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ABSTRACT i
A study of creep at temperatures within the rubbery
Plateau region is presented. Creep and stress-relaxation
are reviewed and such relevant factors as crystallisation
and surface cracking during creep are considered. Creep
is determined by both physical (viscoelastic) and
chemical mechanisms. "Physical creep" is manifested by
semi-logarithmic, creep & log (time), or log-log kinetics
whéreas “"chemical creep" follows a generally linear law,
creep o€ time, These reiationships are examined in terms

of their relevance to data extrapolation beyond the

experimental time scale,

‘The semi-logarithmic relationship implies that the
apparent activation energy for creep increases in
proportion to creep strain and a tentative explanation
of why this may be so is suggested., It is considered
that such creep kinetics may be attributed to the slow
breakdown and re-organisation of regions of short range
order in the rubber, This activation energy approach
is used to interelate creep data with tensile stress-

strain data at different strain rates,

The physical creep of carbon black filled wvulcan-
izates did not follow semi-logérithmic kinetics exc;pt
at short times;-<10,000 minutes, and the rates exceeded
that of their gum equivalent by a factor of ~2, It is
. suggested that this arises from ihstability of rein-
forcement and the phengmenon is discussed with reference

to stress-softening and scragging. Various techniques,

-



including dilatometry and electron microscopy showed
that carbon black/matrix debonding did not occur even

“after 60,000 minutes under load,

The observed activation energy, ~ 129 KJ mol-l,
for the'bhémical creep" of convehtional sulphur cured
vulcanizates, gum and reinforced, is discussed in terms
of ppséible mechanistic processes particularly oxidatibn
and sulphur diffusion. A model for the diffusion of
oxygen into rubber is presented which suggests a
maximum penetration depth of 2 to 10 mm at 20°C. This

penetration depth decreases with increasing temperature,

- iii -
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SYMBOLS

Logarithmic time shift factor
Accelerafor concentration
Constants /
Constants

Permeability coefficient
Logarithmic creep rate

% wt concentration

Cénstant

Concentration

Constant

Diffusion coefficient

Modulus

Half thickness of a rubber sheet

Critical depths of oxygen penetration
into rubber

Enthalpy of formation
Boltzmans constant
Decay constants

Rate of reaction of oxygen with rubber;
vol 02/unit time/unit volume of rubber,

Rate of reformation of broken chains
Chemical creep rate

Average length of a network chain
Specimen length

Constant

Network chain density

Number of sulphur atoms per crosslink

Crosslink concentration

" Free radical concentration due to broken

crosslinks

‘Gas partial pressure

Activation Energy
Gas constant

Relative humidity
Logarithmic stress-relaxation rate
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Time

Temperature

Volume of gas

Volume fraction

Mass of a network chain

Crosslink concentration

Distance

Constants

Activation volume or domain volume

Deviation of chemical creep from a

- linear relationship with time

Strain
Strain at 1 and t minutes under 1oad
Creep strain, i.e, g - €4

Average strain in the gum phase of filled
vulcanizate

Angle

Elongation ratio
Concentration of domains
Density of rubber

Stress

Time or relaxation time
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CHAPTER 1

INTRODUCTION

1.1 Commercial Considerations

The use of rubber components for load bearing
applications has enjoyed increasing p;ominence in
recent years, This is exemplified by the advent of
transverse engined motor cars utilizing rubber cone,
hydrolastic and pneumatic suspension systems and by
the increasing use of rubber mountings, supports and
bearings_in the sphere of civil engineering. It is
not surprising therefore, that much attention has been
devoted to those engineering factors which influence
the service life of such components, Particular
"interest has centred on stress analysis, on heat build
up during cyclic loading, on fatigue and environmental
factors such as ozone cracking and more recently on
creep and stress-relaxation. Indeed, A. E. Moultoni,
inventor of a number of rubber based suspension systems,
has pointed out that creep resistance is a major
limiting factor in the design of rubber components
which are subjected to'continuous applied stress, This
investigation was instigated by Avon Rubber Company
Limited of Melksham, Wiltshire, who are interested in
obtaining an awareness of the creep limitations of
rubber components in service, In particular, at the
time this research was started they hoped to sta;t

manufacturing bridge bearings, design considerations

- 1 -
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for which would include limited vertical creep. Avon
themselves have measured creep rates at various temper-
atures for certain specific rubber mixes which could be
used for this application. Meanwhile this report dis-
cusses results obtained for simple mix recipe's in order

to elucidate the mechanisms of creep deformation,

Despite the development of synthetic elastomers
natural rubber has retained a position of prime commer-
cial importance becauée of its properties, availability
and price, In particular it has good strength, creep
resistance and low hysterisis which make it suitable
for many engineering applications. Of the synthetic
polymers styrene butadiene, cis-polyisoprene and poly-
butadiene rubbers are used in large quantities,

Although the cheapest, styrene butadiene rubber has

poor creep resistance and high hysterisis and is unsuit-
able for components requiring dimensional stability under
load or low dynamic heating, Cis-polyisoprene is often
regarded to be inferior to natural rubber in terms of
strength and tear resistance, This leaves polybutadiene
rubber as .the main competitor to natural rubber for
stressed applications but as &et the latter is favoured,
particularly in Britain. The work to be presented in
this thesis has been devoted to natural rubber with

this in mind. Lack of consistency between individual
batches of natural rubber has been minimized by using

standard Malaysian grade SMR5CV,

1.2 The Creep Problem

Present industrial creep design practice is based



on short duration tests with extrapolation to long
times, It is important, therefore, in the first
instance tc establish the validity of the extrapolation
- procedures. Much short term stress-relaxation work has
beenvpublished from the 1940's onwards and some creep
work from the 1960's onwards and this will be described
later. There has however been only limited discussion
regarding the shape of creep curves, creep = function

(time).

For commercial reasons the rubber industry is some-
what secretive about mix formulations but it is gener-
ally accepted that conventional sulphur plus accelerator
cures are by far the most widely used, Mix additions of
carbon black, non-reinforcing fillers, processing oils
and of cheapening polymer such as styrene butadiene
"rubber are the rule rather than the exception, Clearly,
therefore, creep resistance depends on the‘extent and
type of these additions and this is important in regard
to product profitability., Nevertheless these factors
afe poorly understood and a more comprehensive appraisal
would be useful in the development of mix practice. The
simplification that rubbers rémain fixed in character
throughout the duration of a creep experiment is usually
implicit in the analyses of results so far published.
.In fact loss of volatiles, internal and physical changes
and a continuation of the vulcanization/reversion process
may have an influence, which if significant, would add
complexity to data extrapolation procedures, Finally

little is known about the effect of cycling stress,



temperature and humidity although Gent19 has suggested
that stress cycling has an easily predictable influence.,

Figure 1,1 sums up the factors affecting creep.

1.3 Vulcanization

The most widely used vulcanization procedures are
elaborations of the original method of heating rubber
with sulphur aiscovered by Goodyear in 1839, Despite
extensive research sulphur based vulcanizates still
have the best balance of physical and chemical proper-
ties.2 The process involves heating a mechanically
plastized mix of rubber,‘sulphur, curing agents and
other ingredients, Elemental sulphur can be replaced
by organic sulphur donating agents such as the thiurams
or alternatively non sulphur vulcanizates can be
prepared using organic peroxides or radiafion to promote

crosslinking,

The type of crosslink formed and fhe‘cléanliness
of the system are known to have a great influence on
creeﬁ. Polysulphide crosslinks are produced by con-
ventional sulphur plus accelerator'curés; the. average
bbnd length diminishes as vulcanization proceedss.
Monosulphidic crosslinking is achieved using sulphur
donatihg agents with no elemental sulphur whilst
carbon>crosslinks are produced from peroxide cures,

Figure 1.2 indicates the relative stability of these

crosslinks,

Vulcanization is usually carried out at 140°C to
200°C until optimum crosslinking, strength and stiff-
mess are achieved, During the process both cross-

- b -
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f
- S - Sx - S - C (Polysulphide link. -Ef<: 270 KJ'molui)

C-C (C-cClink, Eg~ 350 kI mo1~1)

C -5 -C (monosulphide link. E.~ 285 KJ mo1l~ 1)
C-S-S=-C (Disulphide link. E.~ 270 KJ mol™ 1)
c

Figure 1.2 Types of crosslink in order of stability and

their energies of formation. See Reference 2,



linking and thermal crosslink breakdown occur, the
former being dominant initially when the curing agent
concentrations are highest, The softening which
occurs once optimum cure is passed is known as
reversion and clearly this must influence creep

response at elevated temperatures.

1.4 The Statistical Theory of Rubber-elasticity

| This fundamental theory forms thé basis of the
understanding of secondary creep and stress relaxation
and is a necessary precursor to their discussion,
Extensive reviews are available,k-?. Fixed crosslinks
introduced into a rubber during vulcanization prevent
long range relative translations of adjacent molecules.
A pertubation of the macro-network by external stress
alters the distribution of inter-crosslink distances
"and consequently the freedom of individual network
chains to adopt different configurations., This may be
interpreted in terms of a reduction of entropy for the
system which can be computed statistically. Thermo-
dynamic considerations permit the calculation of exter-
nal stress directly from the rate of change of entropy
with strain since the internal energy of rubbery net-

works is approximately independent of strain. For

simple uniaxial tension this leads to:-

G = nkT (A-A"2) 1.1
0 = stress
n = no., of network chains per

unit volume



kK = Boltemans constant

T = Temperature

A = Elongation ratio

i,e., sample length/original length.

in practice this is an acceptable approximation to
real behaviour at moderate strains and this ?s illus-
trated in Figure 1.3 which shows data for wvulcanizate
'A' (see Chapter 2) at various temperatures,

The Mooney-Rivlin equation7"9 is a better approx-
imation for the rubber stress-strain curve but is less
convenient in analytical situations. This suggests:
-1 -2 '
0 =2 (Cy+Cyo A7) (A-ATT) - 1,2
C1 is analogous to *nkT' of equation 1,1,

The interpretation of C2 is at present subject to

debate,

1.5 The Stress-Relaxation Technique

In a stress relaxation experiment a tensile sample
is extended to a predetermined strain and the stress
monitored over a period of time, Muéh of the original
work in this field is due to A, V. Tobolsky and co-
workers; Figuré 1.4 shows a typical family of felaxation
curves obtained by them for a gum vulcanizate ofer a
"range of iemperatures at 50% strainlo. Equation 1,1
suggests that stress and temperature are proportional,
other things being equal, and so for comparison the
stress levels for each temperature have been '‘reduced?',
in this case to 25°C. This involves multiplying'actual
stresses by a factor To/T where Ty is some arbitrary

selected temperature, Figﬁre 1,5 is a cross plot taken

- 8-
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Figure 1.4 Reduced stress as a function of time at various

temperatures. Vulcanized N.R. at 50% strain,

See Reference 10,
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Figure 1.5 Reduced modulus as a function of temperature for

various times., See Reference 10,

- 10 -



:from Figure 1.4,

Figures 1.4 and 1,5 indicate three distinct temper-
ature regions of present interest - high and low temper-
ature regions of rapid stress decay and an intermediate
region of comparative stability., It is thought that in
the low temperature region, - 30°C and below, stiffening
of the rubber occurs as a result of weak physical bonding
between network chains, These bonds are however unstable
and constantly break and reform and this leads to a
reversible dynamic equilibrium which is manifested by
stress decay. The high temperature region of instability
is associated with heat ageing, a process of network
degradation resulting from chemical reactions, This
involves the 'cutting' or scission of crosslinks or net-
work chains and concurrent creation of others. Again
. this leads to a decay of stress with time, The scission
process is markedly influenced by the presence of oxygen.
In the intermediate temperature range physical bonds are
so waeak that they relax before the first stress reading
whilst the primary bond scission reaction is too slow
to be significant within the experimental time scale.

The present work is, however, devoted to this 'rubbery
plateau' region since it covers the range of service

temperatures for practical components,

If only for the sake of clarity, the low tempef-
ature relaxation process will be referred to as primary
or physical relaxation and the high temperature process

as secondary or chemical relaxation.



1.6 Viscoelastic Theory

Viscoelastic behaviour can be represented by well
known mathematical models involving combinations of
springs and dashpots‘to represent idealy elastic and
idealy viscous components of material responsell}

. Figure 1,6, for example, shows a model suitable for

the discussion of creep. By resolving forces along the

stress axis it can be shown that this will deform

according to: I
f g Z : t ,
' ' i=1 g¢ = strain at time 't!

E = Elastic modulus

‘where 7i is the relaxation time of the i'th element in

the model. If a large number of elements having a

distribution of ' 7 ', F(7) s is assumed then
‘ .+
=§ ) . t dr
€t E f F(7) [ 1 -exp - ';] : 1.3b
p -m

Relaxation spectra for real materials can only be
obtained indirectly by examination of experimental da{a.
The model is of limited technological value therefore
and as Tobolsky has pointed outio, any data can be
fitted to a.sﬁfficiently complicated distribution of
‘relaxation timeé. Analagous concepts involving distrib-
ution functﬂhusmay however be obtained by treéting

viscoelasticity in terms of various molecular mechanisms,

Consideration of the dashpot and spring model
suggests a qualitative analogy for the effect of

temperature on viscoelasticity. Reducing dashpot

- 12 -



i th component

4
L__J Relaxation time = 7i

(i + 1) th component
t::j Relaxation time = 7is+1

'

Figure 1.6 A dashpot and spring model suitable for the

analysis of creep.
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Figure 1,7 A schematic illustration of the time-temperature
superposition principal for the case of creep
data.



viscosity with increasing temperature allows more rapidr
response to applied stress, i.e. relaxation times
decrease with increasing temperature. At very low
temperatures, just above the glass transition therefore,
creep deformation should be very slow as a result of
long relaxation times, At higher temperatures, just
below the rubbery plateau, creep should again be slow
since relaxation times here are so shért that the
viscoelastic process is almost complete before the first
strain measurement is made. Indeed, it is in the tran-
sition fegion between these two temperature extremes
where viscoelastic behaviour is most prominant. Further,
it can be argﬁed that all relaxation times ' 7' have the
same temperature dependénce 12’14. Consequently,
changes in temperature merely modify the time scale of
viscoelastic response since in equations, such as 1,3,
relaxation’times always appear as a ratio with time,
This implies that viscoelastic response data at differ-
ent temperatures can be interelated and leads to the
concept of time temperature equivalence. The relax~—
ation spectrum for creep will cover a smaller range of
times, for‘example, at some temperature T that at a
lower reference temperature Tg and a function ar may

be defined,

ap = 7 at temperature T
7 at temperature Tg

If physical observations are plotted in terms of

logarithmic time this means that data at different

temperatures should be identical but shifted some

- 14 -



distance ar with respect to each other, This is the

basis of the time-temperature superposition principal

13

first proposed by Leaderman as a means of extrapolating
data beyond the experimental time scale. Figure 1,7
shows a schematic illustration for the case of creep data.
Hypothetical creep curves at different temperatures are
shown on the left. These are reduced, as described
earlier, to some arbitrary reference temperature to com-
pensate for the effect of tempefature on modulus, The
mastercurve on the right has been synthesised by sﬁifting
individual curves along the 'log t' axis and represents,
in this case, an extrapolation for data at temperature T1
over an extended time period. Willjiams, Landel and
Ferry14 have shown that if a correct choice is made for

Tg then a, is a function of general applicability to all

T

- amorphous polymers., They proposed

log ay = -8.86 (T-Tg) (101.6 + T-T )™

where T_ is usually some 45°c to 55°C higher than the
glass transition.

Tobolsky, his co~workers andothersio’ls'17 & 3h

have successfully superposed creep and stress-relaxation

data for gum vulcanizates of styrene butadiene rubber
: o
for results obtained in the temperature range -60 C to

-15°C and have obtained good agreement for the shift

factor a, for the two cases., Other worker516 have

T

shown that a plot of log a,, against reciprocal temper-

T
ature may yield a straight line over limited regions
indicating an Arrhenius type energy barrier, Unfort-

unately the time-temperature superposition principal

- 15 -



is not convenient for the analysis of present creep

data since this has been collected in the rubbery
plateau region where relaxation is very slow., In

Figure 1,7 for example the creep curves have been drawn
well separated along the ordinate whereas in the present
work initial elongations over a wide range of temperature
were almost identical for any given stress, see Figure
1;3. Furthermore, prgsent physical creep curves do not
show marked curvature when plotted against logarithmic
time and are therefore impossible to superpose. This

will be discussed in greater detail in Chapter 5.

1,7 Physical Creep and Stress-Relaxation
In keeping with many polymers the physical creep

and stress-relaxation of vulcanized rubbers generally
vary in proportion to the logarithm of time under load,
"certainly in the rubbery plateau region.18-30 In the
case of creep therefore

Ae eC log (t/ty)

Ae = change in strain measured from

some arbitrary starting time t.

Creep strain is normally expressed, however, as a
fraction of the initial strain measured for convenience
at 't,' equal to 1 or 10 units. This automatically
compensates for the temperature-modulus effect and also
for slight differences in initial elongation (stress).
Although a starting time of 10 minutes is recommended
by British Standardszl, present work will be expressed

in terms of the strain at 1 minute and this is iﬁ

accordance with current practice in the publications of

- 16 -



MRPRA.* Hence the strain at any time 't' may be defined
by: -~ |

Et = €1 + CE, log10 t - 1.4

€4 strain at 1 minute

¢ = logarithmic creep rate.

Similarly, the stress relaxation response may be

represented by:~

gt = 01 - 50'1 logipo t - 1.5
01 = Stress at 1 minute
s = logarithmic stress

relaxation rate,

A thoroughly satisfying theoretical interpretation

of these relationships is not available>2 although they
may be fitted to a derived distribution of relaxation
‘times., As Gent has pointed out, the observed linearity
with logarithmic time must fail at both very long and very
short times., At long times an equilibrium deformation
must be achieved in the absence of structural failure
whilst at short times the curves must extrapolate back-
wards to some reasonable value of initial strain rather
than to minus infinity., It is worthwhile pointing out,
however, that there is little published data extending
beyond 104 minutes and indeed much of the established

understanding has developed from experiments of less

than 103 and even 102 minutes duration,

Consideration of the Boltzmann superposition
principle suggests that stress relaxation rates 's' should
be independent of strain if it is assumed that vulcanized

*Malaysian rubber producers research association.
- 17 -



rubbers follow linear viscoelastic behaviour, Some

10,19,20,23 shows that this is a

experimental evidence
reasonable approximation for moderate strains up to
"perhaps 200%. At higher strains relaxation rates
increase and Gent20 has attributed this to the onset

of stress induced crystallization. He compared relax-
ationlrates with crystallinity measurements on natural
rubber at various extensions and also showed that ihe
effect was absent in butyl and styrene butadiene rubbers
which do not crystallize. By contrast, Figure 1,8 shows
the effect of extension on stress relaxation rates of
peroxide and conventional wvulcanizates of natural

24,25 It

rubber with different crosslink densities,
shows that relaxation rates are not necessarily indep-
endent of extension even at low éxtensions but it should
_be noted that the ordinate of this graph covers only a

one percent range and that the vulcanizates have low

relaxation rates of 2% per decade or less,

Gent has proposed a method by which creep and
stress-relaxation rates may be interelated. Using the
definitions:

C

1]

(1/e,) (de/d log,, t)g

s

]

(1/01) (do/ d log,, t)8

he derived: -

s/c = (g,/0,) (do/de), . - 1,6

Figure 1,8 indicateés that creep and stress relax-
ation rates are smaller for vulcanizates with higher
crosslink densities, i.e. higher moduli. This is in

12,23

agreement with Gent who compared stress relaxation
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Figure 1.8

's' ¢ per decade

Relaxation Rate

Dependence of stress relaxation rates on
extension for natufal Rubber vulcanizates of
various degrees of crosslinking, The 100y
modulus is indicated against each curve in

Kg cm”z. See Reference (24 and 25).



rates with crosslink density. He further suggested
however that rela#ation rates are independent of the

type of curing system but this is in contradiction

with Figure 1.8 which indicates that peroxide vulcan-
izates show improved creep resistance over conventional
vulcanizates when compared at similar moduli. Farlie2
has proposed that extra-network material is particularly
important in determining creep response and more recently

33

creep resistant vulcanizates have been developed from
deprotinized natural rubber by avoiding insoluble by-
products normally produced by conventional curing
systems. That differences exist between the creep

behaviour of different types of vulcanizate of similar

crosslink density is now well accepted.

1.8 Chemical Creep and Stress-Relaxation

Relaxation processes in rubber resulting from
thermal and oxidativé ageing have been introduced earlier,.
The subject has been christened '"chemorheology'" since it
is the study of flow involving permanent changes in the
molecular network due to the cleavage and creation of
primary bond#._ Two reviews of the subject35 and 36,37
‘ ~present the background work carried out in the USA and

Britain respectively,

38

Tobolsky observed the chemiﬁal relaxation pheno~
menon during a study of vulcanized rubbers at elevated.
temperatures., He attributed the process to the prog-
ressive rupture of chemical bonds as a result of the

presence of molecular oxygen., This was supported by

concurrent investigations of elevated temperature creep
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by Wohlstenholme 39

who came to similar conclusions.
Tobolsky further observed that the relaxation rate was
independent of oxygen pressure in the range between that
present in ordinary air atmosphere and in a commercial
nitrogen atmosphere, These conclusions have been well
corroberated and are now almost universally accepted for
non- sulphur cured vulcanizates., Indeed many workers have
‘compared relaxation rates in air with those for vacuum

4o-51

or dry purified nitrogen atmospheres « In parti-

52

cular Berry and Watson have followed the relaxation
of pero#ide cured vulcanizates in cycled air/vacuum
conditions and have shown the relaxation rate in vacuum
to be about 1/400 of that in air, Reduction of oxygen
partial pressure from afmospherh:to 2 torr had no effect.

By contrast the relaxation of polysulphide containing

.rubbers in vacuum was not negligible,

The reaction mechanisms of oxygen with rubber have
been studied by means of model experiments on simple
olefins, rubber solutions, organic sulphides and vulcan-
izates 53. Deterioration of rubber by reaction with
oxygen to form peroxide intermediates has been recognised
for fifty years and it is known that simple olefins
combine with oxygen at the oo - methylinic bonds., Simple

kinetic studies to elucidate fhe mechanisms have suggested

the following generalisations:-

(1) Hydroperoxides are formed but not in quantitative
yields.
(1I1) The reaction is autocatalytic,

(IIXI) oOxidation proceeds by a free radical mechanism

and is therefore catalysed by free radical

- 24 -



pProducing substances such as peroxides,
azo compounds and ultra violet light, It
is inhibited by active reactants for free
radicals such as some antioxidants,

(1IV) The rate is largely insensitive to oxygen
concentration but depends on olefinic
structure. The greater the mobility of
the oo - methylinic bond the greater the
rate,

A multistep reaction mechanism has been established
in which the firét step involving molecular oxygen is
generally not rate controlling. The mechanisms by which
scission of cfosslinks or of main chains occurs as a
result of oxidation are not understood but the term
scission efficiency has been defined:-~

SE = no, of molecules of O absorbed .
e 1.7
no, of scissions produced

It can be estimated from measurements of oxygen
absorption and network degradation, The latter is usually
assessed by means of stress relaxation or from changes

in swelling (modulus). Ingeneral the séission efficiency
decreases as the test temperature is increased{ i.e. less
oxygen is required at higher temperatures to produce the
same amount of network degradation., Scission efficien-
cies of sulphur based vulcanizates are somewhat lower
than for non sulphur cures, although this follows
partially from the fact that a large proportion of the
relaxation in air for these structures is not due to

oxidation. The high stress relaxation rates observed

for these vulcanizates cannot therefore be interpreted
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diréctly in terms of high rates of oxygen induced
scission.

54-57

Investigations of oxygen absorption by
natural rubber vulcanizates have shown that the type of
cure and in particular the type of crosslink formed has
a great influence. In general, the shorter the cross-
links formed the greater the resistance to oxidation
although slight variations may occur depending on test
temperature and on the presence or absence of natural
and added antioxidants. 0dd results have been produced
from purified samples when the natural antioxidants are
removed, The susceptibility of various cure systems to
oxidation is therefore: -

unaccelerated sulphur cure > accelerated sulphur

cure > TMTD or EV cure > Peroxide cure,

Note that sulphur vulcanizates not only absorb
oxygen at a faster rate but have apparently lower

scission efficiencies.

1.9 Chemical Stress-Relaxation Curves

A number of attempts have been made to interpret
the shapes of stress relaxation curves in order to
elucidate the mechanisms, in particular to distinguish
between crosslink scission and main chain scission,

The kinetic theory of rubber elasticity, as presented
earlier, Eqn. 1,1,

o = nkT (A-A"2)
suggeéts that at high temperatures, where the visco-
elastic response is rapid, changes in stress at constant

elongation should reflect changes in chain density 'mn', ,
- 23 -



Indeed it is common practice to relate 'g' and 'n'
directly; the validity of this will be discussed later.

36, 52

Investigations by Berry and Watson include
[

examples of this type of approach. They started from

the Flory end correction equation

n=2X - F

crosslink concentration

where X
F = concentration of free chain ends,
from which they suggested that network degradation by

means of crosslink scission would lead to:-

ng 2% -Fo _ [x¢ _F | |,_E |7}

where the subscripts refer to times 'o' and 't
respectively,
For first order scission of one type of crosslink ~

therefore

- dX/dt = KX

o =T -1
gives n _ g _ xt - E _F

~

~ exp - K.t

since F << 2X,

Similarly for the first order scission of two

types of crosslink

-1
n o _ : F F
no. Oo [Ai exp-K, t+A, exp‘Kzt‘zxo] [1”5350]

= A1 gxp - Klt + A

exp - Kzt.

2
OR, assuming autocatalytic scission of crosslinks for

example: -

+ K (XQ-X)

—-dX/dt = K, 5
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and n o -1 F F
- = = = 1 - e - - = —-—
ng Co [ (Kl *P Kzt 1)(Kz XO) zxo][} 2xo]

(1 - K t)

1%

for K2t~<< 1,0
Other equations for first order scission and for
autocatalytic scission of main chains can be developed
assuming that the susceptibility to scission of an
individual chain is proportional to the number of
scissionable bonds it‘contains. A comparison of such
equations with experimental data led Berry and Watson
to conclude that peroxide and sulphur vulcanizates
degrade by oxidative scission of one type and more
than one type of crosslink respectively. At the time
of writing however the concensus of opinion is that
peroxide vulcanizates degfade by scission of the main
chains and this exemplifies the difficulties of inter-
'preting stress relaxation curves,

By contrast with Berry and Watson, Tobolsky main-

35

tains that it is impossible to distinguish between
chain scission and crosslink scission purely from stress
relaxation kinetics, He has shown that if reasonable
assumptiong are made for the kinetics of either process
an exponential decay can be derived for both,
0¢/0o = exp - Kt - 1,8
where K = K, exp = Q/RT - 1.9
He has used this approach in much of his work, From
other considerations, héwever, he has proposed that
chain scission must be an important factor in the

oxidative process, This follows from the fact that
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-different polymers vulcanized with the same curing agents
show vastly different oxidation resistance. By comparison
the difference in stress relaxation resistance between
sulphur and peroxide vulcanizates of the same polymer,

NR or SBR say, is a factor of only four 59. The fact

that unvulcanized gum rubbers show oxidative degradation

lends support to the idea of chain scission,

Examinationsof the effect of initial crosslink
density on stress reléxation have been pursued with the
intention of deducing the mechénisms. If one assumes
a first order scission of crosslinks for example where
- dX/dt = KX then the stress relaxation rates

(d 1n o/dt) should be unaffected by

crosslink density. .By comparison, for a first order
scission of main chains the rate at which chains are
broken would be proportional to the concentration of
uncut chains and the number of moriomer units in each
chain, In this case, the relative stress relaxation

rate 1 d lng/dt should be initially independent of
)

crosslink density. From such considerations Tobolsky

has proposed that radiation and peroxide cured

vulcanizates degrade by scission in the main chain and

this is supported by more recent work 60. Similar work

suggests that TMTD vulcanizates show both main chain

42,61,50

and crosslink scission e Sulphur vulcanizates

are thought to show main chain plus crosslink scission

62,63

or chain scission plus sulphur bond interchange
50’53. In conclusion therefore, present opinion is
that main chain scission predominates in networks
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containing C-C crosslinks whilst bond interchange and
crosslink scission are important in networks containing

polysulphide bonds,

Relaxation processes involving multiple mechanisms
such as are discussed above should show non-exponential

stress relaxation behaviour, Instead, a bi-mechanistic

50,61,63 _

process might well follow

0/0p = A exp - Kt - 1.10

exp - Klt + A 5

1 2

for example,
This suggests that with'increasing time the extent
of stress decay would become progressively less than that
predicted for a single process, i.e, an exponential
extrapolation, It is of interest to point out however

that since the rate constants K, and Kz depend on

1

temperature there could well be a range of temperature

“where K1 = K2,

energies for the two processes, Alternatively at

assuming a difference in activation

extremes of temperature one of the two processes could
completely dominate the relaxation behaviour., This

would lead to a simple exponential decay of stress with
time, Early work by Tobolsky et al, for example, on
sulphur vulcanizates was carried out mainly at 130°C

and simple exponential decay was observed. By comparison
other work suggesting bi-mechanistic processes tends to

have been done at lower temperatures; 80°c 52, 100°c 20

and 110°c ©1:63



1.10 The Influence of Bond Reformation during Chemical

Stress~Relaxation

It is well known that new crosslinks can form
during the ageing of rubber networks, This results
from the reformation of broken bonds, from a contin-
uation of the vulcanizing process and as a result of
sulphur bond interchange., The technique of continuous
and intermittent stress relaxation is used to detect
such crosslinking 35. Here two sanmples aré used, one
held at the test elongation as in a normal stress
relaxation experiment, the other held unstrained but
for short periods intermittently to assess the modulus
and hence total crosslink density. 1In general it is
assumed that new crosslinks formed in the permanently
elongated sample do not contribute to the stress since
they are not deformed. On the other hand, new crosslinks
formed in the intermittently elongated sample do contri-
bute to the measufed modulus (stress). A comparison of
the two stress-time curves so obtained enables estimates
to be made of the extent of concurrent crosslinking.
Tobolsky 64 has suggested a two network theory, using
this concept, in which two interpenetrating but
independent chain networks are considered to exist -~ one
with say ng cha ix:é remaining from the original net-
work and one with n, new chains generated at the
test elongation, This idea can be used to predict the
extent of permanent set expected after releasing the
permanently elongated sample from the test elongation.

