ is seldom
1arger than 10 ergs/esu/em aad smce < s of the
order 10718 esu-cm, V/KT o 1072, it is possible to
expand the exponuluals of qu 4.86 and e ¢to give

dne,/dta = ¢°[(n2-n,»)» + (-nzm,,)‘g,u F/xT) ] - 3.8F
end | -
any/at =@ [(ngo-n) ~ (nyinJGs/kn)]  3.88

| ‘The -net. mumber of dipoles .augned- with t.he
ﬂexd v is (n ""2) Then from equauons 3.8f and g
we have .

dv/dt = 26, [=v + n{ «F/kT}] ' 3.8h
where n 4s the total number of molecules., If the
field F is oscillsting sinusoidally according to the
relation l-’-_-Fo 2 @t), t.he solution of eq. 448h 18

(v/vg) = (2 +2:3)71 [sin (o2) + o> @ @t)] 3.8
where
Vo = WP /KT snd Ta 1/26,

It is clear from this result that the
polarisation possesses two components, oneé in phaseé
and one 90 out, of phase with the npplied field.
The component. in phase gives rise to the. ordinasry
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-d.lelectric constant, the so=called "real part" of t.he
dielect,rj.c constant, which is called 5'

s:lnce the in-phase poruon of t.he polarxsation varies
as (1+a'z-) ', it is essentlany const.ant. at low
frequencies and then drops rap.m.ly nesr & o 3/z ond
eventually becomes nearly zero at very high t?remlencies_
a8 shown in the figure below '

6’

-2 0 .2
The dielectric constant will not drop to zero

in actusl materials since §nduced polarisation will
still be present, -

The portion of the polarisation sut-of-phase
with the field gives rise to the so-called "imaginory
- part” of the dielectric constant. This is seen by
considering the energy loss per cycle, Since the
force on an average dipole is pmport.i.onal to Fo / s
/a/ the energy loss per cycle will be the .'lnt.egral
over one cycle of this force times the rat,e of change
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of the :ne-t. numbe-é of ang\ed dipoless Hence,
Loss = = (dV/dt.)/a o sinotdt - 3.98

on Mtegmtlng one hast- | o
Loss = (const) "'7‘/(!4‘- 2 ) 3-9b
Hence "f;lhe loss is :pl-'qu_l-'t-._.tOnall. to the out-
of=phase portion §f ‘the pbigrj.s;,t_.;log. It is very low
'at both high and low ft?;quenéles_ .and it goes. through
a maximum at the rmquém where & is eq&al_ to. "1/
The variat-,.t_on of the loss -mdex.ngm frequency is also
shown in the sketch abave. i |

The curves shown m the sketch above are
referred to as the "Debye dispersio.n curves”, after
Debye who was the first to obtain them on dielectrics.
There is grest simllarlty between these real and
imaginary permittivity curves and the mechanical dynamic
compliance and loss curves of Fige. 2.18. In practice,
the actusl dispersion curves for polymers are wider
than for a simple Debye material such as simple polar
mojecules in dilute solutions. |

| . The exact ‘magnitude of the polarisation,
Pgs due to the dipole orientation of molecules with
average dipole moment «.ist=
Py = /.2m/9x-r | 3.10a
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where N is Avogadms' number,.

Anozher cont.ribnuon to. the total moxecular
polarisation comes t‘mm the dipoles induced in the
molecules by the appiied electr:le fields This . .
*induced’ polarisation P ‘-_ and the '-oﬂmtat—.;.tonalf -
polarisation ’P-o; are’ l»'el-s'teq to the observed diélectric
constant of the material through the re-,lationéw

LE=D M o P eR, © saos
(€s2) @ B : ,
where M and 4 are che moleculsr weight of the
molemle and the densicy oi' t'.he materisl respectlvekv.

Since it is known that the elect.mns can .
move extremely rapidly within the atoms, Pf_ would
not be expected to chenge with frequency. The fnduced
polarisation is able to follow fluctuating clectric ’
fields even at frequencies as high as the optical range..
On the other hand, the orientstion polarisation, being
the result of the rotation of 'gg;on'ps of otoms that
form ‘a dipole, iw.i;i.-l not be able to follow extremely
high~-frequency oscillations of the eleét_tie tiel'-cl'i,_’.'

As the dipoles keexi_- alteméung' m step with the electric
f.ien_!, they experience v;téééu-s- forees p'mpom;_tt_mal to
the velocity of rotation., If the frequency of the

‘applied voltage becomes too high, the dipoles will be
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moving too sluoggishly under the action of the viscous
and electric forees -teo respond well to the electric
fields In foct, a.t..ve:ry' high frequencies; the. dipoles
wWill be unsble to keep up with the slternating field,
and their c‘ont-ribnuon- to the pmar;isation. drops to
Zeroe | '
At M@x frequencies, '!idweiver-.,' the induced
| ibdie-riséﬂon- is es-sentiauiy unchanged. From electro-
mognetic theory it may be demonstrated that the dielectric
_constant at optical frequencies is equel to the square
of the index of rei'racuon {more correctly, the index
of rétrz_acuon at very long wavelengths, f ., ) so that
Py = [(ng %~1)/(ng *+2) /e © 3a0c
Therefore, if the refractive index is known,
ong can substitute from 3.10¢ into 3.,10b, ond the
orientation polarisation can be computed from o knowledge
of the dielectric constante. If the dipoles are able
to follow the applied electric field, then equation
2.10a applies, snd the average dipole moment for the
molecules can de computeds
~ All the above considerations are based on
the premise, that the molecular dipoles are not

interacting with each other in such a way as to cause
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moiecular aas-oci.a't_ion or other types of intermolecular

prestrictions to dipole al'&gn!neﬁ_t_»..a

MacPKersan
TYPES OF PO!:ARISAT’BN INVOLVED IN DEIELECTRICS {E&ﬁ&?’ 1963)

' then a dle.lectr.tc meterial is plaeed .tn an
electric field, the polarisat.ton thot occurs is t.he
resulc of the t‘omation of e.lect.ric dipoles in t.he

materiales These dipoles may be produced by fonr

different mechanisms and, accommgly_. const_..tt.ut.e four
different components of the total polerizstion. These
componant-.s,-_ some of which have already been mentfoneéd, -
ares '

x. Electronic polarization or induced polarization
resulting from the displacemerit of the electronic cloud

:about each stom with reference to the positivély

charged muecleuss

24 Atomic posl:ar;l_-;._atim._- arising from the displace-
ment. -of atoms as a conseqience of .the="asymeﬂc.'
distpibution of charge within the atomy

36 pipole or orientation polarization, in

consequence of the tendency of electric dipoles, if

any ore present, to align themselves with the electric
field; ond - |



3‘.’5 .1-

103

4s. Interfacial or space charge polarization, resulting
from the motion of jons in the dielectiic mediume -

Each of these component.s ot‘ t.he t.ot.a!. pohr-
1zat.ion, wi.l.l be eonsidemd Ln t.um.

The el.ectrons occupymg shens or orblts

' amund the positively charged nucled of the atoms are

displaced by o small smount with reference t.o the nuclez

'when an electric field 1s= appued: to a dxel-ectmc.-.

The shift or displecement of the posj.tive and nemt..tve
charges in the atom from t.heir previously symmet.rlcal
arrangement gives rise to an induced dipoleg; which
sefves to store the energy taken up from the e,l_et:t.:ntc
field in producing the displacements On the removal

- of the field the energy is Prestored to the system

without loss, the action being analogous to that of @
perfect spring.

The electronic displacement ~ot‘- induced
polarization is responsible for the refraction of

' lights The time in which 1t takes place is about 10732

second, an interval which corresponds approximately
to the frequency of ultraviolet light. Thus, in the
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visible spectrum, the polarizotion as measured by the
index of refraction is affécted by the frequency or
the wavelength of the light to a significant extent in
the vielet., and to 2 pmgressively lesser extent’ vmih
decrease in t’reqneney. me the 1ndex of nefraction
measured at. diﬂ‘erent wave lengl:hs it. 15 mssible Lo
comput.e an mdex for mfinit.e wave lengt.h or zero:
fnequency This mdex ts smauer t.han the mdex 4in
the visible spectrum,

The dfelectric constent and the index of
refraction have a common basis in the dielectric

.po,_tg_ri:_z_auon hy the relation found by Maxwell end
discussed above, f.€s

| n2 - €’'s : . ' 3.100

where n is the refractive index and €'is the
-dielectric constant. This relation holds tme to the
extent that the dielectric cdnst.ant is due to electronic
' polarization; aﬁd- other types of polarization are non-
existent or nes;ligi-bi_e, in amount, Thus; the square.

of the refractive index, extrapolated to zero frequency;
may be taken as the umiting lower value of the oleflectric

cevstant

o
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The.refra¢t1ve index of natural rubber;.measured for
the customary D line of sodium; ngs, is 1.519, ' The
éﬁmputéd vaiﬁe at zero freduénby 6r ihfiﬁlte”ﬁave lehéth
nif, cérrésponds ;o‘é‘d;glectf!g constant of ﬁ.?é.

Tﬁe observed value;.as.noted in a subsequent section, is
aboht;2.36, when measured at a frequenty.of 10’ cycles per
véecond. The-dlfferenée between 2.25 end 5.56 indicates
the presence of residual fimpurities in natural rpbber;
wﬁlgh givg‘riée to bther types of‘polarizaiion. This is
discussed further in Appendix G.Q; which considers.
exﬁérimenﬁal'fesﬁlts'fof a féﬁge'qf natural rubber
vulcaﬁisates.

The refractive index of a substance is related to

the molar refraction, R, by the well-known Lorentz-Lorenz

expression,
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M(nZ, - 1) 4N
— = = = B, 3.10e
d(nﬁo +2) 35

where N 1§ Avogadro's number, 6024 x 1023,ahd a is
 the polarizability 6f'é'-ing1e molecule; M 1is the
| molecular weight or formula weight of the substance, and
4@ is the density,
"connection with both the refractive index and the dielectric
constant lies in the fact that for most organic substances
the molar refraction can be <found quite accurately by -
sumning up the refractions of the atoms in the molecule,
This additive relationhis possidble, because the valence
electrons and the electrons within the atoms maintain the
ééhé cbnfiguration in.similaf éompoﬁndé;. ?rbm measure—
ments on a large number of organic compoundsk'tables |
_have been compiled giving'atpmie":éfraetiopg for all
common atoms anq the increments qf molar refraction
contribnted by pérficuiar étructurai features such as
double or triple bonds,

Table 3.1 gives numerical values of atomic refrac=
tions and contributions due to structural features that .
mey be of use in calculating the dielectric constant of

non-polar elastomers. These values have been taken
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TABLE 3.1

INCREMENTS OF REFRACTION BY ATOMS.ORADICALS, AND STRUCTURAL
FEATURES AT 207°C.

Atom, radical, or bond Refraction increment

Carbon 2+°54
Hydrogen 1.012
'Hydrox&l oxygen 1+48
Ether oxygen : 1715
Chlorine 575
Fluorine 1.60P
Fitrile ' 533
Sulfur (sulfide) T-60
Thiol (SH) 842

Double bond . 1417

& The value, 1+03, for hydrogen leads to better agreement

between calculated and observed values in some cases.

b The value, 1°60, is taken from measurements on fluorine

gas. Measurements on some fluorine-containing organic

compounde give the value, 0¢76.
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from a recent ‘book by Batsenov (1961), dut they-differ’
only slightly from valies compiled at the beginning of the
century, = =

Calculation of dielectric corstant.
'Pable 3.2 shows values of the dielectric constant

of several nonépolar elastomers and two liquid hydrocarbons
at 20°G, calculated from the observed demsity and the )
molar refraction found from data given in Table 3.1. Fhe -
agreement is good execept for natural rubber which, even
after purification, prodably contzined some residual
polar substances. o

 Pig. 3.1 plots the dielectric'constant of rubber-
‘sulphur vulcanisates calculated from the molar refraction
value.in Table 3.1 |

3.3.2 Atomic Polarization _ _
| The ‘second possible effect of an eleétric ficld is
the displacement of atoms with respect to each other.
This action requires sbout 10-12 %o 10~14 séecond, a longer
time than for the displacement of the electrons, This

_time corresponds to the frequéncy of infrared light,
however pdlariéatien arising from this source ‘is negligidvly
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small for nonpolar elastomers.

3.3.3 Polarisation From Dipdlé_ﬂotation

The third effect relates to dipoles, which if present,
may make a very significant contribution to the total
polerisation. In polar molecules the valenee clectrons
occupy positions with reference to the positively charged
nuclei such that the centre of gravity of the negative
charges does not coincide with the centre of gravity
of the'pésitive charges. Because of this separation of
the charges the molecule behaves as an electric dipole.
On the application of an electric field the dipole tends
to orient in the direction of the field. This tendency
is opposed by thermal agitation and by the rigidity of
the molecule. The time involved in orientation may
range from 10~10 gecond to minutes, hours, or even days,
depending on the molecule and on the size of the structural
unit to which it belongs.

3.3.4 Interfacial or Space Charge Polariszation
_ The fourth effect of o field applied %o a dielectric,

ia the traunsport of iomns through the materisl, ¥ith non-
polar materials, a very large proportion of the ions come

. from impurities including water soluble salts and moisture,



Repeated purifieation and drying of non polar poiymers
usually raises the resistivity to the limit of measure-
meht-and-the-p?d&nction~6f-ions from the polymer itself
is small in purified natural rubber compounds, '

3.4 SUMMARY OF EARLIER WORK OH THE EFPECT OF COMPOUNDING
- ON DIELECTRIC PROPERTIES WITH 'PARTICULAR REPERENCE
70 TLMPERATURE‘FREQUENCY CHANGES.

3.4.1 Effect of vulcanization
" The vulcanization of natural and synthetic rubbers
is accomplished by the addition of sulphur, oxygen, or
othef reactive substances to the double bonds in adj#éent
polymer chains, in such a wéy as to produee eross1ink1ng.
Beeause of the polar nature of thé vulcanizing agents,
the dielectric constant and'the dissipation factor increases
whilst the resistivity decreases.
The effect of‘suiphur on the electrical properties
of rubber may be explained in terms of the increase in
polarisation brought about by
1) the electronic polarisation of the sulphur
and 2) the rotation of the electric dipéle in the carbon-
sulphuf_bond whicﬁ tends %o align itself with the

applied field.
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.ECTRIC CONSTANT AND PISSIPATION PACTOR OF COMPOUNDS OF PURIFIED
FATURAL RUBBER AND SULPHUR AT FREQUENCIES OF 60
PO’ 300,000 CPS at 25°C

Scott, McPherson and Curtis (1933)

Al

mr Property e s Freguenex, cps -
- | 60 1000 3000 .100,000 300,000
Dielectric constant 236 237 2+36 2436 2+38
Diesipation factor 00023 0@0014 0-0011 00008 0+0008 .
.Dielectric constant 2+67 2+66 2466 2-69 2.70
"Dissipation factor 00019  0-0016 - 0-.0018 00116 00195
Dielectric constant 2493 . 292 292 298 292
D;ssipatioﬁ factor 00016 ° 0+0022 00034 0-0312 020426
Dielectric constant 3¢5 3+48 - 344 3-05 2-90
Dissipation factor 040033 0:0131 00235 0-0748 0-0794
,-Dielectric conetant 4+04 374 354 283 275
Dissipation factor 0-0284 ©0-0706 @ 0-0879 0-0642 00451
Dielectric constant 2-84 276 2474 268 2469
Dissipation factor- Q<0256 0-0135 - 0-0114 0-0094 0-0096
Dielectric constant 2+74 273 2¢72 270 2-T1
Dissipation factor 0+0017 00025 00033 00063 0.0079
Dielectric constant 2-84 2.82 2:81 2478 2478

Dissipation factor: 0+0035 00043 - 0-0047 040072 00077

tional note to table 3.3.

The "short $ime™ conductivity exhibits changes with sulphur
content, temperature, and frequency that are quite similaer .
to the changes of the dissipation factor under the same
conditions, as would be expected.
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_ The relative contridbutions of these mechanisms will
be discussed in the next section and again later in
this chapter, -

3.4.2 ﬁaiiatton.df'pronéifies with temperature and
frequency.

A summary of the dielectric constant and digeipation
féctor measurements obtained by Séggg; McFPherson and
. Curtis on rubber-=sulphur compounds at'25°é as a funetion
of frequency is given in Table 3.3. Additional data
obtained at a frequeney.of iOOO cycles per second but
over a wide-temperafnre range is given in Table 3.4 and
some typical results shown in Pig. 3.2. . ‘

The changes 1a'die1ectriefconstanf and dissipation
factor with sulphur content are consistent with their
being due principally to polarization of the carbon-
suiphnr dipoles, With increasing sulphur content, the
number of dipolés is increased, and at the same time
the rigidity of the medium is also increased buf the
dielectric constant and assdciated dissipation factor
g0 through maxime, Pig, 3.2, These maxima are shifted
to higher percentages of sulfur with increasing
temperature, and tc lower percentages of sulphur with
inereasing frequency, and at the hard rubber stage and
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(1)

at roon temperature little more than the contribution
of the electronic polarization remsing,
Measurements on rubber—enlphur compounds at
different.temperaturee and frequencies have teen made
by other investigators including Kimura, Aizewa, ‘and
Takeuchi (1928), Kitehin (1932), Schallamach (1951) and
Waring (1951). The meesureéments by Kitchin were made
at temperatures from 30° to 100°C end'at.frequenciee
from 600 ecycles %o 2 Mc per second,' The values found
were in good agreement with those reported'in Pables
3.3 and 3.4, except at the higher temperatures and
frequencies, where the nOnhydrqee?bon constituents may
have increased the valuwes by a eﬁell’amount, Heasurements
at the iassachusetts Institute of Technology (195?) on
a compound compeaed.Of pale crepe, 100 parts; and sulphur,
6 ﬁarts, gave & dielectric conetanf of 2+94 at a frequency
of 102 eyélee per second and 236 at 108 cycles per second,
The former velue is in agreement with the value, 293,
given in Table 3.4 for approximately the eame>cqnd1tions.
Waring and Schallamach conducted extensive investiga=
tions of the dlssipation factor of netural rubber vulcanizates
in the soft rubber runge for the purpose of etudying the
relation between the dissipation fsctor, on the one hand,

and the snlphgr cantent. accelerator types and mechanical
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properties on the other. Schallamach's measuremgnts-
were made at room temperature and covered the

frequeney range from 800 cycles to 4Q-megaeyeleé ber
second, while Waring's were ma@e from 0.1 to 40
megacycles per.secon@. with some measurecments at
temperatnres.from--500 to 150°C. - They found the same
effects of frequency and tempersture as those noted

in the previous paragraphsv Figure 3.3 from
Schallamach shows the- variation of dissipation factor
with frequency for vulcanizates econtaining different
percentages of combined sulphur without accelerator,
¥ith increasing combined sulphur content the height

of the maximum is increased, its base is broadened, and
the frequency of the maximum is shifted in the direetion
of lower frequencies, [This 1s clsarly analogous to the
shifting of the transition region to lower frequencies
in the mechanicel case, Figure 3.4 from Wering relates

the dissipation factor at three different frequencies to
the temperaturse. At low frequencies the dissipation
factor rezches 2 maximum at lower temperatures, and the
maximum is sharper than at higher temperatures; the '
height of the maximum is about the same for different

frequencies,
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Both investigators found significant differences
iﬂ the dissipation factér'ofzsoft-rubber vuleanizgates
eured to the same combinéd éulphur eontent with and.
withgut accelerators, and with and without sinc oxide,
The use of gzinc oxide or an accelerator containing '
zine, as zinc diethyldithiocerbamate, gives a sub-
stantially lower dissipation factor for a given combined
sulphur conteﬁt £hah vulcanization with sulphur alone or
with Bulpﬁnr and an.aceelefator.contaiﬁing no zine. This
difference is shown by ?igure 3.5 from Schallamach,
These observations are interpreted oz the basis that
sulphur combines wit@ rubber during vulcanigation to form
atlleast two types of compounds: crosslinks between
the polymer chains, with the disulphide group, =S—S—,
and heterocyclic groups arranged at random along the
pclymer chains, with the monosulphide group, iﬁhu. Sulphur
in the latter form contributés more to the polarisation
then the disulphide crosslinks. Thus, with the use
of zine a higher modulus is obtained along with lower
combined snlﬁhnf content ahd lower digsipation faetor.

Varing substant1ates the explanation of the
difference between the two modes of combination of sulphur
by eiting measurements on dilauryl monosulphide and
‘disulphide, The former has sn electric moment of 1+66 x 10~18
esu and the latter, 2:01 x 10~ 1° esu. Thus the
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cdntribntion $0 the polarization of two sulphur astoms
in the monosuiphide form would be more than one and a
half times as great as the-égntfibution of the disulphide
group, Therefore the nature of the sulphur crosslink
has & marked effect on dieleetric properties, Reasonable
understanding of the types of crosslink resulting from
vulcanisation is only recent, and to date mo dislectric
experimental work has yet been oarriéd out on very well
defined vulcaﬁisation'systems. Ain excellent review of
the complexities of sulphur vulcanisation appears in
"The Physicé and Chemistry of Rubber” by Bateman (1963)
and is far too eomplex a subject-to be discussed here,
Schallamach made the observation that prolonged
drying of specimens redueced the dissipation faetor, and
that the effect was greater at the lower frequencies.
For example, a speéimen-cured with sinc diethyldithio~
carbamate containing 5+7 per cent of combined sulphur
showed a dissipation factor at 800 cycles per seeond of
00045 beforé, and 00015 after drying while at 10%
cycles per gecond the values were 0+015 and 00135,
respectively. Similar observations have been recorded

by Norman (1953).
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3.5 RECENT EXPERIMENTAL DATA ON VULCANISED NATURAL
Sexples of purified rubber were vulcanised for
various periods in 2 frame mould, whiéh‘was closed
rapidly, thus.foreihg'out air before the temperature
had time to rise appreeiadbly. The combined sulphur
éohfent. as a percgﬁtage of.iotal weight of compound,
was measured chemically, This data, together with
the vulcanisation and referenée details and the
coefficients uf cubical expansion, are given in Table

3.5
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| PABIE 3.5

~ DETAILS OF VULCAN;SATE§J.;,.Z

Vulcanisation

- Re f ez;eﬁc_e

Combined

'euii'éa"li- -
Mizing . 3.l | RXpansion.
" . | rime, hours | Temp, % | Cede | SUlPMUF lg5epricient
' : . : o % (oc-,-1 )
S -q¢.
urified x 10 L
l'llbbers '. : . /_. . . .
- 0+33 120 A2/ 0% 540 -
2 148 A 147 5:%
A . ' : . |
' gn Sulphur | 4 148 A 4 3-0 5+3
o 100 rubber 148 A6 43 55
B . .
) gms Sulphur| 3 142 B 3 340 5.8

am—

+ 1 gm Mercaptobenzthiazole to 100 parts of rubber.

' The measured permittivity and loss factor results for B3

are given in Figs. 3.6 and 3.?; - The summarised results for

" all samples, after the frequency and temperature reductions to

be described, will be given and ‘discussed in Sections 3.7 - 3.10.

* The number refers to the time of vulcanisation (in hours).
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3.6 METHOD OF ANALYSIS OF DATA

) The d_ipoiar part of th_e dielectric constant of a
ﬁ.'edium_..is -not due to. dipoles having a single relaxation
time (2' ), but to dipble'a having a distribution of
relaxation times, Bottcher (1952). For a distribution,
in which there are RG (T ) o> dipoles having
relazation times in an interval > to ™rof™ (N e
total number of dipoles per unit vdlu_me).,' the dipolar
part €, of the complex dielectric constant -
at an angular frequency < and temperature T is

giiren bys- -

€™ €urm 60,76, G, )20 e 3T
o
where €57 and €o%, are the static and infinite
frequency dielectric constants at Ts
I-‘e:t:ry .and 'Fitzgeraid (1953) made the following
assumptions about the behaviour of the value of T for
a given elementary relaxation process and about the
contribution of the process to the dielectric constant:-
(1) 1 '2*1. is the value of 7~ at temperature T,
~and T, is the value of ¢ for the same elementary
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procels at temperature T
then ¢, /T, = 4] » which is independent of T .
(2) The contribution (G,b) of the dipoles having
a time constant 7= to the value of the dipolar portion
( €, ,— €, ) of the static dielectric eonsta.nt'. is
ﬁroportipnal to the demsity ( (2 ) of the material (.i.e.
to the number of such dipoles per unit volume) and
invereely'prOportienal to the ebselnte temperatnre.'
[This is given by an approximatlon to the formulae of
Debye (1912) and Onzager (1936) combined with the
Lorenszorentz (1886) equation if €, T is constant.
The exact expressions should be €, « &. — (6., 72)
(Debye) and 67_ o LT __&_..?_ (Onsager),' but

~ the added refinement is unnecessary for the materials
described here, where E. ~ veries over such a short
range, The Debye correction is aboéut twice the
Cnsager correction, ‘and the model used by either is
'p'rebablf inadequdte for a close approximation in the
presént case. The extrapolation of the results to
hj;gher or lowef temperatures- would. be effected by
the approximations involved in this step. )

From these assumptions and ege 3.11 it can be

shown that the dipolar part of the complexdielectric

=4
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constant at temperature T and frequency ~ is given

by .
- A |
e-b & 7 f {éffo ("’ ‘rjj_ o 3...12

where (2 is the density _at' ﬁ‘oa--

- - ‘Thus, if a measure of 6,' " is availa'ble-,. and 'fhe'
:uhctior; £ is k:n_owﬁ for any one temperature, it is
possible to compute the results for any other temperature.

It is convenient at this etage to write

t_ LT | 3.13

D
)

'D_etermin'ation of 1,_' requires measurements at a number
of témperamreé.v If the values of either the real or the
imaginary parts of €, /‘.r' are plotted against log;,
for a number of temperatureg including !Eo" a number of
curves having identical shapes should fesult, and each
should be displaced along the log <« axis by 2 distance
logyy 4 / T” relative to the T, curve. Many authors,
Perry and ﬁitzgerald,;- 1953, Perry 1950, Williams (1955),
Williams, Landel and Perry (1955), Williams and Perry
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(1954) (1955), Zapas, Shufler and de Witt (1955), Payne
(1957) {1958 _a-'and b), Fletcher and Gent (1957), have
shown this to be true experimentally both for dielectric
constant and for its meehanical analogue (compliance) for
many materlals. _The value of 1og10 b 80 obtained. is
not proportional to (1& = %f ) as 1t would de, if the
activation energy were constant and ‘the curve Iog10 bé

g* (2 - 7,) varies with the value of T, and with the
material. Appéndix 6.2 discusses further'the'relationship
of activation emergy to the WLF equation.

Williams et al (1955) examined the expe_rimontal
curves of @(? - T,) and found that a particular value of
To (xnown at Ts) could be chosen for eaeh-matéiial, such
that the function @ (T—Ts) was'independent of the materisl.
Since the original definition of T  was related to a
property of a oartiéular material, it is convenient to
re~-define ‘it as the value of T at which —9751°310bm) has
the arbitrary value-0+0872. This value arises because
T, was originally defined in terms of the property of a
particular material; the value is now too well established
to smend the definition. If by, is defined as the value
of bT' when I, - T_, the function found by Williams et.al.

is
g"! ). - BT .
Fo o7 T #T-7) < lor 6+ T —T3 *
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-TH.TE;A equation, tdgether with the value pf'the
parameter Tge defines ﬁhe activatioﬁ energy at aﬁy
temperature 1nlthe range over which the equation holds.
?rom the twq assumptionelof PErfyménd Fitzgerald gnd the
expe;imehtal equations of Williams et. al. and. taking the
real and imaginaiy parts of eq.312 with eq51-3.T3.&.3;14
tﬁe-rea1ﬂand imaginary‘parts_Iperméttivity and loss factors)
of the dielectric constant are given bygf

, .

e - € o - ' |
L. %, 7 - : ‘e £Y F£6(-7) _
,{; * é’}oulr} /( o™ /Oﬁt.--ﬁr-ZF) S
Cnol’ . o
€ '2: 7 ” --. 0I ' 75 B
_ T - - e£4(-72) ) 2.2
T T ) G- S )
. eolre . ' :
- - &% . /,- -
L & - _,..-[/ AG-7)] |
E; is the density at T = Ts and A is the coefficient of
cubicel expansion. €. 1s the value of €_ ,- when
T = T_eo-

From equations 3.15 and .16, it will be seen that
, .
the expression €w7—~ €ors4 &, 1is equal to the

. .
real part of the dielecéric fonstant at temperature Ts
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at a frequeney 4« and will be denoted by the symbol & 2,
and likewise €7, /4  will be denoted vy e;, .
Thus the values of € _an end €, __ for any

temperature {T) and f-redue_ncy {w) within the experimental
. ranges; and with some imcer.tainty (principally because
of the effects of other dispersion renges having diffei'eht
values of T ) outside the exper:.mental ranges, may be
ca.lculated from the following parameters and funetions,
the determmation of which will be described in the next
sections= "

, A,ecefficient: of cubical expansion (measured dy a

-

conventional method).
P Ts,a reference temperature. ,
y . €< the infinite frequency dielectric constant

¢

(as a function of T).
- 2 £ ‘?_‘-—73’ ]
or6vr7-75 °°

, £% and £" are empiriecal functions of '[log")u
These may be plotted if A and i“e are known and
60,7' Ty 6'2'7_ 9 é”a.r- e are known

for a range of T (or « in the last two cases).

For many materials £v (logy o ©b,) passes through
a maximum ( 6:'_, ) atob=w (say), and for the rubbers

described here, the curve of
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/ b S

"(where €¢_~' is a constant, termed the back-ground loss

: Ié rﬂ #93 OC ¢ 7 Cawn -4::7’% may de -74-—-.:
factor at ? = T;) in the region/as en analytic function
r ;é 5;“‘:—‘& A] where A is a parameter, which
'determines the height/width ratio of the peak for a g:.ven

form of this function. Then eq. 3.16 becomes

e O L R R —L—%]
3-17
Thus, the l:l.st' of necessary information to calculate the
values. of 6 w7 'in the region of the peak value
becomess— '
A éoef;’ieient of expansion (measured by a conventional
method).
T a reference temperature.

the frequency of the peak 1oss faetor at 7.

€’ the value of the peak loss 'factor at TB.

€7 a constant (the background loss factor at T e
oes . - 93@—2.2

¢ an analytic f‘ungt:.on oi.’ (A, %ow 7S " ore s T )

A\ an arbitrary constant which occurs in certain

forms of ¢ «

~p BT
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the derivation of these parameters is deseribed in

Sectioﬂs'3.7 and 3.8.
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3«7 ABNALISIS OF THE DATA

In snalysing the permittivity data, it is
necessary ;o knoxy. éco,! over the experimentel range
of temperatures in the 1n1t.;a}. stages of the calculations
and additionally at Es for the later stages. Other
suthors have assumed that €_ , does not vary with I.
In the case of the rubbers used in this investigation it
was. necessary 1o _a_l;_.gg for the variation.- In the absence
of any otner meaau:r_.'é of .&co ,p 1t was assumed that an
adequate .appr_oxiiﬁ‘a;ti&ﬁ would be given by  the square of
the refractive index (extrapolated to infinite wavelength
" using Cauchy's formula) = see the Appendixz 6.1. The.
‘coefficient of cubical expansion A must also be determined.
| e € AR
+~ €& .

A';f- T 00,0 k ;_
referred to as 'cha, and 6';,'0 (where € o, is the
value of €, o at €,) were calculated for 2, = 253°%
(273°K for unvulcanised rubber). The inclusion of the

The values of € ;

’

€,

term € ,0 8t this stage does not modify the arguments
of the previous sectlon, but brings the method into line
with that of previous authors.
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!he derived values, é;'o.and EZ,'O were plotted as
functions of 10310 w -, The points on the short curves:
and 6 of the points on the certre of the long curve of
Fig. 3.8, read in cohjunction'with the inner scales, show
the C‘Z,' o results which wei-e derived from the data of |
Pig. 3.6. The 6 points on the long curve already mentioned
(the results of tests et T = ;) were traced on tracing
paper ard 2 curve drawh through them. - The tracing paﬁer
was then shifted parallel to the log <> axis until the
points for a second tegpergﬁure were made to coincide as
closely as possible with the traced curve, which was then
extended (and amended 1f'neéessgry to give a better £it
to ‘the double set of poinfa);- The new pofnts were added
to the curve and the shift (log,, b;) required was noted..
This procedure was repeated for all the temperatures,
giving the é,’d’ o Values as a ?unetion of logy bge
The long curve of Fig. 3.8 givesrthe,resultant "master®
curve with all the results,

The values of log 10b§ were plotted against T on
tracing paper. The paper was fhen'laid on the plot of
10g 4obp egainst (2 - T.) calculated from Equation 3.14,
and the traced curve shifted (the axes of the two curves

being maintzined parallel), until the two curves were
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coincident. This is equivalent to finding the referenee-t
tenpereture P (the value of ? corresponding to T -~ e, = 0)
and a constant m where bi =*mbéi such that bT =T at |
T-=_Es; log 10% is minus the value of log 16bf-c°rreapond1ng‘
to log 1°b2 = 04" *[Ehe'short'curves in Pig. 3.8 have
been ‘drawn using the-calculateéd values of b, in conjunction
with the value m to provide values of log 1°bé and then
shifting segments of the long curve back along the axis
through a distance (- log iébé); in order to show how
well the experimental points for individual temperatures
can fit the superimposed curve.]"

Pig. 3.9 shows the composite master curve obtained
from the data given in Pig. 3.7. ' The value of
log 49 @, was found by adding log 10® to the value of
log 4o by at which € 7 had its maximum value.

In Pig. 3.10, the values of log 10Pp» found by
adding log 4om to the experimentally determined values
of 1og-1°b;, for all the rubbers are shown plotted on the
curve given by Equation 3.34.

A second set of scales was then set mup on drawings

of the type shown in PFig. 3.8 as followss~-

/7
(1) The new vertical scale divisions { €., ) were
made equal in length to the original divisions multiplied



2 — . - | 2 [ [ 3
~40 -0 (v] 20 40 éo

T-Tg (° &)

Fic 3"0, LO) LYVD‘UIJ. o Unvileonnesl. A A2 . ﬂl.
x A¢, + 83, '6;6r= - 8-9‘(7'—7;)/(701-6-*'7
Pym 095‘3‘0.) . .
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. 2 .
by [1-A('.E°-Es)]§£ , and the scale slid along the axis
©

corresponded to fé,:lo = €

such that C*Z,= €
( € is the value of € pat?=1)

<0

(2) The new horizontal scale (log 10 bE) was
constructed by shifting the e;iating scale through a
distance (- log 100 ).

The graph then becomes that of £%(log 10 bﬁ).

A second set of scales was thng;_,g_gj up on drawings

of the type shown in Pig. 3.9

(1)  The new wertical scale division ( € Z, ) were.
made equal in length to the original divisions
' : ?
. 8
maltiplied by [1 - A(mo-r)]_ T
. the scale zero being unaltered.

(2)  The new horizontal scale log 10 Y cas set
up with the same length of divisions as® the original
but with its zero corresponding to the value of

log 10«:\:; at which Ci':‘, is a paximum. (If the

new horizontal scale had been constructed as was

done for Pig. 3.8, the graph would have been that of
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£o (log 1d”bf)' its maximum value occurring at
log 10 m.)

Pig. 3.9 thus becomes a “maeter" curve of

./ ” ' Ve § 26 7"'--'.7;.' ' p
€r- &)y [a tio- 4o BETE] v e,

which 1s designated € v, e

fhe resultant "meeter"“emrves'fof'tﬁe rubbers from
Mixing A are given in. Fig. J.11 = 3, 12 and that for the
unvulcanised rubber in Pig. 3.13. Eo graph is given
for the permittivity yalues for the unvulcanised rubber
eince>the range of %élaé% observed at different tempera-
'tures and frequemciee-wge eméxlrcompgredeith the scatter
of the results. The:‘pe:al't-and lowest values of €.,

s 3-9 3:2 Onet 343 previc T8 vekerof €9,

anﬁ € respectively. The various parameterl

‘are glven in Table 3. 7 in Section 3.8.

3.8 SHAPE OF LOSS. FACTOR CURVES AND. SUMMARY OF PARAMERERS.

. The form of the composite loss factor curves of
Pigs. 3.9, +12 and +13 exhibits the following character-

isticss-
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(1) A nearly symetrical Debye-type (but wider)

'peak. due to a dipolar mechanism. Various authors:
have compared gimilar peaks for ‘other materials with
various analytic functions for < / e, e some of
which are purely empirical and some of which are .
-calculated from hypothetical ﬁmctions for & 6( z~).f
At frequencies remote from the frequency of. the peak
loss 'fa'clt_or, all these '.l_os-s‘ factor functions tezﬁ__i to
zero. , h - "

(2) At low values of to/ / O, the"éurve rises
fairly sharply with decreasing frequenéy (this is

only obvious in the case of unvulcanised rubbers),
presumgbly due to an _1oﬁie or Haxwell-Wagner type of
loss mechanism. Maxwell (1892), Wagner (1914).

| (3) At points of the curve where- nelither of these
mechanisms is predominant, the values of € ':0 do not
return to sero, but there is a "background" value

¢ '% s Which is substantially independent of the value
of wé_. This is similar to an effect observed by
Garton (1946) on relatively non-polar media.

Garton showed that it leads to a distribution function
of relaxation times of the form @ (©v) = /&
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but the theory proposed by Garton is limited to
frequencies well above the frequency correspond-
ing to the peak in the loss factor/frequeney
curve end is not therefore applieable in this
.casge, An attempt to extend the theory to
lower frequepcies led to results whi-eh were

at variance with the obse_rvstions and _fhis

line -6-f'ettaek"ses discontinued. |

!he experimental values of 50 ” [ q, 47 b — 9,‘. ‘-"...)

[
.e-u—_, in the region of the loss factor peak, have
e ey

been compared mth the various analytic functions (listed
in Qable 3.6), which have been proposed for € /€/ , the

N Ibest values of A ‘being found by trial and error or,

when possible. by the use of test plots suggested by

' previous authors in the referenees given.
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PABLE 3.6

ABALYFICAL EXPRESSIONS FOR

..,/e

ssion

Author

- Pebye (_:1-9_2.9_)'- .

.. 6” /e'l

: H- x"
Wagner- ~4'x "’—&k*«.’(u'x «
- Yager _ / —_——w(“ lu.
Wagner (1913, Yager (1936) = et :
£ ’ M{é ofa.
Fuoge &,
TEwo0
.(19418) | secd a (‘ng“ X) ¥®
 Eirkwood & AT ok -x2emxey]
Puoss I | [x%) o X ~XewX=1]
giurkwogg. & oo *®
Puoss I. , |
(1941b) 3”"/;%%_..E*f*f(l"93¢¢'(ﬁ]d/’
0
) Cole/Cole e 7/,
(1941) “f |
wsdp X + an ft 771
Prohlich %'-n"a—x —ea! (’5;')
(1949) =

To-n.-,-b_’ - r""-’(—g)




loa ‘-’5,-/0..,_

Fiec 3-15- @'ryon':m j 97}”0&0—( resutts weX u.ﬁ,c.é/.....t.'-m ) -

agrer ol Yo e e Kroool cnd Fiosy (1) .
e et Tt === |

Kdeoool arol Fusts (R) .
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FooTwerss 7o Tasce 3-§

by &, By ¥ aifq arbitrary constants

.o b
= = QeH3#
X = ubyg “ m = 0.636,,.2
lJm . n
obg
T =T,

€ (2+ %)
ENn(2 f-/e::)

replace 6::/6",,, ( €7, is .the value e", whenwaai);

should

* These are appr’oximajl;ions and

the errors of approximation are negligible for the data

recorded here. It must be noted, that the theoretical

functions 1, 4 and 5 do not q_pntain a disposable parameter.
A » btut the empincai “functions 2. 3. 6 and 7

contain such a pa.rameter by u. B and x respectively.