One simply sets up an equation based on a stress-strain

- zgv_



law, for example:-

Ls Lo2 Ly Lp°
TolL, T L2 | T Ly L 1.11

where Lg = set length
Lo = original length

L, = stress relaxation test length,

T
- S0 calculating the intermediate length where the new
and old networks are in equilibrium., A modification of
the continuous and intermittenf technique has been
suggested 65 to obtain the same results from a single
sample whilst other workers 44 have suggested varying

the ratio of elongated to relaxed times in the case of

the intermittent sample,

The concept of the two network theory has been
subjected to a detailed analysis since its inception,

66,67 that the formation of additi-

It is generally agreed
onal crosslinks in a strained primary network without
concurrent scission of the original structure will
result in a "composite" elastomer obeying the two net-
work theory. This has been verified experimentally 68.
By comparison however, the simultaneous scission and
formation of crosslinks in a state of strain is not
considered to follow this simple model since the
original network imposes a "memory'" on the new one 69.
Although new chains formed by crosslinking the original
network are considered to be initially unstressed, they
become stressed as scission éccurs in adjacent stressed
chains as a consequence of local network perturbations,

New chains become progressively integrated into the

original network with increasing degradation, Mathe-
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matical interpretations have been developed for the

67,70

case where new bonds are considered degradable

and for the case where new links are considered to be

71

and again these ideas have some experimental

68,72

Justification o According to this concept, the

stable

rate of stress relaxation should become increasingly

slower than that expected for a simple decay process as the
4

secondary network develops. Flory, for example, 67 has

suggested for the case where the total crosslink density

remains constant: -

K.t='(—' In 6/Gg) + [- in g_]z . [_ 1n g_]3 . [- 1n 9_]4

o]
2.2 3.3 "

- 1.12

which compares with K.t = - 1ln (0/0¢) when the secondary
network contribution is neglected. This means that the
"two network theory is a good approximation for relatively
small extents of stress decaywhere Kg << 1,0, More

73

recently Fricker has proposed a dynamical theory of

assymptotic relaxation and has suggested
‘ 1
ot 2

- 1,13

67 as to the applicability of

There is some doubt
the Flory theory to reléxation resulting from sulphur
bond interchange, A typical mechanism for this process
may involve the creation of "hybrid" chains where the
newly created chain consists of portions that were

67,74, _

originally stressed and stress free



Here one would intuitively expect an initial

exponential time law for the stress décay since each new
chain would, on average inherit some constant fraction

of the stress maintained by its environmental network

at the time of its creation., As a result, the occur-

ance of a single interchange event does not reduce the
stress iﬁ a chain to zero, as is assumed for chain
scission, but rather to some fraction of the original
stress, Nevertheless, some mitigation of stress relax-
"ation at longer times by redistribution of chain '"tensions"
as envisaged by Flory is still possible. Finally it should
be pointed out %hat the stress decay law of equation 1,12
assumes a constant total crosslink concentration, In—
practice,vthe secondary netwofk contribution to the

total stress would depend on the ratio of crosslinking

rate to scission rate,

A neat investigation of the extent of secondary
crosslinking has been carried out by Minoura and
Kamagata 75 using TMTD and conventional vulcanizates.,

The rate of link formation was assumed to be proportional
to th e concentration of residual accelerator whi}st
the rate of scission was assumed to obey first order

kinetics hence ~



dn_Tatal = K1a - Kzn
dat

where a = accelerator concentration

From this they derived

NTotal = A1 exp =- K1t + A2 exp - Kzt.

This approach deserves more attention, especially

for polysulphidic rubbers where it might prove useful
in distinguishing between contipued vulcanization and
secondary crosslinking resulting from bond interchange,

crosslink reformation and oxidative hardening.

1,11 The Influence of Vulcanizate Structure on

Chemical Relaxation

The stress relaxation behaviour of rubber networks
is markedly influenced by the type and relative concen-

trations of crosslink present,

Radiation and peroxide vulcanizates, whilst of
little commercial importance, are chemically the simplest
obtainable, containing only relatively stable carbon-
carbon crésslinks. The oxidative ageing is markedly
influenced by purity, pﬁrified samples extracted before
vulcanization showing autocatalytic kinetics%aﬁ. This
is markedly affected by‘small concentrations of
conventional antioxidants 36’57’63, the rate of stress
decay being inversely proportionallto the inhibitor
concentration\qg. Conversly, small concentrations of
free radicals such as peroxide radicals themselves
43 ,/'i L.

accelerate the process As discussed earlier,

52

Berry and Watson suggested that crosslink scission
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was predominantly responsible for oxidative degradation
in peroxide vulcanizates but the present concensus of
opinion is in agreement with Tobolsky et al., Carbon-
carbon crosslinks are extremely stable 47 and sdission
occurs mainly in the network chains, If oné assumes,
for example, that scission occurs with equal readiness
in the c-c bonds of the crosslinks and of the main
chains, the scission of chains must predominate since
these contain a far higher number of scission sites 42.
Little secondary crosslinking takes place duriné the

_ stress relaxation of peroxide vulcanizates and this

79

reflects in good resistance to compression set

Negligible relaxation occurs in vacuum.

Next in descending order of chemical simplicity
are the vulcanizates containing monosulphidic and
disulphidic crosslinks as prepared by curing with
sulphur donating agents such as the thiurams. These
show not disimilar behaviour to peroxide vulcanizates,
exhibiting negligible relaxation in vacuum, little
secondary crosslinking and autocatalytic oxidation
kinetics when purified 36. Dégradation is thought to
occur by a bi-mechanistic process involving the scission

36,42,61,80

of both network chains and crosslinks « The
good ageing resistance of these vulcanizates is parti-
ally due to thé presence of zinc dimethyldithiocarb-
amate, a powerful antioxidant produced as a side

36’58. The removal of this by

product during cure
extraction explains the consequently poorer auto-

catalytic rate~law.



Relaxation characteristics of conventionally
cured sulphur plus accelerator vulcanizates.are the
least well understood, mix proportions and cure condi-
tions being important. Crosslink structures range from
monosulphidic to long polysulphidic chains up to Sg, the
result of splitting a single sulphur ring. In general,
shorter links result from high accelerator to sulphur
ratios and from extended curing times, a structure
similar to the TMTD type being produced in extreme
cases 243 « Extensive relaxation occurs in vacuum,
the kinetics are not autocatalytic and extensive second-

35,36,49,57

ary crosslinking takes place Approximately

exponential stress decay is observed 35,36,52,82 although
bi-mechanistic processes involving a double exponential
decay have been considered more recently 50’63'83.
Activation energies in the range 100-150 KJ mt:»l-1 have
been observed 35’36’44’84’85. Intermittent stress relax-
ation measurements show little change with time indicating
that crosslinking and scission rates'are approximately
equal, Conventionally cured vulcanizates differ too in
that their ageing resistance is not improved by the
addition of normal antioxidants such as the dithio-
'carbémates; in fact some evid;nce sﬁggest that these
aggravate. stress decay 37. Phenolic based antioxidants
are used instead., Prolonged cure times and increased
accelerator to sulphur ratios mitigate against stress
relaxation and this has been attributed to the break-~

down of long polysulphide bonds with subsequent reform-

ation of shorter ones during cure, Indeed, stress

.relaxation rates have been correlated with sulphur
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content and more specifically with the distribution of
sulphur bond lengths 44'80’82’86’87. Furthermore,
vulcanizates containing long polysulphide bonds show
more rapid oxygen absorption.55—57’ 88’8% Work by
Tobolsky et al on sulphur  cured rubbers is summar -
ized in his book 35. Stress relaxation in these
"vulcanizates, he says, occurs through the interchange
of di, tri and tetrasulphide linkages with each other

or with mercaptan groups.,

Unaccelerated sulphur vulcanizates confain pre-
dominantly long sulphide linkages and so exhibit
relaxation behaviour comparable with the extreme case
of a conventional cure, Prolonged curing is not so

effective in correcting this,

Recent developments in compounding practice include
the development of efficiently vulcanized (E;V.) rubbers
using high accelerator to sulphur fatios or mixtures of
sulphur donating agents and sulphur; These produce a
good compromise between the good ageing resistance of
TMTD éures and the good mechanical properties of conven-

78,81,89,90

tional cures,

1.12' Discussion

In view of the commercial factors outlined in
section 1,1 the present work has been devoted primarily
to sulphur plus accélerator cured vulcanizates of natural
rubber although some work has been carried out on perox-
ide cured samples for comparison, The relative importance

of primary and secondary components in determining stress
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relaxation at intermediate temperatures where both occur
at comparable rates has been discussed by Thirion and

76 and by Tobolsky 77. Both agree that oxidative

Chasset
- reactions participate in the relaxation process down to
room temperatures where viscoelasticity was once
thought to be the sole mechanism, In the present work
primary and secondary creep components will be considered

seperately using the method of Gent (see Chapter 2) to

distinguish between them.

The literature survey presented in this introductory
chapter is by no means complete apd indeed the most
relevant published papers will be discussed later along
with the present work. Nevertheless, it is clear that
the chemical stress-relaxation process has been well
investigated previously; the application of the derived
“theories to secondary creep will be considered in
Chapter 4, In particular, this will culminate in a
discussion of the relative importance of oxidative ageing
and sulphur bond lability in determining secondary creep
response, Absorption and diffusion of oxygen as rate
limiting mechanisms in the secondary creep process have
received very little attentioﬁ. A simple model for
the influence of specimen size, temperature and
diffusion rates on oxygen adsorption will be presented

in Chapter 3,

The logarithmic law for primary creep as is
observed in the rubbery plateau region is as yet
unexplained. Further, this linearity with logarithmic

time precludes the application of the WLF time -
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temperature superposition principle to data collected
in this commercially important temperature range.

These factors will be considered in Chapter 5, together
with a possible theory for physical creep based on

activation energy concepts,

The influence of carbon black on primary and
secondary creep will be discussed in Chapters 6 and &
reépectively. Again this is another area which has

received little attention in previous publications,
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CHAPTER 2

INTRODUCTION TO THE CREEP WORK

2.1 Specimen Preparation

Specimens were prepared by Avon Rubber Company of
Melksham to specifications provided, Several vulcan-
.izatgs have been tested and the recipe's are shown in
Figure 2.1, 1In all cases a cure time.df 40 miputes at
140°C was used. As far as possible the same batch of
natural rubber was used whenever mofe than one vulcan-
izate was prepared at a time. It will be noted that
many of the vulcanizates are variations on the basic
recipe 'A' and in particular 'B' is identical to TA!
but for the absence of antioxidant, |

33

Creep samples as illustrated in Figure 2;2 were
stamped from moulded sheets, The gauge marks were
drawn using biro; cathetometer readingswere taken at

tangents to the circles indicated.

2,2 Description of the Equipment

Creep testing was carried out in a climatic
cabinet (see Figure 2.3) built specially for the
purpose by Fisons Scientific Apparatus Ltd., Lough-
borough, It has been described briefly elsewherel.
This facilitates, within limits, independent control
of temperature and humidity. The forced airflow in
the cabinet is circulated around cooling coils and

heating elements., Humidity is controlled'by wet and
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Fig 2.3 The Fisons Climatic Cabinet,
Note specimens and grips. The loading weights

can be seen below the cabinet where they are

prevented from rotating by the vertical strips.



dry resistance thermometers positioned in the airflow,
the depression of the wet thermometer being used to
activate either water injectors or refrigerent circu-
lation to the cooling coils. In the latter case water
vapour from the air condenses onto the coils and runs
out of the cabinet via a pipe in the base, The cooling
action is balanced by a corresponding heat input from
the heating elements which are in turn controlled by
meahs of a separate dry resistance thefmometer.
Alternatively the system cah be used as an oven cum
refrigerator with a continuous temperature range from
sub zero upwards. Temperature stability and temperature
variation throughout the cabinet_are excellent, theré
being iess than 1/2°C discrepancy frpm the set value

in any position by comparison with independent thermistor
readings, The maximum wet bulb depression setting is
20°C with the control system supplied and this limits the
minimum obtainable humidity at higher temperatures., The
cabinet manufacturers do not recommend the use of the
humidity control system at temperatures in excess of
80°c. 1In practice however its use at temperatures

much higher than this is prevented by the cooling

effect of the de-humidifier coupled with the limited
poﬁer of the heating coils. Approximate rangés of
operating conditions for the cabinet are indicated in

Figure 2.4,

Initial specimen length and subsequent extension
were followed by intermittent cathetometer readings

taken through a triple glazed window in the door of
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the cabinet. The cathetometer sits via three adjustable
legs onto a heavy table and is set to the vertical By
.means of spirit levels, 1In turn each leg of the table
is independently adjustable to prevent rocking. The
cathetometer vernier is graduated in steps of

0.05 mm but in practice accuracy is limited by

eyesight, by the clarity of the markings on the

specimen and by the stability of.the cathetometer and
specimen throughout an experiment. Accurate determin-
ations of initial strain, creep strain and creep as a
fraction of initial elongation can be made despite
deviations from the vertical of either cathetometer~or
specimen, This follows from the fact that these functions
are ratio's in which both numerator and denominator are
equally affected by misalignment of the system. By
comparison, howevér, a relative displacement of the
cathetometer and specimen within the duratidn of an
experiment can sometimes introduce unacceptable errors.
Consider the simple case depicted in Figure 2.5 in which
it is assumed that both specimen and cathetbmeter.were
originally pérallel but become displaced by a relative
angle '@' in the plane of the paper as shown. For a
typical case where the specimen gauge length under

load may be up to 300 mm one can show that © must not
exceed about 1° if measureable inacéurancies, i.e. O.1mm,
are to be évoided. Since this is in the same order as
the sensitivity of the spirit levels and since re-align-
ment in the other vertical plane is equally detrimental

it is essential for best results to ensure that neither
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the cabinet containing the specimens nor the catheto-
meter are moved during the duration of an expefiﬁent.
This is particularly so for tests at low stress where
any inaccuracy represents a larger proportion of the

initial extension in which terms the creep is expressed,

2,3 Creep Testing Procedure

Specimens were generally subjected to the test
"climate" for some 24 hours prior to loading during
which time they were freely suspended from the upper
loading grips in the cabinet. This was intended to
provide some time for an equilibrium to be established
between the rubber and the atﬁosphere, particularly
with regard to humidity. The specimen gauge length was
then determined using the cathetometer. The cabinet door
was opened and the lower loading grips, their weight
supported from below where they protrude through the
cabinet base, were attached., The door was then reclosed
and a further hour allowed for specimen reconditioning
before applying the creep loads onto the lower grips.
Each specimen-load assembly was prevented from
rotating and oscillating by a vertical strip of L-
section steel sheet placed in the slot of each loading
weight; this can be Seen in Figure 2.,3. Every efforf

Awa$~made to apply loads gently to prevent over-straining
and hence stress cycling the specimen., This means

that loading was not instantaneous.“In practice each
load was carefully lowered to the point wﬁere it was
fully supported by the specimen over a period of some

five seconds,
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Specimen gauge lengths were measured, using top
and bottom gauge marks, one minute after the start of

loading and at random intervals thereafter.

2.4 Creep-Time Relationships

Consideration has been given to a number of creep-
time relationships which have been proposed for polymers
and elastomers., For a review of these the reader is

2'3. In addition C.S. Kim

referred to Findley W.N.
has obtained straight line plots of (A-K-Z) against
time for polybutadiene rubbers under ambient room
conditions, His results were for thin samples over
long periods of time when viscoelastic, chemical and
surface cracking processes would all be important. 1In
the present work however the relationships proposed by
A. N. Geﬁt and adopted generally by MRPRA, as described
in Chapter 1, have proved most useful., Some partial

success has also been achieved using a log-log relation-

ship and this will be outlined briefly here,

Assuming that the creep-time relationship obeys a
simple function;

Ec = Ac? sbtc £f(T) - 2,1

€ = creep strain

stress

Q
]

€ = strain
t = time

a,b&c constants

T = Temperature

one might expect a log-log relationship between creep



and time since creep experiments are conduéted at
constant stress and temperature. This would follow

if b = o or if E. < E. Creep data for vulcanizate

'A' has been inspected in this fashion, see Figdfes 2,6
to 2,8. At 80°C such curves have three digtinct regions
- a decelerating initial region, a centre linear portion
and an accelerating final region., At lower‘temperatures
only the first two of these are observed within the
experimental time scale. Thesé curves are typical of a
whole range of results but the extent of the ligear
portion varies and in extreme cases, a; shown, the
curves Become sigmoidal, The gradients of the centre
linear portion are indicated at 10°C and 60°C respect;
ively in Figures 2,9 and 2.10 respectively, From the
different dependences on stress one might infer two
different dominating mechanisms - ; viscoelastic process
at the lower temperature and an oxidative or.labile
sulphur crosslink process at 60°C perhaps. A major
difficulty with this type of plot, in fact, is that of
relating the portions of the curves to specific mechan-
isms, Consider the curves at 10°C for example which
suggest a change in dominating mechanism after about

100 minutes under load where the curves become linear,
Tﬁe whole curve must however represent a lokrtemperature
viscoelastic process and indeed the.same results can be
plotted as single straight lines over the entire time
scale on a semi-log plot, It can be misleading to
interpret changes in the character of a curve as repre-
senting changes in dominant mechanism sinée the point

of inflection depends on the type of plot., The converse
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Figure 2.9 Measured gradients of the Log-Log creep

curves for vulcanizate 'A' at 10°C and 40y

relative humidity as a function of applied

stress.,
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'may also apply. This comment is of particular import-
ance with regard to the creep of rubbers since tﬁe
subject has received limited investigation. Figure 2.11
shows a log-log plot for vulcanizate '¢' for comparison
-and it too has the same general trends, Although thisr
type of plot will not be considered further it is
suggested that itmay merif.some attention with a view

to extrapolating data beyond the experimental fime scale
at low temperatures,(see Chapter 6). This follows

from the fact that at moderate temperatures the linear
portions of each curve make an excelient fit with

observed results at long time periods.

The analysis of creep curves as proposed by Gent and
which has beén described in Chapter 1 has received the
closest attention. 1In this approach the total creep
curve is divided into two components:-

a) An initial region which varies with the

logarithm of time and which is associated with

viscoelastic behaviour and lower temperatures.,

b) A secondary region which varies linearly with
time and which is associated with chemical
activity in the rubber, This is strongly
éctivat;d by increasing temperature and becomes
dominant ét longer times,

The relative contributions of oxidative ageing and
sulphur bond lability to fhis seéondary process can
however be readily determined. Figures 2,12 to 2,16
show typical results for vulcanizate 'A' represented in

this way. Figure 2.12 indicates the difficulty of making
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accurate creep elongation measurements at low stress

and low temperature; the initial elongation of this
sample was approximately 119 and the total creep dgflection
only 0.65 mh over a period of 101i minutes. Other ?urves
for moderate Stresses are indicated for samples at 10°C

in Figure 2.13 where the semi-logarithmic law is seen

to hold over long périods. Samplés 1 and 2 on this _
figure aré for quite different stresses but the response
appears to be almost identical: this results from the

use of the (sc/el) ratio as the ordinate. The onset

of a secondary creep process is marked by a breakway

from the straight line relationship and an examination

of Figures 2.14 to 2,16 indicates that this is greatly
influenced by témperature. Indeed, this is particularly
clear in Figure 2.17 where the extent of this secondary
process is shown as a function of time for various temper-
atures, The secondarj contribution ig estimated by
deducting the extrapolated logarithmic line from the

total creep.

A more detailed discussion of primary and secondary
créep contributions as determined from the Gent type

analysis will be presented in subsequent chépters.

2,5 The Influence of Humidity on lLogarithmic Creep

Derham et al ° 0 have shown that ambient humidity
has an influence on the rate Qf physical creep and
stre;s-reiaxation of elastomers, an increase in humidity
céusing an increase in creep rate, much of their work
has been done by following the creep of thin samples

immersed in aqueous solutions of certain salts having
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pre-detefmined vapoﬁr pressures, This is theoreticaily
equivalent to subjecting the samples to a gas, eg air,
containing water vapour at the same vapour pressure.
These workers have also indicated that the modulus of
rubber is affected by humidity, a decrease of 5¢ in
modulus being observed as a result of a 80% increase

in relative humidity., This is important when créep or
stress-relaxation tests are carried out on thin labora-
tory'specimens since a variation of humidity during the
duration of an experiment would produce spurious results:
the change in elongation resulting from a change in
modulus would be misinterpreted as part of the creep
response, For thick samples and many industrial products
having large cross-sectional areas however the low
permeability rate of water in rubber would preclude a

significant effect on the creep.

The absorption of water by rubber has been
reviewed by Van Amerongen 11 and Barrié 12. The -
solubility of water in rubber obeys Henry'$ law up to
an applied relative humidity of about 75¢% above which
the solubility increases disproportionately with
humidity. As a result, the one dimensional equation
for diffusion into a semi infinite solid can be strictly
applied only for absorption from relatively non-saturated’
atmospheres, i.e. < 75% saturated. Nevertheless, some
simple estimates of the infusion process at 25°C will
now be considered if only to obtain a general impression
of the magnitudes involved. The one diménsional equation

13

can be written : -
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x/2VDt

C é:,t) - 1 _<7§il; éxp _ yz dy
t = tiﬁe
D = Diffusion Constant
x = distance from the
surface

C(x,t) Contentration of the
diffusing species at
time t and position x

o = Céncentrafion at the

surface

"It is assumed that Co remains constant for all t and
that C(x,t) = 0 at t = 0 for x > 0. The integral in
this equation is the well known error function and the

relationship may be re-written:-

Clx,t) _ (. * | - 2.2
C—o'—-—l—Erf (-2-—\—/—-1—)—{) ) . :

Furthermore, the error function values can be obtained
directly from tables or may be derived frqm tables of

the better known normal curve which are readily available
in most books on statistics, Figure 2,18 has been so
derived from equation 2.2 taking D = 7.8 x 10'7'13 m% sec”!
(see AppendixZA) and indicates the long periods associated
with the penetration of water into comparativelyrfhin |
sections, i,.e. < 2 cms, Clearly, lérge industrial
products such as bridge bearings would be unaffected by
high applied humidities over many years. By comparison
the penetration of water into thin laboratory samples.

is relatively rapid. Consider the samples used in

~the present experimental programme which had a cross
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section of approximately 4 mm x 2 mm: the maximum
distance of any point from fhe closest surface‘would be

1 mm. Figure 2,18 shows that the concentration of water
at a depth x = 1 mm begins to increase after a period

of about 105 secs, i,e, = 1 day, from the application of
water vapour at the surface. Equation 2.2'canvtherefore
be applied to these samples for times up to 105 seconds
oﬁly; beyond that time the rate of concentration incréase

(dc/dt) at any point x would be more rapid than

x,t
Figure 2,18 implies. This follows from the fact that
water at the sample centreline x = h say is no longer
transported to greater distances of x and is therefore
not being continuously removed from the zone o > x > h,
In the present work samples were prepared some one to
three months prior to testing during which time they
were stored at ambient room conditions. It may be
considered therefore that at the Beginning of a test
they would have been in equilibrium with room humidity;
atmospheric relative humidities in the British Iéles

are usually in the range 709% to 90y 14. In view of this,
experiments at Toom tempefature and below were generally
carried out at "oven humidity"; i.e. no attempt was

.made to control the humidity within the environmental

. cabinet, At temperatures belOW'ZSOC the diffusion
constant D would be smaller than that used to derive
Figufe 2.18 and periodsof several days would have been
réquired for an equilibrium to be achieved. The

activation energy for diffusion of water in soft

vulcanized rubber is quoted by Barrer 13 as 11,8
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KJ mol-i. At higher temperatures creep experiments

have been performed both at oven humidity and 40y
relative humidity; Figures 2.19 and 2;20 indicate

some typical results for'vulcaniZates"A"aﬁd ‘B,

It was found that the logarithmic creep rates for these
were indistinguishable which is not surprising in view
of the fact that both had the same éomposition but

for the inclusion of antioxidant in 'A'. It is clear
from these figures that a transition in creep behaviour
occurs in the temperature range 0 to 20°C, a minimum
creep rate being observed at about 10 to 15°C. Further
it is evident that the creep rate appears to be
influenced by humidity for temperatures above this
transition zone only. This may not be so however

since the test relative humidity of 40y at 20°C is

low in comparison to atmospheric humidities whereas at
élevated temperatures it represents a high vapour pressure
of water, Saturated vapour pressures can be estimated 15

from the formula

1og10 V.P - BA’I = + c
where VP = saturated vapour

pressure in millibars

A =7.5

B = 237.3

C = 0,78571

T = Temperature in °C.

This suggests for example that the Vapbur pressure of
water corresponding to 40Y% relative humidity at 35°C is

approximately 6/5 times higher than that'associated
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with 809 relative humidity at 20°C.

There have been no recent accounts in the
literature to explain the effect of humidity on the
creep of rubbers but an interesting paper on water
absorption has been published by Briggs et al 16.

They introduced abnormally high concentrations of
water into rubber by boiling samples in a sealed tube
at 160°C. An examination of cooling and heating curves
of treated samples led fhem to propose that water in
rubber can exist as droplets which‘in their caee were
of one to ten microns in diameter. This corresponded

3

to approximately 108 droplets per mm” which in turn
corresponded with the zinc oxide perticle concentration,
They suggested that water accumulates in pools around
particles of hydrocarbon insoluble impurities, the
driving force for absorption being the difference in
vapour pressure between the internal solution and
external water; i.,e., osmosis, This driving force
diminishes as absorption proceeds owing to the
dilution of the internal solution. They suggested
that a balance would be achieved when the_osmotic'
pressure equals the hydrostatic pressure generated

by dilation of the cavity and they analysed the
situation from a simple mathematical model. This
approach is consistent with the general theory of
clustering of water in hydrophobic materials 1 and
the solubility of water in rubber is known to have a
strong dependence on the concentration of soluble or

sparingly soluble impurity. Fedors 32 has recently
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suggested a failure mechanism for elastomers'based on
ﬁhe Briggs concept., He suggested that the osmotic
pressure created around inclusions by the infusion of
liquids may cause cavities to form and that these
>should grow to an equilibrium size or contribute to
catastrophic failure, This would be particulary so

if the inclusions were insoluble in the rubber and
could not diffuse out, If similar criteria are
appli?able to humidity aggravated creep then one would
expect that a decrease in water soluble impurity or

an increase in modulus of the polymer phase would be
mitigating factors, Some evidence for the first
comment is derived from the fact that the creep of

DCP vulcanizates of natural rubber, which contain no
other curing additions such as zinc oxide, is compara-

tively independent of relative humidity 10.

The‘influence of water vapour on creep méy be
due to the formation of weak bonds between rubber
molecules. Alternatively an examination of the osmotic
pressure concept of water absorption leads to another
possibility : consider a rubber sample that has been
allowed to come to an equilibrium with the ambient
humidity around it., The vapour pressure of water in
each microcavity of the rubber would therefore be in
equilibrium with the hydrostatic pressure generated in
the rubber matrix around it. On application of an
external load however the internal '"hydrostatic pressure”
in the rubber would be decreased and further infusion of

water into the sample would follow, In turn this would
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generate increased straiﬁ concentrations around each
water droplet and thus increase the macroscopic creep
rate. For this latter explanation the increase in creep
rate with humidity would depend on continued infusion of
water with time and this would reflect on a dependence
on sample cross-section., A simple experiment could |

- thus be performed to ellucidate this point although

tﬂislhas not been done during the present work,

2.6 The Effect of Crystallisation on Creep

Natural rubber is known to crystallise at low
temperatures or on straining at moderate temperatures.
The kinetics and general behaviour have been reviewed

by Bekkedah1Z2°,

During the present experimental programme it was
decided to examine logarithmic creep rates for the
DCP vulcanizate 'C' as a function of temperature and
applied stress. At low temperatures, however, it was
found that samples became non-rubbery after conditioning
for 24 hours prior to testing. A specimen conditioned
overnight at —30°C for example showed only 5¢ strain
when a stress of 820 KPa was applied and furthermore the
subsequent creep was immeasureably small, This is
equivalent to a modulus of 16,4 MPa although the observed
1009 1 minute modulus for this vulcanizate at 20°C was
only 415 KPa. By comparison at 0°C the relationship
between initial extension (1 minute) and applied stress
was in agreement with normal rubbery behaviour., The

subsequent creep response is illustrated in Figure 2.21 :
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in general each curve represents conventional logarith-
mic creep followed by an acéelération at timesdepéndent
on the applied stress. At the highest stressesfhli‘
sigméidal behaviour was observed within the expe;i—
mental time scale, the creep rate eventually decreasing
to a very small value. At the lowest stress only

. logarithmic creep was obsefvedeitﬁin the experimental
time;scale. Examination of Figure 2,21 indicates that
all five curves belong to a single family in which the
time for the onset of breakaway creep decreases with
applied stress., Further, an imagihative comparison of
the curves suggests that the total extent of creep
resulting from this breakaway process is not strongly

influenced by stress,

Wood‘and Bullman 18 have previously reported
breakaway creep behaviour of this type in DCP vﬁlcan-
izates although they did not observe the decelerating
part of the curves within their experimental time
scale of about 104 minutes, Tﬁis is not surprising
in view of the fact that their test temperature was
+ 24°C and their initial elongations less than 1009,
They observed that their specimens, originally
transparent, became milky during the breakaway period
and consequently attribﬁted this behaviour to crystall-
isation of the rubber., The present work lends support
to tﬁis conclusion; not only was the development of
opacity in the samples observga after sufficiently long
times at low temperatures but the full sigmoidal curveé

as shown are symptomatic of phase change kinetics as
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described by the Avrami equation 19. Other workers

in this fiela 20121

have émployed the stress-relaxation
technique to determine the development‘of crystallinity
with time. In this case the specimen is held at constant
elongation and the decay of stress with time can be
related to the volume fraction of rubber transformed.