T 7
Pigs. 3.14-15 show values of €= €2 44 the

Cm-C"3

) -

region of the peak plotted against log - ? superimposed
) bt i ey AT
' m

on the lines given by the various graphical relations

for €./€"%, . Vertical linear scales, which vary for
the different curves, have been omitted for clarity. The
functions 3 and 6 appear to give the best f£it to the
experimental results. The parameters used, together
with the various other parameters involved in Equations
3.15 '3.‘i6 and 3.17 and other data on the samples, are
given in Table 3.7.
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The Cole=Cole circuiar- arc plots (with no ‘correction
for the backéiound loss factor) for the wulcanised
rubbers (data reduced to T = 11-8) are given as full lines
in--Pig.:."B.'fG'. ' Deviations of‘ the data (derived from the
curves of Pigs. 3.9y 4.10, 3.11 and 3.12) from the
circular arcs are indicated by dotteﬁ lines. The
.accuracy of the . c ",,,,.,- .results for the raw rubber was
in;ufficient to make poss:ibl’e the production of colé - "
cole arc plotl for thia material. An estimate of |
| e < (the static dielectric constant at T ) and
“a éecond estimate of .ém were made from fl;h-e cole-gole

plot.
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. ABLE 3.7 |
COLLECTED DIELECTRIC DAZA O ALL EUBBERS

Unvulcanised A2 .= A4 A6 B3

ence tempeérature 2g; e 4 : 247 251 254-5 259 255

| ea;.(aséume(.l). o - 234 2:35 237 2-35,

| d - 4 - '.— s 406 4.6 4-6 4.6
- - 10 - . +°0
? aJ 2 Ca.g g.x 0 (assumed) N |

. (-'_:'x, 102 9408 . Ted 1145 768 145

€5z 102 . 007 0.4 0.4 0:4 0-4

€ ' (from Pige. 3.8 and 3.11) - 2.70 ° 2.88 322 3-05

_from Cole - Gole.plot LR 2080 2441 2:48 250

m e omw L 4§ 2069 2.87 3-21 3.04

¢ D - 0:52 0+53 . 0e48 Q46 0451

.10 - 10 13 13 1

L S I 0-40 '6.4'0» 10.37 0435 0439

 (Cs- G.,.,) . oo -sm_ail. to permit accurate Cole=Cole plot.

logre “m/2m 53 46 39 2% 39
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In the previous discussion 1t was assumed that
6(2-) could be expressed by various analytic functions,
and these hypotheses were tesfed by comparison of the
calculated values of €%, /¢, ~ with the experimental
data. It is, however, possib}é to deduce 6( T )
Pgraphically from the given. C’“ or €°, data by a
second approximstion method given by Ferry & Williams
(1952) and by Williame & Perry (1953). Approximation
methods were discussed in the first part of the thesis.
The accuracy of the methodrgswgét.high, since it depends
on the graphical éifferentiatipp of the experimental
| curves. The resu'lting.values of (E=-¢) ™ &
at ?s for the sample B3 érehg4§en-in.Fiss 3.575

2 cf®) . is the distridution function of natural logar-
ithms of the relaxation times and (G Go)a ()
| is identical with the functiom*represggphd by jpag)“
in the notation of Ferry and Williams. ‘The agreement
between the results from the loss factor and permittivity
data 1s as good as can dbe expected in viéw of the
approximatiéna-and_gra§h1e31 differentiations.

3.9 DIPOLE MOMEN®S
Prom the loss factor/frequency data on raw rubber
it is possible t0 calculate a value z, below whiech the
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dipole moment u of the mbber monomer cannot l:l.e. the
actual dipole moment cannot be calculated since the
dispers:.on :l.e so wide that é is consi-derably greater
than zero at both ends of the curve and’ the permittivity
-data :I.s inadequate to provide 'a value of E - C,, « The
value g 1s derived by aseuming that the loss factor at
2 E is g:lven by ' '

RE Y

| 6 tor k(o sect 3o-52 &(7)}_] +(7xw™*)

This form of the expression for ¢€”, is oné which is
" given by the Puoss & Kirkwood £1941a). expression
superimposed on a eo_natant background loss factor (the
constants being as given in Table 3.7). This has been
shown to agree with the experimental values if the ionic
losses are ignored. *

If v apd w are the linits of 1n & {for by = 1) in
Fig. 3.134 this gives * -

/6 d(é.‘j o:‘.zx /o/x/o")-/- @Jo_ang X7 Xr0” ’9
T S RXK r0”% -

W
T % 7 4

(see Oakes & Richards (1946)),
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where B = No. of dipoles_per unit volume.

" Putting N = 8.1 x 102* =;Bd, of monomer units/hm3.
and €5 = 2.3 gives g > s where % = 0,16 Debye
units.

This value of 2z is much lower than the value
1 =.0w723, obtained by'Kambara_(1942) fbr'raw-qrude
rubber from measurements on a éolﬁtionlin benzene, It
is possible that Kambara’s crude :ubber was oxidised
during the process of solutioﬁ. fhua'incrgaaing the
dibdle-moment. |
~ The values of the dipole moment of the vulcanisates
per sulphur atoq(ﬂg;e been calculated on the. following
aséumptionas- :'
(i)' that-eacﬁ sulphur atom is involved in a
separate dipole;
(414) that all the dipoles have the pame dipole
‘moment; |
(1i1) that the contribution of the small quantity
of accelerator to the dielectric constant is
negligible. An attempt to remove the
accelerator by extraction resulted in a
sample which oxidised rapidly and further
tests-could not be carried out.
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The values of €, and &, given by the
intersection of the circular arcs with the permittivity
axis have been used in Onsager's formula (1936)

2. U7 (Es- Ca)(RE*E)
Ay eorn’ €, (’E.., »2)2
sulphur atoms per unit volume, giving n = 1-9, 1-8, 1.8,

1.9 D for A2, A4, A6 and B3 respectively. Thege values

where N' = number of

are, however, in error d‘qe to the conti'ibl;tion of the
dipole moment of the rubber molecule. Although no

precise values of permittivity o;’ the raw rubber are

: available.; t_h'_e gneasured values indicate that, in the
abserice of thé sulphur, (€,= G_..) is less than 0.1.

If it is assumed that the value of € for the
vulcanised rupber’must bé redﬁeed by this figure to allow
for the dipole moment of the rubber, then the values of

p..s for the sulphur atém. become 1'-5, 1-6. 17, 17 D
respectively. Thess values are esimilar to that (1.74)
calculated by Waring (1951). The use of Cole = Cole plot
values of €, and € is justified by the fact,that

it does not take into aceoﬁnt- any dipolar dispersion

range., whi’ch may occur at higher- frequenéies than those
involved here and whi_.ch‘has be-en'assumed-, thereféré. not to
be assoc:l.atad with fhe .énlphur atons. Ehe sulphur”combines
with the rubber in various chemical groupings and it is
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specnlativé-ta draw: any conclusions from the amall
range of calculated values of dipole moment.

The value of dipole momen't for the isoprene unit
is extremely small, so that'?or-mostibxacﬁical purposes,
the rubber hydrocarpog.is a n9n—polar.substgnge,:_ L |
Vulcanisation by sulphur adds conéidéiably to the o
dipolar loss, and the dipole moment per combined sulphur
atom (calculated aséuming each combined sulphur atom
to be a separate-dipoie) is substantially independent
of the percentagé combined sulphur or of the accelera=

tion of the reaction.

3.10 DEPENDENCE OF T, OR COMBINED SULPHUR CONTENT

Table 3.7 indicates that T, is a function of the
combined sulphur content (42, A4 and A6 had the same |
total sulphur contegi). The values of Ts' obtained
by various authors from dielectric and methznical détﬁ
are given in Fig. 3.18.~ There is a good agreement
between the various series of results at the lower end
of the euive. Three sets-of'results'giie 248°g for
unvulcanised rubber, while the other two give 247°K and
250°K , the latter being from experimentnl data of Umited

accuracy.
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CHAPTER 5

SUMMARY

501 SUMMARY OP CHAPTER 2.

' 1. By the use of the Williams, Landel and Perry
Pransform, it was possible to construct master curves
of the real and imaginary parts of the dynamic modulus
(and related quan#ities) with respeét to logarithm of the
angular frequencyxpfIpscillatipn. Anqusislof these

-~

curves reveal four distinct types of viscoelastic behaviour;
£flow, highly elastic rubber plateau,. transition and glassy.

2. The use of Ppring and dashpot modéls was shown
to be limited in scope in being able to describe
adequately the mechanical response.of natural rubber to
a_sinusoidal ogcillation. Use was, therefore, made of
several approximatiqn'methodé to derive either the'
relaxation or the retardation spectra from actual
éxperiméntal results.

3. Prom the maxima in the loss compliance and the
retardation spectra,.it was possible to derive '§ o* the
monomeric friction coefficient . 5 o Was shown by Ferry
to be similar to the diffusion coefficients of n-Butane,
i-Butane and n-Pentaﬁg, (materials with a similar |
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chemical structure to the rubber chain itself) at the
same temperature at which j‘ o ¥as derived. This
agreement identifies some aspects of the dynamic
behaviour of natural rubber with the properties of
the frictional properties of monomer unit in the back-
bqné chain of natural rubber.

4; The nature of the croeslink 1ntroduced.by
vulcanisation clearly influences the modulus and damping
.in the rubber élastic platean region. Sulphur compounds,
-presumably because of the long link of a polysulphidg
bridge, appear to be more flexible and less hysteretic
than compounds possessing smaller junctions.

5. Carbon black fillers comsiderabdly modify
mechanical properties; especially the relaxation and
retardation spectra, but appear to have little influence
on the glass transition, or the %, values of the
vulcanisate.

6. The general effects of temperature, frequency,
vulcanisation or fillers in modifying the dynamic
behaviour of rubber is now known, but much detail still
requires =33 to be eataplished. Considerable attention
has to be paid to developing satiefactory molecular theories

of network response to mechanical osciallations in the
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rubber-plateau region before the flner details of the
phenomena can be understood in the region whererubber

is normallx used in eggineerigg graot1ce. .

503 . .. SUMMARY OF CHAPTER 3

"1 ' The use of the Ferry ‘and Fitzgerald method (set
out in mathematical terms in this thesis) of analysing
the 1oss factor and permittivity data is applicable to
the ‘results of both vuleanised and unwulcanlsed dry
purified rubber. '
2;1 7 The form of the loss factor/frequency funetion '"
suggests the summation ofi- -
(a) a broadened-Debwe-type'peak, the process is polar.
(b) a constant “baekground loss factor"° the proces-
is obscure. B
(c) an ionic loss atlvery 1ow'frequeneies; this is

" ‘only obvious on the unvulcanised rubber.

It is noted that there is no record of (b) having been
previously observed in eombination with (a) i.es in a
polar material.

3. Of the various theoreticai and'semi-empirieal forms

for-the distribution of relaxation times giving rise to
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the Debye type peak, the Puoss-Kirkwood and Cole/Cole
functions were found to be mést-in-accord Vifh éxperimental
resul ts. SRR '!

4. Esfimates of the dipole moment of raw natural
rubber could not be made; although it is deduced that .
the value cannot be less than 0.16D, The dipole moment
per sulphur atom in a vulcanisate (based on the assumption
that each combined:sﬁlphnr'atom in the-vulcanisaée glives
rise to a separate dipole and all the dipoles have the
same noment ) is about 1°+6D,

56 The values of %, obtained fromimechanical and
dielectric data are almoat identical. and furthermdre the
WLP equation describes the temperature-frequency
equivalenee of both the dynamlc and dielectric properties
of natural rubber.

Pinally, a general conclusion to be drawn from
this work is the great importance of the WLP iranéform in
relating the temperature and frequency (or time) equivalence
of the behaviour of amorphous polymers. Indeed it is now
essential for any experimental work on polymers, in which
time and temperature are two of the parameters involved,

t0 make use of these Transforms. A recent review by the
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anthor on the use of the WVLF transform in nuclear
magnetic resonance studies, optical birefringence,
friction, abrasion, tear and other astudies on polymers
(both crystalline and amorphous) accents the practical
and theoretical importance of the Transform techniques.
Payne (Tb be published).

CHAPTER 5

5.1 NOTE OF TINE OR FREQUENCY-TEMPERATURE SUPERPOSITION
This thesis has referred the frequericy-temperature
relationships to the Williams, Landel and Ferry Transform.
As in many other scientific fields of endeavour which are
progressing rapidly, it is often difficult to state clearly
the persor or persons actually responsible for some basic
principles, especially as the passage of time has modified
the original assumptions. There is now however a tendency
in the literature to say that the interrelationship between
time or frequency and temperature can be treated by the
Leadermann-Tobolsky-Ferry time-temperature.sugergosition
:Brincigle.1’a'3‘ The principle was certainly first
formalised adequately by Ferry4 in terms of phenomenological
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model and subsequently givea a molecular interpretation
'bj the Rcmse._-'5 Pueche® ana Zimm7'¥heerigs. " These

theories are amply discussed elsewhere. ' #3+8

'Tj., Perry, J«D. "Viseoelastié Properties of Polyuers®,
Wiley, New York (1961). |

2. neaderman;'ﬂg "Elastic and Creep Propérties of

| Filémentous Materials The Textile Foundation",
Washington D.C. (1943).

3. Toboleky, A.V. "Properties and Structures of Polymers®
Wiley, NewYork, (1960). |

4+ Perry J.D¢, J.Am.Chem.Soc., 72, 3746 (1950).

5. Rouse, P.E., Jr., J.Chem.Phys., 21, 1272 (1953)

6. Bueche, F. J.Chem.Phys. 22, 603 (1954) ~

7. Zimn B.H., J.Chem.Phys. 24, 269 (1956).

8. Buechey P., J.Appl.Phys:, 26, 1133 (1955)s

5.2. NOTE OF THE GLASS TRANSITION TEMPERATURE AND THE WLF
EQUATION

The glass transition temperature is a well defined
singularity in the.tgmperature dependence of any of the
intensi?e properties of the material, e«gs density,

‘ compreasibility-6tispecific.heat; measured in an experiment

. with a time scale of 19¢ in several minutess As an
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. example Pig. 5.1 shows the variation with temperature
of spéeifie volume of natural rubber measured with
témperature increasing at 1°C in three minutes.

Below the glass transition point; the material
behaves as an amorphous solid; the individual atoms
maintain their relative positions during deformation,
there being negligible molecular rearrangement in
experimentally realizable tiress

As the teméerature rises above the glaes transition
point molecular rearrangements take place'with increasing
ease (in polymers, these usually result from rotations
about. C-C bonds), giving rise to an additional 'cénf'iguration'
contridbution to specific vplume, specific heat, compressi-
bility etc. as appears im Fig. 5.1s This structursl
effect is zero at the transition point Tg. 80 that its
value at a higher-tempera?ure T may be measured by (T-Tg).

The most obvious structural change produced by
increasing the tgmperatufe is its increase in volume.

This thermal expansion may be related to the free
volume of the polymer, a quantity which has 5een-Variously

defined but which here is;essentially a measure of the
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space available for free molecular motion. If the
fractional free volume, f, is defined as the free volume
per=uni£ volume of liquid, then the abrupt change Ad
in thermal expansion coefficient on passing thfough the
"glass transition point as shown in Pig. 5.1 may pléusiﬁly
b taken as the thermsl coefficient of £ itself, since
fé~will be a small fraction. Thus

£ =':B_g + Ac (T-#=Tg) - 5,1

where fg is the fractional f:ee volunme. at Tg
Fqllowing Eyring*s introduction of the free volume
concept.iwidelj-employed in hole-type liquid theories,
Boolittie qeveloped a successful equation for viscosity
solely in terms of the free volume. Williams, Landel
and ?erzj, by comdbining Doolittle’s expression for
viscosity with the free volume equation above, identified

the constants of'the general form of the WLF equation

log 'a-T, = C (P=T) /(Cy ¢+ T =1 52
such that

6y = 1/2.3 £, 5.3
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02 = fg/ .Aa 5.4
Comparison with the established constants in
equation 6.2 then indicates that:-

fg = 0¢025 and Da = 48 x107% aeg™ . 5.5

" In view of the uncertainty in'giving.absq;ufe -
meaning to free volume, the value of £, though plausible
cannot dbe quantitatively tested.  The vclue <f the
expansion coefficient; however, is a good average éf'the
known value of this quantity, for example the. results
shown in Fig. 6.1 lead o a value of 459 x 10™4 deg™
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5.3 FURTHER DISCUSSION ON THE MOLECULAR THEORIES
USED IN CHAPTER 2 (WITH PARTICULAR REFERENCE
70 SECTION 2-10.2) |

Bueche takes as his model a three dimensional
polymer moleecule consisting of masses connected with
springs whose stiffness constants egual 3k2/32, where
k is Boltzmann's constant, T the absolute temperature,

2 the mean square end-to-end distance of the

.and a
chain per monomer unit, These springs are the so-
called "entropy springs", which take into account the
effect of Brownion motion on the macromolecules. For
mathematical simplicity the valence bond angle is
taken as 900, and the hindrance potential to internal
rotation is assumed to be zero at angle 0° ana 180°
buf infinite elsewhere, BEnergy loss in the“éystem
- due to the viscecous interaction 6! a segment with its
surroundings is introduced into the computation by a
segmental fraction coefficient §o o

The equations of motion are set up and solved using
a normal mode analysié. Por the cross-linked case,

the deformation force is applied tc the eﬁds of the
molecule, which then become-cross—iink points, The
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portions of the overall network between cross links
are called 'chains'. Having eveluated the mechanical
response for a single *chain®, the total work done on a
unit volume of the microscopic sample is assumed to be
equally distributed among the v 'chains’ comprising the
volume and the respdnse of the total network is obtained.
The result for a cross-linked polymer is a ‘discrete line
. spectrum of retardation times. At long times the
expression for the shear é'omplianée approaches ¢ RT/MO.
At short fimes the'discrete”spectrum can be replaced by
a continuous one,which is-independent of Mc"and is
identical with the Rouse thoory except for a numerical
factor of /2. At these moderately short times the
'behaviour 18 not influenced to any extent by the
presence of the cross-links. Quantitatively, this is
easy to understand sincé the éhoft times correspond to
motions of selectively small ségments of the polymer
chain and the probability that the segment will include
a cross-link is very small if the degree of cross-linking
ie slight.

At 1ntermediate times the theory predicts a maximum
in the retardation spéctrum and in thé loss compliance

due to the presence of the cross-links, The frequency
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@, of this maximnm in the loss eompliance is given by
<the reciprocal of the terminal relaxation time, i.e.

“n 2 Vo, = 3 P/ 52502 §o 5.6

where I, = M_/¥, sund M, is the molecular weight of the
mﬁnsmer unit, Quantitativel&, if the maximuﬁ“is _
approached by decreaslng the frequency, thée maximum
eorrespands to the point, where the experiment first
shows that the chain 1smconnected at both ends to the-
rest of the network (the terminal retardatiqn time
corresponds tb thé fundamental vibration mode of a
violin string or té translation of the whole chain),
The magnitude of the maximum can be shown fo‘be '

Cn . |
dpag = 0°42M, /@RT = 0+42 3, 5.7

Thus both the height and the position of the maximum
depend on the chain length.

Blizerd has proposed a ladder network 4o obtain the
viscoelastic response of a metwork polymer, His model
consists of an infinite transmission line, Starting
at any point and going in one direetion along the line,
one comes to a point where the line branches into three
lines, Pollowing any of these thiee lines a given
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distance one again comes to a branch point where the
line being followed branches into three;. this pattern'
continues ad infinitum. Each portion of the line between
branch points has a resistance per unit length and an
inductive coupling to ground per unit length, These,
when translated into the mechanical anzlogues, become the
elastic contribution (entropy springs) and the viscous
contribution (segmental friction coefficient) per monomer
unit. This model then would seem to be a fair representa-
tion of s polymer network and is somewhat closer to
reality than the Bueche model in which no account was
taken of how the several chains are connected together
(i.e. whether the cross-links have a bi=, tri-, tetra-
or higher functionality): Purthermore, the results of
the Bueche theory are in terms of a sum, while those
of the Blizard theory are obtained in closed, albeilt
complicated, form. The main disadvantage ot the
Blizard treatment is that the equaetions are given in
terms of unspecified constants, which do not provide
close identity with molecular parsmeters.

| Other theories for the mechanical behaviour of
cross~-linked polymers by Kirkwood and by Kirkwood and
Hammerle iead'to continuous retardation spectrums with

the high frequency portibns of,J" proportional to a>i1
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and @ =2 respectively and hqtbhigaependent of M,.

All of these-molecular-tﬁea;ies.of c:oss-iinke& .
macromolecules have two serious defects which limit their
application in real systems, The firs@ dergpt arises
becanse the theories assume that all the chains in the
network are of the same length. Since the vulcanisation
of rubber is a random prqcesé, M, will be anything but
constant; in fact Watson (1953) has shown that the
distribution of M, should follow the "most probable
distribution" expression. for large values of H,, the
number average molecular weight betﬁeen crosslinks, and

furthermore:=

#uy) = (M /M) exp (M /H,) 5.8

where g (M,) is the fraction of the chains that bave a
chain molecular weight of'ME,'and Mb is the moleculsar
weight of a monomer, From theée general considerations
Jﬁax should decrease with increasing width of the
eross-link density distribution. Since &, < 3.°Z, this
frequency should increase with'increasing width of the
cross=link dehsity’distribution aﬁd should be higher the

greater the number of short chains present.
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The second defect of the molecular theories is
their inability to account for the low frequency
dehaviour, The thecries prediet, that at low freguencies,
J® will be propertional to & down to zero freéuency. In
reality, J® does not decrease this fast and in faet becomes
almost frequency independent at low frequencies and
furthermore the loss tangent decreases only very slowly
over the low frequency range. This phenomenon is now,
due to the recent work of Strafton and Ferry (1964),
attributed to the relaxation of groups of chains co=-

ordinated through their mutﬁéi eross-links or entanglements:

CHAPTER 6
AFPENDICES

6.1 VALUES OF €, 4q_

The data of McPherson & Cummings (1935) give the
refractive index (ng) for the sodium D 1line of natural
rubber containing S, % combined sulphur end S; % free

sulphur as

By = 1-519 + 0-00375, - 0-00035(2-298)40-00168,, 641

1f the assumption is made, that the irifluence of free.
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sulphur is of the same magnitude in the vulcani_saté as
it is in the pnvulcanised rubber; the data g_iiren by
Wood (1941) f£it cé.uchyfs formula relating refractive
index to t.-vavelength and give an ei‘trapolated value at“
infinite wavelength (nis) which is 04020 less than
Assuming the temperature coefficient remains constant
at lower temperatures (=502 to + 20°C) than those over
which it was measured (+20? fo +60°0). the combined
relationships gave' values of (n& )2 at T = T of 2-34,
2+35, 237, 2+35 for A2, A4, A6 #nd B2 respectively,
with a t‘empe-ratur'e: coeffieient

(.i@ )2 g‘% (nﬁj of =46 x'1l0-4 per %C,
. _

Examination of the original data showed that the
value of (nz, )2 was ohly of the order of 012 lower than
the lowest values of 5,2,’.1, observed, and it was therefore
concluded that the effeets of atomic polarisability and
of any very high frequency (outside the experimental
range)-dipolar loss mechanism were small. In the absence
of any further information it was assumed therefore that
(ni )2 = € oo. o was an adequate approximation for the
present treatment of the results, and the resultant
superposition of the curves suggests that the assumption

was justified.
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6.2 ACTIVATION ENERGIES AND THE WILLIAMS, LANDEL AND
FERRY EQUATION.. ' :

It does not appear to be generally realised that,
for physical processes where the Williams, Landel and
Ferry equations applies, the equation reqaires only a,
single paramater, the Ts value,_in_order to Spgcify the
activation emergies at gll the temperature within the .
range of application. This equation thus specifies a
relationship between activation energies and the T, value
is therefore a more useful factor than activation energies
at a single or limitéd nmumber of temperatures.

The Williams, Landel and Ferry equation may be
writtens-

1n b. = 2+303 X 8+86 (THTB) : 6.2

T . e

1016 + TiTs

The activation energy is given by

. . 2
in ® : T

d( . T‘) = 207R(= )x/o 6.3

& (1/7) 101-5 + se-m

where R is the gas constant (1-987 x 10-3'K c:a]...-'d-eg""1

molé-1)


http://cal.de

1Y

2
fhus B = 4¢12 ( ) 6edo.
. 101-6 * T—Ts
end is therefore not a constant as 1t dependgﬁon the
temperature and as the difference of temperature away
from the reference temperature T [or the. glaas -

_traneltion temperature, Tg (Ts = Ts + 5690)],
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TEMPERATURE-FREQUENCY j
RELATIONSHIPS OF DIELECTRIC AND :
MECHANICAL PROPERTIES OF POLYMERS - i

A. R. PaynE
Research Association of British Rubber Manufacturers

The method of reduced variables has been applied to the mechanical
characteristics of an unvulcanized and a vulcanized natural rubber, a .
Silled natural rubber vulcanizate, and an ebonite, as wéll as to the i
dielectric properties of unvulcanized natural rubbers. The overall master !
curves have been obtained in all cases and the characteristic reference
temperature (T',) determined from the experimental results. The four
regions of visco-elastic behaviour in amorphous polymers (glassy :
amorphous, transition, highly elastic and flow) are discussed. A
The second section of the paper discusses the variation with temperature :
of the frequency at which the langent of the dielectric loss angle (tan 8)
reaches a maximum. This variation was adequately described by
Williams, Landel and Ferry’s empirical equation. The nature of the
polymer had a marked influence on the manner in wkich the experimental
resulls were described by the empirical equation, and it was found that _
this behaviour can be separated into distinct groups. The T, values were - .
derived from the tan b peak data and compared with the T, values obtained . :
JSrom other types of physical measurement.

METHOD OF REDUCED VARIABLES

In recent years much consideration has been given to the
temperature and frequency dependence of the mechanical
and dielectric properties of rubber-like materials.'-1¢ It has
been recognized that these mechanical and electrical properties
are related because they both mvolve configurational changes
of flexible molecules.

The response of polymers to small mechanical or electrical -
oscillations is found to be affected equally by an increase in
the temperature or a decrease in the frequency of the oscil- g
lations. Ferry and his co-workers have .developed a method ‘
for transforming the temperature and frequency scales so
that the observed values of a given property, e.g. elastic

86
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modulus or dielectric constant, can be brought on to a single
curve covering a very wide range of temperature and frequency.
In this method each observation is transformed in two ways:
first, in so far as the measured property follows normal kinetic
theory, by a linear transformation of the absolute temperature
to a suitable reference temperature T, Secondly, by a linear
shift of log (frequency): this is done in such a way that all of
the transformed observations fall on a continuous curve. The

striking and convincing featurc of this treatment is that the -
form of the frequency shifting factor log a5 as a function of

temperature is determined solely by T',, and if the appropriate
values for T', are chosen then the relation between a, and
(T' — T,) is identical for all materials so far examined.

The relations used below for reducmg the observanons
nay thus be expressed as follows:

Takmg the complex shear modulus G* in terms of its real
und imaginary components as

G*=C +i6" - ....(1)
.nd the complex compliance J* as .
J* =1/G* =J' —iJ", ' ----(2)

he kinetic theory transformation from a temperature T,
there the den51ty is p, to a reference temperature T,, where
he density is py, is

=(J'.-._Jm) TP/ToPo +Je )
J*y =J" (Tp[Topo) ceee(4)

nd the linear log (frequency) transformation can be expressed

y .
w, = wa, ee..(9)

ere J, is the limiting compliance for the glassy amorphous
ate, J’, and J”, are the reduced real and imaginary parts
"the compliance, and w, is the reduced value of the circular
equency w. From kinetic theory only the configurational
mpliance is inversely proportional to absolute temperature,
the glassy compliance J, has to be deducted from J’ before
aking the temperature reducuon
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An equivalent series of relations holds for the complex
dielectric constant ¢*, given by

e* =¢ + i€" ‘ ... (6)

Thus, assuming that all the contributions to the dielectric
constant associated with dipole orientation are inversely
proportional to the absolute temperature but directly propor-
tional to the denmty,

€ = (E - Em)x (Tpo/Top) + € e (7)
& = €" (Tpo/Top) _ ... (8)
and again, w, = whyp- )

€, being the limiting high frequency or low temperature
value of €. These relations differ from equations (1) to (5)
in respect of the inverted density dependence: the more mole-
cules per unit volume the less the mechanical compliance
but the greater the electrical polanzatmn

The factors a; and by in equations (5) and (9) are inter-
preted as measures of the temperature dependence of the
appropriate relaxation times. From Ferry's work it appears
that a4 is given in terms of the reference temperature 7', by the
empirical relation® '

log ap = —8:86 (T — T,)/(101:6 + T — T,) ....(10)

The parameter by is also given by equation (10), and the
difference in symbolism is retained in the present paper
solely to differentiate the electrical data from the mechanical.

MECHANICAL AND DIELECTRIC PROPERTIES OF
NATURAL RUBBER

1. Dynamic Measurements with Natural Rubber

The method of reduced variables has been applied to
mechanical measurements made on an unvulcanized, a
vulcanized, and a filled, vulcanized, natural rubber and on
-an ebonite.

The reduction of dynamic data has previously been success-
fully carried out by the author® for a vulcanized acrylonitrile
butadiene rubber, notwithstanding published statements!?

that reduction was not possible on vulcanized rubbers because -

—y—
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ross-linking structure affects the mechanical properties at
ow frequencies. Recently Fletcher and Gent? have reduced
he dynamic data of some rubber-like materials, including
1atural rubber, but their experimental results were limited
nainly to the highly elastic plateau region and the lower
rart of the transition region. However, in these regions

heir results are substantially in agreement with those discussed -

elow where comparison is possible. Zapas ¢t al.® have also
udied the dynamic properties of unvulcanized natural
ubber over a wide temperature and frequency range.
Experimental details—In an earlier paper,1%¥® a non-
sonant sinusoidal-strain machine for determining the low-
equency dynamic properties of visco-elastic polymers was
escribed. The principle of the machine was based on a
rtating eccentric shaft which, moving in a cross-head, could
npose a sinusoidal strain on the test sample. The force
‘nerated in the sample was measured by a differential
ansformer situated in an extremely stiff type of proof ring.”
he machine was designed to cover a frequency range of
0001 to 50 cfs and a temperature.range of —75°C to 100°C.
The rubber test cylinders were bonded to steel plates and
static strain of one per cent of the cylmder height was 1mposed

| the rubber together with a constant osc1llat1ng strain of a
Llf of one per cent. The temperature increase within the
bber being strained under these oscillatory conditions was
ver observed to be greater than'0-5°C.

Results for unvulcanized natural rubber—The reduced values .

G, and G,” are plotted in Figs. 1 and 2, the experimental
lues of G’ and G" having been reduced by equations 3, 4
d 5. All the curves in Figs. 1 and 2 were then translated
mg the log frequency axis until superposition occurred, and
: ratio of the relaxation times was the frequency factor
juired to bring about the superposition of the other curves
that for temperature T,. The temperature T, was 273°K.
the shifting factors, log;oap, describe the temperature-
»éndence of the relaxation times, it was expected that the
ne values of ap would be necessary to shift both the G,’ and
'data, and this was found to be the case.
Che overall master curves obtained from superposition of
data are shown in Fig. 3. Itis apparent from the continuity

H
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of the superimposed data that the superposition was carried
out with little ambiguity except perhaps at the lower fre-
quencies in the highly elastic plateau region. The value of
J », the limiting high-frequency compliance, was taken to be
7:7 x 10-12 cm®/dyn. '

. .
? 2+ \
-2|- S
4 n\Ln'&"N
=30 -20 20 40 60 80
Ry K

Fra. 4. Logygap versus (T — T',) for several rubbers. The solid
line shown is the empirical curve described by equation (12).

O experimental results of carbon black filled natural rubber
vulcanizate. 7, = —20°C. .

J experimental results of vulcanized natural rubber. 7', =
—25°C,

A experimental results of unvulcanized natural rubber, 7', =
—25°C.

When the values of a; were plotted as log,, 2, against
temperature 7', it was found that the resulting curve could be
superimposed on the curve obtained by plotting equation (10)
using a suitable value T, for temperature 7,; for example,
the curve described by equation (10) is shown as a solid line
in Fig. 4, and the superimposed log, a, values for unvulcanized
natural rubber are shown as squares about this line with 7',
equal to 248°K. With this value of 7', the experimental
results around the curve give an indication of the goodness of
fit of equation (10) with the experimental values.

Vuleanized natural rubber—Figs. 5 and 6 show the final com-
posite curves of G,’ and G,” for a lightly vulcanized natural
rubber (Curve B); the experimental points are not shown

-~
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about the curve, but the scatter of the experimental points
about the curve was of the same order as that shown in Fig. 3.
The log,, ay values which were necessary for superposition

N egi - iz i I
T e | e ] TR | S
\E, 10 region T
) '°|O n R
—
0’ 4//\—— "
o 1 - " — i
0° e A
}‘ 7/
107 o3 | e
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C W= py 2 0 ] 4 ) [} ]
loglway)

Fic. 5. Overall G,’ curves for several rubbers. T, = 273°K.
Curve A: unvulcanized natural rubber; from Fig. 3.
Curve B: lightly vulcanized natural rubber.

Curve C: carbon black loaded natural rubber vulcamzate
Curve D: ebomtc

are included in Fig. 4 and shown as tnangles Again T, was
273°K and J , was 8 X 10-11 cm?/dyn. The value of 7, to give
the best fit of experimental values of ar to the empmcal
equation (10) was 251°K. g

[,) 0 N
E 10' I P /—-,_
€ 109 Z =
¥ 108 = ot — BA, =
07 // 1. pd .
1081 //
& a2 o 2 a 3 a o
. log(way) .
Fic. 6. Overall G,” curves for several rubbers.
Key as in Fig. 5.
1§ "

Filled natural rubber vulcanizate—A natural rubber vulcanizate
containing 50 parts by weight of carbon black (High Abrasion
Furnace type) was studied, and in view of the known amplitude
effect on the measured dynamic modulus values due to a
thixotropic phenomenon, %2122 and the normal heat build-up

due to frictional energy losses in the rubber, the amplitude -

was kept as small as possible and constant.
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In Figs. 5 and 6 are plotted the final composite curves of
G,’ and G," (Curve C). Again, except for the low frequency
values, the superposition was obtained with little ambiguity
although there was greater experimental scatter about the
curve than for the unvulcanized rubber. 7', was 273°K and
J e 2:5 X 10-11 cm?/dyn. It is evident the that G, and G,”
curves for the filled rubber are flatter than that for the unvul-
canized and highly vulcanized natural rubbers.

The corresponding log,, a; values are included in Fxg 4
plotted as circles and the 7', was 253°K, only 2° higher than _
for the unfilled natural rubber vulcanizate. This suggests that
the presence of an appreciable volume of filler does not affect
the temperature dependence of the relaxation rates, which
theory suggests are dependent on the free volume into which
the relaxing molecules can move;? i.e. the free volume for the
long—chain molecules in the presence of carbon black particles
is little different from the free volume for the long-chain
molecules of the unfilléd vulcanizate.

Ebonite—Tigs. 5 and 6 also show the corresponding overall
curves for G,’ and G,” for a natural rubber vulcanized to the
ebonite stage (Curve D). These curves were obtained by
analysing the published results of Becker and Oberst.23.%
The necessary log,, ap values were similarly plotted as in
Fig. 4 with Ty = 333°K and a suitable value of 7T, was found
to be 360°K. It is to be noticed that the overall curves for
ebonite are much flatter than those for the lightly vulcanized
natural rubber. The degree of cross-linking corresponded
to approxxmately one cross-link for every twenty atoms in the
main chain, which is practically the maximum density of
cross-linking obtainable.

Discussion—Below the so-called second order transition
temperature in the ‘glassy-amorphous’ range, all high -poly-
mers appear to be very much alike. In this region the elastic
properties are governed by the binding forces between neigh-
bouring atoms, and the elastic modulus G,’ for the four rubbers
studied in this paper was practically independent of tempera-
ture and frequency and lics in the neighbourhood of 5 x 1010
dyn/cm?.

The reduced loss factor, tan 8, = G,"/G,’ in this region was

relatively small (<0-1), and decrcased thh increasing log wa,.
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Above the transition tecmperature, the chain scgments of
the high polymer become increasingly frec, and they even-
tually attain complete mobility. In the highly elastic plateau
range the modulus values were con51derably smaller than the

values in the glassy-amorphous region and the visco-elastic

response to deforinations or stresses in this region was rever-
sible. This type of behaviour has been studied theoretically
in a number of papers®, °

With higher temperatures (or lower frequencies) there
has been found in linear uncross-linked polymers®.23,28,29,30,38
a range in which they show increasingly plastic flow and pass
into a fluid state, and this behaviour is to be seen in the low
frequency cxtreme of the G,” and G,” values for the unvulcanized
natural rubber in Fig. 3.

At a given temperature, as the frequency increased the
modulus passed through a dispersion range, and the tan é
values attained a maximum in the middle of the dispersion
range. With increasing temperature, the dispersion ranges
and the tan 6 peaks shifted to higher frequencies, and it is
now well known that all the high polymers have qualitatively
the same behaviour.1223,25,26,27

Fig. 5 summarizes the G,’ curves for. the four rubbers studied,
~ all the curves being reduced to a common standard of tempera-
ture, T, = 273°K, except for ebonite which was 333°K.
Also indicated on the Fig. 5, but refJernng specifically to the
unvulcanized natural rubbcr are the four characteristic
regions, i.e. the glassy amorphous region, the transition region,
the highly elastic plateau -and the region of plastic flow. For
the vulcanizates there is no flow region. A study of thcse
curvces shows that it is possible to arrange a measure of classifi-
cation bascd on the low frequency behaviour of these materials.
This classification is based on the elastic moduli values in the
highly elastic region. For example, linear polymers like
polyvinyl chloride,?3.28 polystyrene?3.28 polymethyl methacry-
late,23,%8 polyisobutylene?®.30.3¢ which have no cross-linking,
have values of highly elastic moduli very similar to that of the
unvulcanized natural rubber and at low frequencies have a
flow region. Cross-linked polymers like vulcanized acryloni-
trile butadiene,® GR-S§,%® and Vulkollan®® show a highly
elastic plateau similar to that of unfilled natural rubber
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vulcanizates. The values of the moduli in this region are
constant and dependent on the amount of vulcanization but
are higher than for the linear polymers. The dependence
on cross-linking is evident from an inspection of the curves, B
and D, for lightly and heavily vulcanized rubbers respectively.
An increase of cross-linking shifts the dispersion region to
lower frequencies. If the ebonite curve had been reduced to
273°K the whole of the curve would have been shifted along
the log wa, axis in the decreasing frequency direction at
least eight or nine decades; the exact shift could not be
estimated because of the lack of data around 273°K.

Theory31,32,33,34,35 gyggests that the maximum value at low
frequencies of G,’ possible by cross-linking is about 1 x 108
dyn/cm? and it is only possible to get higher values of this by
the use of fillers. The characteristic of filled rubbers in the
highly elastic region was to increase the value of G,’ with
increasing volumes of filler, but without substantial change
in the frequency range of the transition region, although the
transition region curve is obviously flatter. Becker and Oberst23
did attempt a classification on the lines of that discussed above,
but it must be remembered that the actual compounding of a
material will merge one group in with another; nevertheless
the broad classification of the dynamic behavxour of materials
into linear, cross-linked and filled can be a useful one in
conjunction with the classification of the visco-elastic behaviour
of polymers into regions of glassy amorphous, transition,
highly elastic and flow.

Fig. 6 shows the corresponding G,” curves, and in general the
comments on the G,’ apply equally well to these. Figs. 5 and 6
cffectively summarize the general effects of compounding on
the dynamic properties of natural rubber.,

2. Dielectric Measurements on Natural Rubber

The dielectric properties of purified natural rubber have
been studied by Norman® and discussed by ‘Norman and
Payne,!! and a brief summary of the results is given below.
The dielectric measurements were made over a frequency
range of 50 to 108 c/s and over a wide temperature range.
After the results were reduced according to equations (7)
and (8) the overall curves for ¢’ and ¢,” were obtained
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in a similar manner to that described for the dynamic
properties.

Fig. 7 shows the overall ¢, values for four different natural
rubber vulcanizates containing different percentages of com-
bined sulphur with Ty as 253°K. Details of the analysis will

300

F‘.w"

B tﬁ%
250 .G];»;_‘ —

2-50

-2 [ i 2 ' 4 6 » 8

log (wby /27) - )
Fic. 7. Overall reduced permittivity ¢,’ curves for several natural
rubber vulcanizates. T, = 253°K.