In the creep case however the nucleation and growth of
crystals has two mutually opposite effects:- a) an
initial increase in strain due tora reduction in the
concentration of elastically active chains and b) an
increase in modulus resulting from the reinforcing action
of crystallites which in turn reduces the rate of subse-
quent creep. Consequently the creep response resulting
from a continuous process of precipitation and groﬁth

of nuclei as is envisaged for crystallisation in

rubber 22-24 must’bgbconsidered to be fundamentally

complex., For this reason no attempt will be made to

analyse the curves of Figure 2,21,

Breakaway creep of fhe type discussed above has
not been observed in Othgr gum vulcanizate examined duriﬁg
the present work within the experimental time scale,
The gum vulcanizate ‘A’ has'beén:teste& down to o
~30°C for moderate periods and for times of 20,000 to
60,000 minutes at room temperature with no evidence of
a sigmoidal addition to the logarithmic law, This is
in accordance with the established facts that sulphur
vdlcanizates crystailisé less readily than DCP vulcan-
izates 20 and that crystallisation is further repressed

by an increase in cross link density 18’20. Most of
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the other vulcanizates in Figure 2.1 are based on
vulcanizate . 'A' which is a sulphur vulcanizate with a
higher cross link demsity than 'C', This is not
conciusive proof however that crystallisation has not

5

taken place undetected during creep tests, Gentz_

has
suggested for example that the high stress relaxation
"rates he observed at high extensions for sulphur cﬁred
vulcanizates Could be attributed to crystallisation.
Further he proposed that the creep rate would not be
equally adversly effected by this process although he
did not prove the poinfrby experiment. Finally Gent
proposed that the influence of crystallisation on
stress relaxation at room temperature was important
only for extensions in excess of 2009 whereas in the
present work such high extensions have generally been
avoided. The increase of creep rate with decreasing -
temperature for vulcanizate 'A' as shown in Figures'2.19
and 2,20 will be discussed later in this thesis in
terms of viscoelasticity. A negligible contribution

to the creep response of this vulcanizate from crystall;
isation will thefefore be assumed implicitly and the
above discussion is intended to give this some justi-

fication,

2.7 Other Contributory Factors

C.S. Kim 4 using thin films of filled polybuta-
diene has examined creép as a summation of visco-
elastic, chemical and surface phenomena. Deformation
~ was followéd over time periods of 1000 hours andllongér

under ambient room conditions, Ultimate fracture was
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attributed to crack initiation and propagétion as a
result of surface reaction with atmosphéric ozone, He
observed that'the time to final fracture wés independent
of stress over a wide range of stress. This was
explained in terms of the known insensitivity of chemical
scission rates to stress at moderate elongations and
also because of a crack intefaction effect, At low
stresses a few cracks nucleate and grow unimpeded to a
critical length for instability whereas at high stresses
many cracks nucleate and mutual stress relief due to
interaction restrains any one fissure from becoming
dominant., He discussed the effects of surface
ozonization and oxidative ageing on youngs modulus

and surface energy in terms of Griffith instability

and stress concentration factors,.

The surface reaction of ozone with rubber has been
examined in detail at MRPRA. Andrews and Braden 27
have shown that the re%cted layer increases in thickness
with time as déxpected for a process of diffusion with
simultaneous complete reaction, If the rubber is
unstrained a fine pattern of etch pits, resolveable

by electron microscopy, is formed whilst in the

strained condition narrow fissures and cracks develop
perpendicular to the stress direction. Raab 28 has
suggested that the presence of such‘flaws reduce the
time to failure under load in accordance with a

viscoelastic process which impliés that they would

have an accelerative action on the creep response,
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With the above factofs in mind it was decided to
examine the surface of rubber specimené before and after
creep testing. Two stage replicas were taken from
sample surfaces for examination by electron microscopy.
Reasonable success has been achieved using an ordinary
bex £ilm replicating technique : bex film was softened
by immersion in acetone and applied to the specimen.
After drying for two days it was peeled off and a
‘second stage coating of carbon applied to it by
evaporation. The bex film was then disolved in
acetone leaving the thin carbon film for examination,

Shadowing was not employed.

Figure 2,22 shows the surface of vulcanizate 'B'
in the as received condition although this appearance
is typical of 'A', 'B' and 'C'., The crescent shaped
features are difficult to explain but since they all
point the same way they could perhaps represent small
protrubrances on the specimen surface. Deposition of
the second stage carbon film at an angle would then
explain the crescent appearance. The interpretation
of these pictures must be treated with some caution
since the samples were moulded in ordinary steel moulds
although these were generally well polished., By contrast
Figure 2,23 shows the surface of a sample of vulcanizate
'B!' after subjection to 100% strain for 72 hours at
100°C. The crescent features‘haQe completely disapp;
eared and instead parallel cracks have developed
normal to the stréin direction. Similar behaviour has

29

been observed for ozone cracking at room temperature .
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Fig 2.22 Surface morphology of Vulcanizate B as

received. E-M replicas.



XIX

Fig 2.23 Electron micrograph of a Vulcanizate B specimen

subjected to 100% elongation for 72 hours at 100C



This interpretation of Figures 2.22 and 2,23 is
supported by Figure 2.24 which shows a scanning
electron micrograph of the surface of a Yulcaniza?g_'A'
specimen after heating in an air oven at 100°C for
24 hours, A nodular appearance is indicated although
these are some four times lafger than for viréin

surfaces of the vulcanizate 'B' samples in Figure 2,22.

The high temperature cracking process need not -
necessarily be attributed to ozone but it will have
similar consequences., Figure 2,25, for example, shows
the fracture surfaces of two specimens of a commercial
black filled rubber mix which failed after several days
under creep conditions at 100°C and high appiied
stresses, Both indicate that failure was by a process
of crack nucleation and growth followed by catastrophic
failure. 1Imn this case however the cracks appear to
be associated with voids, Similar two-stage fractufe
surfaces to these have been reported 30 for fatigue

failure in synthetic rubbers.

No significant cracking has been observed for either
vulcanizate 'A' or 'B' at rooh temperature and moderate
applied stress (g 4 200%) within the experimental time
scale, It is concluded therefore that -observed
logarithmic creep rates are not significantly influenced

by crack formation at low temperatures,

Re-examination of Figure 2.24 shows that the
specimen surface has a nodular appearance and further

that it is covered by an array of needle-like features.
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Fig 2.24 S.E.M. micrograph of the surface of a Vulcanizate

A specimen after ageing for 24 hours at 100°C



Fig 2.25 Optical fractographs of two commercial Vulcanizate

samples which failed during creep at 100°C
X18



Cross-sections of rubber sampies were prepared in order
to investigate this further, Creep specimens aslshowh
in Figure 2,2 were immersed in liquid nitrogen and
fracfured by bending. Replicas were prepared from the
fracture surface and an example of a vulcanizate 'A'
specimen is shown in Figure 2.26, This is relatively
featureless but for a few small extracted particles
which are probably of undissolved zinc oxide. The
curved lines on this picture are thought to be

fracture striations on the sample surface resulting
from the method of preparation. Scanning electron
microscope pictures of similarly prépared surfaces, with
a Au-Pd coating, for specimens subjected to 24 hours

and 72 hours creep at 100°¢c (é1 = 60%) are shown in
Figure 27. These show a nodular appearance similar to
that for the surfaces of oven treated specimehs. This
suggests that these nodules are characteristic of the
rubber and not dependent on the method of specimen
preparation., No clear evidence for void formation
during creep has been observed during these micro-
structural studies, Further it is thought that
vulcénizates 'A' and 'B' are reasonably homogenious
since no evidence of precipitates or excessive solid
contents has been found. Figure 2.28 for example

shows a replica taken from a commercial rubber mix.

The lenticular shaped features are thought to be

caused by a precipitation of blending o0il during cooling
of the rubber from the vulcanization temperature and

the small particles are carbon black. Recent work at



x 3K

Fig 2.26 Fracture cross-section of an as received

vulcanizate A specimen, E-M replica.



(a)

(b)

?54-

Fig 2.27 S.E.M

after

X 500

Fractographs of vulcanizate A* specimens

a)24 hours b) 72 hours creep at 100 C

and 60% strain



Fig 2.28

E-M replica taken from
fractured cross - section

rubber vulcanizate.

x 5K

a liquid nitrogen
of a commercial



MRPRA -

has shown that insoluble precipitates,
particularly zinc soaps, can cause reduced creep

resistance,
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Appendix 2A

Estimation of D, the diffusion coefficient of

water in rubber at 25°C.

A value for D may be estimated from data on

permeability and solubility as follows:-

D = B/S

B

Permeability constant

S

Solubility coefficient

17

For soft vulcanized rubber at ZSOC Barrer

6

values of B between 2 x 10-6 and 3 x 10 °; his units
3 -3

at NTP sec"1 cm for a 1 mm thick sample

quotes

are CM

with an applied pressure equal to 1 cm of mercury.

6

- Taking an average value of 2.5 x 10~ of these units
and converting gives:-

B = 3.29 x 10713 m2 sec”l at”?

The solubility can be estimated from a graph
shown in reference 11 which suggests that rubber disolves
about 19 by weight of water at a relative humidity of

75%. At 25°C the saturated vapour pressure of water in

15

air is approximately 24 mm of mercury ; i.e. about

24/760 or 3.16 x 10—2_atm05pheres, Hence:.

. --2 "'1
S = wt disolved = 1 x 10

. £
applied pressure  3.16 x 10-< x 0,75 at

i.e. S = 4,22 x 10-'1 at-l.
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Using these results

D = B/S = 3.29 x 10”13
4,22 x 10-1

D =7.8 x 10" 4
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CHAPTER 3

THE INFLUENCE OF SAMPLE SIZE- ON
SECONDARY CREEP

3.1 Introduction

The prediction of long term creep behaviour from
accelerated laborafory tests is a major object of
creep research and the present work is no exception,
The influence of oxygen diffusioﬁ on secoﬁdar& creep,
its temperature dependence and the effect of sample

size are considered in this chapter,

Polysulphide crosslink lability and oxidative
scission of crosslinks and network chains are
regarded as the principle mechanisms of secondary
creep deformatién. Peroxide vulcanizates creep
therefore as a result of oxidative netﬁork degré~
dation only, in contrast to conventionally accelerated
sulphur vulcanizates which contain a spectrum of .
crosslink lengths. Vulcanizate 'A' for example ié
known to contain monosulphide, disulphide and poly-
sulphide crosslinks of which the latter are associatéd
with the labile interchange process. Coran! for
example, using stress-relaxation data, esfimated that
a vulcanizate similar in composition to 'Ai contained
approximately 40y polysulphide crosslinks. The same
order of magnitude was observed by Farmer 2 who used
both stress-relaxation and chemical probe techniques,

although a discrepancy was observed between the two.



For most conventionally acceleréted sulphur vulcanizates,
therefore, creep occurs by a combination of oxidative
network degradation and polysulphide crosslink inter-
change. Oxidative degradation may however be more
important at low temperatures since scission efficiencies,
as defined earlier, are known to decrease with decreaéing‘

5

temperature -,

Clearly, oxidative degradation is important in
determiﬁing secondary creep of all types of vulcanizate,
even those containing high proportions of polysulphide
crosslinks. This must be considered when'estimating
‘creep rates for engineering components at room or
moderate temperature from the bahaviour of small
laboratory samples at elevated temperature. The effect
of iimiting infusion of oxygen from the surface into
bulk rubber requires examination., Carpenter 4 has
discussed the significance of oxygen absorption data
obtained from ageing experiments on laboratory sized
specimens at elevated temperatures to the behaviqur4
of large components at room température. He poinfed
out that the rate limiting process for oxygen absorption
could be the rate of the oxygen-rubber reaction or the
rate of diffusion of oxygen into rubber} Further, a
sufficient difference in activation energies for these
processes would result in each being rate limiting in
different temperature ranges, An Arrhenius type plot
of oxygen absofptionxate and therefore of creep rate
could thus have an inflection at some critical

temperature. As a consequence, erronious estimates of
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creep rate at temperatures below the inflection point
would be obtained by extrapolation of data collected
in an experimental temperature range above the

5

inflection point, Shannin observed that some
rubbers become less permeable after ageing and deduced
that this would inhibit continued infusion of oxygen.

Cuthbert 6 and Derham 7,8

have suggested that large
components are protected from oxygen by virtue of
their bulk, In particular, Figure 3.1, taken from a
9

recent paper °, shows that the relaxation raté of a
conventibnal sulphur vulcanizate at 110°C decreases
with increasing sample thickness, The relaxation rate
for a 7 mm thick sample appears to be about 40y of that
for a sample of negligible thickness. The limiting
:elaxation rate as the sample thickness approaches

infinity would depend, according to Coran, on the

relative proportion of polysulphide crosslinks.

This chapter is devoted to an examination of the
7

ideas of Carpenter and Derham with a view to estimating
the effect of sample thickness from reaction rate and

permeability data at various temperatures,

3.2 The Model

The effect of oxygen partial pressure on the
stress-relaxation of di-cumyl peroxide cured natural
rubber has been investigated by Berry and Watson 10.
They used very thin samples, 0.1 mm, in order to enaure

that the infusion of oxygen from the surface did not

become rate limiting, Experiments at 80°C on both
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Relative relaxation réte

0 4 8

Sample thickness mm

Figure 3,1 Influence of specimen thickness on the
’ relaxation rate of a natural rubber vulcanizate
at 110°C. After Derham’.

gl
o
]

Partial pressure of oxygen P

(o]
®do o

0

Distance from rubber-oxygen interface, x.

Figure 3,2 A hypothetical pressure profile for the
diffusion of oxygen into rubber, 'P,t is
the partial pressure at the oxygen-rubber

interface.
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purified and antioxidant containing vulcanizates
indicated that stress relaxation was independent of
‘oxygen pressure in the rahge 2 torr to 600 torr. A
further reduction in oxygen partial pressure down to
10_lt torr reduced the relaxation rate significantly.
This reflects established work on the oxidation of
polydienes in solution where the rate is independent
of oxygen preésure above a limiting value (see Chapter
1). To explain this behaviour a multistep reaction
mechanism has been proposed in which the first step
involving moleéular oxygen is not rate limiting 11.

By contrast at 100°c Berry apd Watson found that the
relaxation rate was affected ﬁy oxygen pressure,
increasing by a factor ofrfive in the range 1 torr to
100 torr. Further, they observed that the apparent
activation energy for the process was 16,7 K cals mol'-1
calculated from results at 80°c and 90°C and 10.7 K cals
mol"'1 calculated from results at 90°C and 100°C, They
concluded that a change in dominating mechanism occured
at about 90°C. Other work shows that the rate of
oxidation at 100°C of natural rubber containing
antioxidant increases with oxygen concentration., This
is consistent with reaction initiation by dirgct attack
of oxygen on the antioxidant 12. In conclusion, the
dependency of oxygen-rubber reaction rates on oxygen
partial pressuré'are not clearly understood. Neverthé-
less, the behaviour of real;vulcanizates probably fall

between two extreme cases; either their rate of reaction

with oxygen is independent of oxygen pressure above a



critical level or it is proportional to oxygen pressure,

According to diffusion theory, the flux of an
’ ¢ . .
element accross a given plane is proportional to its
concentration gradient. In the case of gas therefore,

since partiel pressure is a measure of concentration,

this may be expressed as:-

av | - B ap - 3.1
dat = dx
where v = volume of oxygen at STP and B is a perme-

ability constant., Figure 3,2 illustrates a hypothe-
tical pressure profile, i.e. concentration profile, of
oxygen diffusing into rubber, The distance from the
oxygen-rubber interface is labelled 'x' and 'Po' is

the applied partial pressure of oxygén, usually 1/5

of an atmosphefe, the partial concentration iﬂ air,
Consider an element Ox as indicated at a distance x
from the surface., The rate of infusion of oxygen into
the element is proportional to the pressure gradientf
at x, Similarly the rate at which.oxygen passes @ut

of the element is proportional to the pfessure gradient
at x + H§x., Oxygen is thus accumulated within the
element at a rate proportional to the change in pressure
gradient across it. More precisely, the rate of

accumulation is: -

(dv) d2P
(at)ste - * B axz ©Ox- - 3.2

per unit cross-section,
For simplicity, steady state conditions only are to be

considered. The resulting calculation thus reflects
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oxygen penetration after long exposure times, For
the steady state situation, the rate of accumulation
of oxygen in the segment 5% equals its rate of reaction

with the rubber within the segment.

ice. (dv) ]
(3T)STP = Ky 6x

per unit cross-section,

- 3.3
where Kv is the réte of reaction of oxygen with rubber
expressed in volume of oxygen at STP per unit volume
of rubber per unit time, It is assumed that reacted
oxygen is immobile and does not contribute to the
pressure profile, i.e. that it is removed from the
diffusion syétem. A comparison of equations 3.2 and

3.3 yields:-

[

d’P =
p <

- 3.4

d
°

a) The pressure independent case,

For the extreme case where the rate of the oxygen-
rubber reaction is independent of oxygen pressure, Kz
is a constant, Ko say. Assuming that the absofptisn of
oxygen at the oxygen rubber interface is not rate
limiting then equation 3.4 can be solved to give:F

he = (2 B PQ/KO)1/2 = 1,414 (B po/K;)l/2
See Appendix 3A
Here hc represents the critical depth to which oxygen
can penetrate into an infinite block before being
totally consumed by reaction with rubber., Equation

3.5 is dimensionally correct and agrees with logical
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considerations, Increased permeability and applied
pressure are clearly consistent with inéreased pene-
tration distance. Conversely, increased reaction rate
limits the penetration distance because of more rapid
removal of oxygen from the system. Since the rate of
reaction, Ko' is constant over the whole penetration
depth, bc' then the total volume of oxygen absbrbed

by an infinite sheet per unit time is:-
Z =Kh = 1,414 (X BP)1/2 = 3.6
o c ¢ o o ’ .

where Z = absorption rate, volume of 02 at STP per
unit time per unit surface area.

Consider a freely suspended sheet of rubber surrounded
by an oxygen containing atmosphere. Assume its length
and width to be large in comparison with 2 hc and in
comparison with its thickness. Oxygen aﬁsorption would
occur therefore primarly in the thickness direction. For
sheets of thickness 2 h < 2 hg, oxygen penetrates to
the sheet 6entre and the rate Qf absorption is therefore
proportional to the sheet thickness, i.e. The ab;gr;;ion
rate is K, per unit volume of rubber or 2 Koh per‘unit
area of.the sheet, Conversly, for sheets of thickness
2 h >» 2 h., oxygen penetrates only to a depth h. from
‘each of the sheet surfaces and the absorptién rate is
independent of thickness., The rate is in fact predicted
by equation 3.6 and is 2.828 (Ko B Po)l/z. The effect
of thickneés is summarized in Figure 3.3

b) The pressure proportional case.

The extreme case where the rate of the oxygen-

rubber reaction is proportional to the partial pPressure’

- 106 -



1/2"

L1
-
gl_“—l .
o -
g:m 3 _ Pressure independent
2 O
o
,31_‘3_4 )
E " 2 : Pressure dependent
I
- -
oo
k4 | |
ZN i i
4 P 1 4 1 !
(o2 ] I | I
n 9 | i
2 .0 N
<0 1
o 2h1 2hc 2h3
1 1 T
) .3 6 9

Sheet thickness x [Bpoi/z/xo] -1

Figure 3.3 Calculated rates of oxygen absorption by a
'‘large! sheet of rubber as a function of sheet

thickness,

h
c

maximum depth of oxygen penetration assuming
that the oxygen-rubber reaction rate is

independent of oxygen partial pressure.

h, = Same, but assuming that the oxygen-rubber

3 |
reaction rate is proportional to oxygen
partial pressure,
2h1 = Maximum sheet thickness for which the

absorption rate, per unit volume of
| rubber, is independent of sheet thickness.

Again ‘assuming reaction rate a:Poz.
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of oxygen will now be considered. Here

K =790 , P o - 3.7

where Ko is the reaction rate at a pressure Po'

This can be substituted into equation 3.4 to give

® - (_K)P=0 - 3.8
dx2 (B Pgy) ‘

In this case absorption by a large sheet of thickness
2 h will be considered directly. Equation 3.8 can then

be solved, as detailed in Appendix 3B, yielding:-

2z = 2 (Kg BPo) /2 Tamn [h.(lKé}l/z]
(BP,)

- 3.9
where again Z is the rate of oxygen absorption in
terms of volume at STP per unit surface area. This
equation is similar in form to equation 3.6 for the
pressure independent case, differing only by a factor.
Figure 3.4 illustrates the dependence of Tanhb(F) on F,
Clearly Tanh (F) = F for small values of (F), indeed
1/2

up to F = 0,6, Hence for h (Ko/B Pg) < 0.6;

equation 3,9 can be modified to read

2z = 2(Ko BPo) Y2 n (x,/BP,) 12
= Koh | , - 3.10
This is identical to the pressure independent case and
implies that the rate of oxygen absorption is propor-
tional to the sheet thickness for sheets up to a

critical thickness 2h, where

h, = 0.6 (BPO/K'O)I/2 | o= 3.11

i.e. The rate of oxygen absorption is not diffusion
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Tanh (F) .

Figure 3.4 A comparison of (F) and Tanh (F)
' Note that F ~ Tanh (F) for F < 0.6

Tanh (F) = 00995 at F = 300.
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limited for sheets of thickness 2h < 2h This 1is

1°
in agreement with established data for a filled
natural rubber containing an amine-type antioxidant
at 1OO°¢‘12, where the rate of oxygen absorption per
unit volume of rubber was éxtfemel& sensitive to
applied pressure but almost independent of sample
thickness within the range 0.013 ins (0.33 mm) to
0.039 ins (0.Y9 mm), Further, equation 3.11 is
similar to equation 3,5 for the critical depfh of
oxygen penetration for the pressure independent case,
again differing only by a factor. Other critical
thicknesses can be derived from Figure 3.4. Tanh (F)
varies within the limits o < Tanh F < 1,0, When
F equals 3.0, tanh (F) equals 0.995 approximately
which is very close to 1.0, According to equation
3.9 therefore, the rate of oxygen absorption by a
'sheet of half thickness h (Ko/BPo)l/2 = 3,0 or

h = 3,0 (BPQ/Ko)i/2 would be 99.5% of that for a
sheet of infinite thickness., Consequentiy the 9

maximum depth of oxygen penetration can be considered

to be hz where: -

h3 = 3.0 (BPO/Ko)l/z ‘ | - 3.12
By comparison, a sheet of rubber of half thickness 2 hc,
the critical thickness for the pressure independent
case, would absorb at a rate equal to 899 of that of an
infinite block., This is obtained by substituting h_ as
obtained from equation 3,5 into equatioh 3.9, i.é. |
F = 1,414, Again the effect of specimen thickness is

summarized in Figure 3,3,
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3,32 Experimental Details

Expressions have been derived for certain critical
depths of oxygen penetration into rubber in terms of
permeability and reaction rate. The experimental

assessment of these quantities will now be described.

a) Measurement of Reaction Rates

This was achieved by oven ageing experiments.
Dumbell shaped creep specimens, as illustrated in
Figure 2.2 were stamped from rubber sheets of thickness
0.6 mm, 1,8 mm and 3.1 mm. Each specimen was threaded
at one end with a short length Qf stainless steel wire
bent into the shape of a hook by which means it was
freely suspended in an air oven. The oven temperature
was thermostatically controlled and monitored indepen-
dently by intermittent thermistor readings. Air
circulation within the oven was affected by means of a
fan, The hole in the top of the oven, normally provided
for the insertion of a mercury thermometer or other
equipment was left clear in order to preclude chéngesv
in the oven air composition., The specimens were
rémoved periodically and allowed to equilibriate with
ambient room conditions for one hour. They were then
weighed and reinserted into the oven, Sample weight
was thus determined as a function of ageing time. A
Mettlér balance sensitive to + 10-'5 grms was used, The
time lapse between removal from the oven and weighing
was found to affect the result, In general, samples
increased in weight with standing time, probably due to

the absorption of water vapour from the atmosphere. The
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rate of weight change, however, was negligible after
one hour, Typical ageing curves for vulcanizates 'A!
and 'B' are illustrated in Figure 3.5. Both show a
rapid initial weight loss due to the evaporation of
volatiles, principally absorbed water,_remnants of the
curing system and low molecular weight constituents

of the rubber, In particular, initial weight losses
for vulcanizate 'A' exceed those for 'B' by about 14
due, presumably, to the volatalisation bf antioxidant
and products of the antioxidant-oxygen reaction.,

i.,e. Vulcanizates 'A' and 'B' are identical in
composition but for the addition of 1.5 pphr antioxidant
to 'A', It is not proposed to discuss the shape of

the ageing curves in terms of oxidation mechanisms,

the involvements of aﬁtocatalytic kinetiqs and the
effect of inhibitors. The major portion of the ageing
curves, however, especially at lower temperatures,

show an approximately linear increase of weight with
time., This is attributed to the absorption of oxygg?
from the surrounding atmOSphgre. For thin sampleéﬂthe
rate of absorption equals the rate of reaction. of oxygen
with rubber. This includes reaction with the rubber
network and with extra network material including
inhibitors. At ageing temperatures over 100°C the rate
of oxygen absorption decreased towards the end of the
experimental time scale, This is more evident at higﬁ
temperatures and specimens aged at 120?C never show
their full absorption potential because of the fofmation

of a hard, brittle, impervious layer at the specimen
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surface, Continued infusion of oxygen is thus pro—.
hibited. This is illustrat-éd iﬂ Figure 3,6 which shows
fractured cross sections of two vulcanizate 'B! speciQ
mens aged atA120°C for 200 hours, It shows hard,
brittle and darkened surface layers approximately 0.5 mm
thick, surrounding soft rubbery interiors. Fufther
inspection of Figure 3.5 shows that the ageing curves
for vulcanizates 'A' and 'B' are very similar, being

for the most part vertically displaced from each other
according tolthe relative extents of initial &eight
loss., Indeed it is proposed that both vulcanizates
absorb oxygen at approximately the same rate, Further
that this rate is independent of time prior‘to hard
layer formation, the initial non linearityvof fhe

curves being a result of two compé}iné‘pééceégés -
oxygen absorption and volatile léss. For experimehtal
convenience most subsequent ageing tests were carried
out using vulcanizate 'B' only so that the linear portions
of the curves were observed more clearly at shortmr

times due to the lower initial weight loss, -

In order to assess the influéﬁce éf stretching the
rubber on oxygen absorption rate, a metal frame was
constructed in which specimens could be held at
constant elongation during ageing tests. Results are
indicated in Figure 3.7. Within experimental error,
the linear rate of weight gain for 1.8 mm thick specimens
at 80°C was independent of elongation for the range of
strain 0% to 130%. This implies that the rate is not

limited by absorption at the surface for specimens of
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Fig 3.6 Fractured cross-sections of two vulcanizate
B samples after ageing for 200 hours at
120 C. Note the darkened hard layer at

the surfaces.
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this thickness and at this temperature since surface
area increase with elongation according to the square
root of the elongation'ratio._ In this case an increase
of 529 in area at a strain of 130%, Similarly, ihward
diffusion of oxygen into the sample cannot be rate
limiting since specimen thickness and hence maximum
diffusion distance decrease with elongation. In this
case, at a strain of 130Y%, specimen thickness-is
reduced to 669 of that of an unstretched specimen.