Curve B: 1-7 per cent combined sulphur.
Curve C: 3-0 per cent combined sulphur.
Curve D: 3-0 per cent combined sulphur.
Curve E: 4-3 per cent combined sulphur.

be published elsewhere,!* so the curves shown only sumimarize
the data. The effect of increasing the sulphur content was to
reduce slightly the frequency of the transition region and to
increase the permittivity values (e,’) at the low frequency end
of the overall curve. Fig. 8 shows the corresponding ¢,” values.
Increased sulphur also increased the maximum value of the
¢,” peak as well as decreasing the frequency of the position of
the maximum value of ¢,°. The ¢,” curve for unvulcanized
natural rubber is indicated in Fig. 8. However, a characteristic -
feature of the unvulcanized natural rubber was the anomalous
increase of €,” due to ionic mechanisms at low frequencies or
high temperatures. This behaviour appears to lie in a fre-
quency region comparable to the region of plastic flow in the
mechanical curves for unvulcanized natural rubbers.t*
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The necessary experimental by values to achieve super-
position of the reduced data are shown in Fig. 9, from which it

8
T
) .
4 ,\{4
a8 2 "
g
o
-2
T
-4 °
- —L
~40 20 O 20 a0 60 80
-7, °K

Fic. 9. Log,, by versus (T' — T,) for several natural rubber vulcani-"

zates.

A 1-7 per cent combined sulphur:
D 30 per cent combined sulphur:
+ 30 per cent combined sulphtr:
- X 4-3 per cent combined sulphur:

(A.2) unaccelerated mixing.
(A.4) unaccelerated mixing.
(B.3) accelerated mixing.

(A.6) unaccelerated mixing.
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Fic. 10. T, values as a function of combined sulphur content in
natural rubber. The T, values have been obtained from dielectric
and mechanical measurements on unvulcanized dnd wvulcanized
natural rubbers. .

can be seen that the empirical equation (10) gives an adequate
description of the dielectric aswell as the mechanical frequency-
temperature equivalence of vulcanized and unvulcanized

natural rubbers.
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3. Comparison of T', Values

Fig. 10 plots the derived dielectric and mechanical 7', values
for the unvulcanized (0 per cent sulphur) and vulcanized
unfilled natural rubbers against combined sulphur content,
It is clear that to a first approximation there is a linear
relationship between 7', and combined sulphur content, at
least up to about 4 per cent combined sulphur; that increasing
sulphur content increases the 7', value; and that the mechani-
cally derived T, value agrees with that obtained by dielectric
measurements. _ :

‘The quoted value of T,, the second-order glass transition
temperature, is —73°C for unvulcanized natural rubber.
Thus T, = T, + 48°C, which approximates to the relationship
T,~ T + 50°C quoted by Williams et al.* for other materials,
F urther dlscussxon of these T, values is given in a later section.

OTHER PbLYMERIC MATERIALS

1. Variation with Frequency of the Temperature at which tan &
reaches a Maximum -

Thiirn and Wiistlin® give a diagram (their Fig. 1) showing
the temperature of the tan § maxima plotted against frequency
for forty-four materials, for which adequate data were
obtainable from the literature. They showed that by bearing
in mind the chemical nature of these materials, the curves
can be separated into two main groups. In the larger of the
~ two groups, (group 1), are the.curves with small temperature
depcndence, and in the smaller group, (group 2), all the
maxima which undergo considerably more pronounced
temperature shift with frequency.

An examination of the chemical structure of the materials
in group 1 suggested further separation into three sub-groups,
la, 1b and lc. A complete list of the materials and the groups
to which they have been assigned is given in Table 1. Sub-
groups la contains only those polymers where a strong coupling
between the dipoles contributes significantly to the cohesion,
e.g. polyvinyl chloride or po'lyvinyl acetate, or else where
strong steric hindrances exist, e.g. polystyrene, polymethyl
methacrylate (pnncxpal maxima) or in which mobxhty is
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hindered by cross-linking, e.g. vulcanized rubber with more
than about 16 per cent of sulphur.

To sub-group lb belong materials where no, or only very
slight, hindrance exists to dipole movement; for instance
natural rubber where the dimensions of the meshes of the
network in vulcanizates with less than 5 per cent sulphur are
so great that there is no perceptible hindrance to dipole
movement. Also Thiirn and Wolf*? have shown that the
coupling between the dipoles of neighbouring molecular chains
in polymethyl acrylate and polyvinyl methyl ether is very
much less than with polyvinyl acetate.

In dividing the high polymers into sub-groups a and b
we have considered the extreme cases of marked hindrance
to movement on the one hand and largely unhindered mobility
on the other. There is no doubt that, as the data for plasticized
materials and natural rubber with 5-16 per cent sulphur
show, there are materials whose properties place themselves
between groups la and lb which for convenience will be
referred to as group lc.

The loss-maxima due to chain moblhty can only occur when
the polymer exhibits high elast:cxty, i.e. above the glass
transition or vitrification teriperature, but some materials

show secondary and other peaks wh.\ch cannot be due to the

- movements of large portions, of polymer chains. Group 2
contains for high polymers only their secondary maxima.
It is possible to draw certain conclusions by a comparison of
the behaviour of these matenlals with the similar behaviour
of the low molecular weight substances containing the same
polar groups. In this way Reddish? showed that the secondary
maxima of Terylene arise from moverhents of the OH groups
of the chain terminations and sxmxlar explanations can be
made for the other materials placed m | group 2.37,39,40

2. Empirical Temperature—Frequency Relatzonsths

Consider the variation of the temperature at which the
tan 6 peak occurs as a function of frequency; and define b5
. as the ratio w/w, where o is the characteristic frequency at
temperature 7' and o, is the characteristic frequency at the
reference temperature 7,. Then it should be possible to
choose T, to describe the curve in Fig. 1 of Thiirn and
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Wiirstlin’s paper by the cmpmcaLequatxon (10), if the empirical
equation is of universal apphcatmn to long-chain molecules.
The choice of a suitable 7', value is most easily made by a
graphical technique now to be descnbed

T

log a,
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(T — T,) versus (Log,g &y)

The solid line shown is the empirical curve described by Eq. (12).

Symbol "Curve number Material
Open circle 31 Glycerin
Open circle with dash 1 Ebonite. Rubber with
) ' 329% sulphur.
Filled circle 2 Polyvinyl formal
Filled circle with dash 44 Monochlorotrifluorethylene
Cross 34 1,2,4,-trimethyl-3,5,6,-
trichlorobenzene
Square 5 Terylene (principal maxima)
Triangle 4 Polymethyl methacrylate

(principal maxima)

Graphical technique for obtaining suitable T, values—The solid
line in Fig. 11 shows the graphical representation of equation
(10), i.e. log b, versus (T — 7,). By using transparent paper
it is possible by vertical and horizontal translations of the data,
to superimpose the experimental points about the empirical
curve, thus identifying the frequency change of the experi-
mental data with log 6, and the temperature change with
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(P — T,). Space has limited graphical representation to a
few materials. With the majority of the data there is little
ambxguxty about the positioning of the experimental points
shown in Fig. 11 about the empirical curve, but of course
some ambiguity does exist for materials for which data are
limited.

The first conclusion to be drawn, from the fit of the experi-
mental results about the cmpirical curve, is that except for
some group 2 materials positioned at the cxtreme range of
(T' = T,) > +50°C, equation (10) gives an adequate des-
cription of the temperature—frequency relationship of the
tan d peak position, using 7', as an arbitrary defining parameter.
A T, value for each of these materials can thus be obtained
in principle, and a few of these are discussed later.

For three group 2 materials. some experimental points
occurred at (I' — T,) values greater than +50°C and a
divergence from the empiricals curve exists. This is not
unreasonable since even for ordinary liquids far above their
glass transition temperature (or freezing point) the temperature
dependence of viscosity varies widely, and is related to specific
details of molecular structurc 4,42

3. Distribution of the Groups on the Empirical Cume

A detailed examination was made of the experimental
points (not all reproduced on Fig. ll) about the empirical
curve and this again revealed the grouping discussed prevnously
To ecxamine this distribution of experimental points the
position of the experimental tan § peak at 10%cfs of each
material on the log,q 4 (T — T,) curve will now be discussed.
Table 1 gives the log}, b5 value for the 104 ¢/s peak (log,o Br),
and the materials in the table are in the order of decreasing
log,o By. When so arranged in this order there is seen to be
an obvious connection with the grouping. In particular, all
the group 1b materials of hlgh molecular weight are clustered
within a very narrow range of log, By(+0-20 to +1:45), and
furthermore, log,q By values for group 2 materials are clearly
distinct from all group 1 values. A detailed examination of
group la materials shows log B, dependent on the temperature
at which the tan J values reach a maximum at 104 ¢/s and thxs
is shown in Fig. 12. :
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TABLE 1;—Log By values

Thiirn ang’ ] ' Original
Wiirstlin’s Material " source (Group | Log By
curve f data
aumber °
Reference
1 Vulcamzcd rubber with 48 || la +2-80
329, sulphur
2 Polyvinyl formal : 49 la +2:45
3 Polystyrene 50 la +2-25
4 Polymethyl methacrylate
(principal maxima) 40 la | +2:14
5 Terylene (principal maxima) 38 la 4189
7 Polyvinyl chloride * . 51 la +1-64
39 Paraffin wax 63 Ib | +145
28 Polyburtyl acrylate 51 Ib | +1-32
9 Polyvinyl acetal 49 la | +1.23
6 Polyacrylonitrile 51 le +1-17
10 Polyvinyl xsobutyral' 48 le +1:12
38 Cetyl palmitate " 63 1b +0-90
29 - Unvuleanized rubber 48 b | +0-77
43 Monostearine - . : 66 1b +0-65
26 Polyvinyl methyl ether 51 1b +0-56
40 Neoprene GN 64 b | +047
41 Polytrimethylene succinate 65 b | 4040
42 Polytrimethylene malonate 65 1b.{ +0:34
31 Glycerin 58 Ib | +0-29
27 Rubber with 4%, sulphur 48 1b .| +0-24
21 Polymethyl acrylate 56 1b | +0-20
1 Polyhexamethylene seba-
camide 53 1 le +0-17
13 Polyvinyl hexenal 54 la +0-15
12 Polyvinyl acetate 55 la +0-13
14 Polyvinyl-2-¢thyl hexanal 54 la | —-0-12
25 Rubber with 8%, sulphur . 48 lc -0-16
17 Polyvinyl acetate 52 la —-0-20
33 Polychlorotriflucroethylene
(low molecular weight
- fluid) 60 Ib | —-026
19 Rubber with 16% sulphur 48 la —0-34
) 24 Rubber with 109, sulphur 58 1¢ —0-44
' 22 Rubber with 12%, sulphur 48 lc —0-56
20 Polyviny! propionate 51 la —0-70
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TABLE 1 (continued)
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Thiirn and ..
Wiirstlin’s37 . Original .
Material source - | Group| Log B
curve p| 108 Or
: of data
number .
Reference
37 Cellophane 62 —-2-13
36 1,2,3,4-tetramethyl-5,6- )
" dichlorobenzene 61 2 —~2:23
34 1,2,4-trimethyl-3,5,6-
trichlorobenzene 61 2 —2-42
35 Pentamethyl chlorobenzene 61 2 —2-74
30 Ice 59 2 -3-13
44 Monochlorotrifluorocthylene 66 2+ | 323 .
32 Terylene (secondary maxima) 38 2 -3-42
38 Poly-a-chloromethyl
methacrylate 63 2+ 374
15 Polymethyl methacrylate
(secondary maxima) 40 - 2 —4-14
23 Polyvinyl chloride
* (sccondary maxima) b'57 2 —4-27
16 Polymethyl methacrylate
‘ 51 2¢ | —452

(secondary maxima)

Full line indicates limits of group 2 materials .
Dashed line indicates limits of high molecular weight materials of group Ib
Dotted line indicates limits of group la materials

* Indicates the group 2 materials whose higher frequency results diverge from
the empirical curve about ' — T, = +50°C. .

130,
T |
& _ \kz' 3
- a5 2 N
o 100 O
& 9
2 \ 1
? N
% 15‘{4 -17.18
w30 EN
2 1 R
1og 81 E

Fic. 12. Temperature of the tan & peak at 104 ¢/s versus logm BT of
. the group la materials, The number 'beside the plotted points refers
to the curve number in Fig. 1 of ref. 37. See Table 1 for identification

of the materials.
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10 ¢/s was chosen arbitrarily, since it was convenient about
the middle frequency of the normal experimental range.

Some other frequency could have been chosen, but the form

of the distribution would have been the same.

4. Comparison of T, Values

From the fit of the curves in Fig. 1 of Thiirn and Wiirstlin
about the empirical curve in Fig. 11, it was possible to obtain
directly the 7', value for the matenal and this was. done for
those materials for which similar values of T, had been derived
from other types of dielectric or. mechanical measurement.
Table 2 lists the materials so studied together with their T,
values and the form of measurement by which the 7', values
were obtained. .

An inspection of the T, values reveals that those for
polyvinyl acetate, polyvmyl acetal, and polyvinyl chloride
derived from the tan & peak data, agree well with those values
obtained by others who used complete temperature reduction
of dielectric and mechanical data for their analyses.

The tan § derived T, value for polystyrene, 411°K, is
higher than that quoted from dynamic measurements, 408°K
but is nearer to the value of 412°K, obtained from the reduction
of data of Becker and Oberst?? by the writer.?® The tan 6
derived T, value for the principal tan 6 peak of polymethyl
methacrylate is 431°K; this compares with 435°K obtained
from dynamic data, and 433°K obtained from stress relaxation
measurements.

The 7, values of unvulcanized natural rubber varies
according to the source of data from 247 to 250°K with a
mean value of 248°K. The 7', values for vulcanized natural
rubber are dependent on the degree of cross-linking.

The agreement of the tan § derived 7', values with the 7T,
values derived from other types of mecasurements implies that
the T, values can be obtained with a reasonable degree of

_ accuracy from a limited amount of experimcntal data, i.e. the

temperature values and the frequency positions of the tan é
peaks.

A more detailed study of the materials discussed in the second
part of this paper, especially a comparison of the dielectric
grouping with a similar mechanical grouping together with
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TABLE 2
. Material me:-sﬁ:r:f:n ¢ Source of data T'(,Vlg)luc
Polystyrene D 3,43 408
D 28 from 23 412
E Tan & peak 411
Polyvinyl acetate D 5, 3. 349
E 5, 3. 349
E Tan & peak 351
Polyvinyl acetal - E 3,44 380
E Tan & peak 380
Polymethyl methacrylate s 3,45 433
D 28 from 23 435
E Tan & peak 431
Polyvinyl chloride’ D 28 from 23 396
E - Tan § peak 393
.E 28 from 52
(tan 9) 394
Natural rubber, '
unvulcanized . E 28 247
'E Tan 6 peak 250
D First part of paper 248
D 28 from 8 248
D 46 248
vulcanized D 46 251
1:5% combined sulphur D First part of paper 251
1-7% combined sulphur E First part of paper 251
3-09%, combined sulphur E First part of paper 254
3-09% combined sulphur E First part of paper 255
4-39%, combincd sulphur E First part of paper 259
16% sulphur by weight E “Tan d peak 310
12%, sulphur by weight E ‘Tan § peak 294
10%, sulphur by weight E Tan 6 peak 283
89, sulphur by weight E Tan & peak 275
4%, sulphur by weight E Tan & peak 261
C 10 256
Polymethyl methacrylate E - Tan 6 peak 295
(Secondary peak in the
glassy amorphous range) E Tan J peak 285
D 28 from 23 285

D = dynamic mechanical, S = stress ;elaxation, E= dielectric,
C = percentage creep or recovery.
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the implications of this grouping, is to be given in a subsequent
paper. : , _
CONCLUSIONS

" A mechanical and dielectric study of natural rubber shows
that the method of reduced variables applies whether the
" material is unvulcanized, hghtly vulcanized, heavily vulcanized
or loaded with carbon black, and furtherimore allows the
results obtained over a very wide temperature or frequency
range to be presented very concisely by a single overall curve
for each material. -

A study of the frequency-temperature relationships of the
tan 8 peaks of a wide variety of polymeric materials in the
“second part of the paper shows that the empirical equation
(10) is an adequate description of the temperature dependence
of the relaxation times within 7', 4- 50°C, and that the dielec-
tric response of a material 'follows its chemical grouping.
" The fit of the group 2 materials also raises the interesting
conjecture that the relaxation behaviour of the side groups
of the chain backbone of the polymers might be adequately
described by the cm?lncal equation (10) over a wider fre-
quency and temperature range than it is possible to obtain
experimentally and that there is another glass transition
temperature associated with the side groups apart from the
glass transition temperature associated with the chain backbone.

The general usefulness of the empirical equation (10) in all
sections of the work described in this paper as well as the fact
that the temperature reduction principle appears to be quite
independent of the relaxation spectrum, justifies the claim by

Williams et al* that equation (10) is a universal function .

_describing the temperature dependence of viscosity and the
mechanical and electrical relaxations in amorphous polymers
and other supercooled glass-forming liquids.

The author’s thanks are - due to the Research Association of British
Rubber Manufacturers for permission to publish this paper,
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- DISCUSSION’

A. JosLiNG: You stated that some at least of your results were amplitude-
dependent. Would you therefore indicate how your comparisons of the
properties of different materials were made: for example were all the
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mecasurements taken at some constant amplitude ? In theory, the mechanical
properties should be amplitude-independent if the amplitude is sufficiently
small.

Answer: Only the results on vulcanized natural rubber containing carbon
black were amplitude-dependent and comparisons refer to measurements
at a constant, small amplitudc.

No increased effect of this thixotropic behaviour was observed at the lower
temperatures. It appears that if the amplitude is maintained constant then
a consistent set of results is obtained.

At very small amplitudes, the mechanical properties of rubber should be
amphtude-mdependent but this has ncver been shown, and an mvcstlgauon
into this very point is now being undertaken at R.A.B.R.M.

C. vaN DER PoEL: When trying to relate the temperature- and frequency-
dependencies of the mechanical properties of bitumens having widely
differing rheological characteristics, we found an empirical relationship very
similar to that presented by the author. We also found that the behaviour
of each matcrial could be characterized by a particular reference tempera-
ture. (vide Proc. 2nd Int. Congr. Rheol. p. 331, Butterworths, London (1954)).
I think, therefore, that you.can probably add a class of natural polymers to
your impressively long list, viz. bitumens.

A. H. WiLLBourN: “Transitions’ may be associated with specific groups
of atoms, at least in certain cases, and these may be present either in side
groups or in part of a main polymer chain. Such relevant evidence as
exists scems to suggest that all the transitions are associated with processes
occurring in the amorphous regions of polymers. Crystallization has only
an indirect effect, which may however be very considerable in the
temperature region of melting.

Many polymers show more than ‘one transition region: in such cases can
you suggest any criterion for deciding which is the glass transition?

Answer: 1 agree that all of the transitions are associated with processes
occurring in the amorphous regions of polymers, and I have made the
suggestion, from very meagre data, that there might be.separate transitions
associated with side groups, and their temperature-frequency relationships
might be explained by equation (10). Thus there will be a principal or
glass transition associated with the flexible long-chained backbone, and
sccondary transitions in the amorphous range due to side chains of local
grouping. Surely however, the magnitude of the change in modulus is a
good criterion for distinguishing between transitions. Thus, for the transi-
tion associated with the long-chain backbone this is at least one decade and
often (as in most commercial rubbers) three or four decades. Transitions
associated with secondary phenomcna, on the other hand, are often
difficult to identify because the change in modulus is relatively small.

The problcms of mixed or co-polymers have not been sufficiently studied
to say what is meant by a transition in this case, where, in the highly elastic
plateau region, more than one peak often appears. Each peak can be
attributed to a statistical distribution of one component within the other,
although in the case of Buna S and SS which have two peaks, there is
apparently only one glass transition temperature.
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A. C, Epwarps: In the reduction of data by the Ferry method is the
limiting value of compliance (J ) taken directly from the experimental data
or is it derived independently ?

Answer: It was taken from the Jowest observed cxpcnmenta.l value of J*.
The exact value of J o was not very critical.

A, Cnarcessy: Could you give data for the various types of polyethylene
now available? This may provide some further useful information on the
size of the crystallites in linear and branched polyethylene. If T, for a
cross-linked chain is plotted against the distance between successive links,
the change should occur at a critical cross-linking density, when interference
first occurs between successive links, At lower densities of cross-linking, only
rubber-like elasticity should be observed. Tlus may provide some evidence
on the length of the segment.