By comparison, consideration of the effect of strain
on the initial weight loss process suggests that the
rate of loss of volatiles is dependent on their
diffusion to the surface. Finally, strain in the
molecular chain network does not appear to have a
significant effect on the rate of reaction of oxygen
with rubber. Reaction rate measurements obtained for
unstretched samples are therefore applicable to

rubber compohentsstrained under conditions of creep or

stress-relaxation, i

No meaningful ageing results were obtained f;r
the peroxide wvulcanizate 'c' which showed continued
weight loss over extended periods, This is illustrated
in Fighre 3.8. During ageing, these specimens degradéd,
became increasingly less rubbery and were eventually
unable to support theip own weight. Both weight loss
and degradation were aqcelerated by increasing temper;
ature. Mass spectroscopic analysis indicated that
the volatiles responsible for the weight losswere

predominantly breakdown fractions of dicumyl peroxide.
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Typical ageing curves for vulcanizate 'B' are
shown in Figure 3.9. All showvan approximately linear
increase of weight with time over an extensive range, a
2.59 weight gain beingrobserved within the experimental
time scale for the sample at 100°C for example, This
repfesents about 15 years ageing time at room temper-
ature and weight gains in excess of 2.59% may be
possible. The curve at 111°C shows how the rate of
oxidation is suddenly reduced by the onset of hard
film formation at the oxygen rubber interface after
180 hours ageing time. Film formation at 130°C (not
shoﬁn) was so rapid that both the fate and extent of
oxidation were significantly depressed. This behaviour
therefore results in an upper limit for the experimental
temperature range. Conversly, at low temperatures the
rate of absorption is too slow to provide reliable weight
gain measurements and the weighing accuracy thus
determines the lowest experimental temperature., The
sample aged at 77°C for example showed a weight gain ,of
only 0.1%, Since its initial weight was about 1;0 grm
this represents a total weight gain of 1 mg ovér a period
of 300 hours, Within the~permissible experimental
temperature range of about 40°C the rate of oxygen
absorption,.as'determinedifrom the linear portion of
each'curve, increaéed &ith increasing temperature, To
illustrate this the derived rate constants were plotted
in an Arrhenius fashion as shown in Figure 3.10. Within
experimental error this indicates a straight line plot
and represents én activation energy of about 75 KJ'mol-l.

Although three thicknesses of sample, ranging from
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Figure 3.10 1Influence of temperature and sample thickness
on observed oxygen absorption rates for

vulcanizate 'B!?',
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0.6 mm to 3.1 mm, were used all points are reasonably
consistent and this suggests that neither oxygen
adsorption nor diffusion were rate limiting ahd this
is in agreement with the stretchiﬁg experiment
described earlier, This implies that the critical
thickness, 2 h¢, for which oxygén diffusion would be
rate limiting is in exﬁess of 3 mm in this temperature
range. The depression of measured absorption rates at
temperatures in excess of 110°C due to hard film
formation is clearly indicated in Figure 3,10 although
a possible contribution to this from the onset of
diffusion limitation cannot be discerned. For tﬁe
purposes of calculating critical sample thicknesses,
the reaction rate K, will be estimated from the solid

line in Figure 3,10,

b) Meaéurement of Permeability Rates

The permeability of air in rubber was assessed
using a standard variable volume cell as shown in
Figure 3.11. Its use and application have been

13. Transport of gas through the

reviewed by Stancell
membrane results in a volume increase on the low pressure
side of the cell and this is monitored from the position
of a liquid drop in a precision bore capillary.

Initially during each experiment the rate of gas
transmission increases with time as the concentration

of the diffuéing species builds up in the membrane.

- Eventually an equilibrium concentration profile i$

established in the sample and steady state flow is

observed. This is used to calculate the permeability
coeffigient,
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Fig lia Schematic view of permeability equipment.

Fig 11b Actual equipment showing cell, pressure gauge,

capillary and constant temperature bath.



The present work was carried out on a permeaﬁility
rig at the research laboratories of Avon Rubber Company.
On advice from British QOxygen Co. air was used as the
diffusing species rather than pufe oxygen to avoid fhe
risk of explosion. Rubber memﬁranes of between 0.5 mm
and 0.7 mm thickness were subjected to air under

2 (60 lb/inz) pressure and equilibrium rates

18 MNm~
were determined at room temperature,'QSOC and 65°cC,
Aftenuation of oxygen transmission by absorption in
the membrané will be neglected since for this applied
pressure and these temperatures, the critical distance
for complete absorption proves to be sdme eight to
sixty times greater than the membrane thickness., (see

later). Furthermore the diffusion of the nitrogen content

of the air is not affected by-chemical reactions,

Experimental data is presented in an Arrhenius
fashion in Figure 3,12, Vulcanizate 'C' has a lower
modulus and therefore a lower crosslink density than
vulcanizates 'A' and 'B', Its higher permeability E;'

a result of greater ease of movement of gas molecﬁles
within the more open macromolecular "lattice".
Vulcanizates 'A' and 'B' show almost identical behaviour.
Data obtained at the highest temperature show some
tendency to fall below the level expected from an extra-
polation of the two lower temperatunzfesults. This may
be due to experimental error or to increased absorption
of oxygen in the membrane at higher temperatures, The

error in assuming a linear Arrhenius plot does not however

appear to be very great, An activation energy of 40
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Figure 3.12 Arrhenius plots for measured values of the
permeability of air in vulcanizates 'A', 'B!
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XKJ mol_l can be derived andrthis is in reasonable
agreement with literature values for oxygén and
nitrogen., Diffusion constants and activétion energies
. of diffusion for gases in rubbers are closely related
to the size of the diffusing molecule and consequently
oxygen and nitrogen are very close being consecutive
elements in the atomic table, Ameroﬂgen 14 quotes
8.3 K cals mol“1 (35 KJ mol_l) and'8.7 K cals 'mol—"1

(37 KJ mol-l) for the activation energies for diffusion
of oxygen and nitrogen in natural rubber respectively.
The solubility of both oxygen and nitrogen in mnatural
rubber appears to be little effected by temperature.
The solubility of oxygen at 25°C is quoted at 0.112
ccs/cc in'comparison with 0,010 ccs/cc at 50°C.
Similarly for nitrogen, quoted solubilities are 0,055
and 0,057 ccs/cc at 25°C and 50°C respectively. Since
permeability equals the product of solubility and
diffusivity it may be conciuded that the activation
energies for permeation and diffusion are very clossg,.
Further Eecause the activation energies for perméation
of nitrogenvaﬁd oxygen are very similar, ﬁhen the ratio
of permeability'rates for oxygen and nitrogen will be

almost independent of temperature,

With the above points in mind it is propoSed to
establish an estimate for the permeability of oxygen
in vulcanizates 'A' and 'B' and hence deduce critical
depths of oxygen penetration according to the formulae
presented earlier, It is assumed that the activation

energies for permeation of oxygen and nitrogen are
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equal and that their relative rates are independent of

15

temperature, Barrer found that the ratio Bg_/By

. 2 Y2
was 2.75 at 25°C in agreement with their differences in
solubility. This ratio has not been seriously contra-
dicted in later work; a value of 2.82 can be evaluated

from a relatively recent review for example 16; The

permeability rate for air can thus be evaluated:-

taking air to consist of 20% oxygen and 80% nitrogen.

Permeability rates for oxygen in vulcanizates 'A' and
'‘B' will be taken to be twice that indicated from the

relevant solid line in Figure 3,12,

3.4 Calculation and Interpretation of

Critical penetration depths

Critical penetration depths hl’ h, and h3 have
been defined earlier. According to equations 3.11, 3.6
and 3.12 they equal 0.6 hy,, 1,414 hy and 3.0 hj

'_respectively where: -

| ho = (BPo/Ko) /2 - 3.13
hy can be calculated takiﬁg Po = 1/5 atmosphere, |
Ko from Figure 3,10 and B from twice the value for air
as shown in Figure 3.12. Furthermore, hg varies in
an Arrhenius manner with temperature as do both B and

Ko. From equation 3.13:-
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2 In hg = InB + In P - 1n Kq
But B = B/ Exp - (Q,/RT)
, :
" Ko= Ko Exp - (QK/RT)
where QB and QK are the activation energies

for permeation and reaction respectively.

Hence: -
21 ﬁ .— 1 - 1 / ( R 1 d
nh = 1n g + 1ln B . - .QB/ T) - 1n K,
+ (QK/RT)
/ /. U
2 Inh = 1n (B /Kg) + InP + 1 ‘(QK—QB)

RT

Q Q
B-
OR ho = const,Exp = E___ﬁT_E;

-3.14
Since QK exceeds'QB, ho decreases with increasing
temperature, Caiculated critical pénetration depths
are presented in Figure 3.13 for vulcanizates 'A' and

‘B,

To siﬁplify the discussion of penetration depths
reference will be made to the quantity h, only., This
is reasonéble since hc represents the maximum pene- ’
tration depth for the '"pressure independent" case or
the half thickness of a large sheet that absorbs
oxygen at a rate equal to 89y of an infinite block
for the "pressure proportional" case, Real rubbers
are assumed to fall between these extreme but not
widely different cases, The effect of oxygen absorptioﬁ
on éermeability_measurements will ﬁe considered-first.
Since h _ decreases with increasing température,

permeability measurements are increasingly influenced

by oxygen absorption with increasing temperature. 1In

- 128 -



ko

20 -

10

mm,

D ep tho

0.5 |

I ] 1
2.5 5.0 3.5

1/T x 10°

Figure 3.13 Calculated critical depths of oxygen penetration
in vulcanizates 'A' and 'B' as a function of

temperature,
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the preseﬁt work the highest temperature at which
‘perﬁeability.data was obtained was 65°C, when, according
te Figure 3,13 hC equals 3 mm., The tests, however, were
carried out with air at an'applied pressure of four
atmospheres and hence hc would Be Vi times as great,
i.e. 6 mm, This compares with permeability sample
thicknesses in the order of 0,5 to 0.7 mm., Clearly

only =0.6/6 or 109, of the oxygen content of the
permeating gas is absorbed during transit through the
membrane at this temperature, This.represente an error
of approximately 5¢% in the final result for the permea-
bility of air and at lower temperatures the error ie

considerably less,

Consideration of equations 3.6 and 3.9 suggests a
possible interpretation of the effect of temperature on
ageing data, Extrapolation of ageing data obtained at
elevated temperatures down to room or other service
temperature may result.in erronious estimates since hc
increases with decreasing temperature. Consider.thg
'"pressure independent" case applied to an ageingtéample
whose dimensions exceed 2 hc at elevated temperature but
less than 2 hc at room‘temperature. The rate of oxygen
“absorption et‘elevated temperatures is given therefore
by equation 3.8, Z = const (Ko BP0)1/2, and the
observed activation energy for ageing would equal
(QK + QB). Below some critical temperature between the
experimental range and room temperature, where 2 hc

equals the sample dimensions, oxygen absorption would

no longer be influenced by diffusion and the activation
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energy for ageing would be QK only. This would resuit
in higher absorption rates "at room temperature than
would be expected from extrapolated data, The
"pressure proportionelﬂ case is similar although more
complex. Iﬁ the present work, egeing data was obtained
for specimens of 0,6, 1.8 and 3.1 mm thicknees at
temperatures up to 130°C. Reference to Figure 3,13
suggests that 2 hc exceeds 3 mm for temperatures below
100°C which is in agreement with Figure 3,10 showing
that absorption rate is unaffected by sample fhickness
up to 100°C. At higher temperatures absorption is
presumably limited by diffusion factors for the

thicker samples in addition to hard film formation.

A quantitative interpretation of the effect of
oxygen penetration on creep hehaviour can now be
given, The absorption of oxygen is limited by diffusion
when the Specimen dimensions exceed some critical value
between 2 h1 and 2 hc' At 110°C for example, oxygen
absorption per unit volume of rubber decreases as tﬁ%
specimen thickness is increased beyond a criticai”value
between 1.3 and 3.6 mm, A transition range of this
order is suggested by Derhams creep data at 110°¢
presented in‘Figure 3.1. Furthermore, in the present
" work, creep experiments were performed on samples of
unstretched thickness 1,7 to 1.85 mm, Oxygen absorption
should not therefore have been limited by sample thick=~
ness up to at least 90°C and even higher for moderate

applied strains. Bearing in mind the effect of temper-

ature on creep rate (see Chapter 2) it is concluded
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that all creep experiments were conducted within a
range of parameters where oxygen penetration was not

a limiting factor,

3,5 The Effect of Carbon Black Additions

Carbon black ﬁarticles are relatively impermeable
in comparison with rubbery vulcanizates, consequently
carbon black filled vulcanizates are less permeable than
their gum equivalents, Thirion 17 found that the reduction
in permeability caused by the addition of non reinforcing
fillers to a gum rubber was not strongly dependent on the
type or size of particles so much as on the volume
fraction present, His results correlated with an equation
based on arguments of Carpenter and_Twisslg;
Bg/Bg = (1 + 1.3 vp)~?
3.15
where B, = permeability of a gum rubber

permeability of the filled rubber

1]

Bf

Vg = Volume fraction of filler, 4
Figure 3.14 indicates the influence of LS-SRF black
additions on the permeability of air in vulcanizate TA',
'Within experimental error the activation energy for
permeation is independent of black content and
consequently the ratio Bf/Bo is independent of
temperature. Bf/B, values derived from Figure 3.14 are
compared with equation 3,15 in Figure.3.15a. The
theoretical analysis slightly underestimates the decrease
in pefmeability. An improvement in correlation may be

possible using a fuller analysis as suggested by Carpenter
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black loading | © By/B, | Bg/B,
pphr - f Measured Calculated
o 0 1.0 1.0
10 0.0k 0.88 0.95
30 0.11 | . 0.75 0.88
50 0.17 0.65 0.79

_Figure 3.15a Influence of filler content (LS SRF) on the
permeability of vulcanizate 'A', Comparison
of measured data with that calculated according

to Carpénter & Twiss.,

0.4 — I
A
0.37 / A LS SRF
u LS FT
-
"NS SAF
°
[ou]
~N
“
m
. 0.1— D
i
0 T 1 | 1
o 0.1 0.2 0.3 0.4
vf2/3

Figure 3.15b Influence of filler content on the permeability
of vulcanizate t*A'. The so0lid line represents

Equation 3,16 for « = 1.0,
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and Twiss but for the present work a siﬁple semi-
quantitative approach is proposed., A method of
calculating the reduction in cross-sectional area for
diffusion due to the presence of non permeable particles
is presented in Appendix 3C. This suggests

_  Bf/Bo =1 -« vf2/3 3.16
wheré o depends on the distribution and geometry of -
filler particles, One would expect @ to be close to
1.0 since By/B, should be zero for Vf = 1,0, Reasonable
agreement between equation 3,16 and experimental results
have been obtained for SRF and SAF carbon blacks added to
vulcanizate 'A' see Figure 15b. These blacks have a
medium, 600 £, and small, 200 £, particle size respectively.
By comparison, samples containing 300 pphr of LS-FT black,
of large particle size, 800 - 1500 X, eifher do not fit in
with the model or have a relatively small value for .
The single point for this black in Figure 15b has been

repéatedlj verified.
k4
The complexity of possible reactiomshas led;to

conflicting conclusions on the role of éarbon blacks in
the thermal oxidation of elastomers., 1In general however,
they act as mild antioxidants although mild pro-oxidant
behaviour has been reported for some sulphur cured
Vcompounds 19. The mechanisms of antioxidant behaviour

are subject to debate but a contribution from purely
physical considerations may be evaluated:~ For inert
carbon black particles the rate of oxygen pickup would be ]

decreased by a factor determined by the volume fraction

‘of rubber phase.
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i.e. Kp = K (1 - Vg)' | 3.17
where Ko and K¢ are the reaction rates for fhe gum and
filied rubbers respectively, Conséquéntly the rate of
oxygen absorption for samples of dimensions less than
2 hc would be

Zy = Zo (1 = Vyg) ' f | 3.18
where Zf and Zy are the absorption rates per unit
surface area of rubber for the filled and gum rubbers
respectively.  For larger samples the rate would be: -

Zg = Zo [(1 - o Vf2/3) (1 - Vf)‘] 172

| 3.19
This is obtained from a comparison of equations 3.6, 3.9,
3.16 and 3,18, Similarly crifical penetration depths

may be estimated

hfy = hg [ 1 -« Vf2/3 ] 1/2 3.20
1 - Vg

where hgy and hS are equi?alént penetration depths in the
filled and guﬁ rubbers respectively, For inert imperm-
eable fillers therefore, critical penetration depths,
decrease with increasing filler content, Commerﬁial
compounds rarely contain over 30 volume percent of black

however (approx 50 pphr). Insertion of Vg = 0.3 and
o = 1,0 into equation 3,20 suggests

he = 0,9 hg

According to this simple argument therefore, the pene-
trétion of oxygen into rubber is little affected by
black additions, The chemical nature of carbon.blacks
;nd their role as antioxidants adds complexity to this

basic model however,
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6 Practical Aspects

A theory has been presented by means of whi;h
approximate estimates of oxygen absorption may be made,
The deductions fepresent long term behaviour since steady
staté conditions have been considered. The model does
not however simplify the interpretation of agéing
behaviour as network changes result from only a
proportion of absorbed oxygen, The possibility of
reaction with antioxidants, extra~network material and
fillers cannot be excluded. By comparison, network
changes due to polysulphide crosslink lability may be

unaffected by the presence or absence of oxygen,

Practical implications to engineering Qomponeht
design are obvious, At room temperature, for example,
the influence of oxidative degradation méy extend some.
7 to 15 mm from the surface of vulcanizates
'A' and 'B', See Figure 3,13. For large components
such as bridge bearings and antivibration supports for
buildings, the possibility of oxidative degrédatioh’in
bulk rubber can be dismissed. Conversly, for sméil or
thin compénents such as motor car tyres, small anti-.
vibration mountings, seals and belting, oxygen may
penetrate to the component centre. 1In this case a
better criterion for-materials selection is provided
by a comparison of absorption rate and design life, For
intermediate sized components such as vechicle suspension
systems, some allowance for oxidative degradation may be

necessary.
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APPENDIX 3A

Calculation of oxygen penetration depth I

The pressure independent case

In the following derivation the rate of reaction of

oxygen with rubber K, ccs/cc per unit time is assumed to

be independent of the oxygen partial pressure. The

maximum depth of penetration is therefore h¢, as

illustrated above. Steady state conditions are assumed,

The rate of influx of oxygen into the segment 8x

at x is;~-

)
dx)x per unit area

and the rate of eflux at (x + §x) is:=

per unit area.
The rate of acbumulation within the segment therefore

(av) _ (av)
(dt)IN (at)out
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: 2
= - B (dP) (dp) d°p
(a)x ~ B [m‘) +5X'a;‘2]
= + B d2P ox

d

per unit cross section
This equals the rate at which oxygen reacts with the
rubber within the segment, i.e, K, 6x per unit cross

sectional area.

N

Hence B A, g, g by
or d2P Ko
axZ2 = B 3A.1
Integration gives
dP = Kox + C, - 3A.2
dx B
2 .
P = Ko x" + C,x + C, 3A.3
2B
where C1 and szare integration constants., At x = o
however P = Po,. Hence in Equation 3A.3
Po=C, + C, O + Ko 02 c
2 1 -
‘ 2B ‘ _ 3A.4
or Cz = Po
Furthermore, the pressure gradient at x =.o'determines

the rate at which oxygen passes through the oxygen-rubber

interface
(av) . . g (@)
(dt) x = o = - (dx) x = o 3A.5

" The rate at which oxygen is absorbed by the ruhber
however equals the rate at which the reaction occurs
integrated over the whole penetration depth. Since the

reaction rate, K is independent of oxygen pressufe this

o!
equals Ko h¢

Hence - B = Ko h¢ 3A.6

(dp)
(dx) x = o
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Comparison of equations 3A.5 and 3A.6 gives:-

(dp) _ Ko hc
(dx) x = o ~ B

¢+
which can be substituted into equation 3A.2 to give:~

- I'(O hC KO
B3 = 5 °+¢
Ko hc
Or C, = -

Substitution of relationships 3A.4 and 3A.7 into equation

3A.3 gives: -

X h
P = Pg + Eg- x2 - to e X 3A.8
2B B '
But, at x = hg P =0 -
0 = Po + Eg hC2 = Eg hc2
2B B
Po = ;KO hcz
2B
Oor he = 2B P 3A.9
. _K——n ,
(o)

The depth which okygen can penetrate before being totally

consumed by reaction with the rubber hc’ is given by

equation 3A.9.
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APPENDIX 3B

Calculation of oxygen penetration depth TI

Here the rate of the oxygen—rubbef reaction is
considered to be proportional to the oxygen partial
pressure, Steady state conditions are again assumed.

In principle the analysis-will be similar. to that followed
in Appendix A but equation 3A.1 is re-written as explained

in the text to give:=-

_d*zzp _ %o p_
dx“ ~ B P
o
This can be re-written:-

%;% - uz P =0 ' 3B.1

1/2
where o = (KO/BPO)

Putting P = A Exp ax
dp/dx = A a Exp ax
dzP/dx2 = A az Exp ax
one obtains in equation 3B,1:-
A Exp ax (a2 - 0‘2) = 0 :{
a=ta

Hence the general solution for equation 3B.1 is given by: =~

P = A1 Exp - oX + A2 Exp + O&x 2B.2
and dp = O A, Exp Gx =« X A, Exp - & x 3B.3
dx B
Since P = P 4t x = o, then in equation 3B.2 one -
o .
obtains
- ‘ ' | 3B.4
P, = (A + Az)
and from equation 3B.3:-
(9_1_)_) - - A . 3B-5
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Consider now the absorption of oxygen by a large
sheet of rubber, thickness 2h, Ignoring edge effects,

the rate of absorption at steady state is:—

h
2Z = 2 E ;2— K_ 0&x
P o
, o
X=o0

Substituting into this the value for P obtained in

equation 3B.2 one obtains:-

| ~ .h h
2z = 2 K, [ A J{'
3 Ay
[o] (o]

‘Exp - oo x dx + Aszxp ox dle
o

= 2 Ko _Aq _ h _A_z h
[ o (Exp ax)o + 2 V(Exp ax)° ]

[ - A1 Exp - ach + A, Exp oah + A1 - Az}

2

3B.6
The total absorption rate equals the rate at which oxygen
pasges the two planes at x = o i;e. The two gas-rubber-
interfaces at each side of the sheet, Hence:-

2Z = - 2B (dp)
(dx)x = o

From equation 3B.5 therefore

2Z = 2 a B (A; - A,) | 3B.7
Comparing equations 3B.6 and 3B.7 gives:- .
20B (A, - A.) =Ko [A -A_+A, Exp ah-A, Exp-oh
1 2 — 1 7272 1
. P
i e S
(Ay - Ax)=2 "o - A -A_+A, Exp h-A. E -ah]
o Po 2 aB 172 72 P 1 “XP
But 2 Yo = 1.0 since az = (K_/BP )
o« P_ 20B - - ° o’*
Thus
A, Exp och = A, Exp - ch = 0 - 3B.8
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From equation 3B.4

A1 = Po - A2

and A2 = PO - A1 .

Hence in Equation 3B.8

A2 Exp ah - Po Exp - ch + A2 Exp - oah = O
Or A2 (Exp oh + Exp - gh) = Po Exp -~ ah
P Exp - ch
A, = °
2 Cosh ¢h
Similarly
A1 - PO Exp oh

é Cosh oh

Substituting these values for A1 and A2 into equation

B.7 )
2 o BPo
2Z = Exp o h _ Exp = oh
2 Cosh o h Cosh ¢h

2 « BP, Sinh a h
Cosh o h

2 o BPo Tanh o h

and since ¢ = (K /BP )1/2
o (o]
Then

BP
o

22 = 2 (K _/BP )1/2 Tanh [h K ']1/2 3B.9
o o o
This is in agreement with a similar equation quoted by
Carpenterli who deduced it from a complex diffusion

analysis given by Dayneszo. Carpenter did not give a

proof,
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APPENDIX 3C

A simple model for the effect of carbon black

on Diffusivity

-

If one assumes carbpn black particles to be relatively.
impermeéble in comparison to the gum phaSe'a simple model
can be proposed., Consider the black particles to be
perfectly sphefical and to occupy positions at the

corners of a simple cubic cell,

—O =

The black particles have a radius r and tﬁe cugé
edge is of length d as shown, Since eight unit éubes
meet at a corner, each particle has one eighth of its
volume in a single cube., As there are eight corners to
each cube, however, eachcube contains 8 x 1/8 = 1 particle.
The volume fraction of black parfigles Vf is thérefore:-

Ve = b/3 3 x> , 3C.1
;d3 |
The area fraction of particles on any cube face, Af, can

‘be derived similarly

Ap = nr?/a® | | 3C.2

- 144 -



But from Equation 3C.1

1/3
V) 1

1 (3
d (In )

Hence in Equation 3C,2

Fh

(
(
For comparison the area fraction of particles on the plane
ABDC as illustrated would be 0.85 V.2/3. The area
fraction on the cube face of a body centred cubic

arrangement is 5t ( 3 Vf)z/3 = 0.76 Vf2/3.
(8n )

In general then

- 2/3
Af = o Vf

where o depends upoﬁ the spatiel arrangement and
orientation of particles,

Diffusing gas molecules are limited to an area
(1 - Af) since the area Af is occupiedvby non permeable
particles. Observed permeability rates will be redpced
by a facfor therefore: - .

Bf/Bo = (1 —‘Af)/l = 1 - Ag

. - 2/3
l1.€, Bf/BO - 1 - CXVf 3C03

This oversimplified picture neglects two geometrical
factors: -~

a)v That the average cross sectional area for diffusion
exceeds Af since the area increases and decfeases
repeatedly between and within planes throughout the
hypothetical lattice,

b) That the path length for diffusion is increased since
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molecules have to diffuse around successive particles.
These have mutually opposite effects however and have not
been considered,

For impermeable particles, the permeability, Bf, for
a volume fraction of filler equal to 1,0 would be zero,

This implies an expected value for o of 1.0,
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CHAPTER 4

SECONDARY CREEP

bk,1 Secondary Creep and its Relationship to Stress-

Relaxation

The most extensive discuséion of the Secqndary
creep process published to date is by A. N.‘Genti.
Figure 4,1, taken from this paper indicates typical
creep curves for TMTD vulcanizates at 60°C. A logar-
ithmic rate law, consistent with physical creep, was
observed at short times followed by a secondary procesé
gt later stages in the creep history. A'comparison of -
this secondary contribution for DCP and TMTD vulcanizates
in air and vacuum suggested that thé-process resulted from
oxidation of the rubber network. This follows since the
secondary creep in vacum: was negligible and in the case
of TMTD vulcanizates the rate in air was increased after
prior extraction to remove the antioxidant zinc dimethyl-
- dithiocarbamate, This conclusion is in agreement with
earlier work by Wohlstenholme 2 who also observed a
marked influence of oxygen on creep at elevated temper-
‘atures, Gent found that the.secondary contribution to
the total creep was proportional to the time under load
and Figure 4.2 summarises some of his results. These
curves are in aécordance with eipected chemicali
stabilities taking into account that the DCP.sample was

extracted and would therefore follow autocatalytic

oxidation kinetics, By‘cbmparison, present work,
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Creep (ec/el)

1
10~ 10 107 10l5

Figure 4.1 Creep curves at 23°C and 60°C for a TMTD
vulcanizate before (1) and after (2) extraction.
The ordinate represents the creep strain as a
fraction of the initial strain at 1 minute under
load. After A. N. Genfi.

4
0.3 _ 1, TMTD
0.2 _ 3 2, S/MBT
3. S/CBS

4, DCP extracted

(@)

L

Y
|

o

L 1
10000 20000

Secondary Creep (g _/€,)
(] 1

Figure 4,2 Secondary creep at 60°C for four different

vulcanizates. After A. N, Genti.
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Figure 4,3, indicates thaf-DCP vulcanizates before
extraction show superior creep resistaﬁce when -compared
at similar initial elongations. Gent further observed
that recovery of secondary creep and the extent of |
permanent set were in éccordance with stresé-relaxation
literature, indicating extensive secondary crosslinking/
bond interchange for sulphur cured vulcanizates and very
little for peroxide vulcanizates, For sulphur cured
rubbers the "permanent" set decreased with time if.the'
’samples were left at the test temperature after removal
of the creep load and this suggests that secoﬁdary
crosslinks, in these rubbers, like the primary ones,

are chemically unstable, Permanent set for TMTD samples
dependgd markedly on whether they had been extracted or
not. As one might expect, residual curing agents in
unextracted samples promote crosslinking and therefore

favour high permanent set,

Tobolsky 3 has proposed that creep and stress
relaxation are interelated processes; were it not for
the onset of secondary crosslinking, he Suggested, these
would represent the same process and thus be deriveable
one from another.. Consider the kinetic theory of rubber
elasticity, Equation 1.1:-

o = nkT (A - A7)
Hendg, in a creep experiment where the stress and
temperature remain constant and assuming no concurrent
crosslinking,
n, A, =273 ang (A - AR

suffixes referring to time.
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Figufe 4,4 shows a comparison of creep aﬁd stress
relaxation data based on this approach; The actual_
creep for the wulphur cured vulcanizate used in this
experimént was iess than sfress relaxation predictiqns
and this was attributéd to the retarding influence of

secondary crosslinking.

Stress relaxation characteristics of rubbers have
been discussed in-Chapter_i. Peroxide'vuldanizates,
having relatively.stable crosslinks, are believed to
reiax by a first order scission of network chains with
negligible concurrent crosSlinking. As a result the
expected stress-relaxation response is‘an exponential
decay of stress withrtime:-

Ot/do = nt/no = Exp - Kt
Hence, from Eqﬁation 4,1, one would expect the creep

time relationship to obey:-

-2 -2 ' L .
Ay =A%) = (A, = A7) Exp + Kt 4,2
or, for small 'Kt!
-2 -2 :
Ay = A7 = Ay = AT (14 Kt) 44.3

Equation 4,3 is similar to that used by C. S. Kim ~ to
describe the creep of polybutadiene at ambient temper-
ature as mentioned in Chapter 2 and Figure 4.5 illustfates
present data for the secondarj creep of peroxide‘vulcan-
izate 'C'., At 100°C the creep strain falls below that
suggested by Equation 4.2 and at even'lowef temperatures
remains proportional to time for values of 'Kt' well in
excess of that for which Equation 4.3 is a reasonable

approximation. Permanent set for these and other

peroxide samples was, within experimental error, less
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Figure 4,4 A comparison of stress relaxation and creep
data for a sulphur cured vulcanizate at 120°c.
The'sblid line represents stress relaxation
data. Experimental points represent creep
results at x~10-20% strain and O ~ 100¢ strain.

After Tobolskys.
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than 39 indicating that negligible crosslinking had
occurred at thé creep teét elongation, This is in
#greement with Gent 1. The discrepancy between
observed and‘expected creep response cannot therefore
be attributed to the gradual t£ansfer of stress to a
secondary network, It should be borne in mind here
however, that present creep work was carried out at
tempefatures generally below 100°C whilst stress
relaxatiocn theori has developed from éxperimental data
obtained at temperatures above IOO?C. Amongst the
excepfions is some work by Thirien and Chasset > who
have examined stress relaxation déta for a peroxide
vulcanizate down to moderate temperatures. ‘They
suggested that viscoelastic processes predominate at
30°C,whilst ageing processes predominate at 100°c
although they did not attempt a qualitative analysis,
Tobolsky et al 6, by comparison,'have proposed that
oxidation reactions participate in the relaxation
process down to ambient temperatures where visco- .
elasticity was once.thought to be the sole mecﬁanism.
The present comparison of creep with stress-relaxation
relies on the ability to separate viscoelastic and.
secondary contributions to the creep response as
described in Chapter 2, |

Stress relaxation rates are generally regarded as
being independent of test elongation 7. More recent
éork however, indicates this is notvso for large strains

and high temperatures 8; critical values of g = 1 and

3 were observed at 100°C and 80°c respectively above which
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the relaxation rate incfeased'with strain. Gent has
suggested 1, from work at éo°c; that secondary creép‘
represents a fractional stress relaxation process which
is independent of the degree of.deformation. The
mechanism, he says, is not stress activated but takes
place equall& readily and to equivalent extents over a
wide range of deformation. Present creep data will be
ﬁresented in the accepted way as a fraction of the

initial extension, i.e,

creep = 1 (A - A,) = ¢
(::1'1) ! e—c'
1

where the subscript '1' refers to a time of 1 minute
after loading and 'ec' is the increase in creép strain

subsequent to a time of one minute under load.

creep rate = 1 daa L 1 de
Xl-l at 51 dt

For moderate temperatures therefore, where the stress
relaxation process is independent of sfrain and fof

small amounts of creep where Equation 4.3 is valid,

K can be regarded as constant. Equation 4.3 may therefore

be differentiated with respecg to time to yield:- '
K (Mo Ao %) 4.4
= (A, -1) (14 2277)

Hence for smail amounts of crgep, where changes in

(1 + 27\-3)-1 are small dg/dt should be a constant.,
This suggests that the "conventional" plot for secondary
créep, where crgep'strain increases linearly with time,
does in fact have Some fundamental justification at least
for small creep strains, Further, the effect of initial

elongation (stress) on creep rate may be predicted, at
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least semifquéntitativelyg from Equation 4.4
i.e. 1 de . X (1 1)

2. CE o~ = k.5
ey @ (A -1 (14 2A7)

This relationship is plotted graphically in Figure 4.6
‘which indicates that the creep rate should not be
strongly influenced by applied stress., A maximum rate

would be expected for initial strains of about 1,0,

4,2 Observations for the Conventional Vulcanizéte TAY

The sécondary creep response observed for vulcanizate
'A' wés not in general linear over the total experimental
time scale, The discrepancy between the actual response
and a linear relationship is to be examined in this

section,

The creep of vulcanizate 'A' has been examined over
a wide range of temperature and stress, lSécondary creep
contributions have been isolated and some typical curves
are illustrated in Figures 4,7 to 4.11, Results at 35°C
and 60°C at 46% relative humidity indicate an initially
decelerating response; see Figures 4.7 and 4.8 respectively.
At 60°C and ‘oven! humidity this is less pronounced,
Figure 4.9. At 80°C and 40y relative humidity the initial
decelerating portion is extended into an initia} sigmoidal
response leading on to a linear relationship at longer
‘times; Figure 4,10, By.comparison, at 100°C, Figure 4.11,
a linear relafionship is established immediately and this
may be due to the initial transients being small in

comparison to the total creep, even at small times.,

Discrepancies 'A' between the actual creep response

and that expecfed for a linear relationship have been
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-1

1.5 ~

Initial creep rate (1/51. dg/dt) x K

Figure 4,6

T — T
1 2 3

Initial strain €4

‘Initial creep rate as a function of initial

strain according to equation 4.5. The creep
rate is expressed in terms of 'K', the

scission rate constant,
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Secondary Creep (ec/sl) %

T T T
0 2500 5000 7500

- Time (minutes)

Figur¢'4.9 ‘Secondary Creep for vulcanizate 'A' at 6b°c

and “oven humidity",

stress €,
1. 1.525 MPa 1.94
2. 840 Kpa - 0.72
3. 1.01 MPa i.OS
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Figure 4,11 Secondary creep at 100°C and oven humidity for

vulcanizate tA',

stress el
1) 410 KPa 0.222
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determined where: -

A = observéd creep - ﬁ%

K = linear creep rate derived:from each
curve at lbng times.

Although the extent of this diécrepancy‘depends on stress
and relative humidity it obeys a function of time which
depends on temperature-only

i.e. A = AQD £(T)

at constant tehperature

where Aq) is the maximum discrepancy observed at lbng
times and which depends on temperature and humidity.
This is illustrated in Figure 4.12 where estimated
values foriA have been plotted as a function of time,
Results for each sample have been normalised by multi-
pPlying actual values by a factor N/Qx>in each case so
as to obtain a single composite curve, Note that the
discrepancy contribution to the total creep at these
temperatures has only a transient influence since it is
complete at quite short times. By curve fitting it can
‘be shown that at 35°C and 60°C the relationship between
A and time can be represented by:- |

& =2y [1-5}xp-bt]'

| b = constant

"For greater generality however the formula .

= d] 4
A = Aco [1 Exp bt, .6
was examined initiaily. This can be manipulated to give
(Bgy = B) -
log10 [ - 1n ( AQD ) = log10 b + d logiot.

Experimental results are shown in Figure 4.13, examination

.0of which shows that the two straight plots have unit‘
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b

o 60°C,b=6.3 x 10~
o 35°C, b=2.76 x 10~

| 8 005 -~

*

4

2.5 3 3.5 4.0

log10 t

Figure 4,13 Examination of the ‘discrepancy' A according
to Equation 4.6 for results at 40y relative

humidity,

] .
\ Frr—a pD—— 60°c, 404 R.H.
ﬂ-———-GQOC,oven
< o “3,“\0 - humidity
~ -Q\N ©--- 35°,40% R.H.
- )
L o » :A * o, & —= A—— 80°C, 409 R:H.
g -10 J, 2 4
d A
-20 A A A

Figure 4.14%4 Maximum values, A for the discrepancy

m 9
between actual and ideal creep curves. Note

the change of scale at the origin..
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gradient, so indicating that 'd' = 1.,0. On the basis
of these two results 'b' increases with temperature.
Finally, observed values for Aoo are shown in Figure 4,14;

A,.. decreases with applied streés (initial strain) and

@
increases with increasing humi&ity for results at 35°C_

4,3 The Initial Decelerating Response

The secondary creep response, as outlined above, is
not in general linear over long periods of time. Whilst
the post-sigmoidal acceleration observed at 80°C could
possibly be examined in terms of a number of models, the
decelerating response at shérter times and for more
extensive periods at lower temperatures is more difficult
to explain. This is tb be examined more closely in this

section.

The total secondary creep for vulcanizate 'A?
observed within the experimental time scalg; was only
2-5¢ and 8-10% of the initial deflection at 35°C and
80°C respectively. Consequeﬁtly the apprbximations
used in developing equations 4,3 and 4.5 may be regarded
as valid in most cases and a linear variation of creep
strain with time would be expected. This conclusion is
equally applicable to situations irnvolving bi-mechanistic
decay processes; Equation 4.3 would simply require
modification to read:-

Ay = A7 = Ay =25 [ 14 (A&, + Akt ]
and again the variatién of (A, - Xt-z) and therefore of

kt would be linearly proportional to time for small
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deformations, Similarly, it can be shown from consider-
ations.of the quantities invoivéd, for these small
amounts of creep;'that a progréssive decfease'of creep
rate analagous to the mitigatioh of stress relaxation
due to scission and recreation of network chéins, as
proposed by Flory, is not possible. (see Section 1,10).
In the Flory equation '

Kt = - 1In (0/0_) + (- 1n 0/0,)
2,21

terms higher than the first may bevneglected for small
tKt'., In the case of creep, however, the reformation of
network chains has another and more important effect.
Newly formed chains are progressively gtrained subsequent
to the time of their formation because of continuing
creep., A stress contribution from the secondary network
is of evef increasing importance as a consequence. Green
and Tobolsky 9, have examined this situation mathemati-
cally assuming a constént concentration of network
chains, each broken chain being considered to reform in
an unstrained position. New bonds, 1ik§ the original

network, were considered to decay by first order scission

kinetics, This leads to *:-

_ t , ’
(A -172%) Exp - Kt + K Exp - Kt (L?z _ l‘.‘)exp K7.dT
- ’ ) » (AT )\2) )

FJIQ

o ' o
4,7
A= elongafion-ratio at time t and |
for the purpose of the integral
is a,constapt.
Xf = elongation ratio at time .

Tt
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K decay constant

E network modulus. at zero time.

(o]

The two terms represent stress contributions from original
aﬁd new networks respectively.. An analytib solution .
-to this equation, A = f(t) was not given but in tﬁe text
it was suggested that A should increase exponentially
with time, Again therefore, for small amounts of creép,
a linear creep-time relationship would be expected and
this is supported by qualitafive considerations of the
proposed model, A creep strain of'say 5% of the initial
elongation suggests a reduction of a similar amount in
the concentration of primary network chains. Approxi-
mately 5% of the total*nefwdrk would consist therefore of
new chains and on average each of these would be strained
by about 2.5% of the initial deflection, The partial
coﬁtribution to the total stress from'new chains, taking
into account the shape of the rubber stress strain curve,
would therefore be in the order of only 1/10¢, to 3/10%

depending on the initial strain.,

Some evidence suggests that the presence of oxygen
has a great influence, not only on the degradation of
elastomeric networks, but also on their formation.

, 10 .

Tobolsky and Mercurio for example observed oxidative

hardening of SBR in the absence of vulcanizing agents

* This has been modified ﬁere so that '0' may be
regarded as constant aé is the qése for creep. In the
origihal analysis the stress was based on the instant-
anéoﬁs‘cross sectionél area and therefore increased with

strain,
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whiist Studebaker and Bt.a.el'l:i‘.}"11 have suggested that
hardening is cauéed by oxygen and that it depends on
similar factors to those which influence degradation,
naﬁely sulphur concentration and accelerator/sulphur‘
ratio., Similar conclusions for natural rubber have
been reported by Maisey and Scanlon 12 who suggested
that secondary network formation depends on the extent
of oxidation since antioxidant additions reduce both,
For sulphur vulcanizates they proposed a bond inter-
change mechanism involving oxygen and.this is supported
by more fecent evidence 13. in the'present work it was
noticed that apparent increases in modulus were evident
after a period of creep. The term 'apparent' is used
here since obvious values for unstrained length and cross
sectional area cannot be applied to samples which have
been subjected to a period of mnetwork reorganiéation at
strains in the creep range. Nevertheless, experimental
data is shown as a funcﬁion of permanent set in Figure 4,15
for samples crept at 60°c’ and 80°C. Permanent set and
modulus variafions for samples crept at 35°C were too
small to be measured, It appears, therefore, that
secondary network formation may lead fo a net increase
inthe chain concentration and this may be relatgd to the

presence of oxygen, Assuming that Ks.network chains form

1 i

constant, then equation 4.7 can be modified to compenéate

for every K. scissioned, where K, represents the decay

for an ever increasing network density. 1In this case
t

| ) | | N
_U__=(X-kz)ExP-K1t+K3Exp-K1t gl\__é_xz;
E, | | On _

E xp Ks’\:. d 7T,
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and the actual creep response would depend on the ratio
K3/K1. Even here, however, a significant contribution to
the total stress from secqndary network formation at the
small creep strains observed for samﬁles at 35°C is
unlikely and this is supported(by‘the laék of measureable
permanent set. Furthermore, in'comparisoﬁ’to Figure 4.1k,
if the decelerating creep response resulted from con-
current crosslinking it would be more prominant at

higher initial strains where the ratio of tangent moduli
for new and primary networks would be relatively higher.
This follows from the shape of the rubber stress-strain

curve,

In contfast to the two network theory and its
subsequent re-examination by Flory and others, Tobolsky
et al 14 have more recently proposed a mechanism of
éecandary network formation that_can lead, in the absénce
of extensive simultaneous network degradation, to an
increase in overall stress at constant elongation. They
considered the crosslinking together of network chains
already stressed. This was used to explain anomalous
increases in stress observed duriﬁg stress relaxation
experiments on polybutadiene vulcanizates &t 200°C in
vacuum, Typical stress relaxation curves were, however,
observed for the same rubber in air atmosphere where the
degradative process completely masked this finer influence.
Similar mechanisms may be important under air conditions
at low temperatures, such as have been used in the pfesent

work, where oxidative degradation is slow,
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The loss of volatiles by evaporation during the
duration of creep éxperiments could have a great influence
on rubbery modulus."C. S. Kim 15 has observed increases
in modulus in the order of 259 for polybutadiene after
ageing for 1,5 years at 27°C and has attributed this
to losses of sol fraction by diffusion to the éurface
and subsequent evaporation. Effects'ofvthis magnitude
are of obvioué importance in determining creep response
Nevertheless, the volatile loss from vulcanizate 'A' at
tempefatures as low as'35°c would be expected to be small,
bearing in mind that only 1% loss occurs at temperatures
in the range 80°C to 110°C, see section 3.3a. It is not
considered therefore that the inifial decelerating creep
response can be explained solely in terms of network
hardening resulting from gel fraction loss. This is
further supported by the fact that the time discrepancy
of thevinitial transient at any given temperature is not
a function of elongation, see Figure 4,12, wheras volatile

loss is accelerated by imposed extension, Figure 3.7.

Figure 4,14 indicatesithat the initial decelerating
transient is greatly influenced by applied humidity and
this may be e#amined in terms of the influence of humidity
on network modulus and with respect to the time deﬁendency
of water adsorption or desorption. See sedtion 2.5.
-Again, the fact fhat the time dependency of the deceler-
ating response is not affected by impbsed e1ongation'
(specimen thickness) suggests that the process cannot be
attributed solely to a continued and slow infusion of

water. Furthermore, it will be shown later that humidity
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does not have a significaht effect on fhe slope of the
linear portion.of secondary creep curves, Consider’ |
btherefore the results obtained at 'oven humidity' at
60°c. During the duration of their creep history they
would, if anything,‘desorb water and therefore their
moduli would increase. This means that an accelerating
initial creep response would be expected since the
'drying out' process would be more rapid during the eérly
stages of creep. As a result the initially increasing
network modulus would compgnsate for somerof fhe creep
elongation. Even so, these samples still showed a
decelerating initial response. By comparison, it is

not known whéther the samples at 409 relative humidity
.would absorb or desorb water during the experimental
duration., Clearly, an initial adsorption of water with
its attendant reductibn of network modulus would manifest
itself a§ an initially répid creep response. Aéain
however, if this was the case, one would expect that the
time dependéncy of this process would depend on applied
elongation, In conclusion therefore the initial
decelerating response cannot be solely attributed to a
slow adsorption of water during the early stages of creep
although this may make a contribution at high humidities.
ﬁevertheless, the concentration of pre-absorbed water,

as determined by test humiditf and sample pre-conditioning

time, does meem to influence the magnitude of this process.

Finally, it is of interest to note that’(ien't»1 has
observed decelerating creep curves for a vulcanizate

similar to 'A' at 60°C. The magnitude of the initial
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curvature was more pronounced in the ab#ence of_oxygen.
Further, he found that vulcanizates cured for only short
times crept féster in vacuum than in air and propoéed'
that in air weak polysulphide or other linkages were
stabilised by the presence of oxygen. The possibility
of a separate and rapid relaxation process to explain

decelerating creep curves cannot be ignored, .

4,4 The Influence of Carbon Black

Vulcanizates similar to 'A' but with 30 pphr cafbon
black additions have been prepared and tested., A single
masterbatch of composition 'A' was used to prepare
vulcanizates E, F, G, H and I, typical creep curves for
which are shown in Figures 4,16 and 4,17, These are
similar in shape to those for vulcanizate 'A' although
the initial decelerating response is more pronounced and
persists to higher temperatures, In contrast, slopes !K“
for 1inear.portions observed at longer times were not '
.significantlf affected by the presence of black or by
the type of black., Vulcanizate 'I' is an excebtion and
consistently showed fractionally higher creep rates. It
should be noted, however, that these samples were testedA
at similar stresses of about 1.4 MPa rather thaﬁ at |
similar initial strains, As a result, the more highly
reinforced vulcanizates showed lower initial elongations
and therefore slower absolute creep.rates. In this respeét,

vulcanizate 'I' had the highest modulus of the samples

tested and one of the slowest absolute creep rates.

It is of interest to note that linear creep rates

'K‘ expressed in terms of initial strain, are almost
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Figure 4.17 Secondary creep of filled vulcanizates
| E, F, G, H and T at 80°C and oven humidity.
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independant of black additions., This implies that filler
reinfércement is unaffected, over a wide range of creep
strain, by network changes in the gum phase around
individual carbon black particles, Although reinforcement
markedly decreases #ith increasing temperature, it cannot
be significantly affected by ageing. The influence of
fillers on total creep response must therefore be
predominantly viscoelastic in origin. Antioxidant and
pro-oxidant influences of carbon blacks are subject to

debate 17

but it would seem that they have negligible
effect, in the temperature region of present interest,
when compounded in a mix containing commercial anti-

oxidant,

-A more detailed discussion of the influence of carbon

blacks on creep will be presented in Chapter 6,

4,5 The Influence of Temperature

Slopes 'K' for the linear porfions of creep curves

" obtained for vulcanizate 'A! are>indicated in Figure 4,18
as a fuhction of initial elongation, As a first obser-
vation it will be noted that at the three lower temper-
atures these have general characteristics indicated by
Figure 4,6 and a maximum is observed for strains in the
region of unity. At 100°c,‘however, the creep rate
continues to increase with incfeasing'strains above 1,0
and this may reflect a stress activated process similar
to that proposed by Kusano and Murakami 8 to explain
stress relaxation behaviour at temperatures in this
region. Fﬁrther, it can be seen that uplikévthe deceler-

' /
ating initial response, linear creep rates 'K' are unaff-
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ected within experimental error by Variations in

relative humidity.

An Arrhenius plot for linear creep rates 'K4 is
shown in Figure 4,19 for both gum and filled vulcah-
izates, Good agreement is obséfved between present
and published data 16 for VUIcaniigte A andfthis is
dispite differences in specimen thickness; 1.8 mm and
1,0 mm respectively., This lends support to the conclusion
presented in Chapter 3 that creep rates in the present
work were not limited by restricted oxygen infusion
resulting from overlarge specimen cross gection. An
activation energy for the secondary creep process of
129 KJ mol~! can be derived from Figure 4.19 and this
contrasts with 74 KJ mol™! for the oxygen rubber reactibn.
(see Chaptér 3). These relative temperature dependences
are in agreement with the fact that scission efficiences,
determined from stress relaxatiQn.experiments, increase
with decreasing temperature since creep rates'dedrease
more rapidly with decreasing tempefature than do ageing
‘rates, This indicates that the aécoﬁdafy creep p:ocess
for vulcanizates based on 'A' cannot be accounted £or in
terms of a simple oxidation mechanism. Nevertheless
Derham et al 16 found that omission of antioxidant
from vulcanizate 'A'! increasedvthe creep rate by a
factor of 2.6‘a1though the éctivation energy was unaltered.
Oxidative ageing cannot therefore be neglect#d as a

contributory factor in the creep process as observed in

air atmosphere,
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The increases in network modulus observed during
the secondary creep of vulcanizate 'A' suggests that a
continuation of the vulcanization process #ould havé an
influence on creep deformation, It should be noted,
however, that the activation energy of vulcanization for
compoundsvsimilar to 'A', 'F? an&"G' is known to be in
the order of 87 to 95 kJ mol~! 1%,  Again this does

not compare with the activation energy for creep.

The activation energy for diffusion of free sulphur
in unvulcanized natural rubber in the absence of oxygeh
has been reported as 30 KJ mol;i 18, 20. By comparison,
in the presence of oxygen a value of approximately
70 K3 mol~1! has been observed 21v 22 o) the other hand
Bresler et al 23 have examined the diffusion of sulphur
ih vulcanized natural rubber, in the absénce of oxygen,
and have also observed a value of.approximately
70 KJ mol”}, They took the precaution to remove free
'sulphur from their samples by acetone extraction
subsequent to vulcanization. This suggests that the
presence of oxygen in the uncured samples using free

21, 22 caused a crosslinking process to occur,

sulphur
thus bonding the diffusing sulphur into the nétwork, The
observed activation energy would therefore equal that for
a vulcanized system, This is of particular relevance to
the seéondary creep process since the diffusion of bound
sulphur in a crosslinked network is equiValent to the
'envisaged'sulphur bond 1lability mechanism for network

reorganisation, Bresler et al zz'haVe proposed a simple

mechanism to account for the difference between the
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‘activation energy of diffusion of free and bound
sulphur, They suggest that some of the bound sulphur
is dissociated from the network and that only this is
free to diffuse, Using the idea of a dissociation

constant
RS, —Sd, R 4+ Sg
. , 24
and using the Gibbs-Helmoltz equation they showed that

the proportion of free to bound sulphur 'P' would be

~ given by

P = const ‘/;Bxp - AH¢
. _ RT

where AHf is the enthalpy of formation of the S - S bond.
Further, they showed that the activation energy of diff-

usion for bound sulphur Q;' would be given by

’ ——
Qp =0Qp + Oy

2
where QD is the activation energy for free sulphur

diffusion., This follows from their proposal that

U’ = PD., Hence, using AHf ~ 110 KJ mol-1 25 this gives
ng o~ 30 + 1%9— ~ 85 KJ mo1~1

which is in reasonable agreement with their observed

value of 70 to 75 KJ mol~l,

The facts outlined in the previous paragraph
suggest a tentative explanation for the observed
activation energy for secondary:creepg The concept of
sulphur bond dissociation and ﬁobility and the idea that
" the presence of oxygen promotes crossliking of these
bonds implies that creep occurs by a combined process of

dissociation and oxygen favoured re-combination.,
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The high activation energy observed for creep of
vulcanizate 'A' may be explained if it is assumed that
the rate limiting process is determined by the scission
of polysulphide.crosslinks.‘ This would follow if the
procésses by which radicals are removed ffom the syste@:
are relatively fapid; possible processes are:-

a) Recombination of radicals.

b) Reaction with adjacent network chains by means
of a cross-~linking reaction, with or without the
aid of oxygen, _

c) Interchange with other polysﬁlphide bonds,

d) Termination by reaction with active groups.

It is implicitbrassumed therefore that the rate of

oxygen induced scission of network chains, as occurs in
DCP vulcanizates, may be neglected in comparison to the
activity of sulphur based groups., Consider a hypothetical

energy potential profile for the process of bond scission:-

—— -1—-

Energy

bonds radicals

QR represents the activation energy for radical formation

and therefore the activation energy for creep., Clearly,

Qp

activation energy for removal of radicals from the system

. - - -1
exceeds AHf, i.e. QR = 110 + Qb KJ mol ~, Qb' thg
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would depend on their mechanism of removal; in case

a) above for example Qbkwould be deterﬁined-by diffusion
criteria since bond re-combination depends on the kinetics
.which govern the rate at which radical terminated chains
"find" each other.r By comparison case c) would depend on
the mechanism of reaction., 1In praétice fhe dominating

- process of radical remOVai may depend on a number of
facfors such as network structure, crosslink density,

the presence of oxygen énd the influence of antioxidants,
This would explain the scatter of observed activation
energies which have been observed for Stress-relaxation,
see Section 1,11, To illustrate this a simple model is
presented in Appendii YN which suggests that radical
recombination according to casea) ié not likély to be
relevant to vulcanizate 'A' although it may occur in
vulcanizates of very low crosslink density at high

temperatures, >130°C.

In‘conclusion, therefore, it is suggested that the
creep mechanisms which occur in vulcanizate 'A! are
dominated'by polysulphide crosslink scission followed by
radical eliminatiop by means of processes b, c and d
above; oxidative crosslinking may be important in

determining this.

4,6 cConcluding Remarks

The initial decelerating response observed in the
- creep behaviour of vﬁlcanizate 'A' and the dependance
of the creep rate on temperature may be explained

tentatively in terms of a creep mechanism involving both
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sulphur diffusion and oxidative crosslinking. The

linear relationship observed between creép deformation
and time under load for vﬁlcanizates 'A'band 'B' over
1ong periods of time cannot, however, be explained in

_terms of established stress-relaxation theory.

Rapidly accelerating éreep at long timés analagous
to tertiary creep in metals and ofher materials did
not occur except at the highest temperatures.and stresses,
No evidence for creep instébility by necking in the gauge
length was observed and this is illustra£ed'by Figure 4,20
which shows crept specimens tested under conditions
indicated, The sample tested at 100°C shows extensivel
permanent set in the absence of necking. This could
be accounted for by a ‘'‘creep hardening!' process in
which loss of cross section is cémpensated by a corres-=
ponding increase in network integrity. This is in.
agreement with the observed incréases in apparent

modulus with creep,

Extrapolation of Figure 4,19 indicates a value for

the linear creep rate at 15°C of about 5 x 10-8 min~1

o
Assuming a typical logarithmic creep rate for vulcanizate
'A' of 2,5% per decade, this indicates that at room
temperatures the secondary process begins to déminate
after about 400 days (. 1 year) under load. This must,
however, be regaraed as an order of magnitude éalculation

.only because of uncertainty in the impdrtance of initial

decelerating creep response at room temperatures,
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APPENDIX 4A

Bond Reformation by Radical-Radical Reaction

The removal éf free radicalé by mutual recombin-
ation is to be considered., It will be assumed that ah
equilibrium concentration of radicals is generated by
S-S5 bond decomposition. Creep extenéion from this
Process may only occur when the radical concentratiom
is sufficiently high so that each radical is close
enough to an adjacent radical, other than the one from

which it was originally scissioned, to react with it.
The equilibrium cohcentration of free radicals is
given by

NR = (ns - 1) No Exp = AHf

2RT
see text,
where NR = conc of free radiéals
n, = no of S atoms in the cross-links

i.e. (ns - 1) = no of S-S bonds per

cross-link

‘crosslink concentration

Z
n

= network chain density
AH. = enthalply of formation of the

S-S bond.

"For simplicity it will be assumed that the fixed ends
of radical terminated chains are arranged in a regular

cubic array in space so that the typical separation
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distance between them is. (1/NR)1/3.
1/3

i.e. 1 Exp + AHf
No (g = 1) | GRT

Clearly, for mutual elimination of radicals by

"recombination this separation distance must be less than
twice the contour length of radical terminated chains.
1/3
i.e. [ 1 ] < 21

Ng

1. - network chain length.

c
A value for 1, may be deduced if it is assumed that all
chains have the same length, |

Then Ng 1. w =»p

mass of a network chaim per unit

wW =
length,
p= density of rubber,
l.€, 1 =x p
c

Hence, for reaction to occur

. 1/3 |
' Exp + AH. ' 20
s ~ 1)No EﬁfT»< N_w

p o
‘ 3/2 1/2
OR Exp A 2°f (n_ - 1)
B R
o]

ba.1
For gum natural rubber » = 1000 kg m~> and w may be

deétermined from the monomer mass and its repeat distance:-
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/// _ wt = 68 g mo1~1
\\ .

= 1.13 x 10727 kg

pPer monomer

ices w  1.13 x 10722 kg m~?!
4,5 x 10~ 10
~2.51 x 10710 g 1
Hence 2p 2 x 107 ~ 8 x 1018 m™2
" 2.51 x 10~ 10 |

Substituting this into equation 4A.1 and taking
AHf ~ 110 KJ mol"1 gives: -
28

Exp 3;00 < (2.25 x 10°7) (ns - 1)
N

1/2

ha.2
According to the model the possibility of crosslink
elimination by mutual recombination is favoured by high
temperatures, low crosslink densities and by the presence
of long polysulphide crosslinks, In the case of vulcan-
-26 m-3

izate 'A' for example N_ is about 1.2 x 10 and

o
n_ may be in the order of 1, 2, 3, & ....
Taking n, = 2 gives

Exp 3300 . 187
T

i.e. T > 360°%.
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It is suggested therefore that radical-radical recombination
does not play an important role in the creep of vulcanizate

‘Al

™
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CHAPTER 5

LOGARITHMIC CREEP

5.1 General Considerations

There is no doubt that in the rubbery plateau
region creep follows closely to a logarithmic law over
extensive time periods in the absence of chemical
changes. This is illustrated in Figure 5.1_whiéh-shoﬁs_
some creep curves obtained in the vicinity of room
temperature, Logarithmic creeé is associated with
ﬁhysical pProcesses occuring as a result of applied
stress and is therefore a manifestation of viscoelastic
response which in turn is associated with the versa-
tility of movement of threadlike macromolecules., At
the time of writing the mechanisms of logarithmic creep
are uncertain but the process must represent a
progression of the rubbery network towards equilibrium.
Network réstrainté which prevent an immediate adoption
of equilibrium conditions are therefore responsible for
subsequent creep. Ferry 1y 2 jas poinﬁed out that the
logarithmic relationship implies a very slow response
to applied stress since it persists to very long times
and that this cannot be accounted for by classical
viscoelastic theory based on the kinetics of single
molecular chains. Instead he has proposed that the
behaviour may be ascribed to co-operative long range
motions of the network extending through large regions

of three dimensional structure, This is supported by
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Smith 4. It implies that the volume of network

associated with the creep mechénism may be many times
that of a single chain and "this idea willnfeature
prominantly in the present chapter. A tentative theory
for logarithmic creep based on activation energy ideas

is to be presented.