Answer: There are not sufficient data avallablc to check your suggestion,
but it is an extremely interesting one.

Future developments on the lines you suggest may well make use of the

" universal Williams, Landel and Ferry equation (10) which relates the
temperature-coefficient of segmental viscosity to a single parameter T, or
T,. Ferry and his co-workers have shown the wide range of applicability
of this equation, and I hope that the present work has strengthened their
findings, particularly with regard to rubbers of varying composition and
containing fillers. If the interpretation of this equation in terms of free
volume can be clarified, then the type of investigation you suggest should
prove to be fruitful. :
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‘THE MECHANICAL AND
DIELECTRIC TEMPERATURE/
FREQUENCY EQUIVALANCE
OF POLYMERS: GR-S

By A. R. PAYNE

(Research Association of British Rubber Manufacturers,
Shawbury, Shrewsbury, Salop.)

The method of reduced variables has-been applied to the dielectric and
dynamic mechanical measurements of unvulcanized and wvalcanized
samples of synthetic rubber, GR-S; as well as to the dynamic mechanical
properties of carbon-black-loaded GR-S vulcanizates. The overall master
curves of property against frequency have been obtained, and the
characteristic reference temperatures (I’s) determined from the experi-
mental results by the use of a recently-published empirical equation
describing the temperature/frequency equivalence of polymers. A com-
parison of the dynamic mechanical and dielectric behaviour of the
synthetic rubber GR-S with that of natural rubber is given.

Introduction

Much consideration has been given in recent years to the
temperature- and frequency-dependence of the mechanical and
dielectric properties of long-chain polymers,’-'® but the vast

" majority of the work has been confined to non-cross-linked
materials and only a few papers®16,1? have dealt with the relation-
ships between the dielectric and dynamic mechanical properties of
rubber-like materials that are in commercial use in rubber products
such as vibration and shock absorbers, tyres and cables. Those used
are normally vulcanized and often contain varying proportions of
carbon black as a filler, and by far the greatest bulk of rubber used
contains either natural rubber or GR-S, a copolymer of butadiene
and styrene. An earlier paper!? in this series relating the dynamic
mechanical and dielectric temperature/frequency equivalence of
polymers dealt mainly with natural rubber, although many other
polymer systems were discussed; the present paper continues the
study on the synthetic rubber, GR-S.

Method of reduced variables

The response of polymers to mechanical or electrical oscillations
is found to be dependent upon a change of frequency of oscillation
or a change of temperature of test. Ferry and his co-workers-%¢
have developed a method for transforming the temperature and

218 :
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limited mainly to the highly elastic plateau region and the lower
part of the transition region; their results, however, are substan-
tially in agreement with those discussed below where comparison is
possible. Zapas et aJ,® have also studied the dynamic properties of a
fraction of very high molecular weight of an unvulcanized GR-S
- over a very wide temperature and frequency range, but there
appears to be very little other published data on the dynamic
properties of GR-S.
Experimental detasls .

In an earlier paper?3.24 a non-resonant sinusoidal-strain machine
for determining the dynamic properties of polymers was described.
The rubber was sinusoidally. strained in shear and the force
generated was measured by means of a differential transformer
situated in.an extremely stiff type of proof ring.28 The machine
was designed to covér a frequency range of 0-001-50 c/s and a
temperature range ofi —70° to 100°. The rubber ¢ylinders were
bonded to steel plates and a static strain of 19, of the ¢ylinder
height was imposed on the rubber together with an oscillating
strain of 0-59,. g

Results for unvulcanized and vulcanized GR-S

The overall master curves of G’ obtained by reduction and
superposition of the data using equations (5) to (9) are shown in
Fig. 7. The lowest curve is for the unvulcanized GR-S, and the
degree of scatter of the experimental points about the master curve
is indicated; this amount of scatter was typical of the particular set
of results shown in Fig. 7. The four characteristic regions of visco-
elastic behaviour are clearly indicated by the master curve of the
unvulcanized GR-S, i.e., at low frequenciés (or high temperatures)
the G'; values are dropping rapidly with decreasing frequency,
thus indicating the characteristic behaviour of a region of flow. At
higher frequencies there is a pseudo-elastic plateau region, which
- for the GR-S rubbers has a marked slope with frequency compared
with that obtained on natural rubber.831819 At even higher
frequencies there is a sharp rise in the shear modulus as the rubber
changes from a rubber-like material to a rigid glass. The sharp rise
portion is known as the ‘transition region’, and the final high-
frequency plateau as the ‘glassy-amorphous’. .

The first apparent eflect of a small degree of vulcanization is to
increase the G’; values in the pseudo-elastic plateau region: it only
alters to a limited extent the onset of a flow region at low fre-
quencies. Higher amounts of vulcanization progressively cause a
decrease of the frequency at which the transition region occurs,
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analogous to the change of frequency of the dielectric e peaks
in Fig, 4. Although increasing vulcanization raises the G'; valuesin
the pseudo-ela.stlc plateau region, there is very httle change of the
G’; value in the glassy-amorphous region.

Fig. 8 gives the master curves for tan &; = G,"/G,’ for the GR-S

rubbers shown in Fig. 7. The decrease of frequency of the tan §;

peak positions and a broadening of the peaks with increasing
vulcanization are apparent, as well as a progressive decrease in the
heights of the tan 3, peaks.

The T, values obtained from the experimental values of log, 4ar
obtained from the superposition procedure are plotted as crosses in
Fig. 6, and it can be seen that the T values derived dynamically
approximate to those from dielectric measurements on the same
rubber formulation. The conclusion to be drawn from this agree-
ment is that although the molecular configurations invelved in the
dynamic oscillations are different from those involved in the
dielectric, there is the same temperature/frequency interdepen-
dence involved, this being expressed by equation (10) This

conclusion is very important from the practical point of view, as

the necessary T, value can be obtained from one type of measure-
ment, e.g., dielectric, and applied in conjunction with equation (10)
to the results of other types, e.g., dynamic mechanical, creep, or
steady-state viscosity, where time and temperature variations are
involved, and furthermore the, master curves can be used to
predict the dynamic and dielectric values over wide temperature
and frequency ranges.

The value of T for 1-56% combined sulphur content is 269°k
(Mix A), which agrees well with the value of 268°k obtained from
creep measurements by Williams et al.,* and compares with a
value of 276°k from dynamic mechanical measurements by
Fletcher & Gent.16.

Carbon-black-filled rubbers

. In the reduction of data for the carbon-black-loaded GR-S
1 vulcanizates, it was found necessary to use a value of J_ derived
from that of the pure gum vulcanizates, and not the value of J'; at
high frequencies for the carbon-black-filled vulcanizate. In the
glassy-amorphous region, the contribution of the carbon black to
the shear modulus can be expressed as:2®

Gt = GI§I+AGL$’ ........ (11)

where G: is the total shear modulus, G, the shear modulus of the
rubber, G, the shear modulus of the carbon black, ‘I’x and &, are
the volume fractions involved (q>1+¢1>a = 1), and 4 is an adhesion



factor between the carbon black and the rubber. The kinetic theory -
of rubber-like elasticity applies only to the behaviour of long-chain
molecules, and cognizance of this fact requires the subtraction of
J, from the measured J'; before the kinetic theory correction
Tp/Typ, is applied. If G, is taken as approximately 9-5 X 10® dynes/
cm.? (the value obtained from the limiting high-frequency value of

- G’y for the unvulcanized GR-S), then the fraction G,&, can be
calculated for the carbon-black-filled vulcanizate. The approxima-
tion can then be made that

J.=1G&, .- ... e (12)

and this value has been used to reduce the data. The exact value of
J . is however not very critical.

Fig. 9 shows the derived master curves for G'r and Fig. 10 the
tan §; curves. The scatter of the experimental results for Mix I,
containing 50 parts by weight of carbon-black-filled GR-S, is
markedly greater than that for the unvulcanized rubber. This is
probably due not only to uncertainties as to the correct value of
J. to use to reduce the data, but also to errors introduced by the

* thixotropic behaviour of carbon-black-loaded rubbers,%.27-38
Fletcher & Gent,*® discussing the dynamic behaviour of a 50 parts
by weight carbon-black-filled natural rubber, found that a better
master curve could be obtained if- the kinetic theory corrections
were ignored. This, however, is not quite the:case for GR-S, as the
master curve obtained by ignoring the kinetic theory corrections
shows more scatter than that shown around curve I in Fig. 9;
but it is not markedly different from the latter, so it is probable
that the kinetic theory dependence must lie between the two
extremes. Further work to establish this dependence is now
proceeding.

The most obvious effect of i mcreasmg the carbon black content
is to raise the G'; values, both in the pseudo-elastic and the glassy-
amorphous regions, but without appreciably changing the fre-
quency range of the transition region. Also, increasing the carbon
black content decreases the tan §; peaks appreciably, although the
tan &, value in the pseudo-elastic plateau region is increased. The
tan 8; peaks become more diffuse with increasing carbon black
content. This type of behaviour of carbon-black-filled vulcanizates
-has been remarked upon previously by Fletcher & Gent!® and
Echer,?® and the increase of tan ; in the rubbery elastic plateau -
region by many authors,16,88-88

The T values for the carbon-black-filled vulcanizates are within
three degrees greater than that obtained for the pure gum vulcani-
zate (T, = 269°k). This confirms similar results obtained by the
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writer!? and by Fletcher & Gent!® on carbon—black-loaded natural
rubbers.

Comparison of the GR-S results with those for natural
rubber

The comments in this section are mainly based on a comparison
of the dynamic results on GR-S with those published in the first
paper of this series on the dynamic properties of natural rubber.1®

The first comparison to be noticed is that the GR-S rubbers have
much higher 7 values than the corresponding natural rubbers,
the T, for unvulcanized GR-S, for instance, being about 15° higher
than for unvulcanized natural rubber. This difference reflects the’
differences in the second-order glass transition temperatures of the
materials, which have been known for many years.?!

The second comparison is that the shear modulus in the pseudo-
elastic plateau region for unvulcanized natural rubber is about half
of that shown in Fig. 7 for unvulcanized GR-S. This difference was
noted by Zapas ¢t al.,® and in a recent paper on the tensile creep of
GR-S and natural rubber by Bueche.?? According to Bueche this
difference in modulus levels is an indication of the tightness of the
entanglement networks in the polymer, GR-S having the tighter
" network. The differences in entanglement behaviour are probably
the result of differences in chain backbone flexibility, the stiffer
chains having the shortest entangleément lengths. GR-S is computed
to have an entanglement length of 120 chain backbone atoms
between entanglement points, and.natural rubber 250.37

" The third comparison to be made is in the difference in pseudo-
elastic plateau lengths, GR-S having a much shorter plateau than
natural rubber. Again according to Bueche?? it would appear that
the low number-average molecular weight of GR-S is responsible for
the observed short plateau of GR-S as compared with that of
natural rubber, which has a much. hlgher number-average molecular
weight.

A comparison of the dynamic curves for the vulcanized rubbers
also brings out characteristic differences; for example, the vulcani-
zation of natural rubber is successful in so far as the pseudo-
elastic plateau is extended to cover a very wide frequency spectrum,
thus showing that the primary molecules have been tied into astable
network. Such is not the case for GR-S, for light vulcanization does
not seem to have changed the position of the onset of flow to any
marked extent, and improvement is effected only by higher degrees
of vulcanization; the experiments were not carried out to high
enough temperatures with the GR-S rubbers, however, to check the
effectiveness of the vulcanization in forming a-stable network. It

K
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must be remarked that the use of higher degrees of vulcanization,
in order to improve the plateau length by forming a more stable
network, is technologically undesirable as GR-S soon becomes too
highly cross-linked for optimum tensile strength, and there are
processing difficulties in attempting to use a fraction with higher
molecular weight to improve the plateau length.8.37

Another difference to be noticed is that the slope of the pseudo-
elastic plateau region for GR-S is in quite marked contrast with the
almost total absence of slope observed with natural rubber. The
tan §; value in the pseudo-elastic plateau region for all the GR-S
rubbers is markedly hlgher than for the comparable natural
rubbers.

Although the experiments were not carried far enough into the
flow region, it appears‘that the presence of carbon black aids the
formation of a stable network. This action of carbon black has been
known for many years and. ‘many interpretations have been
propounded.38-4® The most successful is that due to Guth & Gold3®
who, using modified forms of Einstein’s equation for the viscosity
of suspens:ons of spheres in fluids, showed that rigid partlcles
embedded in rubber increase the modulus of the mixture.

An alternative view of the action of carbon black propounded by
A. M. Bueche*! and diScussed by F. Beuche3? postulated that some
of the rubber chains dre attached to the black at various points,
thus introducing some additionial cross-links into the system and
consequently strengthening the network. Whatever the true
physical explanation, it is certain that the inclusion of carbon black
does tend to stabilize the network in the pseudo-elastic plateau
region for GR-S.

There are no striking differences in the dielectric behaviour of
GR-S and natural rubber, the only apparent difference being that
the peak €”; values for unvulcanized GR-S are' higher than for
unvulcanized natural rubber, but lower in the vulcanizates with -
the higher concentrations of sulphur. The low-frequency €', values
are approximately the same. for the unvulcanized or lightly
vulcanized rubbers, but the €', values with higher sulphur content
are higher for natural rubber than for GR-S.

Conclusions '

The. ‘method of reduced variables has been applied to the
dynamic mechanical and dielectric properties of unvulcanized
GR-S, GR-S vulcanizates of different sulphur contents, and
carbon-black-filled GR-S vulcanizates. In each case the master
curve showing the variation of the property with frequency has
been derived by assuming a suitable T, value. The T values from
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the dynamic results agree with those obtained from the dielectric
data, so that the temperature/frequency equivalence of GR-S can
be expressed adequately by the empirical equation (10). Vulcaniza-
tion and the inclusion of carbon black do not alter the applicability
of equation (10). T, does, however, increase with increasing vulcan-
ization, although there is little change in the T, value with
increasing carbon black content.
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Discussion

Dr. A. N. Gent: In Figs. 7 and 8, master curves are shown for
G’y and tan §; against frequency at a reference temperature of
0° for various vulcanizates of GR-S. Fig. 6 shows, however, that
the appropriate reference temperatures (i.e., those directly related
to the rubber-to-glass transition temperatures) change by about
30° over the range of crosslinking considered. These changes may
largely account for the different positions of the curves in Figs. 7
and 8. Has the author examined the positions of these curves when
each is plotted at the appropriate reference temperature, and do
they then substantially superpose? In other words, are the observed
displacements attributable principally to changes in the respective
rubber-to-glass transition temperatures? Measurements we have
carried out,* on the effect of incorporating plasticizers and of
introducing small amounts of crosslinking into natural rubber,
suggests that the master curve is virtually unaltered when this
presentation is adopted.

Mr. Payne: Such an effect has been noticed before, and indeed in
an earlier paper{ there was a definite correlation between the
position on the log &;/(T—Ts) curve for a particular frequency,
say 104 c/s, of the dielectric tan § peak, and the type of molecular
movement involved, the rubber-like materials with small hind-
rances to movement falling very closely together. If, however,
the frequency position of the tan § peaks for the dynamic results
. are considered, then the frequency change in position of the tan §
peak, Alog @ay, is obtained from the relationship below when the
temperature is reduced from T, to Ts:

* Fletcher, W. P,, Gent, A. N., & Wood, R. 1., Proc. 3rd Rubber Technology
Conf. (London, 1954), p. 382 (Cambridge: Heffer); Fletcher, W. P., & Gent,
A. N,, Brit.]. appl. Phys., 1957, 8, p. 194.

t P)ayne. A. R., ‘Rheology of Elastomers’, 1958, p. 86 (London: Pergamon
Press).
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These values of log wa: are given in Table I together with the
log wax value of the tan § peak at T=1Ts.

Alog wa:=

Table I
. LolgwaT at T=T, Logwa: at T=T,
Rubber Alog @a: - tan § peak tan § peak
; position position
U +0-72. . 680 608
A +0:42. ., 595 3 553
B —0-09,, . 543 © 552
C —0-97 . : 4-92 5-89
D —1-66 4-50 6:16
E -2.17,, 4-00 6-17
Mean 5-89

The last column shows approximate constancy in the mean
@as value, and a variation in the T, value of about two degrees is
sufficient to account for the variations about the mean. This is
‘approximately the error in obtaining the T, value from the
log a./(T—T,) coincidence, besides any error in obtaining the
correct tan § peak. for an asymmetrical peak. Also the effect of
continuous superposition is that the errors in shifting, especially
in the plateau regions, is cumulative, and may well account for a
0-2 or 0-3 variation in the tan § peak position of wa.. Taking all
these points into consideration it is shown that within the experi-
‘mental accuracy, when all the curves are reduced to their respective
T, values, the tan ¢ peak positions coincide, so that, in fact, the
observed displacements are attributable mainly to changes in the
respective rubber-to-glass transition temperatures. It is expected
" that at higher combined sulphur contents a variation from this
rule will appear because of the large hindrance to -movement
offered by the cross-linking, probably in a manner similar to that
- shown to occur for natural rubber vulcanizates.

Similar behaviour with the effect of plasticizer in polyvinyl
chloride and polyvinylidene chloride on the dielectric properties is
quite marked. _
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Mpy. B. F. Read: What justification is there for using results of
the equilibrium kinetic theory to reduce data obtained under non-
equilibrium conditions (i.e., dynamic data)?

Mr. Payne: If the contribution to a process (dielectric) has a
given value of = the dipolar part of the dielectric constant is given

b € — € . . (1)
(e =)z = ( i+ir:)r

€« is the dielectric constant, es the static dielectric ¢ onstant, w
is the angular frequency, 7 the relaxation time, ¢ is the dielectric
constant at infinite frequency, T is the temperature.

Similarly at T,
-— = ii“’_
(ew em)To ( 1+ t0r )To
Now from the kinetic theory, the equilibrium condition is given

by
T, . . (3)
(e,—e,)r = (‘s_‘c)ro' 1_‘0
which is independent of r. Then if there are a number of mechan-
isms with different values of =, the total dlpolar contribution at T
is then given by
(4)

@

Z(Gw-—ew)r— T° Z(eu, e )To

This follows from equations (1), (2) and (3) as wr is a constant
and equation (4) is the relationship for the non-equilibrium
condition. |

Similar arguments can be advanced for the mechanical proper-
ties.

The best justification is perhaps to put the question the other
way round, as reduction can be carried out separately on both €”
and ¢’ components of the.dielectric constant to produce single
continuous curves: then the assumption of the kinetic theory
dependence must be the correct one.
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frequency scales so that the observed physical values, i.e., the
dynamic modulus or the dielectric permittivity, can be brought on
to a single master curve covering a very wide range of frequency
and temperature. In order to obtain this master curve, each
observation is transformed in two ways: firstly, in order to account
for normal kinetic theory changes with temperature, by a linear
transformation of the temperature to a suitable reference tempera-
ture T, and secondly by shifting the property versus log frequency
curves along the frequency axis in such a way that all the observa-
tions fall on a single continuous curve. The most interesting and
striking feature of this treatment is that the form of the frequency-
shifting factor’ log;ga, (or logmb from dielectric measurements) as
a function of temperature is determined solely by Ts, and if the
appropriate values of Ts are chosen, then the relationship between
log,44, and (T'—T5) is identical for all materials so far examined.

The relationships used for transformmg the observations are as
follows: the complex dielectric constant e* is given as

= L. (1)

where ¢’ and ¢ are the real and xinagmary parts of the comple:.
permittivity. Then the reduced values of ¢’ and €, i.e., €', and €'’;

€= (¢ —e)(Tpe/Top)te,.- . - - . . 2)
€= € (Tp/Tep) . . . . . SRR (3)
or=wb . . .. .. .. (4)

" €, is the limiting high-frequency or low-temperature value of
€', p and p, are the densities at any temperature T and at an
arbitrarily chosen reference temperature T, respectively. «; is the
reduced value of the circular frequency o. A full description of the
derivation of these equations is given in earlier papers by Ferry
and co-workers and by others, 571419

Sxmﬂarly the complex modulus G in terms of its real and
imaginary parts is:

G*=G'+iG" . . . . .. ... (5)
and the complex compliance J* is :
J**=1G*=J~—iJ* . :. ... ... (6)
and '
= (J'=])Te/Tope)+J. - - . . --(7)
Je=J"Tp/Topy) - - « - « o i« . .. (8
Wp = OB . + ¢« s+ 4 « o + s o o s 4 v (9)

J. is the limiting high-frequency or low-temperature compliance
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obtained from the experimental results. J,' and J,” are the real
and imaginary parts of the reduced compliance.