5.2 The Influence of Temperature

In Chapter 2, Figures 19 and 20, it was shown
that lqgarithmic creep rates for vulcanizates. 'A' and
'B' were identical; within experimentai error, over a
range of temperature. Furthermore, the rate.constant
increased with decreasing.temperaturé in the range
+15°C to —30°C which is in fact the lower half of the
rubbery plateau region for natural rubber. This
behaviour is in agreement with generai viscoelasticity
theory presented in Chapter 1 since reductions of
temperature bélow room temperature represent a shift
towards the transition region., It would be useful to
present creeé data in the form of time«temperature
transition mastercurves but the reducéd modulus ER is
not strongly affected by temperature within the rubbery
plateau. In practice it is not possible, in this region,
to establish a clear quantitative picture of the influencg
of temperature on reduced modulus due to the inherent
variability between individual test pieces.and also
because of the difficulty of measuring test piece cfoss-
séction with great accuracy, Indeed,-a variation of

specimen thickness along the gauge length of 2% is
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permissible for creep samples accdrding to BS 503 5.
An empirical approach to the influence of temperature

will now be described.

The logarithmic time relationship is not peculiar
to elastomers and has_beén observed for metals at lower
temperatures in the creep range and also for plastics,
For metals a number of explanations have been considered
inciuding a distribution of activation energies for
dislocation flow 6 and a distribution of activation
stresses 7. Whilst neither of these is disimilar to a
distribution of relaxatioq times, the conventional approach
to polymer viscoelasticity, it turms out that the
activation energy concept has a simple mathematical
interpretation. It can bé shown that, for logarithmic
creep, the activation energy for flow may be considered
to increase linearly with the eitent of prior creep.
Consider equatién 1.4 |

€ =¢€, + Cegy 1og10t 5.1

or €. = 051 logiot 5.2

where € is the amount of creep strain observed in the
time interval '1,0' to 'tt,

ioeo gc = cgl ln t 503
2.3

and differentiatihg with respect to time gives:-

dsc = C81 5.4
dt 2,3t *
But from equation 5.3, t = Exp (2.3 sc/Csi)
at 2.3 cey, )
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Equation 5.5 is analagous to the Arrhenius activation
fun¢tion

Rate = A Exp - (Q/RT)

A = Constant

Q = Activation energy
R = Gas constant

T = Temperature

assuming that 'Q!' increases linearly with the extent
of creep 'ec!. This suggests that equation 5.5 might

be re-written

de, _ , Exp - Q + Be,
dt RT
OR dec - B1 Exp - 'Bsc : 5.6

at RT
| B and B, are constants.
'Ql' is the apparent activation energy at one minute
under load. In the present work 'ec' is arbitrally
taken as zero at 't" = 1 minute but in fact the creep
strain could be measured from any other datum point in

time and equation 5.6 would still hold, with relevant

modification to the constant B!
B (e, - £4)
RT

i.e. Bt = B1 EXP -

€, = strain at time 't!

strain at time '1!

and time 't' would then be the datum point,
i.e. In general dg _ By Exp - P_(E ~ E¢)
t : RT

It should however be noted that these rélationships
cannot hold for very short times as an examination of

equations 5.1 and 5.4 will show. At 't' = 0 the strain
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is predicted to be minus infinity and the creep rate
infinite. Nevertheless the logarithmic law agrees well
with experimental data for times in excess of about

30 seconds. Equation 5.6 suggests that the activation
‘energy is ever increasing and this implies zero creep

recovery.

Equatibn 5.6 could possibly be used to analyse
creép data at different temperatures were it not for
the faét that the pre-exponential factor.B1 must itself
be temperature sensitive. Consider two identical
samples tested at two temperatures, After one minute
under load the sample tested at the higher temperature
wiil be closer to equilibrium than the other., This may
be interpreted in two ways: the higher'temperature sample
may be considered to have already crept further during
the first minute or alternatively it may be considered
to contain fewer of the network restraints which prevent
the immediate adoption of an equilibrium position., In
either case thg factor 'B1' will be smaller. This in
ifself is sufficient to describe qualitafively,the
effect of temperature on creep rate, Despite this non
éonstancy of ;BI' it was decided to plot data for
vulcanizates 'A' and 'B' at temperatures below 15°C in
a fashion suggested by equation 5.6. Figure 5.2 showus
>experimen£ally observed logarithmic creep rate§ over a
range of initial strain and for temperatures below 20°C,
‘Values of the logarithmic creep rate 'C' can be taken
from this figure for each_temperature and for any given

initial elongation '51'. Actual rates of creep (ds/dt)
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can then be calculated using equation 5.5:-

dt 2.3 Cel *
or: -
log10 dsc = 10310 cE - €, 5.7a
' dt , 2.3 — .
ce1

Figure 5.3 shows Arrhgnius - like plots of the 1ogafithm
of the creep rate, so calcuiated, as a function of
reciprocal temperature for an initial strain '51' of 1.5,
Each line represents the creep rate after a given amount
of prior creep 'ec' as indicated. vstraight'line
relationships are observed., The positive slope is not
unexpected since in this temperature regioﬁ the creep
rate decreases with iﬁcreaéing teﬁperature and this iﬁ
fact represents the effect of the pre-exponential factor
'B1' on the creep rate as discusSed above, It can however
be seen that the plot yields an empirical relationship
for the influence of temperature on creep rate since

it is possible to draw the iines at different amounts of
prior creep to intersect at a common point. Further, the
siopes of these lines should vary 1inearly_with‘fh¢ extent
of prior creep. This is illustrafed_in‘Figure>5.4 where
measured slopes are shown plotfed against 'ec' together
with similar data fof other initial elongations,
Remarkably it shows a linear relationship passing
approximately through the origin. 1Assuming that the
slopes of Figure 5.3 are given by (Bsc/Z.SR) then the
slope of Figure 5.4 represents (B/2.3R) and a value for
1B méy th;refore be evaluated; in this case '§' is

approximately 510 KJ mol-i'per unit strain,
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Figure 5.4 Slopes of the Arrhenius-like logarithmic creep
plots as a function of prior creep. Data for
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Using the above results the rate of creep, for a

given initial strain, may be expressed in the form

1n deg = A - Be 1 1
dt ‘—ﬁ-"- [To = "f] 5.8

where the constants 'A' and 'To' are determined by the
point of intersection as shown in Figure 5.3. This may .

be manipulated to give

de = AExp - Be, . Exp + Be, 5.8b
dt RTo ~ RT

The first exponential term is associated with the increase
of activation energy with continuing creep whilst the
second term represents the greater ease of movement of the
macromolecular network withAincreasing temperature. -

This second term is in fact analagous with the viscosity

equation

n = viscosity

AH = activation energy for viscous
flow.
It is well known that the Doolittle equation 3 is more

suitable for the examination of the influence of temper-
ature on the viscosity of polymers, This topic will
not be pursued here however and equation 5.8 will be

left as an empirical statement of observed results,

Creep data fof vulcanizates 'A' and 'B' at two
other initial elongations,.plotted in the proposed
Arrhenius fashioﬁ, are indicated in figures 5.5 and 5;6.
Again a single point of interseétion can be drawn in |

. each case, Gradients and derived values for-'B"are
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shown in Figure 5.4, It is of interest to point out that
'To' is approximately -53°C for initial stréins of 1,2
and 1.5 whilst the corresponding temperature for an
initial strain of 2.2 is only just below rooﬁ temperature,
In Chapter 2 it was mentioned that the high creep rates
observed at high elongations may be associated with
crystallisation., This would account for the lérge
differences in 'B' and "To! between.results at g, = 2.2
and results at moderate strains, The significance of

'To! iS not understood but it is of interest to point

out that Qiéédﬁify'and diffusion in elastomers are much
influenced by the glass transition temperature 3.
Johnston and Shen 4 have recently shown that the glass
transition for natural rubber is unaffected, within
experimental error by extension; they obtained a value
of TS = -69°c ¥ 1/2°C. It would seem therefore that a

variation of 'T,' with elongation cannot be attributed

to changes in the glass transition temperature.

Above 35°C,the 1ogarithmic creep of vulcanizates
'A' and 'B' is relatively independent of temperature
(see Chapter 2 Figures 19 and 20) and the temperature
region 15°C to 30°C is marked by a transition in
beha#iouf. An analysis of the time-temperature
relationship in the above fashion for results‘oBtained
at temperatures above 15°C is not therefore possible,
Nevertheless it is suggested that the mechanisms of
creep in this region may be similar to those_below
15°C and a more éuantitative description will follow
later, The proposed e@pirical relationship has been

tested using other vulcanizates, Figure 5.7, for
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example, shows data for a commercial sulphur based mix
containing carbon black and blending oil at an initial
strain of 0,55. Again similar trends are observed, |
Two batches of vulcanizate 'C' were prepared which

gave completely different behaviour despite almost
identical moduli. These are referred to in Figure 2.1
as vulcanizates C and C2, C gave rates.of creep
somewhat lower than for 'A' and 'B' and displayed
logarithmic behaviour over long time periods. By
comparison C2 crept rapidly at first but showed a
deceleration from logarithmic kinetics after about

100 minutes under load, Initial logarithmic data for
C2 is shown in Figure 5.8 and associated rate-temper-
ature plots in Figures 5,9-5.12. Good agreement with the
empirical approach is observed considering thevscatter
of experimental results indicated in Figure 5.8.
Similar data for wvulcanizate 'Dt* is shown in Figure 5.13,
The temperature scale for the Arrhenius - like plots of
these peroxide based vulcanizates extends from 0°C to
50°C. It was not possibleAto carry out creep experi-
ments below 0°C because of the dominating influence of
érystallisétién, see Section 2,6, and indeed thé creep
rates at 0°C were evaluated from results at short times
before the onset of the crystallisafion accelerated
response, Note that, unlike the sulphur based vulcan-
izates, these haterials do not show a transition in

creep behaviour in the viecinity of room temperature,
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Figure 5.13 a) Experimentally observed logarithmic creep
rates for vulcanizate 'D' as a function

of initial strain,

b) Slopes of derived Arrhenius plots (not
shown) of the rates of creep as a function

of temperature,
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563 DiscusSion

| It is of interest to éompare thé activation_

energy approach 6utlined above with the time-~temperature
superposition principle. It has already been pointed
out that the WLF technique is of limited value in the
rubbery plateau region because of the relative
independence of reduced modulus on temperature.
Furthermore, for logarithmic creep, séparate creep
curves cannot be superposed‘since the intersection of
two straight lines cannot be accomplished at similar
values of strain and gradient simultaneously. Consider,
however, a relative translation of two curves, Figure 5, 14a

some distance log a,, along the logarithmic time axis to

T
give an intersection at equal amounts of creep strain.
From geometry the required shift is clearly proportional

to ‘e ' Similar reasoning would hold for the same

results plotted in terms of creep modulus since:-

ER(t) = stress = o
strain €4 (1 + ¢ logiot)

This is idealised in Figure 5.14b. Again any horizontal
translation of the curves to giVevsuperposition must
depend on the value of Ef(t) and in.fact the shift will
be exactly the same as that indicated in Figure 5.14a;

The idea of plotting time shifts, log a against

T’

reciprocal temperature is well established and has been
discussed in Chapter 1, It is merely an extension of the

WLF technique for the special case where a straight line

3

relationship results and Ferry for example considers

shifts are synonymous with AH, the
10, 11

T

activation energy for-flow. Ke

that the log a

has applied this
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Figure 5.14a Schematic representation of two creep curves

at temperatures T1 and T2, T2 > Tl‘ The

shift function log a,, is proportional to the

T
extent of prior creep 'ec'.

[

Creep modulus E

Log t

-Figure 5,14b Schematic representation of the curves of
Figure 1ka plotted in terms of creep modulus,

Again the 'log an shift depends on the extent
of prior creep.
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approach to the logarithmic creep of metals by .
plotting log an for the franspositibns of (Ec/sl)

versus log t curves againsf 1/T. He did not justify his
somewhat arbitrary use of the ratio (sc/el) instead of
for example observing the times for equal deflectiéns
but it ié clearly an attempt to eliminate from the
derived activation energy any effect due to the temper-
ature dependencies of the limiting moduli. McCrum and
Morris 12 have used a similar technique to analyse‘the
B-relaxation in polymethyl-methacrylate. 1In the present
‘work, however, it was decided to use the creep rate as
the basis for deriving a temperature relationship. This
is conceptually clearer in that the Arrhenius law and
the viscosity - temperature equation which follows from
it are framed in terms of rates, It is of interest to
point out that if the parameter 10810 (1/51 deg/dt) is
plotted against reciprocal temperature, instead qf loglo
(ds/dt), exactly the same curves are obtained but shifted
downwards an amount log10 €4+ Log (de/dt) has been used,
however, since it is less confusing for the purpose of

comparison.

The proposed‘empirical relationship'for fhe influence
of temperature on logarithmic creep has been based on a
comparison of creep curves which start from equal initial
strains and the comparison is madg aftef equal.amounts
of creep. This is in fact almost synonymous, in this
temperature range, with a coﬁparison'based on equal.
reduced stresses, More philosophically, however, it may be

considefed that the molecular network will be in the
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same "condition" after stretching to an initiai
elongation '51' and subéequent creep-fec"irrespective

of the temperature and stress. This follows if the
mechanism of creep is the éame at all temperatures within
the fangé being compared, Hence it may be more funda-
mentally valid to work in terms of strain. Activation
energies for créep in polypropylene and polyethylene

13

have been deduced from similar arguments .

In summary, it has been shown by two separate
approaches that the‘activation energy for logarithmic
creep may be considered to increase linearly with the

extent of prior creep i.e. From the creep-time relation-

ship and from the creep-rate - temperature relationship.

5.4 The Influence of Prior Creep on the Creep;Raie

The empirical rate - temperatufe relationship
described above is indicative of a temperature activated
process in which the creep respohse is determined by the
applied stress and a material viscosity factor. The
fact that the apparent activation energy increases in
proportion to the prior creep may be explained in terms
of farious assumptions based on the breakdown of struct-
ural units, The “"exhaustion" theory for example assumes
that a material contains a number of points of stress
concentration ﬁaving a linear distribution of activation
energies 6 or activation stresses 7. By comparison the
"hardening!" theory 14 assumes that the elastic retraction
;tress in the specimen increases with creep elongation
and that this brings about a reduction in the creep rate.

Logarithmic creep behaviour may be deduced from any of
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these concepts, Further, they all predict stress
softening and mechanical hysterisis phenomena 15, 1n
this section, logarithmic behaviour will be treated in

terms of the "hardening" theory.,

Saunders and Treloar 16 have examined the influence
‘of temperature on the viscosity of unvulcanized mnatural
rubber, Using a modified Mooney viscometér they were
able to show that the shear rate was related to temper-
ature in an Arrhenius fashion for any given value of
applied stress.
| i.e. shear rate = f(0o) Exﬁ - H/RT
'H' was in the order of 3& KJ mol’i. It is suggested
that creep in vulcanized rubber may be described in a
similar fashion if account is taken of the elastic
retraction stress developed in the cross-linked network
as a result of the applied exteﬁsion. Consider a rubber
testpiece extended by a constant applied load. It is
proposed that some of this load is supported by a
viscous-like friction between adjacent structural units
in the macromolecular lattice., The applied stress is
therefore assumed to exceed the elastic network stress
by an amount (0 - 0i) where '0' is the applied stress and
'gi' the internal elastic stress. The kinetic theory
of rubber elasticity, see Section 1.4, is based on the
assumption that intefnal and applied stresses are equal
and should therefore predict 'gi' as a function of
extention,
ice. 0, = E, (A -3 | 5.9
Eo = a modulus term synonymous

with 'nKT' of equation 1.1,
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The ‘excess stress' (o - di).is assumed to be supported
by internal friction within the,strﬁcture and theA
temperature activation of friction poiﬁts is manifested
by éreep. As creep pfoceeds however, 'gi! increéses in
accordance ﬁith equationSS'as a result of the increased
network extension. Consequently the excess stress,

(0 - 04), decreasss and the rate of creep decreases.
Conrad 14 has used this concept to examine logarithmic

creep in copper at low temperatures and has proposed:-

de = A Exp - @-vlo-oy) - 510
d RT '
Y = A constant with the dimensions

of volume.

A = A comstant,
This is based on the assumption that the apparent
activation energy for the éreep process is reduced in
proportion to the excess stresé. Figure 5.15, repre-
senting a hypothetical energy barrier'for the creep
mechanism, indicates why this might be so 17. For zero
applied stress the rate of forward and backward reactioﬁs
accross the energy barrier are equal and the net creep
rate is zero. On introduction of an‘excess stress
(o - oi) however, a modification of the acti#ation plot
is assumed and the rate of the fofward feaction exceeds

that of the backward reaction., Hence the net creep rate

" is given by:-

net creep rate = A Exp - Q - wl - A Exp - Q + Wz
: RT RT

W1 and Wz being the changes in activation energy for

forward and backward reactions respectively. For
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Q

Figure 5.,15a A hypothetical dashpot and spring model to
| represent logarithmic creep. The dashpot is
assumed to flow under the action of an 'excess!
stress (o - ci), aided by thermal fluctuations._
An Arrhenius type law is assumed to apply
directly to the dashpot response.

Figure 5.15b A hypothetical energy barrier for deformation
of the dashpot shown in (a) above; (i) no
applied stress (ii) applie&<stresé = (o - Oi).
The excess stress (o - oi), supported by the
dashpot, is assumed to influence the shape of
the energy barrier as shown. The rate of

flow A> C and C> A are equal in case (i) bﬁt

in the stressed state the rate A-> C exceeds
that of C—> A,
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sufficiently high values of LY and W, however, the back-
ward reaction may be neglected in comparison to the
forward reaction. Further, if it is assumedfthat'w1 is.

proportional to the excess stress, i.e. W, = Yy (o0 - g;)»

then equation 5,10 is derived,

Activation energy ideas leading‘to equations
similar to 5,10 have been applied to the logarithmic
creep and stress-relaxation of paper 18. Zhurkov 1?
hés proposed a similar equation to explain creep rupture
in a variety of materials and his theory has been applied
to the creep-rupture behaviour of polybutadiene at
ambient temperatures 20. He considered the excitation
and breakage of bonds by thermal fluctuations under the

21

action of stress., By comparison, Bartenev has

[y

proposed the equation, .

t= 7T, Exp + [ !‘—};—T-Y-C’-]
to explain viscoelastic behaviour. Here '?' is a relax-
ation time and 'y' is again an activation volume. He
suggested that under experimental conditions '?' must
approximate to the time éf measurement 't' since all
mechaniéms with "<t would be expired prior to the
instant of measurement., Similarly, mechanisms for
which T>t would not contribute significantly to the
viscoelastic process at time 't'. Putting t = T

therefore and re-arranging this equation gives

H RT t
= ———l
(o) Y Y n o
This Equation " can be used to interpret logarithmic

stress-relaxation at constant strain and may also be applied

tothe influence of strain rate on the stress-strain curve,
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In the latter case, the fimel't' to obtain a given
elongation is inversely proportional to the strain rate
'€' and hence the stress obtained at a particular |
elongation depends on '€'. From derived values of
activation volume 'y! Bartene@ suggested that the
structure of rubbery polymers consists of microregions

of ordered "supramolecular" strucfure surrounded by a
matrix of‘free chains and segments. The ordered
microvolumes may be related to regions of short range
order of the type associated with liquids and in the
present analysis they will représent viscous-like
behaviour, Free chains represent purely elastic
behaviour. Chains and segﬁents contained in the micro-
blocks are considered by Bartenev to bé bound and a
.state of dynamic equilibrium is envisaged between free. and
bound chains, The detachment of bound chains under the
action of stress and thefmal fluctuation leads to creep
at constant stress or stress-relaxation at constant
elongation., Simultaneously,; free chéins ih equilibrium
with the applied stress may attach themselves and. this
leéds to the decay, growth and extinction of pre-
existing microblocks together with thé nucleation and
growth of new microblocks, The concept of supramoleculér
" microblocks has also been used to explain the elastic
22,31,32,41!42'

behaviour of rubbers whilst a 'domain!

structure has been postulated to explain various other
properties such as heats of solution and ease of
crystallisation 23. Activation volume ideas have been

applied to the logarithmic creep and stress-relaxation
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of cement'zg, to the yield and flow of polymers 25-27

"and to yield in epoxy resin 28-30.

5.5 Application of the Model to Creep

The interpretation of equation 5,10 to the case
of a creeping rubber network is to be considered., Since-
creep experiments are pérformed at constant applied streSs,.
the 'g' of equation 5,10 ﬁay be regarded‘és constant,

Rearrangement then gives:-

d RT

de = A Exp - Q_  Exp +[y (g - Ci)l]Exp»_[Y Aoi]
' RT

RT

5.11

where (o - Gi)1 magnitude of the 'excess' stress at

a time of 1.0 minutes under load.

Ao,

i change in the internal stress

subsequent to 't' = 1,0,
The first three factors of Equation 5.11 are constants

for any given creep experiment and hence:-

de = M Exp - Y Aoy
dt —_——

«12
RT >

M = constant,
Furthermore, 'ci' is given by equation 5.9 and hence
-2
Ao, = E, A (A -AT)
where A (A - K_z) is the change in the function (A - X-z)
subsequent to t = 1.0,

This gives: -

t

i@. = M Exp ~-[Y EO A ()\- >\-2) ‘ 5.13
[

OR, for small amounts of creep 'Aoi' will be given

approximately by the produét of the tangent modulus and
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the creep strain 'sc'
i.e. Adi ~ EeC
E = tangent modulus

and diffefentiating equation 5.9 gives

E=4dg = dg= E_ (1+ 2x'3) ~ E (1+ 2 x1'3)
an de °
where Kl = extension ratio at
'ty = 1,0,

Hence, equation 5.13 can be re-written:-

-3
de ~ M Exp YE, (1 + 2A ") €

dt T
= MEXp - Y Esc 5.14
_er . -
which yields:-
ln de = 1mM - YEE& I
at C 5.15

RT
Note that equation 5,15 is synonymous with equations 5.6

and 5.7 and is therefore representative of logarithmic

creep.

Figure 5,16 shows creep data for vulcanizate 'A' at
20°C plotted in terms of equation 5.13. Individual
experimental points have been evaluated graphically from
plots of 'ec' againsf 't' and each line represents data
for a sihgle tesfpiece. Note that each sample obeys
equation 513 throughout its creep history alfhough the
gradient - YE0/2.3 RT decreases with increasing a?plied
stress, i.e. with incréasing test.elongation.' This
implies that 'y' decreases with increasing initial
elpngation since Eo’ R and T are constants, These'gradii

(y Eo/2.3 RT) are in fact shown in Figure 5.17 as a
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Creep rate as a function of the change in

excess stress i.e. A0, = E_. A(A - K-z)‘
‘ i o

Vulcanizate 'A' samples at 20°C. Note that

the slope (- YEo/2.3 RT) depends on the applied
stress (elongation)., ' |
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Figure 5.17

Influence of Initial strain on the function
(YEo/2.3 RT). Since Eo, R and T are constants
this reflects the dependence of y on initial
strain., Results were obtained for vulcanizates

'A'.and 'B' at room temperature,
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function of the strain at one minute under load, 'el'.
Inspection shows that 'y!' is inversely proportional to
L} ]

51 .

i.e. Y = 2.3 a RT ‘ _ 5.16

Eo 51

_where 'a' = slope of the line in Figure 5.18.
A tentative explanation for this behaviour may be derived
if fhe activation volume is assumed to be synonymous
with the size of supramolecular microblocks having
properties described earlier, Consider that each
microblock becomes a point of stress concentration as
the network is extended to the initial test strain. This.
follows from the fact that the molecular chains bound
within each microblock are connected directly or indirectly
to the surrounding elastic matrix. The applied stréss is
therefore transmitted to the microblock along individﬁal
attached chains and this causes microblock decay.
Simultaneously, other chains in equilibrium with the
applied stress may attach themselves. The size df
microblocks contributing to the creep deformation depends
therefore on the extent ofvthe initial implied elongation.

Temperature and initial strain rate may also be important.

Equation 5.16 has been derived from creep results
at robm temperaturg and for relatively rapid rates of
load appiication; it may not bevvalid under other
conditions., It is of interest to point out in this
connection that equation 5.10 may be interpreted slightly
differently to give a different dependence of activation

volume on initial strain, In the present analysis the

- 231 -



'excess' stress is based on fhé original unstrained
specimen cross—section. By workihg in ferms of the
instantaneous cross-section true values for the change in
excess stress with cfeep may be determined and this leads
to a smaller derived dependence of 'Y' on initial strain.
Nevertheless, in the présent work all calculétions will-

be based, for simplicity, on the original cross-sebtion.

In practice 'Y' may be calculated, wifhout.the
necessity to draw graphs, from a comparison of equations
5.14 or 5.15 with equation 5.5; If 1n (deg/dt) is
plotted against 'e 'y similar to Figure 5.16, the slope
of the resulting curve may be interprefed from either
of these equations and this leads to |

Y = 203 RT

-3 pef mol 5.17a
CB} Eo (1 + 2\ ) |
ioeo Y = 2.3 kT
Cey E (1 + 2X1—3) per unit mechanism
5.17b

~ k = Boltzmanns constant.
But, from equation 5.11 Eo = nkT, and hence:=-

Y =~ V 2‘3 : ' 8
nce, (1 + 2k1-3)- 5.1

per unit mechanism,
Values of the activation volume, so calculated, are
shown in Figure 5;18 for vulcanizates 'A' and 'B' over a
range of temperatures and initial strains, Clearly,
initial strain is the major factor in determining

activation volume rather than test temperature,
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'A' and 'B* as a function of initial strain.
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The modulus term 'Eo' for vulcanizates 'A' and
'B' is approximately 500 KPa at 20°C. This gives
experimentally derived values for 'y' in the range

24 m 3 to 6 x 10-26 m3

1.5 x 10~ for results at the
lowest and highest strains respectively. Assuming 'y’
to represent the size of spherical supramolecular
domains, then these would be in the size range 200 s
diameter down to about 50 8 diameter. This is in

. -24 -25 3
reasonable agreement with the 10 to 10 m~ observed
by Bartenev at low strains and agrees with his suggestion

that at least one dimension of a domain would not be

less than 50 &.

In summary it has been shown that equation 5,10,
as proposed by Conrad, may be appliedrto the logarithmic
creep of elastomers, An activation voluﬁe 'y'! is then
associated with the flow process and may represent the

size of supramolecular domains as envisaged by Bartenev.

5.6 The Influence of Modulus on Creep

The influence of crosslink density on creep and
stresé-relaxation rates has already been mentioned in
section 1.7, Whilst the type of crosslink and
associated network 'cleanliness' are known to be
important 33-35, it is now well accepted that creep
rates are smaller for samples of higher ﬁodulus 33-40.
Figure 5-19, for example, indicates some of the more
relevant MRPRA data on the subject. 1In the present
séction it is intended to explain the general shape

of these curves from considerations of the 'hardening'

theory presented above.
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Figure 5.19 Influence of network modulus on creep rate.
After Farlie 33.

1. EV vulcanizates,

2. Conventional sulphur vulcanizates,
3. Peroxide vulcanizates,

C., represents the Mooney-Rivlin modulus

1

constant.
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The 'hardening' concept involves the idea that
creep is related to an 'éxcess' stress over gnd above
that associated with the elastic retraction.stresé.