The factors a- and b; are interpreted as measures of the tem-
perature dependence of the appropriate relaxation times. It has
recently been shown that a, is given in terms of the reference
temperature T, by the empirical relationship,3%8

log,,ar = —8-86(T—T%)/(101-6+T—T,) . . . (10)
The parameter b; is also given by equation (10) and the difference
in symbolism between @: (mechanical) and &, (dielectric) is

retained in the present paper solely to differentiate the mechanical
data from the dielectric.

Dielectric measurements on GR-S

Dielectric measurements were made on a series of GR-S vul-
canizates containing increasing amounts of sulphur. (The details of
the compounds are given in the Appendix.) The experiments were
carried out on modified Schering and megacycle bridges?® over a
frequency range of 50 to 108 c/s, and over a temperature range of
—50 to +4-50°. All the results were reduced by the use of equations
(2) and (3) to give €’r and €”; at a standard reference temperature
T, = 2713°K. ¢, (refractive index squared) was chosen as 2:25 for
all the rubbers studied.

As an example of the technique required to produce the master
curves, the reduced loss factor ¢”; results for the GR-S with 6-4%
of combined sulphur are plotted in Fig. 1 where the €"; results are
" plotted against the frequency of test at different temperatures. It
is clear that the segments of each curve can be translated along the
log,o(frequency) axis until superposition occurs on the curve for
temperature T, = 273°K (in this case the curve for T, = 273°Kk is
interpolated from the data). The distance of translation along the
log,(frequency) axis is the shifting factor or log,qb: value. The
overall master curve obtained by this superposition is shown in
Fig. 2. It is apparent from the continuity of the superimposed data
that the superposition was carried out with little ambiguity over
the ¢’; peak region, although some ambiguity exists at the high-
frequency end. When the necessary shifting factors, log,,b:, were
plotted against the temperature T of the corresponding curves, it
was found that the resulting curve could be superimposed on that
obtained by plotting equation (10) using a suitable value for
temperature T,. For example, the curve described by equation (10)
is shown as a solid line in Fig. 3, and the superimposed log,q%:
values for GR-S taking T, = 277°k are shown as points about this
line,
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Mix C. GR-S vulcanizate

With this value of T, the experimental results shown give an
indication of the goodness of fit of equation (10) with the experi-
mental values. It was found that.for all the rubbers studied, both
dynamically and dielectrically, equation (10) gave an equally
satisfactory description . of the experimental. log,qb: values,
provided a suitable T, value was chosen. No further examples will
be given in this paper, but only the appropriate T, values quoted.

Fig. 4 shows the master curves of the &’ results for unvulcanized
and vulcanized GR-S with T, = 273°K. It is seen that increasing
sulphur content decreases the frequency of the maximum of €,
but increases both the breadth and the height of the peaks up to
6:49% of combined sulphur, after which the height decreases
slightly; there is no apparent explanation' to be given at the
moment for this decrease. The experimental results about some of
the master curves give an indication of the scatter obtained by the
superposition process. .

The corresponding €', results are shown in Fig. 5. The master
curves, except those for high sulphur contents (curve E), are less
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clearly defined, as can be seen from the curve for unvulcanized
GR-S, where the scatter of the experimental results is of about the
- same order as the overall change in ¢’y between high and low
frequencies. This inaccuracy limits the usefulness of the technique

F16.-3. Log,, br versus T~T,; (°K)
: Mix C .

L
40 20 O 20 40 60 80
T<Tyx) :

of superposition and reduction of data to obtain a master curve for
€'r; nevertheless for the higher sulphur contents, the logyob: values
necessary to bring about superposition ate the same as those
required to superimpose the «”; data and this provides a check on
the internal consistericy of the experimental results.
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From the curve relating the derived T, values for the GR-S
rubbers to combined sulphur content (Fig. 6), it can be seen that an

290

280

75(x)

270

[

3

i {

2600 <
COMBINED SULPHUR %

Ti16. 6. Ts (°K) versus percentage combined sulphur

@ dielectric measurements
% dynamic measurements on pure guom GR-S rubbers
A dynamic mechanical measurements on carbon-black-filled GR-S rubbers

i I
10

approximately linear relationship exists between T, and the
percentage combined sulphur, the T, value increasing with sulphur
content.

The quoted value of T,% the second-order glass transition
temperature, is —61° for unvulcanized GR-S; thus T, = T;4-51°,
which approximates to T, = T+ 50°, quoted by Williams et al.¢ for
other materials.

Dynamic measurements on GR-S

The method of reduced variables has been applied to dynamic
mechanical measurements made on an unvulcanized, several
vulcanized and several carbon-black-loaded vulcanizates of GR-S.
(The compounding details are given in the Appendix.)

The reduction of dynamic data has been successfully carried out
by the author for a vulcanized acrylonitrile-butadiene rubber,?
notwithstanding published statements that reduction was not
possible on vulcanized rubbers because the cross-linking affects the
mechanical properties at low frequencies.’® Recently Fletcher &
Gent!® have reduced the dynamic data of some rubber-like
materials, including a vulcanized GR-S, but their results were
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SUMMARY

Loss factor and permittivity data on both raw and vulcanised dry purified
natural rubber are presenied and analysed using the Ferry and Fitzgerald
method of relating the effects of frequency and temperature. This leads to
the possibility of summarising all the experimental data at various lempera-
tures and frequencies in terms of a small number of paramelers and a curve
representing the data at a specific temperature. Alternatively, the loss factor
curve in the region of its peak may be expressed in terms of only six physically
stgnificant parameters and an analytic function. The form of the disiribulion
SJunction of relaxation times is given for one vulcanised sample. The dipole
moment of the combined sulphur, and a value below which the dipole moment
of the raw rubber must lie, are estimated.

INTRODUCTION

IN a previous paper? the permittivity and power factor results for purified
and crude unvulcanised natural rubber under dry and moist conditions
were presented. It may be noted that, on these unvulcanised rubbers,
the dielectric results were almost identical provided that the rubbers
were very dry.

In this paper, the corresponding measurements on dry purified
vulcanised rubber are presented and analysed. The method of prepara-
tion of the purified rubber and the test methods were described in Ref. 1.,
The electrodes were of tin foil, attached by vaseline and backed by brass.

* Rubber and Plastics Research Association of Great Britain, Shawbury,
Shrewsbury, Shropshire, England.
% Natural Rubber Producers’ Research Association, Welwyn Garden City.
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DETAILS OF SAMPLES AND PRESENTATION OF DATA

Two mixings were prepared from purified rubber, in a Bridge Banbury
internal mixer, under nitrogen. Each contained 200 g. rubber and 10 g.
sulphur, and mixing B also contained 2g. mercaptobenzthiazole.
Chemical analysis® showed that, owing to a certain quantity of sulphur
sticking in the apparatus and to losses from the glands of the mixer
(especially during mixing B), the actual quantity of sulphur in the mixings
was 4'45 and 3-50 per cent. of the total weight of the mixings for A and
B respectively. Since the sulphur and accelerator in mixing B were
premixed, and both powders were in a similar state of aggregation, it
may be assumed that the loss of accelerator was in proportion to the loss
of sulphur, giving a final accelerator concentration of 0-74 per cent. by
weight.

Samples were vulcanised for various periods in a frame mould which
was closed rapidly, thus forcing out air before the temperature had time
to rise appreciably. The combined sulphur content, as a percentage of
total weight of compound, was estimated.? The combined sulphur data,
together with the vulcanisation and reference details and the coefficients
of cubical expansion, are given in Table 1.

TABLE 1
DEeTAILS OF VULCANISATES
Cubical
Vulcanisation Combined expansion
- Reference sulphur, coefficient
Mixing Time Temp., °C. - code per cent. (°C.7?)
: X 10~¢
A 20 min. 120 Az0 o1 50
2 hr. 148 Az 17 5'I
4 hr. 148 Ag 30 53
6 hr. 148 AG 43 5°'5
B 3 hr. 142 B3 30 58

The measured permittivity and loss factor results for B3 are given
in Figures I and 2. The summarised results for all samples, after the
frequency and temperature reductions to be described, will be given and
discussed in later Sections of this paper.

The results on A20 were of poor accuracy owing to the wrinkling of
the sheet after moulding (due to residual stresses). These results will
not therefore be quoted, but they showed that mixing the rubber with
445 per cent. of sulphur and vulcanisation to o-I per cent. combined
sulphur caused an increase of the peak loss factor (above that of the
rubber alone) of about 0-003 compared with an increase of 0-07 for A2,
which contained 1-7 per cent. combined sulphur. Since an approximately
linear relationship has been found between the peak loss factor and
combined sulphur content, the results on A20 suggest that the mixing
process and the presence of more than 4 per cent. free sulphur alone had
little effect on the peak loss factor. The background loss factor (i.e. the
loss factor at a considerable frequency difference on either side of the peak)
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was slightly increased by mixing and/or by the presence of free sulphur,
and high loss factors at 50 c./s. above 10° C. (even above those of Az,
A4, A6 and B3) suggest that the ionic component of the dielectric loss
was increased. The effect of mixing on permittivity is uncertain owing
to the difficulties of measurement, but the results obtained suggest that
the increase over that for the raw purified rubber is less than 1 per cent.

TEMPERATURE /FREQUENCY ANALYSIS
Using the analysis which follows, it is possible to express all the
experimental results in terms of mathematical expressions containing a
few arbitrary constants together with a single curve for each material.
Over certain temperature and frequency ranges, the loss factor curves

L

w[-

b1 ol

3
w
b3 o
6
25§
M= v % e
Temperature °C
Fi1G. 1. Permittivity of B3.
+ 50c¢/s. O 10%c/s.
O 8ooc/s. B 5 X 10%°c/s.
@ 10'c/s. A 10%¢fs.

may alternatively be expressed by a mathematical function involving two
additional arbitrary parameters. A complete list of symbols is given in
Appendix E.

For the distribution of dipolar relaxation times in which there are
N.G(r)8r dipoles having relaxation times (r) in an interval = to 7 4 &r
- (N = total number of dipoles per unit volume), the dipolar part ep of
the complex dielectric constant (e,r = €'ur + f€"7) at an angular
frequency w and temperature T is given by

® Glr)

€0 = €T — €T = (€, — €x,1) ".m or . (1)
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wh;re €,r and e r are the static and infinite frequency dielectric constants
. atT. '

Ferry and Fitzgerald® made the following assumptions about the
behaviour of the value of r for a given elementary relaxation process
and about the contribution of the process to the dielectric constant:

(1) The ratio of the relaxation times at two temperatures, T and T,
for any given elementary relaxation process, is independent of the
particular element chosen; i.e. 77/7, (where the subscripts refer to the
temperature of measurement and an arbitrary reference temperature T,

[ 10 20 0

Temperature °C
Fic. 2. Loss factor of B3.
+ s0¢/s. ‘3 10%cfs.
O 8ooc/s. H 5 X 10%¢fs.
@ 10fc/s. A 10%c/s.

respectively) is characteristic of the material as a whole and can be
replaced by, for convenience, a parameter b'r.

(2) The contribution (e.) of the dipoles having a time constant r to
the value of the dipolar portion (e,r — €x,r) of the static dielectric
constant is proportional to the density (pr) of the material (i.e. to the
number of such dipoles per unit volume) and inversely proportional to
the absolute temperature (see also Appendix C).

From these assumptions and Equation I, it can be shown that the
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dipolar part of the complex dielectric constant at temperature T and
frequency w is given by

T
= %‘ £ {log,p (wb'n)}, v e (2

where p, is the density at T,, f being a function which can be derived
experimentally in the manner described in Appendix A.

Thus, if a measure of 4'r is available, and the function f is known for
any one temperature, it is possible to compute the results for any other
temperature. It is convenient at this stage to write

’ _PTTv
kr—POT. . .e . ’ .. (3)

Determination of 4’7 requires measurements at a number of temperatures.
If the values of either the real or the imaginary parts of ep/k'r are
plotted against log,,w for a number of temperatures, including T,, a
number of curves having identical shapes should result, each displaced
along the log,,w axis by a distance log,,b'r relative to the T, curve.
Many authors 518 have shown such relations to be true experimentally,
both for dielectric constant and for its mechanical analogue (compliance)

- T
for many materials. (In the case of compliance, *'r = ’#’) The value

of log,eb'r, so obtained, is not proportional to ;. — TI as it would be if
o

the activation energy were constant and the curve log,ob'r = o(T — T,)
varies with the material.

Williams e al.® examined the experimental curves of (T — T ,) and
found that a particular value of T, (known as T,) could be chosen for
each material, such that the function o(T — T,) was independent of the

2
material. T, is the value of T at which 3T (logysb'r) has the arbitrary

value —0-0872. This rather odd value arises because T, was originally
defined in terms of the property of a particular material; the value is
now too well established to amend the definition. &r is defined as the
value of &'y when T, = T,. The function found by Williams et al. is

886 (T — T,
logubr = 8T ~ T = — e =0 - )

This equation, together with the value of the parameter T',, defines the
activation energy at any temperature in the range over which the
equation holds (see Appendix D).

From the two assumptions of Ferry and Fitzgerald* and the experi-
mental equation of Williams e al.8 the real and imaginary parts
(permittivity and loss factor) of the dielectric constant are given by
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€ot — €x, 886(T —T
_k.;L! + € = fy(log;owhr) =f1{l°gmw - Eﬁf__.j)"} (5)
€or 886 (T — T,
e = fallogsuwbr) =fz{l°8m“’ - WET-T:_.T‘,}
PTTI Tl .
where kr = T =T I — A(T — T,)], €y is the value of €5 7 when
)

T=T, p,is the density at T = T, and 4 is the coefficient of cubical
expansion.

From Equations 5 and 6, it will be seen that the expression

e—"ﬁr—k—;i"l + € is equal to the real part of the dielectric constant at

(6)

temperature T, at a frequency w and will be denoted by the symbol
€., and likewise €",, 7/kr will be denoted €”,,.

Thus the values of €', r and €', r for any temperature (I) and
frequency (w) within the experimental ranges (and with some uncertainty,
principally because of the effects of other dispersion ranges having different
values of T,, a little outside the experimental ranges) may each be
calculated from the following parameters and functions:

A coefficient of cubical expansion (measured by a conventional
method).

T, a reference temperature.

€x,r the infinite frequency dielectric constant (as a function of T).
' 886 (T —T,)

1016 4+ T — T,]'

The method of determination of the values of the above parameters
and functions from the experimental data is given in Appendix A.

The resulting “‘master” curves of €', = f;(logowdr) and €', =
Jo(loggwbr) for B3 are given in Figures 3 and 4. (The inside scales and
the short lines should be ignored, except in conjunction with Appendix A.)
The resultant “'master” curves for the rubbers from mixing A are given
in Figures 5 and 6 and that for the unvulcanised rubber in Figure 7.

/1 and f, empirical functions of [10810‘" —

€4 €p 285°K

29 29|
28~ 28
27 27
26 2+
25 2-

24k 24

Upper scale: logjo w 2w
Lower scale: logjpw by

Fic. 3. Permittivity of B3. Derived curves and master curve.
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g .o
<510
w gl 3
6 w
4
2
Lo 1 ] 1 i A
[ 2 3 4 3 6 7 8 9 0 1
logigwby
F1c. 4. Loss factor of B3. Master curve.
Temperatures (° K.) ’
O 3155 ¢ 12535
A 2885 4+ 246
VvV 279 O 241
B 270 <1 2335
@ All other points
9
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27
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logipwby
F16. 5. Permittivity of mixing A vulcanisates. Master curves.

logiowbr
Fi16. 6. Loss factor of mixing A vulcanisates. Master curves.

10 B
30 % -2
A ?
w30'4 M
02 %&8%”
1 1 | T SR | B 1 aathd poo°
= I T -2 3 4 S 6 7 8 9 W0 i W

logjpwbr
Fi16. 7. Loss factor of unvulcanised purified rubber. Master curve.
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No graph is given for the permittivity values for the unvulcanised rubber
since the range of values observed at different temperatures and
frequencies is small compared with the scatter of the results,

SHAPE OF Loss FACTOR CURVES AND SUMMARY OF PARAMETERS

The form of the composite loss factor curves of Figures 4, 6 and 7
suggests that they may be divided into the following features:

(r) A nearly symmetrical Debye-type (but wider) peak having a
maximum which will be designated ¢”,, occurring at a value of wbr
which, will be designated w,. This is due to a dipolar mechanism.
Various authors have compared similar peaks for other materials with
various analytic functions for €”,,/€”,,, some of which are purely empirical
and some of which are calculated from hypothetical functions for G(7).
At frequencies remote from the frequency of the peak loss factor, all
these loss factor functions tend to zero.

(2) At very low values of wbr/w,, the curve rises fairly sharply
with decreasing frequency (this is only obvious in the case of unvulcanised
rubbers), presumably due to an ionic or Maxwell-Wagner1?:18 type of
loss mechanism.

(3) At points of the curve where neither of these mechanisms is
predominant, the values of ¢”,, do not return to zero, but there is a
"background’’ value €”5 which is substantially independent of the value
of wbr. This is similar to an effect observed by Garton!® with relatively
non-polar media. Garton showed that it leads to a distribution function
of relaxation times of the form G(r) = 1/, but the theory proposed by
Garton is limited to frequencies well above the frequency corresponding
to the peak in the loss factor/frequency curve and is not therefore
applicable in this case. An attempt to extend the theory to lower
frequencies led to results which were at variance with the observations
and this line of attack was discontinued.

In the region of the peak, the curve may be considered to be the
fa(logiowbr) — €5
€m—¢€p
approximately expressed as an analytic function i, (A, log,wbr/w,,),
where A is a parameter which determines the height/width ratio of the

peak for a given form of this function. Then Equation 6 becomes

G,u,T = [I - A(T - Tl)] X

886 (T — T,
'1'7:" [(e'm —€'8) {A. logygw — logyyw, — ﬁ-’T_—%—,} + E'B]
7

Thus, the list of necessary information to calculate the values of
€",,r in the region of the peak value becomes: v

A coefficient of expansion (measured by a conventional method).
T198
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T, a reference temperature (found as described in Appendix A).

w,, the frequency of the peak loss factor at T, (read from *‘master”
curves).

€', the value of the peak loss factor at T, (read from “master”
curves).

€"s a constant—the background loss factor at T, (the lowest value
on the “‘master’” curves).

i, an analytic function of [A, log,w — logygwm — %gg—;—f’%—'] .

A an arbitrary constant which occurs in certain forms of .

The experimental values of i, [A, log,gwbr — log,w,] = (¢’ — €"5)/
(¢"m — €"5), in the region of the loss factor peak, have been compared with
the various analytic functions (listed in Table 2) which have been proposed
for €”/e",,,, the best values of A being found by trial and error or, where
possible, by the use of test plots suggested by previous authors in the
references given.

TABLE 2
ANALYTICAL EXPRESSIONS FOR ¢€"/¢”,
No. Author ol m
2 32X
1. Debye® .. . . T oo
WX [Te—brut cosh 28X o 4oy
cosh u
2. Wagner-Yagers22 .. 2 J,m g
cosh u du
3. Fuoss and Kirkwood?® .. sech x(log,X)*
. s 4X[(X2—1)In X — X3+ nX — 1)*
4. Kirkwood and Fuoss I*.. O+ X7 (=2

5. Kirkwood and Fuoss II#  3.75 J' apr";W[’ + P+ PP + 2)e® Ei(—ﬁ)]aﬁ.

1 4 cos Bn/2
cosh 8X, + cos Bn/2
tan-1yX — tan-1X/y

tan-ly — tan=t1/y

6. Cole and Cole?®

.- 7. Frolich® ..

b, @, B, y are arbitrary constants.
X = wbT/wey. m = 063 wbT/w,- X, = In(wbT)] we.