This t'excess! stress diminishes as creep procéeds as a
result of increasing network extensioh{ i,e. because

of the increase in elastically supported stress., Clearly
therefore, the rate of decrease of excess stress wifh
creep strain will be directly proportional to the mnetwork
modulus, Consequently the deceleration in creep rate
resulting from a given creep strain will be greater in

a high modulus nefwork than in a low modulus mnetwork.
Assuming that thé general structure of rubber is
relativeli unaffected by crosslink density this may be
described in a semi-quantitative manner. If the
logarithm of the creep rate were to be plotted against
creep‘strain, analogously to Figure 5.16, the gradients
of the resulting straight lines could be interpreted in
terms of either equation 5.7'or‘equation 5.12, This

implies therefore that:-

- = - 2.3
RT cs1
or that ¢ 1
_— 5.19a
YE61

E = tangent modulus.,
In section 5.5 however, itbwas,shownvthat for vulcanizatg
'A' over a range of temperatures 'y' tends to be inversely
proportional to the initial strain. LAli other.things
being equal therefore:-
Ca 1/E - 5.19b
i.e. The logarithmic creep rate should vary as the inverse

of the network modulus. It is of interest to point out
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however that‘this deduction_assﬁmesr'y' to.bé unaffected
by crosslink density and in practice this may not be so.
Thirion and Chasset qo'for example havé'considered the
influence of crosslink density on creep from a chain
entanglement vieﬁpoint. They suggested that long range
entanglements are less likely to occur at high cross-link
densities and that this results in a reduction of the
relaxation mechanisms causing creep., By comparison,

the present analysis assumés'that 'y' and therefore by
implication the network stru#ture are insensitive to
crosslink density, Nevertheless, the qualitative
argument leading to eguation 5.19 rémains valid and
furthermore the result is'sﬁpported by general trends

in the experimental evidence as is exemplified by

Figure 5.19,

5.7 Application of the Model to Tensile Tests

It is well known that the stress-~strain curves of
rubbery polymers are shifted to higher values of stress
with increasing strain rate. Within the range of moderaté
to slow strain rates the full tensile test occupies.some
few minutes to several hours of experimental time and this
implies that the behaviour may be attributed to slow but
persistent mechanisms, It is proposed that within the‘ |
rubbery plateau regioh the mechanisms most influencing
the strain rate dependency of tensile response may be the
same as those which cause creep within fhé same experi-
mental time scale, This suggests that 1ogérithmic creep
and the strain rate sensitivity of tensile data may be

interelated and it is intended to interpret this in
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terms of equation 5,10,

The internal elastic network stress 'oi' is
independent of time uﬁder load, being a function of
elongation only iﬁ accordance with equation 5.9, If
geveral test pieces were to‘be tensile tested at
different strain rates, therefore, the elastic stresses
oai; developed in each would be identical when compared
at any particular value of strain., Further, the size
of supramolecular domains in each sample would be
jdentical if it is assumed that 'Y' depends oﬁly on
gEtrain as suggested in section 5.5. The observed
gtresses for each sample, corresponding to a particular
gtrain, méf therefore be related to the imposed strain
rate using equation 5,10, expansion of which gives:-

AP - R _Q _ Yoy _ YO
Ingg =12 A -5 - pr~ *RT

Hence, for a comparison of stress-strain data at a fixed

value of strain and therefore of 'di' ‘-
RT de :
g = 7 ln 33 + constant 5.20

This suggests that a straight line with gradient RT/ Y
may be obtained by plotting the stresses developed in a
humber of samples, at a partiﬁular value of strain,
against the 1ogariﬁhq.of the 9ppliedvstrain réte, " To
Bubstantiéte,tﬁié;}éxp@fimental stress-sfrain curves
were'obtaiﬁéd By subjeétihg standard'dumbell creep
samples, see Figure 2,2, to tensile testslover a range
of cross-~head speeds, An Instron fioor model TT-DM
tensile testing machine was used having a selection of

eross head speeds in the range 500 mm m;i.n"1 down to.
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10"! mm min~!, This provided charts of load against
cross-head_diSplacément.- Loads were converted to stress
uéing individual micrometer thickness measurements for
each sample and assuming all samples to be & mm wide.
Cross-head displacements were converted to strain by
assuming that these were directly proportional fo'each
other., The proportionality constant was evaluated for
each individual sample from separate measurements of strain
at the end of each tensile test. This was achieved by
stopping the machine cross-head and neaSpring the
distance separating two bench marks scribed on each
sample gauge length prior to testing, The tests were
carried out under ambient room conditions in the temper-
ature range 18°C to 20°C., Temperature variations were a
problem with low strain rate tests which took up to two
days to complete and this led to several results being

discarded,

Figure 5;20 shows experimental stress-strain data -
for vulcanizate 'B' plotted in terms of eguation 5.20
and indicates good agreement with theory. The scatter of
results is considered good bearing in mind possible errors
from sample cross-section méasurement, from strain
measurement and fromtemperature variations. The three
lines indicate results at three different values of strain,
namely ¢ = 1,0, 2,0 and 3.0, Derived slopes, (2.3RT/Y)
increase with increasing strain and this indicates that
'Y' must decrease with increasing strain. This réflects
the dependence of ‘'y' on initial élongation-as was observed

for creep data, see section 5.5, and lends support to the
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idea that activation volumes degreése with imﬁosed
extension. Further, the gradii obtéined in Figure 5.20
have been used to calculate values of thevfunction
(YE°/2;3RT) as was derived for creep data aﬁd the results
are shown in Figure 5,17. Good agreement is obéerved
between creep and stress-strain results, A typical

value for 'Eo' of 500 KPA was estimated from t'slow!

stress~strain data obtained by incremental loading.

The influence of strain rate on tensile data for
the filled vulcanizates 'E', 'F' and 'I' are shown in
figures 5.21 to 5.23, Again, good agreement with
equation 5.20 is indicated., By comparison, figure 5,24,
for the peroxide vulcanizate 'D',‘shows inflections in
the curves at a strain rate of about 1.0 min~'. Vulcani-
zate 'D' appears to have two relaxation characteristics,
each of which dominate in different tegions of its |
response., This reflects the peculiarities observed in
the creep behaviour of vulcanizate 'D' as was discussed
in section 5.2; the dual response may correSpond to the

deceleration of creep which occurs some 20 to 100 minutes

after loading.

Activation volumes 'Yy' have been calculated for
vulcanizates A, B, E, F, H and I and the results are
indicated in Figure 5.25 as évfunction of applied strain,
Values derived from creep data agree reasonably well with
those derived from stress-strain data, all things consid-
éred. The plots lend further support to the suggestion
made in section 5.5 that 'y' tends to decrease in inverse

proportion to the strain. Activation volumes for the
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1026

'y' per unit mechanism, m: x

Figure 5.25 Activation volumes 'Y' calculated from
creep data (open symbols) and stress strain
data (filled symbols).

Vulcanizates: -~
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oo I G T o B 3
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filled vulcanizates E, F and I‘are a factor of about
four smaller than the gum équi#alent. -This may be
expiained in terms ofvthe supramolecular domain concept
if one assumes that the gize of fhe domains is limited
by the présence of carbon black particles. These three
particulaf.vulcanizafes, for example, contain black"
particles of approximately 260 X diameter ('E', 'F') and
200 R diameter ('I') which at a 30 pphr loading (see
Figure 2.1 indicates an average particle separation of
about 300 R. Cleariy, the develépment of large supra-
molecular, semi-ordered structpfes would be prohibited,
It is of further interest, in this respect;‘that values
for 'y!' obtained for the three vulcanizates 'E', 'F' and
'I*' are approximately the samevwithin thé observed
scatter of results and this may follow from the fact that
the black particle sizes are aﬁout equal., By comparison,
activation volumes calculated for vulcanizate 'H!
containing 30 pphr of a large digmeter thermal black,

800 £ to 1500 R, are about_hélf‘@ay between those of

vulcanizates 'E', 'F' and 'I' and that of the gum rubber,

5.8 Comments on the Modél

The hardening theory bresented~above provides a
‘tentétive explanation of slow but persistent rgléxation
as is bbserved in the rubbery plateaq, whiist fhe concept
successfully interelates creep and stress-stfain data‘in
terﬁs of the activation volume 'y', it also contains a
number of apparent contradictions which will now be

discussed. Indeed, the most serious objection concerns
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| the physical interpretation of 'y! and in particular the
derived relationship between 'Y!' and the logarithmic éreep
rate; considering equation 5.17 it is clear that large
values of 'Yi correspond to low creep rates and vicé
versa, all other things being eéual. This is atfirst
sight contrary to the supramolecular domain concept

since the ﬁresence of large domains, which would
presumably be more effective in inhibiting the rapid

. attainment of elastic equilibrium, might bg expected to
cause rapid creep. This dilemma is not, however,
peculiar to the 'hardening' theory and equations similar
to 5.17 may be derived from alternati&e models based on
the 'exhaustion' theory or even from hybrid concepts
involving both hardening and exhaustion. Plausible
modifications to either the mathematics or the models of
these concepts do not yield satisfactory relationships
which eliminate the derifed Y-creep rate observation;
nor can the derived strain dependency of'{Y; be

removed by mathematical manipulation, Fundamentally,
this arises from the fact that re-arrangement of
activation-type equations usually results in multi-
component equations in which the creep rate is determined
by a front factor in addition to an exponential factor'from
which 'y!' may be deduced. In fact, closer examination

shows that the exponential factor e.g. Equation 5.15

de _ .- _ YE E¢
t = MEXp - 37

does not define the actual creep rate but only its

dependency on prior creep; indeed the pre-exponential
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factor is usually a function of 'y' also. One cpuld
modify equation 5,10, for example, by proposing that
the increment‘in creep strain resulting from a specific
activation event should be proportional to the initial

strain, e.g.

de _ " Q -y (0-0i)
at - A €y Exp - [ RT ]

This follows from the fact that 'A' represents the

product of a frequency factor, a proportionality constant
relating the-rate of tevents' to the réte of creep and
a concentration factor determined by the number of
potential mechanisms available. Nevertheless, an
'initiél strain' modification does not influence the
conclusions derived from an analysis of experimental data.
In view of this it is appropriate to examine an alternative
explanation of the y-creep rate relationship and to accept
the idea that domains decrease in size with increasing
imposed strain as already discussed. ConSider that, in
the unstretched state, unit volume of rubber contaihs_v
domains each of volume Yo Such that the volume fraction
of domain material Vg is given by Ve =y Yy OF

v=Vg/Y,. The cohstant 'A' of equation 5.10 must:
contain a domain concentration factor and Should therefore
be propoftional to v or to vf/Yo' Further, if Ve is
determined by thermodynamic equilibrium considerations
(see later) then, in general, large values of Yo
correspond to low domain concentrations and therefore to
low creep rates., i.e. The pre-exponential factor of -

equation 5,10 should increase with decreasing domain size.,
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By comparison the exponential part of equation 5.10

is not a strong function of_'y' at short fimes’undef_
load since the excess stress déveloped during initial
stretching is limited by the ease of activation bf the
relaxation @echaﬁisms. i.e. In the present theory,
large domains would be more easily activated and thiS
would inhibit the development of high excess stress.,
This is consistent with the suggestion that inherently
large domains decrease in size with applied strain more

readily than inherently small domains - see Figure 2.25,

By assuming that the equilibrium concéntration of
domain material in unstrained rubber is determined by
thermodynamic criteria it is possible to obtain a
qualitativé insight into the influénce of temperature on
creep, Consideration of the reaction |

amorphous rubber ———— domains
suggests that an equilibrium constant, K, may be defined
such that

K = [domains]
[amorphous rubber]

and assuming that the proportion of domain material is
small this suggests |

| K = [domains] = Ve

The influence of temperature may then be evaluated ﬁsing
the thermodynaﬁic identity8

K = V.= Exp - AG®
' RT

where AGO is the Gibbs free emnergy change'associated with
the transfofmation. ‘since AG® is almost certainly

negative this indicates that the.prdpdrtion of domain
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material increases with decreasing temperature. This
means that with decreasing temperatufe there are increasing
numbers of domains, assuming 'yY' to be relatively
temperature insensitive as is suggested in Figuré 5.18,
but each domain will respond more sluggishly to applied

stress, Indeed, a function such as

Q1a
cHm

. [¢] .
= B Exp - %T Exp + J_(9-%i)3 [Exp + -ﬁg EXp - YESC}
: . : RT - : RT

may apply, other things being equal. Here, the
penultimate exponential represents the temperature
dependence of domain concentration whilst the other
exponentials reflect the temperature dependence of domain
activity., The portion in square braékets is'very sihilar
to the observed emprical function of equation 5;8b but

a fundamental interelationship has not been found.

An alternative interpretation of activation volume
may be suggested if ‘'y! ié assumed to be that volume of
rubber which is assocjiated with a single relaxation
mechanism. In this case the mechanism may be any
obstacle which inhibits a progression towards elastic:
equilibrium, e.g;'chain entanglements, weak physical
bonds between adjacent network chains, strain induced
and pre-existing crystallites and so on. If it is
~assumed that many of these mechanisms are generated
during initial straining then the volume available to
each ohe would decrease with increasing stréin; i.e,
the activation volume would decrease with applied strain.,

wWwhilst such a concept.may explain the large values of 'y!
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derived from resu1t$ at low strains it also introduces
other serious difficulties;' This is best illustrated
by examining a number of'inherent advantages §f the
supramolecular domain theory: -

a) Influence of.scragging.

It is well known that a rubber testpiece subjected
to repeated strain cycles prior to creep tesfing will
show improved creep resistance. This is known as
scragging. Optimum creep resistance is obtained by pre-
strainiﬁg to the intended creep test extension34 and
each successive strain cycle ﬁroduces a progressively
smaller improvementQB. This may be explained in terms
of the domain theory if it is assumed that the domains

are broken down by the rapid molecular network pertu-

bations which accompany scragging.

b) Temperature cycling during creep.

In a recent paper Defham43 has examined the influence
of temperature changes on the creepireSponse. In
particular, he found that an imposed temperature rise
during the duration of a creep test causes a sudden and
rapid increase in specimen elongation. Again, this may
be expiained in terms of the doﬁain theory since the
domain concentration would reduce with.increasing
témperature énd the remaining domains wduld be moré
active, The influence of further temperature cycles as

described by Derham are however more difficult to explain.

¢) Rubber elasticity.

The elastic response of rubbery networks would

obviously be affected by the presence of domains which
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inhibited the approach to elastic equilibrium, .
According to the present theory their prominence in
this respect should decrease with increasing strain since
their size is assuméd to decrease.with strain., This is
interesting in that the stress-stféin behaviour of real
‘elastomers show negative stress deviations from ideal
‘behaviour at strains in excess of about 80%44 and it is
possible that non equilibrium effects may play some part
in this. Indeed, a good épproximation to real rubbéry
stress-strain behaviour is giveﬁ by. the Mooney-Rivlin
equation (see Section 1.4) in which the fraction of the

total stress contributed by the C, term, namely

2
Cz/(C1 A+ Cz), decreases with increasing elongation.
That 02 is influenced by non—equilibrium activity of
domain origin cannot be ruled out, particularly at'low
and moderate teﬁperatures where domain concentrations
are thought to be high. Furtherﬁore, factors knéwn to

- affect C,_, would also fit in with this, e.g. the fact that

2

‘}zéé:&ecreases with swelling could be explained by assuming

that domains are opened up by the ingress of solvent,
d) Dynamic testing.

It is well known that the in phase modulus of
crosslinked rubbers decreases with increasihg»strain"
amplitudeqs. Again this is in agreement with a labile

domain concept assuming that applied strain has a

dominating influence on domain breakdown.

The above facts, together with the references given
in section 5.4 support the idea of a domain/activation

energy theory of logarithmic creep.
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CHAPTER 6

THE INFLUENCE OF CARBON BLACKS ON
PHYSICAL CREEP

6.1 Introduction

The inclusion of reinforcing pigments, especially
carbon blacks, in engineering fubbers to obtain improved
modulus, hardness and tensile strength is the rule rather
than the exception. Only limited information about the
effect of such fillers on creep has been published and the
situation_is exacerbated by fhe large number of pigment
types in common use, It has already been shown in
Chapter 4 that the secondary creep of vulcanizate 'A!
is unaffected by the inclusion of wvarious types of carbon
black in the mix and it was therefore suggested that such
additional types of microstructural pertubation as may
be possible in a filled system do not contribute to the
secondary process. By comparison however, logarithmic
creep rates are very sensitive to the amount and type
of carbon black added to the mix and this is to be

discussed in the present chapter,

Genti, Derham et a\lz-7 and Cooper8 have examined the
logarithmic creep of black filled vulcanizates and have
observed creep rates which exceed those of the pure
unfilled gum equivalents by a factor of two or more.

Similarly, stress-relaxation rates of filled rubbers



9~-11
exceed those of their gum equivalents e« This may

be attributed either to the enhanced activity'of those
relaxation mechanisms which occur in gum rubber or to
the activity of additional mechanisms peculiar to the
filler-rubber interaction. The time dependency of
such mechanisms is of prime importance in determining
their influence on creep. Mechanisms which are easily
activated, during initial extension to the test elong-
ation or at very short times under load, merely
contribute to the initial strain and not to the
subsequeﬁt creep. On the other hand potential mecha-
nisms which are very stable at the applied stress and
temperature of test may never be activated. Indeed,
only those mechanisms having '"relaxation times" within
the experimental or design time scale are likely to

determine creep response,

The mechanisms of reinforcement of rubber by carbon
blacks are of obvious relevance to creep since any slow
but persistent instability in reinforcement would lead
"to additional creep extension, Genti, for example,
found that a HAF (high abrasion furnaqe) black reinforced
SBR vulcanizate showed é higher rate of creep than its
gum equivalent and he sqggested that this was in part
due to the progressive failure of gum-carbon black
interfaces followed by suﬁsequent vacuole formation.,

By comparison, in HAF reinforced natural rubber he found.
no evidence for such cavitation but still observed

enhanced creep activity. In this case he proposed that
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the creep rate of the filled system was determined in
part by enhanced crystallisétion in areaquf high strain
concentration between filler particles. Lyalina and

9

Bértene? suggested that the enhanced stress-relaxation
which they observed in filled vulcanizates was caused

by the slow breakdown and reorganisation of immobilised
"'shells" of absorbed rubber on the surfaces of carbon
black particles, This is essentially similar to Cotton
and Boonstra12 who proposed that this assumed immobile
shell around each filler particle contributes an
additional number of network chain entanglements or
effective crosslinks to the polymer network and that
subsequent instability of these entanglements under

stress leads.to creep., In more qualitative terms this
shell breakdown concept is analagous to a slow progressive
breakdown of "hardrzones" of the type envisaged by Mullins

and Tobin13 to account for reinforcement and stress-—

softening in filled rubbers (see later),

It is clear from the above discussion that the
mechanisms of creep and of reinforcement in filled
elastomer systems may be interelated., Extensive reviews
of the theories of reinforcement are available14-16.
Réinforcement is determined primarily by‘pigment particle

17

siie and to a lesser extent by specific physical and

chemical interactions between filler and rubber:-
The increase in modulus brought about by the addition
of carbon black to a rubber mix almost always exceeds that

which would be predicted by simpie consideration of the
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volume loading of black. Since carbon black is almost
completely inextensible in comparison to gum rubber it may
safely be assumed that all the deformation in a filled
vulcanizate takes place in the gum phase only.
Consequently, the deformations of the gum, in the

absence of cavitation, always exceedsthat of the

macroscopically observed strain by a factor:-

?g = e/(1-V,) 6.1
where g, = Average strain in the gum phase
€ = Macroscopically measured strain
Vf = Volume fraction of filler,

As a result the modulus of a filled rubber should exceed
that of its gum counterpart in accordancé with the
difference in gum extensions when the two are compared
at equal measured strains, To explain the enhancement
of modulus over and above this level Mullins and Tobin13
proposed the existance of inextensible hard zones in
filled rubbers. In this theory the gum phase is assumed
to have duplex character in which some regions respond
to stress similarly to unfilled gum whilst other regions

are considered hard and immobile., In this case Equation

6.1 could be modified to read

Eg: g/(1-vf-vh), - 6.2

- where Vh = volume fraction of hard zones.

The concept of "bound rubber shells" around filler
particles lends a physical interpretation to the hard

zone hypothesis., It has long been known that insoluble
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gels are formed when carbon black 16aded uncured gums
are milled., W. F. Watson18 suggested that rubber
molecules may be broken by the high shear stresses.
generated during the milling process and that the free
radicals so formed are then chemisorbed onto carbon
black surfaces., This insoluble gel is knowﬁ as "bound
rubber®", Experiments have showﬁ that the amount of
bound rubber absorbed by unit weightvof black depends

1k, 15

primarily on the surface area of black

surface activity and on its structurela. Since these

, on its

factors are also important in determining the reinforcement
potential of carbon blacks it is not surprising that the
bound rubber forming ability of blacks is related to

20’21. This may be

their reinforcement potential
explained if it is assumed that bound rubber relates to
immobile shells around filler particles or tec the hard
zones of the Mullins and Tobin theory. More recently
Medalia22 has suggested another contribution to immobile

23,24

or "hard" rubber, Together with Heckman he examined
‘the structure of carbon blacks in vulcanized rubbers and
found that many unit pigment particles were agglomerated
together into Chains and more complex three dimensional
arrangements as are in fact found in as received blacks
prior to milling into rubber, He suggested therefore
that those regions of rubber which were occluded within
or close to these rigid black structures would be

protected from externally applied stress and would not

contribute to deformation,
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'other physical théories of reinforcement are based
on the distribution of strains in the rubber matrix around
filler particles. The hard zone concept implies that a
sharp boundary should exist between deformed and
undeformed regions and ir practice this may not be so.
An elastic deformation theory may be derived by assuming
a gradual transition from constrained to unconstrained
response of the rubber phase with increasing distance

25

from the black surface®’, Assuming spherical particles

this gives rise to the Einstein - Guth - Gold Equation2®:-

5 ,
E = E (1 + 2.5 Ve + 14,1 vf ) 6.3

where E modulus of filled rubber

E modulus of unfilled equivalent

o

Ve

volume fraction of filler.

(]

The observed moduli of filled rubbers are however

generally in excess of those suggested by Equation 6.3

and a number of modifications have been suggested to
account for this. Again by assuming the exisfance of a
thin immobilg zone around filler particles Vf may be
replaced by a term which equals the sum of.the volume
fractions of hard rubber and of partic1e527. Alternatively
a shape factor may be introduced to take account of the

fact that the true shape of reinforcing agglomerates are

generally not sphericalzg.

The idea that rubber molecules react with carbon
black surfaces gives rise to the so called chemical
theories of reinforcement, Here, surface reactivity is

considered to be all important; reactivity is considered
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to increase with decreasing particle size since small
particle sized blacks show higher bound rubber absorption,

A. M. Bueche?’

suggested that the chemisorption of

molecules is equivalent to an increase in the ﬁoncentration
of crosslinks in the network which in turn corresponds to
an'increase in network modulus., In this case bound rubber
formation represenfs the propensity of cross-link formation
at the black-rubber interface, By comparison, F,. BuecheBO’31
considered that certain lengths of network chain would be
crosslinked at both ends to adjacent carbon black particles,
On stretching the rubber some of these would approach

their limiting extension at only moderate applied strains

and would therefore contribute disproportionately to the

induced stress.

From the above it is clear that good creep resistance
in filled vulcanizates depends not only on the inherent
properties of the basé polymer but also on the long term
stability of the reinforcing mechanisms, It is well
known, however, that these mechanisms are by no means
stable as is exemplified by the fact that filled
vulcanizates show greatly enhanced stress-softening.

When an as received rubber sample is stretched to a

given strain and then relaxed, subsequent extensions to
the same or lower strain require lower applied stress than
on the first cycle. Most of this "softening" occurs
during the first deformation cycle and after‘a few cycles
a steady state is achieved. This effect is known as

stress~softening and it is far more prominent in filled
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systems, Various theories have been proposed to

account for the additional softening observed in filled

13

systems; Mullins and Tobin suggested the breakdown of

hard zones as described earlier for example. By

33,34

comparison Harwood et al y Mullins and Tobin

36

35

and
Meluch have proposed that stress-softening is relatedr
only to the polymer phase rather than to polymer-filler
interactions and that the extra softening observed in
reinforced systems may be accounted for by a strain
amplification factor synonymous witﬁ Equation 6.1,

31 37

Bueche and Nakane have attributed stress-softening

to the breakage of highly-stressed network chains

between adjacent filler particles. ~Bueche conﬁidered

that some chains would be bonded at both ends to filler
particles and that these would fracture when the
interparticle separation exceeded their limiting extension.

27 538 on the other hand have

Boonstra and Dannenberg
suggested that such highly stressed chains would not
break but that they would "slip" at their points of
bonding and they proposed this as an alternative stress-
softening mechanism. Kraus et al39 have suggested the
stress induced breakdown.of pigment aggiomerates as a
contributory factor whilst Smith40 has attributed stress
softening in black filled SBR~polybutadiene blends to
filler polymer interfacial failure and subsequent
vacuole formation, This latter proposal corresponds.

to Gents view! that the creep of a similar reinforced

SBR rubber was due to vacuole formation,
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Derham et alz_s’ b1

have shown that when a filled
rubber is pre-strained or momentarily overextended and
then relaxed it shows improved creep resistance in
subsequent tests, This may be related to the stress-
softening phenomenon if it is assumed that the
mechanisms of softening, i.e. of reinforcement
instability, and of creep are interelated. The
implication is that a proportion of the decrease in
modulus E (t) which represents creep or stress-
relaxation may be brought about by a prior strain cycle,
In industrial terms this phenomenon represents the
scragging process in which finished components are pre-
loaded to just above their design stress in order to
improve their in-service creep or stress-relaxation

- performance, Furtﬁermore, the influence of scragging
may be interpreted in terms of the hardening theory
described in Chapter 5 since pre-strained samples show
greater initial elongation when subjected to a particular
stress than do as-received samples and they are therefore
closer to equilibrium from the first instant of loading.
The effectiveness of scragging increases with the extent
of filler loadingB, gum rubbers being only slightly
affected, and this is in agreement with the fact that
stress-softening is more prominent in highly filled

systems,

The present chapter is devoted to a study of the

influence of various types of carbon black on creep
/

together with a brief discussion of some possible

mechanisms.
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6.2 Description of Filled Rubbers

Vulcanizates E, F, G, H and I (see Figure 2.1) were
‘"used to determine the influence of black reinforcemean
ron creep., Each of these was based oﬁ‘vulcanizate TA!
but with 30 pphr carbon black addition. Vulcanizates
'E' and 'F' contained high structure and low structure
high abrasion furnace blacks (HAF) respectively both of
which have equal pigment partiéle sizes in the range
~ 2608 to 3008 diameter. Because of its tendency
towards higher agglomeration and to long chain structure
formation the high structure black imparts a slightly
higher modulus than its low structure counterpart when
compared at the same volume loading. It is intended
therefore that a comparison of vulcanizates 'E' and 'F!
should indicate the influence of black structure on creep.
Vulcanizates G, H, and I were compounded with low
structure super abrasion furnace (SRF) black, GOOX
diameter, low structure furnace thermal (FT) black,

800 - 1BOOR diameter, and normal structure super abrasive
furnace (SAF) bladk, 2008 diameter, respectively.
Comparison of all five vulcanizates Should therefore
indicate the influence of pigment particle‘size on

creep. Additional vulcanizates J, K, L and M were also
prepared from the largest and smallest particle size
blacks at loadings of 10 and 50 pphr, see Figure 2.1,

although these were not used in creep work,

Bearing in mind the proposed theories of reinforcement

it is clear that the surface area of carbon blacks should



.be important in determining their reinforcing potential,
Whether reinforcement occurs by hard zone formation
around black partiéles or by specific chemical
interactions between black and matrix, fhe extent of

the effect should depend, other things being egual, on
the interfacial area available, It is not surprising,
therefore, that‘general correlations may be established
between specific surface area, i.e., area per unit weight,
of black and its reinforcement value. This is illustrated
in Figure 6.1 which shows modulus results taken from
stress-strain data for all the black filled vulcanizates
and for vulcanizate 'A' at 20°C. The ordinate represents
modulus at 100% strain whilst the abscissa indicates
surface areas estimated from the volume loading of black
and its nominal particle diameter, Good general agree-
ment is observed despite the fact that the area calcu-
lation wrongly assumes that black particles are brokgn
down into unit spheres during processing. The lower
curve for scragged samples represents data for samples
which were stretched to 200% strain and relaxed prior

to tensile testing. The amount of stress-softening
brought about by this pre-stressing cycle clearly
depends on the level of initial reinforcement, being
small for the gum vulcaﬁizate 'A' for example and qqite

substantial for vulcanizates 'I' and 'M'.
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6.3 Creep Results

Typical creep plots for the black reinforced
vulcanizates at 20°C and “oven hﬁmidity" are shown in
Figure 6.2, Each curve has been displéced vertically
for clarity and in fact the intercepts with the vertical
axis at t = 1.0 represent zero measured creep. Two
factors distinguish these curves from those 6f vulcan-
izate 'A'; not only are their initial logarithmic creep
rates somewhat greater but they also show an acceler-
ating response after roughly 103 to 104 minutes under

load,

Accelerating creep, as shown in Figure 6.2, has not

been observed in vulcanizate 'A' when tested at similar
initial strains and stresses and this suggests that such
behavicur does not correspond to secondary creep of the
type discussed in.Chapter 4k, Analysis of the curves in
Figure 6.2 indicates that the discrepancy between the
observed response and a semi—logarithmic extrapolation
is not proportional to time under load but rather

to «»to's. Furthermore, the expected secondary creep
rate at 20°C, obtained by extrapolating Figure 4.19b,

'1, i.e. 10’5% min~!, This indicates

would be ~1077 min
that the total secondary contribution at 104 and 105
minutes under load should be in the order of 0.1y and
1.0% respectively whereas the breakaway contributions
shown in Figure 6.2 greatly exceed this amount.

Alternatively, it may be considered that the accelerating

response corresponds to the early stages of a slow
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L

crystallisation process in regions of high strain in the
rubber phase between filler particles; the curves of
Figure 6.2 are not unlike those for the crystallisation
accelefated creep of vulcanizate 'C' shown in Figure 2,21
for example. If this were the case, however, then Gents
suggestion1 that enhanced logarithmic creep, i.e. the
first part of the curves in Figure 6.2, is caused by
crystéllisation may be in some doubt. 1In the present
work no explanation of this accelerating respon#e is to
be offered except to say that it may result from
crystallisation, from a breakdown in filler-rubber inter-
action over and above that causing logarithmic creep or
from enhanced viscoelastic processes in the gum phase.
From the engineering design viewpoint, however, the

onset of such a breakaway process is of obvious
importance and Figure 6.3 indicates how it may be
accounted for, Thié shows the same results plotted

on log-log scales as suggested in Figure 2.4, and in

this case a straight iine relationship is obtained from

t ~ 100 minutes onwards. Design extrapolations based on
log-log plots suggest creep deflections which exceed
those based on semi-log plots by a factor of about 3/2

to 5/2 after 10 to 20 years under load.