* These are approximations and g“—&:—i—:——;:,"’:; should replace ¢"w/e"y (€' i8

m m

the value ¢, when wbr = w,; the errors of approximation are negligible for the
data recorded here). It must be noted that the theoretical functions 1, 4 and 5
do not contain a disposable parameter A, but each of the empirical functions 2, 3,
6 and 7 contains such a parameter b, @, § and y respectively.
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Figure-8 shows values of (¢*, — €"5)/(€",» — €"8) in the region of the
peak plotted against log(wbr/w,) superimposed on the lines given by
functions 3, 6 and 7 for ¢",/¢",,. Vertical linear scales, which vary for

2 €ar€p
— 1 1 ' 1

-2 —i 0 L 2
|og|° UbT’Um

Fic. 8. Comparison of experimental results with analytic functions.
————— . Fuoss-Kirkwood
— = — — Cole-Cole
---------- Frohlich

the different curves, have been omitted for clarity. Figure g shows the
same values with the lines for functions 2, 4 and 5. The functions 3 and 6
give the best fit to the experimental results. The parameters used,
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together with the various other parameters involved in Equations 5, 6
and 7 and other data on the samples, are given in Table 3.

The Cole-Cole circular arc plots? (with no correction for the background
loss factor) for the vulcanised rubbers (data reduced to T = T,) are given

——
€n-€g

\ .
bl | L L - et ——j

) logo t-’o"T/ W
F16. 9. Comparison of experimental results with analytic functions.
Wagner-Yager
~— — — — Kirkwood and Fuoss I
---------- Kirkwood and Fuoss I1

s full lines in Figure 10. Deviations of the data (derived from the
urves of Figures 3-6) from the circular arcs are indicated by dotted lines.
in estimate of e, (the static dielectric constant at T,) and a second
stimate of ¢, were made from the Cole-Cole plot.

T201



2:4 2:5 26 27 28 24 25
€ €,
Fi16. 10. Cole-Cole plots.
circular arcs
---------- deviations of experimental curves
(from Figs. 3, 4, 5 and 6)
TABLE 3
CoLLECTED DIELECTRIC DATA
Unvulcanised A2 Agq
Reference temperature T,; ° K. .. 247 251 2545
€ (assumed) . .- .. —_ 234 235
- ;11-. . 6_3_‘ (€w,T) X 10% (assumed) —_ 46 46
log;p (wn/27) . .. . 53 40 39
€ X 100 .. . .. .. 108 74 5
g x 10* .. .. . .- 007 . 04 04
«, (from Figs. 3 and § .. .. —_ 2-70 2-88
<, from Cole~Cole plot .. . { 2°40 2:41
€, irom Cole—Cole plot .. . t 2-69 2-87
a 052 0-53 0-48
B 064 065 o-60
¥ 10 10 13
b .. .. .- .- 040 0+40 037

1 A 1 '

t €, — €, too small to permit accurate Cole—Cole plot.
T202
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2:37
46

38
16-8
o4
322
248
321
046
o-58
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0-35
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B3
255

2-35

46

39
145
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305
2:50
304
0-51
063
11
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In the previous discussion it was assumed that G(r) could be expressed
by various analytic functions, and these hypotheses were tested by
comparison of the calculated values of ¢”,/¢", with the experimental
data. It is, however, possible to deduce G(r) graphically from the given
€', or €", data by a second approximation method given by Ferry and
Williams* and by Williams and Ferry.?® The accuracy of the method
is not high, since it depends on graphical differentiation of the experimental
curves. The resulting values of (¢, — €) 7G(r) at T, for the sample B3
are given in Figure 11. 7G(7) is the distribution function of natural

10~

[ o

1 1 AL | [ 1 i
—I8 —I6 —14 —j2 —10 -8 -6 -4 2 0

In T (seconds)

Fi1c. 11. Distribution of log relaxation times for B3 at T = T,.
4+ from permittivity data
© from loss factor data

logarithms of the relaxation times and (e, — €o) 7G(r) is identical with
the function represented by #(r) in the notation of Ferry and Williams.
The agreement between the results from the loss factor and permittivity
data is as good as can be expected in view of the approximations and
graphical differentiations.

DipoLE MOMENTS

From the loss factor/frequency data on raw rubber it is possible to
calculate a value z below which the dipole moment p of the rubber
monomer cannot lie; the actual dipole moment cannot be calculated since
the dispersion is so wide that ¢", is considerably greater than zero at
both ends of the curve, and the permittivity data is inadequate to provide
a value of €, — €s,. The value 2 is derived by assuming that the loss
factor at T = T, is given by

€', = [101 X 10~%sech{o-52(In w/w,)}] + (7 X 1079).

This form of the expression for €”,, is one which is given by the Fuoss and
Kirkwood® expression superimposed on a constant background loss
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factor (the constants being as given in Table 3). This has been shown
to agree with the experimental values if the ionic losses are ignored.
If v and w are the limits of ln wbr in Figure 7, this gives

f 'e'.,, inw) = [(7/0-52) X 1-0I X 107%] + [2:3 X I3 X 7 X 1074]

v
= 82 X 10°2

but J‘Qe'ﬁ, Nnw) = 2" z7kT (e. +22> | €,9(nw

(see Oakes and Richards?),

where N = No. of dipoles per unit volume.

Putting N = 8:1 X 10** = No. of monomer units/cm.3,
and e, = 2-3, gives p > 2 = 0-16 Debye units.

This value of z is much lower than the value p = 0-72D, obtained by
Kambara® for raw crude rubber from measurements on a solution in
benzene. It is possible that Kambara's crude rubber was oxidised during
the process of solution, thus increasing the dipole moment.

The values of the moment u, of a dipole containing one sulphur atom
have been calculated on the following assumptions:

(i) that each sulphur atom is involved in a separate dipole;
(ii) that all the dipoles have the same dipole moment;

(iii) that the contribution of the small quantity of accelerator to the
dielectric constant is negligible. An attempt to remove the
accelerator by extraction resulted in a sample which oxidised
rapidly and further tests could not be carried out.

The values of ¢, and €, given by the intersection of the circular arcs
with the permittivity axis have been used in Onsager's formula,3
g GRT (e, — €x)(26, + €x)
Be = iaN’ € (€x + 2)2
per unit volume, giving u, = 1-9, 1-8, 1-8, 1-9D for A2, A4, A6 and B3
respectively. These values are, however, in error due to the contribution
of the dipole moment of the rubber molecule. Although no precise values
of permittivity of the raw rubber are available, the measured values
indicate that, in the absence of the sulphur, ¢, — € is less than o-1.
If it is assumed that the value of ¢, for the vulcanised rubber must be
reduced by this figure to allow for the dipole moment of the rubber, then
the values of p, become 1-5, 1-6, 1-7, 1-7D respectively. These values
are similar to that (1-74) calculated by Waring.® The use of Cole~Cole
plot values of €, and ¢, is justified by the fact that it does not take into
account any dipolar dispersion range which may occur at higher
frequencies than those involved here and which has been assumed therefore
not to be associated with the sulphur atoms. The sulphur combines
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with the rubber in various chemical groupings and it is speculative to
draw any conclusions from the small range of calculated values of dipole
moment.

The value of dipole moment for the isoprene unit is extremely small,
so that for most practical purposes, the rubber hydrocarbon is a non-polar
substance. Vulcanisation by sulphur adds considerably to the dipolar
loss, and the dipole moment per combined sulphur atom (calculated
assuming each combined sulphur atom to be a separate dipole) is
substantially independent of the percentage combined sulphur or of the
acceleration of the reaction.

DEPENDENCE OF T, oN COMBINED SULPHUR CONTENT

Table 3 indicates that T, is a function of the combined sulphur content
(A2, A4 and A6 had the same total sulphur content). The values of T,
obtained by various authors from dielectric and mechanical data are
given in Figure 12. There is a good agreement between the various series

3o

300

290
280
b4
o -
P\ﬁ
270
260
250,
240 1 — ) ) ] L 1 s

2 4 3 8 10 12 14 16
Combined sulphur, %,

F16. 12. Relationship between 7T, and combined sulphur content.
dielectric results: present paper
dielectric results: derived by Paype® from data of Scott, McPherson and Curtis®
dynamic mechanical results from three sourcess,1s.3
dynamic mechanical resuit®?

of results at the lower end of the curve. Three sets of results give 248° K.
for unvulcanised rubber while the other two give 247° K. and 250° K., the
latter being from experimental data of limited accuracy.
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CONCLUSIONS

1. The Ferry and Fitzgerald method (set out in mathematical terms
in this paper) of analysing the loss factor and permittivity data is applicable
to measurements on both vulcanised and unvulcanised dry purified
rubber.

2. The form of the loss factor/frequency function suggests the
summation of

(a) a broadened-Debye-type peak; the process is polar;
(b) a constant “background loss factor’ ; the process is obscure;

(¢) an ionic loss at very low frequencies; this is only obvious on the
unvulcanised rubber.

3. Of the various theoretical and semi-empirical forms for the
distribution of relexation times giving rise to the Debye-type peak, the
Fuoss—-Kirkwood?® and Cole-Cole?* functions were found to be most in
accord with experimental results.

4. Estimates of the dipole moment of raw natural rubber could not
be made, although it is deduced that the value cannot be less than o0-16D.
In a vulcanisate, the moment of the dipole containing one sulphur atom
(based on the assumptions that each combined sulphur atom in the
vulcanisate gives rise to a separate dipole and all the dipoles have the
same moment) is about 1-6D.
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APPENDIX A
Method of Carrying out Temperature/Frequency Analysis.

In analysing the permittivity data, it was necessary to know eqr
over a range of temperatures which must include all the experimental
temperatures and T',. Other authors have assumed that €., does not
vary with 7. However, in the case of the rubbers used in this investiga-
tion it was necessary to allow for the variation. In the absence of any
other measure of €, it was assumed that an adequate approximation
would be given by the square of the refractive index (extrapolated to
infinite wavelength using Cauchy’s formula)—see Appendix B. The
coefficient of cubical expansion A must also be determined.

The values of G“’Tk% + €xo and €, /KT, 1eferred to as €'y,
and €",, (where €x, is the value of eor at T,), were calculated for
T, =1253"K. (273° K. for unvulcanised rubber). The inclusion of the
term €x,, at this stage does not modify the arguments of the previous
section, but brings the method into line with that of previous authors.
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The derived values of €',, and €",, were plotted as functions of
log,o{w/2m); see the short curves and inner scales in Figure 3. The
displacement (log,,b'r) along the log,qw axis of the curve for the reference
temperature from each of the other curves was then plotted against T
The value of T, was then read off as the temperature at which the slope
was —0-0872 deg~! C. The logarithm of the parameter m in the relation-
ship br = mb’r was then found as the value of —log,b'r at T =T,
In Figure 13, the values of log,,br found by adding log,¢m to the experi-

1
e  Unvulcanised
ol a A2
i o A4
x A6, B3
6}
5 4
§
-t
zi—
| %\D‘@
2+
_4—
T WA NS NN N N WY B N | 1
~—40 -~20 0 20 40 315 510
T—Ts°K
F16. 13. Log br values.
@ Unvulcanised X A6, B3
A A2
0O Aq
886 (T — T,

log br = — 10164+ T —T,

mentally determined values of log,,b'r, for all the rubbers, are shown

plotted against T — T, superimposed on the curve given by Equation 4.
The curves of ¢, and €",, were then shifted along the log,w axis

for distances log,br given by Equation 4, thus giving plots of the real
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and imaginary parts of ¢, , as functions of log,,wbr as shown in Figures 3
and 4. The vertical scales were then amended to turn the graphs of
€., into graphs of ¢, as follows. In both cases, the lengths of the scale

divisions were multiplied by a factor of % [t — A(T,— T,)]. For the

€’ graph the position of the scale was adjustgd so that €'y, on the new scale
corresponded with €', on the original scale.

APPENDIX B
Values of €x,r.

The data of McPherson and Cummings® give the refractive index
(n}) for the sodium D line of natural rubber containing S, per cent.
combined sulphur and S, per cent. free sulphur as

n) = 1-519 + 0-0037S, — 0-00035(7—298) + 0-0016S,,

if the assumption is made that the influence of free sulphur is of the same
magnitude in the vulcanisate as it is in the unvulcanised rubber. The
data given by Wood?® fit Cauchy’s formula relating refractive index to
wavelength and give an extrapolated value at infinite wavelength ()%
which is 0-020 less than »%.

Combining these relationships and assuming the temperature
coefficient remains constant at lower temperatures {—50° to +20°C.)
than those over which it was measured (+20° to +60° C.), gives values
of (n3)® at T =T, of 2-34, 2'35, 2-37, 235 for Az, A4, A6 and B3

29
respectively, with a temperature coefficient (:—,) 57 () of —4'6 x

10~4 per °C.

Examination of the original data showed that the value of (#1)? was
only of the order of 0-12 lower than the lowest values of €, observed,
and it was therefore concluded that the effects of atomic polarisability
and of any very high frequency (outside the experimental range) dipolar
loss mechanism were small. It was therefore assumed, in the absence
of any further information, that (#n%)® = e, r was an adequate approxi-
mation for the present treatment of the results, and the resultant
superposition of the curves suggests that the assumption was justified.

ArPENDIX C

Comparison of Ferry and Fitzgerald Assumptions with Debye and Onsager
Theories.

Ferry and Fitzgerald’s second assumption is equivalent to an
approximation to the formulae of Debye? and Onsager3! combined with
the Lorenz-Lorentz®3 equation if eo,r is constant. The exact

; pr PT, &1
expressions should be ¢; oc T (€s.r + 2) (Debye) and e, oc T Zer + eur
(Onsager), but the added refinement is unnecessary for the materials
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described here, where ¢, varies over such a short range. The Debye
correction is about twice the Onsager correction and the model used in
either is probably inadequate for a close approximation in the present
case. The extrapolation of the results to higher or lower temperatures
would, however, be affected by the approximation involved in this step.

_ ArPENDIX D
Activation Energies and the Williams, Landel and Ferry Equation.

It does not appear to be generally realised that, for physical processes
where the Williams, Landel and Ferry equation applies, the equation
requires only a single parameter, the T, value, in order to specify the
activation energies at 2l the temperatures within the range of application.
The equation thus specifies a relationship between activation energies,
and the T, value is therefore a more useful factor than activation energies
at a single or limited number of temperatures.

The Williams, Landel and Ferry equation may be rewritten

__ 2303 X 886 (I —Ts) .
w016+4T—-T, °
The activation energy is given by
9(in br) T N
E=k o1/T) = 2% R <101-6 +7T— T,) ’

where R is the gas constant (1-g87° X 1073 kcal. deg.~! mole-1).
T 2 -
Thus E = 412 (m) .

APPENDIX E

in b1-=

List of Symbols.

In this list ¢, is a vector quantity defining real and imaginary parts
(¢, and €",). Likewise ¢,r has real and imaginary parts (¢’,,r and
€",1) etc.

Symbol  Definition

A coefficient of cubical expansion

b curve-width parameter: Wagner-Yager
br vr/to Wwhen T, = Ts

b'r 'r-r/-r,

h G—“—? as a function of wbr

I €"o1/kr as a function of wbr

G(r)  distribution function of =

, T,
Kr ‘;’J =[1— A(T —T,)]

z,
T
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Symbol .
kRt
m
N
N’

n

e

PR wrR

€T

€
€T
€x,T

€x,0

€w

€
€B

€m

s
pr

Ps
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Definition
(1~ A(T ~ T))
br/b'r

number of dipoles/unit volume

number of sulphur atoms/unit volume

refractive index for sodium D line at T

refractive index for infinite wavelength at T

temperature of measurement

arbitrary reference temperature

value of T at which 3%‘ log,eb'r =.—0-0872

vahlxie below which dipole moment of rubber monomer cannot
e

curve-width parameter: Fuoss-Kirkwood

curve-width parameter: Cole-Cole

curve-width parameter: Frélich

general curve-width parameter

complex dielectric constant €', 7 + i€",,r at w,T

dipolar part of dielectric constant

contribution to ¢, of dipoles of time constant r

static dielectric constant at T

infinite frequency dielectric constant at T

€0, T — €n,T

le + €w.0

value of eprat T =T,
€0, T k— €, T + €
T
static dielectric constant at T,
infinite frequency dielectric constant at T,
background value of €",,
maximum value of €',
dipole moment
moment of dipole containing 1 sulphur atom
density of material at T
density at T,
density at T,
relaxation time
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Symbol  Definition

S Lbwnx

10.
1.
2.
I3.
14.
15.

16.
17.

18.
19.
20.
21.
22.
23.
24.

26.

27.
28.

29.
30.

32.
33.
34.

35-
36.
37-

39-

Tr value of r for a given process at T
T, value of 7 for a given process at T,
” L]
e function relating :—,"’—:,B to log(wbr/ w,,) and A
m— €B
w 27 X frequency of measurement
Wy value of wbr corresponding to €”,,
REFERENCES i

Norman, R. H., Proc. 1.E.E., 1953, 100, 1IA, 41.

B.S. go3: 1958 Part B6, Section 1.

B.S. 903: 1958: Parts B6, Section 1 and BS8.

Ferry, J. D. and Fitzgerald, E. R., J. Colloid Sci., 1953, 8, 22

Fegry, J. D., Viscoelastic Propemzs of Polymers, 'New York, ]ohn Wﬂey and

ons, Inc.

Ferry, J. D., Fitzgerald, E. R., Grandine, L. D., Jr. and Williams, M. L.,
Ind. Eng. Chem., 1952, 44, 703.

Williams, M. L., J. Pkys. Chem., 1955, 59, 95.

Williams, M. L., Landel, R. F. and Ferry, J. D., J. Am. Chem. Soc., 1955, 77,
3701. .

Wiliiams, M. L. and Ferry, ]J. D., J. Colloid Sci., 1954, 9. 479.

Williams, M. L. and Ferry, J. D., J. Colloid Sci., 1955, 10, 1.

Williams, M. L. and Ferry, ]J. D J. Colloid Sci., 1955, 10, 474.

Zapas, L. J., Shufler, S. L. and Dcmtt T. W., J. Polym. Sci., 1955, 18, 245.

TPayne, A. R., J. Appl. Phys., 1957, 28, 378

Payne, A. R., Plastics, 1958, 23, May, 182.

Payne, A. R,, Socicty of the Chemical Industry Monograph No. 5, p. 273,
London, Society of the Chemical Industry.

Fletcher. W. P. and Gent, A. N., Brit. J. Appl. Phys., 1957, 8, 194.

Maxwell, J. C., 4 Treatise on Flectrzc;iy and Magnetism, 3rd detlon Vol. 1,
pP- 492, Oxford Clarendon Press Ltd.

\\’agner, K. w, Archives Elektrotechniques, 1914, 2, 371.

Garton, C. G., Trans. Faraday Soc., 1946, 424, 56.

Debye, P., Polar Molecules, New York, Chemical Catalog Co.

Wagner, K. W., 4nn. Physik, 1913, 40, 817.

Yager, W. A Physus 1036, 7, 434.

Fuoss, R. M. a.nd Kirkwood, J. G., J. Am. Chem. Soc., 1941, 63, 38s.

Kirkwood, J. G. and Fuoss, R. M., j Chem. Phys., 1041, 9, 329.

Cole, K. S. and Cole, R. H., J. Chem. Phys., 1941, 9, 341.

Frohlich, H., Theory of Diclectrics, p. 92, Oxford, Clarendon Press Ltd.

Ferry, J. D. and Williams, M. L., J. Colloid Sci., 1952, 7, 347.

Williams, M. L. and Ferry, J. D., J. Polym. Sci., 1953, 11, 169.

Oakes, W. G. and Richards, R. B., Trans. Faraday Soc., 1946, 424, 197.

Kambara, S., J. Soc. Rubber Ind., Japan, 1942, 15, 665.

Onsager, L., J. Am. Chem. Soc., 1936, 58, 1486.

Waring, J. R. S., Trans. Inst. Rubber Ind., 1951, 27, 16.

Payne, A. R., Rheology of Elastomers, p. 86, London, Pergamon Press.

Scott, A. H.,, McPherson, A. T. and Curtis, H. L., J. Res. Nat. Bur. Stand.,
1933, 11, 173

McPherson, . T. and Cummings, A. D., J. Res. Nat. Bus. Stand., 1935, 14, 553.

Wood, L. A., ] Appl. Phys., 1041, 12, 119.

Debye P, Phys:kZ 1912, 13 97.

Lorentz, H. A., Ann. Physik Chemie, 1880, 9, 641.

Lorenz, L. V., Annalen Physik Chemie, 1880, 11, 70.

\

(Received 6th September, 1965).
T211