The‘onset of breakaway creep, as described above,
throws some doubt on the real effectiveness of scraéging
as a means of mitigating in-service creep and to
investigate this a number of long term creep tests were
conducted on scragged samples. Each sample was scragged

by repeatedly loading and unloading, ~ 10 times, to the
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same stress as that at which.it was to be creep tested,
One day was then allowed for recovery, Figure 6.4

shows the semi-logarithmic plots so obtained and again
they show accelerating behaviour, this time somewhat
earlier in the creep history at ~ 102 to 103 minutes
under loa&, Log-Xog plots for the same results aré
shown in Figure 6.5 which again indicates straight

line relationships from about 102 minutes onwards,

Figure 6.6 shows a comparison of the creep response of
as-received and scragged samples in termé of the log-log
analysis, As the initial portions of log-log plots are
always concave downwards,bsee Section 2,4, the creep
elongation which occurs at short times of less thanbio2
minutes or so is nét reflected in the log-log creep rate,
Figure 6,6 therefore shows the extent of creep at an
arbitréry time under load within the log-log region, in
this case 1000 minutes, to indicate the influence of the
transient response., The results show that the gradients
of log-log creep curves are only slightly influenced by
initial elongation (applied stress) but that the
"transient"” creep tends to decrease with increasing
elongation, Comparison of data for as-received and
scragged samples of Vulcanizétes 'H* and 'I1', containing
the largest and smallest particle size blacks respectiYely,
at the same stress or Same initial elongation shows>
that the "transient" creep contribution is much reduced
by prior scragging. By comparison scraggihg has no
mitigating effect, within experimental error, on observed

log-log gradients. On this basis, therefore, scragging
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Vulcanizate € Stress t §r§880a;ins
1 MPa Gradient (86/61) %
H O.41 0.71 0.18 15,6
H 1.00 1,26 0.18 13,2
H 1,71 1.88 0.18 13.2
H 9 2.22| 2,54 0.195 10,0
H » 2.41 ) 2,76 0.195 10.0
1 S 0.23 | 0.66 0.175 18.4
I ? 1434 2.31 0.175 16.5
I b 1,60 2.85 0.16 14,5
I 1.84 3.4k 0.16 14,5
I 2,15 b, 4 0.16 14,5
E 0.65| 1.26 0.20 10.5
E 1,07 1,82 0.20 8.5
F 0.73 1,28 0.195 11,0
F - 1.23 1.88 0.20 9.2
G b 0.93 1.37 0.175 8.1
G ? 1,48 | 1.94 0.175 8.1
H 9 0.75 1.30 0.18 12.0
H 1.20 1.91 0.175 9.8
I 1,22 1.48 0.16 10.1
I 2,06 2,23 0.15 8.5
Figure 6.6 Log-log creep analysis results for as-received

and scragged samples at 20°C and oven humidity.
| d.log,, [(e ./e,)%] /d.1log,,t.
Creep at 1000 minutes indicates the influence

Gradient =

of creep at short times prior to the

establishment of steady state log-log

behaviour,
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may be considered particularly beneficial sihce the
deformation of a scragged sample always lags a decade or
so of timélbehind that of an as-received sample and the
difference between them progressively increases with
increasing time under load. Finally, Figure 6.6 shows
that with'the.exception of 'I' there were no significant
differences between the various vulcanizates when‘compared
on a log-log basis. Vulcanizate 'I', however, showed
both a low gradient and low transient creep, either in

the as-received or scragged condition,

6.4 Logarithmic Creep Rates

Despite the onset of breakaway creep as described
above there is no doubt that creep at short times follows
an essentially semi-logarithmic law of the type discussed
in Chapter 5. It is of interest therefore to examine the
influence of various types of carbon black on this type
of response. Figure 6;7 indicates observed logarithmic
creep rates for the filled vulcanizates and for vulcan-
izate 'A' at 20°C and. oven humidity as a function of
initial strain, Note that applied strain (stress) has
different influences on different filler systems and that
there is no logical interelationship between filler type,
its particle diameter, structure or reinforcing ability
and the influence of strain, This suggests that different
creep mechanisms may dominate in different systems. 1In all
cases the creep rates for the filled vulcanizates exceed
those for the gum equivalent 'A! and this is in accordance
with the work of Gent and Derham as discussed earligr in

Section 6.1. Further examination of Figure 6,7 indicates
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that the more highly reinforced systems show the
greatest creep‘rates, particuiarly in the range’of
strain most relevant to engineering design, i.e.

€4 <'100%; This is dillustrated more clearly in Figure
6.8 which indicates creep rates for both as-received
and scragged samp}es at 1009, injitial strain as a
function of their 100¢% modulus. The plotted points
have been derived by interpolation of Figure 6,7 and
similar graphs. The 100%‘modu1us used in>plotting
figure 6.8 was based on measurements from as-received
samples; ﬂevertheless the moduli of scragged samples
would have been similar Since they were pre-~stressed
(scragged) to the same stress as that to which they
were subsequently subjected to in creep. This is
illustrated more clearly in Figure 6.9 which shows a
schematic illustration of stress~strain curves for both
loading and unloading of an as-received sample and for
a successive stress cycle, The strain increment Ag,
shown, caused by stress-softening in the first cycle
is generally small in comparison to the total strain
€y when compared at the same stress as the pre-sfress
i.e. db. Consequently the modulus of scragged creep
samples at their creep extension would not be signifi-
cantly different to as-received samples. By comparison,
the modulus of scragged samples is very much reduced
for all strains below the pre-strain; at a strain sé
(Figure 6.9) for example the modulus loss would be
determiﬂed by Ad and in general this would be a

significant proportion of o, In Figure 6.1, for example,
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Figure 6.9 Schematic illustration of the loading and
unloading curves for an as-received sample
(1&2) and for a second subsequent cycle
(3 and 4). ‘

3 Low structure blacks

Structure blacks

Creep Improvement, ¢/decade

L) 4
0 0.5 1.0

Potential stress-softening. MPa

Figure 6.10 Improvement in logarithmic creep rate at
100y strain due to prior scragging.
Symbols are as on Figures 6.1, 6.7 and 6,8,
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the 1009 moduli of scragged samples is much less than those
of as-received samples and this follows from the fact

that they were pre-strained to ~ 2004,

The interelationship between logarithmic creep rates
and compound modulus, as shown in Figure 6.8, is in
agreement with the idea presented in Section 6.1 that thé
creep of filled systems is determined by instability of
reinforcement. Indeed, when many of the less stable
reinforcing mechanisms are broken down by prior scragging
the observed logarithmic creep is reduced to almost that
of the uﬁfilled gum., To further illustrate this point
Figure 6,10 shows a comparison of the influence of
scragging on each vulcanizate with its stress-softening
behaviour as.indicated arbitrarily by its stress loss at
1009 strain due to a pre-strain of 200%. The general
agreement so obtained suggests that the mitigation of
creep by scragging and thereforé the high creep of
as-received samples is related to reinforcement instability
Furthermore, the influence of scragging may also be
interpreted in terms of the "hardening" theory of
Chapter 5 since the initial elongation of scragged
samples is always slightly greater, see Figure 6.9,
than that of as-received samples at the same applied
stress; consequently scragged samples may be considered
to be closer to equilibrium from the moment of initial
.loading; The hardening theory may also be useful in
explaining some osservations by Derham et al2,4,5,41

that the optimum improvement in logarithmic creep is



obtained by scragging to exactly the same strain as
that to be imposed in creep. testing. At first sight
this is contrary to the reinforcement ihstability
concept of-creep'enhahcement in filled systems since
the spectrum of reinforcing mechanisms remaining after
scragging should be increasingly stable with increasing
strain of scragging. In practice, however, the removal
of increasingly stable reinforcingrmechanisms with
increasing pre~strain has two mutually opposing effects
due to the elimination of both their creep and strain
hardening petentials i.e. The stress-softening caused
by écragging to excessive strains reduces the sample
modulus at its intended creep strain and therefore
brings about an increase in the creep extension.
required to compensate for a given amount of structural
pertubation whilst under load. Conseguently those
creep mechanisms which are little affected by prior
scragging, reversible physical creep of the type described
by (;“entl*2 for example, may appear more prominent as the

scragging strain is increased.

6.5 The Influence of Filler-Matrix Bonding on Creep

The results described in the two preceeding sections
show that the physical creep 6f the carbon black filled
vulcanizates exceeds that of their gum equivalent by a
factor of about two. The fact that this can be mitigated
by prior scragging together with a consideration of the
theories of reinforcément and of stress-softening

indicate that this may be attributed in part to the long
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term instability of the reinforcing mechanisms.. High
interfacial bond strength between reinforcing particles
and rubberlmatrix is a pre~requisite t;:modulus
enhancement at the level imparted by carbon blacks and
it is not‘surprising therefore that both the physical
and chemical theories of reinforcement implicitly

assume good bonding., The chemical theoriés for examplev
assume the existence of strong chemical bonds at the
molecular level between filler and rubber whilst
physical theories based on hard zone or irmmobile shell
concepts must pre-suppose the existence‘of interfacial
tractions and therefore of close'iﬁterfacial contact
indicative of bonding. It may be imagined that ’
aétiVation of the various plausible creep mechanisms

may have a deleterious effect on this interfacial
bonding which in extreme cases might lead to interfacial
failure; slow but progressive phygical or chemical
pertubations in the matrix adjacent to or at the surface
of filler particles may lead to eventual debonding.
Subsequent separation of the rubber and filler interfaces
would then lead to micro-vacuole formation ahd

consequently to corresponding further creep extension,

Unlike most materials such as metals or rigid
polymers, gum vulcanizates show almost no volume change
43

when stretched. Christensen and Hoeve measured the

dilation with strain of a series of peroxide cured
natural rublLber vulcanizates for example, and observed
dilations in the order of only 0.01% at an elongation

ratio of 2, By comparison, vulcanizates containing
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large sized particles of non-reinforcing fillers often
show extensive dilation as a result of filler/matrix
debonding and subsequent vacuole formation44-46.

Sekhar and-Van Der Hoff47 have examined the cavitation
process in more detail and have shown that the initial
dilation rate is very rapid but that the process slows
down with time; after about one minute under lo;d
dilation was proportional to the logarithm of time,

They suggested that this béhaviour could be explained

if it is éssumed that the growth of cavities is
determined by the rate at which dissolved gasses in the
rubber matrix can diffuse into them and so favour their
expangion._ Such dilation kinetics woﬁld clearly lead to
a logarithmic creep contribution. In contrast to rubbers
contaiﬁing non-reinforcing fillers, carbon black loaded
vulcanizates generally show very little cavitation at
short times under load (the_long term response has not
been investigated). Mullins and Tobinqs, for example,
used a densitometric technique fo examine the dilation
of black filled rubbers as a function of strain. They
observed maximum dilations of only 0,.,03% to 0,05% at
strains in the range of i to 2. At higﬁer strains a
contraction was observed and this was attributed tp
crystallisation in the rubber phase. At strains of

~ 2 the net dilation was roughly zero since at this
point dilation and crystallisation effects were abput
egual. They concluded that most of the initial dilationm

could be accounted for by vacuole formation around zinc

oxide pigment particles in the mix and that cavitation
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did not occur around pigment particles. More recently,

4y

however, Shinomura and Takahashi have observed
dilations in the order of 19 to 2¢ in carbon black
loaded butyl rubber and SBR; note that these are non

50-52 have

crystallising, Various other workers
observed cavitation around black particles, particularly
-in butyl and SBR rubbers, by electron microscopy using
both direct and replica techniques. The prevalence

of debonding increases‘wifh increasihg particle or
aéglomerate size and in gemneral there is usually a
minimum extension below which no debonding occurs at
all., Gent53 has proposed a simple explanation for these
observations by considering the energy balance situation
during debonding; the decrease in stored elastic energy
‘in the matrix must equal or exceed that required to
produce new surfaces, Such an analysis suggests that

interfacial bond stability increases with decreasing

particle size,

Such fundamental physical or chemicalrpertubations
in the matrix as may lead to eventual debonding or to
enhanced creep in the absence of debonding would be
extremely difficult if not impossible to detect directly,
By comparison, the occurence of debonding with subseguent
vacuole formation may be determined by simple densito-
metric or dilatometric techniques whilst some indication
of‘interfacial bond strength may be obtained by electron
microscopy. Various attempts have been made to elucidate

these factors in the present work and these are to be

described,
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a)r Simple Volume Assessments of Creep Samples

The volumes of certain creep samples were
calculated from gauge length and thickness measurements
obtained using a cathetometer and micrometer respectively,
The volumes of samples after extensive creep at elevated
temperatures measured whilst still under load were then
compared with as-received volumes. Figure 6,11
indicates the results obtained. Clearly this is a very
approximate technique but within experimental error
there was no detectable dilation of any qf the vulcan-

izates during creep.

b) Densitometric Determinations

'Attempts were made to compare the densities of -
as-received and crept samples by densitometry. Samples
were weighed in air and in a liquid of known density,
Glycerine was chosen as the prefered liquid since it
has a volume thermal expansion céefficient fairly close
to that of the vulcanizates examined and it waé hoped
that this would compensate fof temperature differences
between one density determination and another., In
practice, however, the vulcanizates slowly absorbed
glycerine during the weight determinations and a great
deal of time was required to obtain constant weight,
The technique was therefore abandoned since its -
accuracy was no better than that of a simple fl&tation

method which will now be described.
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Vulcanizéte TemTzitt Total Creep
: poca ure €4 (Ec/€1) o V/Vo
E 80 0.65 125 0.97
E 100 0.59 155 0.98
E 120 0.63 180 1,02
F 80 0.82 130 1.05
F 100 0.76 170 0.91
F 120 0.71 190 0,97
G 80 0.81 125 0.80
G 100 0.83 147 0.98
G 120 0.80 200 0.99
H 80 0.98 125 0.95
H 100 0.96 165 1.00
H 120 0.94 200 1,04
I 80 0.66 175 0.97
I 100 0.64 220 1.06
1 120 0.64 230 1,05

Figure 6,11

Dilation of filled vulcanizates during
creep. Comparison of unstretched,
as-received volume,
after creep and whils®? still under load.

Data based on simple volume estimates
calculated from sample thickness and
All samples were

length measurements
tested at ~1.5 MPa stress. Test

durations were ~ 10000 mins at 80°¢c,
1000 mins at 100°C and

120°c.
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c) Flotétion Technique
In this method two small piéces of unstretched

rubber ~2mm x & mm x 4 mm were cut, using a razor
-blade, one from the centre section of an as-received
sample and one from a crept saﬁple. They were then
Placed in a 100 ml capacity measuring cylinder

coﬁtaining ~70 ccs of potassium chloride solution of
concentration such that the samples just floated (Density

;~1.074 grms/c¢c), This was titrated with distilled
water (Density 1.0 grms/cc) until one and then the
other sample began to sink. The difference in titre
values for the two '"end points" was used to calculate
the difference in salt concentration and hence the
difference in solution densities required to support
the two samples, This method overcomes the problem of
solution absorption by the samples during the experif
mental duration if it is assumed that both the as-
received and crept sample absorb at the same rate.,
Flotation determinations were always carried out
immediatélj after the end of each creep'experiment so as
to minimise the decay by air diffusion of any vacuole
pockets in the crept samples., The salt solution was
stirred inbetween additions of distilled water to ensure
a homogeneous mix, A small amountvof "Decon Concentrate",
a proprietary non-foaming deteréent, was added to the salt
solution to ensure good wetting of the rubber samples

and to prevent air bubbles from adhering to them.:
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Figure 6.12 shows the relationship.between salt
concentration and solution density at 20°C obtained
using a hydrometer; +the line is in excellent agreement
with litefature valuesSQ. An estimate for the method
sensitivity may be derived as follows: -

Density change is given by, see Figure 6.12,

_ . -3
Ap = 6.7 x 10 Acw

where Ap density difference

AC = difference in ¢ wt concentration.

Assuming a typical density of 1,074 gcm«'3 for the
rubber, then Cw ~ 11,0%. Assume that the measuring

cylinder contains ~ 70 ccs of solution and that the

end-point may be ascertained to within 0.2 cc.
Then
~ =—L9
AC, =~ =0 + 0.2 X 11.0 %
3.1 X 10—2 %

2

and Ap ~ 3.1 x 10”2 x 6.7 x 10™°

~2,1 x 10-4 grms/cc
3

i.e. The sensitivity was limited to about p 10-4 grms cm
but in fact this was less than the variation between one
as received sample and another, 1In practice, therefore,
accuracy was limited by the inherent variability of as-
received material and in general this was in the range

10“4 to 4 x 10-4 grms em™>,

Differences in density between crept and as-received
rubber were generally about an order of magnitude greater
than the method sensitivity and 2 to 3 times greater than

the inherent variability between samples. Results are
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10 100 -

1,050 H
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Figure 6,12 Specific gravity of aqueous potassium
’ chloride solutions as a function of
concentration,

. Time under 3
Vulcanizate €4 load (mins) Ap x 10
E 0.65 61,000 - 1,7
1,07 - 1,01
F 0.73 61,000 - 1.33
1.23 - 1.68
1.48 18,500 - 1.34
H ' 1,22 18,500 - 1,0
. 9
2.06 - 005
1,20 - 1.14

Figure 6.13 Density differences between crept and
: as received samples as determined by the
flotation method. (Crept at 20°C).
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shown in Figure 6,13, yhilst the results ére not’
sufficiently accurate to allow a comparison of the
various vulcanizates it is clear thaf density changes
are so small as to be insignificant in terms of creep
contribution. Even if the actual dilation in the
stretched state was an order of magnitude greéter than
that measured, as described here for relaxed rubber
immediately after creep, the creep contribution would
still be small ~ 1y creéprin 50,000 minutes say.,
Indeed, the lack of a general trend betweén4different
vulcanizétes suggests that cavitation may occur only
around zinc oxide/stearate particles and not around
carbon black particles - as was proposed by Mullins and

48

Tobin .

Differences in density between scragged and as-
received samples were too small to be measured since
in general such differences were less that the inherent
variability of as-received samples. This suggests,
therefore, that density changes develop slowly over a
period of time under load and this lends support to the

gas diffusion theory of Sekhar and Van Der»Hoff47.

d) Dilatometry

An attemptnto measure cavitation in stretched
samples was carried out using a dilatometer, see
Figures 6.14 and 6.15. This works by the transfer of
mercury ffom a reservoir A to a bucket B; the weight
of mercury in the bucket stréins the sample from which

it is supported. The whole apparatus is filled with
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Figure 6.15 The Dilatometer, Detail of mercury
reservoir and tap control arrangement,

- Mercury reservoir
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- Reservoir/chamber separator
- Capillary (0.5 mm).
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water/Decon mix. As mercury runs out of the reservoir
through the tube and tap C, an equivalent amount of
water is transferred through the inverted "filter
funnel" separater E into A to take its place., i.e. This
represents an interchange of mercury from A with water
from D, Volume changes in the rubber sample due to
stretching are registered in the.O.S mm diameter
capillary F. The dilatometer was designed so that it
could be assembled in suéh a way that air bubbles could
be ellimiﬁated at each stage. In use the compiéte
equipment was immersed in a water bath containing ~50
litres of water at room teﬁperature. " Even then utmost
care was required to ensure adequate thermal stability.
The equipment was loaded and then left for at least

12 hours to equilibriate. The equipment was kept in a
small room in the centre of a large building (no outside
walls and no windows)., Best results were obtained inr
the early hours of the morning when temperature variations
due to sunshine and central heating conditions were at

their minimum,

Unfortunately only limited data was collected from
this equipment, Nevertheless, a few results are shown
in Figure 6.16. The top curves indicate the response
of vulcanizate 'K' (50 pphr L.S~-F.T) at e~0.7 and
~ 0,95, In each case a rapid dilation occurred during
initial loading but this subsequently decayed and the
net volume change after 20 minutes or so was ZzZero. It

is suggested that the initial volume increase was due
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to cavitation and that fhe subsequent decrease was due
to crystallisation in the rubber phase. The zero net
volume change at equilibrium is in agreement with the
data of Mullins and Tobin48, Other results for
vulcanizates H and M are not so clear and repeated runs
were not carried out. Dilations in excess of 2 x 10—3
were not observed and it is clear, therefore, that
specimen volume change under load is not a significant
contributory factor in logarithmic creep. Thgsé results

are in agreement with those obtained by the flotation

method,

e) Electron Microscopy

Replicas wére taken from the fracture cross-sections
of samples broken by bending in liquid nitrogen as
described in Seqtion 2.4, Typical micrographs are shown
in figures 6,17 to 6.19. 1In the case of large particle
sized blacks, e.g. the L.S-F.T of diameter 800 -
3000 X, many black agglomerates were extracted onto the
replica as is shown by the black featﬁres in Figures
6.17 and 6.18. Sites of unextracted black are indicated
by the ring features. The proportion qf black extracted
may be used as a meésure of black-rubber adhesionso;
.high levels of éxtraction indicate poor adhesion and
viée versa, Negligible extraction was observed for the
small particle sized blacks, Figure 6,19. To illustrate
this more clearly, Figure 6,20 shows the proportion of
extracted black as a function of agglomerate size for

results obtained from vulcanizate 'H' specimens; clearly

agglomerates of < 1000 £ are difficult to extract and
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Fig. 6.17 Replicas taken from liquid nitrogen fractured cross sections of

Vulcanizate H. As received.



x 8K

%

Fig.6.18 Replicas taken from liquid nitrogen fractured cross sections
of Vulcanizate H.
a) As received, showing fracture striation

b) After -17 00Ominutes creep at 20°C
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Fig. 6.19 Replicas taken from liquid nitrogen fractured cross sections
of Vulcanizates, as received a) Vulcanizate G

b) e |
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Figure 6,20 Ease of black extraction as a function
of agglomerate size., Data obtained from
vulcanizate 'H',
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this is in agreement with the low levels of extractioﬁ
observed for vulcanizates G (600 {) and H (200 g).

Note that gllowance has been made, in calcuiating the
proportion extracted for the fact that only half of tﬁe
black particles are present on any one replica face
i.e. Actual ¢ extracted ~ twice that observed. The
observed results are in accordance with the brief

literature review presented earlier,

Figure 6,18a shows a fracture striation on a
vulcanizate 'H' fracture section, But for the black
particles it is very similar in appearance to the
fracture striations observed in vulcanizate 'A', see

Section 2.4,

Measurable agglomerate/particle extraction was not
observed for blacks of particle size 42660 R, either in
the as-received condition or after exposure to creep
loading. No conclusions can be drawn therefore regarding
the influence of creep on black/matrix adhesion. In the
case of vulcanizate 'H' however, a number of micro-
photogfaphs were examined statistically and the results
showed that only ~L479 of agglomerates were'extractable
.after 17000 minutes creep exposure (2000,_51Aa 1.6 - 2.0)
whereas ~699% were extractable in the as-receivedlcondition.
i.e., (487/2065) x 2 as compared to (778/2260) x 2. Creep
exposure appears therefore to improve adhesion, not

reduce it, Accepting the accuracy of the results, there

are two possible explanations for this behaviour:-
a) Molecular reorganisation around carbon black particles

due to appnlied stress causes an increase in adhesion,
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possibly by reducing internal contraction stresses
developed when the vulcanizate is cooled‘from the cure
temperature, for example, or by reducing the thickness
of constrained immobile layers around particles,
Alternatively, b) it may be considered that the

adhesion is so worsened by creep exposure that some
black particles debond and are lost during the liquid
nitrogen fracture process, In this case there would be
fgwer agglomerates to extract from the fracture cross-
section and a spurious result would ensue, Further
study would be required to e]chidate this point; use

of shadowing techniques or scanning electron microscopy
would indicate which ring features on surfaces such as
Figure 6.18 were caused by adhering particles and which
by f'craterst' left behind by particles.v For the preSent,
however, it is suggested that explanation a) is more
likely since examination of Figure 6,18 and similar
micrographs shows that the proportion of large particles
extracted is approximately 100¢%; i.e. number of large |
agglomerates/number of large rings ~1/1, This suggests
that there was no loss of large agglomerates during
sample preparation and since these should have the
poorest adhesion, then it is likeiy that no agglomerates

of any size were lost.

The microstructural studies outlined above have
not indicated any evidence for poor matrix/black
adhesion nor any evidence that adhesion is reduced by
creep exposure., This is in agreement with the dilato-

metric and flotation results and indicates that
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cavitation does not contribute to creep within the
time scale examined. Macromolecular pertubations may
occur around black particles during creep or initial

loading however, and this may lead to improved adhesion.

6.6 Conclusions

Physical creep processes are_aiways more
prominent in carbon black loaded rubbers than in their'
gum equivalents when compared at similar initial
elongations. This may, however, be mitigated by
scragging. The scragging process may be related to
stfess—softening and therefore to instability ofrrein—

forcement.

Black loaded rubbers do not obey simple semi-
logarithmic creep-time behaviour at times >10000 minutes

under load; instead they follow a log-log relationship.

Significant matrix/black interfacial debonding has

not been observed within the experimental time scale,
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CHAFPTER 7

SUMMARY

7.1 Creep Data Extrapolation

The creep response at various temperatures of
elastomers based on vulcanizate 'A' have been described

in Chapters 2, 4, 5 and 6.

At steady state, chemical creep (Chapter &)
followed a gemnerally linear law except at short times
where a decelerating response was observed. The
prediction of long term secondary creep from accelerated
tests at elevated temperatures is therefore uncertain;g
whilst a steady state rate of -le-s% min~ ! of the
initial strain would be expected at 20°C for example,
the importance of the initial decelerating contribution
is at present obscure. Nevertheless, this transignt ’ .
response is completerat relatively short times and beafing
in mind that it has not been observed to éxceed ~5¢ of
the initial strain, then it is suggested that it may be
accounted for in engineering design calcuiations simply
by adding say 5% to the creep equation. The penetration
of oxygen into rubber was discussed in Chapter 3 and it
was shown that maximum penetration depths at "foom
températuré" would not exceed ~10 mm, The expected

chemical creep rate of large components such as
suspension blocks and pridge bearings should therefore
be less than predicted;ih Chapter 4. In view of the

-
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presentvuncertainty of the relative importance of
oxidative and non-oxidative. contributions to chemical
'creep, however, it is suggested that tﬁe results of
Chapter 4 or similar data should be used in design
calculations., This would then leave é safety factor,

albeit of unknown magnitude,

The results of Chapters 2 and 6 indicate that a
log~log prediction of physical creep may be‘more |
appropriate than the hitherto accepted semi-logarithmic
(logarithmic creep) approach. Although the déviations
from semi-logarithmic behaviour observed for reinforced
vulcanizates (Chapter 6) may represent a slow
crystallisatioﬁ brocess, in which Case’they would not
continue indefinitely, it is considered that the log-
log extrapolation procedure may be more reliable and
agéin could provide a safety factor of unknown

magnitude,

The above discussion suggests that long term
predictions of creep may be derived using an equation
of the type:-

creep = A + Bt + ct” 7.1
where A represenfs decelerating‘transient
chemical creep. Typically 5% saye

B represents steady staté chemical creep.

C and n determine physical creep.
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7.2 Mechanisms of Deformation in Elastomers

Not only is the slow physical creep response of
rubber vulcanizates difficult to reconcile with
relaxation mechanism'concept51 but it is clearly at
variance with elastic behaviour. The stress-strain
response of vulcanized rubbers follows fairly closely
to kinetic theory and this suggests fhat internal
friction between adjacent molecules in the network
struéture is minimal; indeed the lack of a yield point
indicatés that the mechanisms of deformationvon the
molecular scale of size must occur with rapidity and
ease, Assuming that gum vulcanizates are homogenious
it is difficult to imagine a deformation pfocess which
would require almost zero activation stress (no yield
point) during initial straining but whiéh could then

continue to operate at consfant load.

Before discussing possible mechanisms for physical
ereep it is pertinent to examine what specific
processes, if any, operate during simple straining.
There is no reason why estimates of ideal shear strength,
as calculated for crystalline solidsz’B, should not be
applied to amorphous materials such as rubbers. If one
assumes that deformationboccurs by the simultaneous
‘shear of imaginary sections through a rubber block,
one over the other, then one would expect a'yieldvpoint
in the order of E/10 to E/2 say. The lack of such a
discontinuity in theAstfess-stfain response indicates
that deformation occurs either heterogenebusly or by

the operation of many individual mechanisms in rapid
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succession, Within the rubbery plateéu region of
temperature, elastomeric networké'are envisaged to

exist in dynamic equilibrium with appliéd stress and this
sugéests that individual network chains ﬁay be considered
to be in rapid kinetic motion, not unlike the atoms of
an ideal gas. The vibration and oscillation of
individual chains relative to each other may therefore
explain the observed ease of deformation of the network.
Two types of relative chain displacement are necessary:-
a) longitudinal translation of parts of each chain
through the surrounding "matrix'" of other network chains
and b) transverse motion., This may be understood from
consideration of Figure-7.1 which shows a network chain
passing through a section normal to the direction of
applied stress. The network chain is assumed to be .
sufficiently long so that it contains sub-sections

or segments of all orienfations_and the meén orientation
ié random (in practice this will not be achieved in a
single network chain although it would apply to a
collection of many chains)., On imposing a strain in

the XX, direction the ruﬁber will become longer in that
.direction and correspondingly narrower in the two normal"
directions. Consequently, those chain segments at small
angles, O, to the Xxl’axii will not be sufficiently long
to fill their place in the matrix whilst segments at

high angles of © will be too long., Matrix lengths at a
critical angle, @crit, inbetween these two extremes

should remain unchanged in length,
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Figure 7.1

A cross-section normal to the strain :
direction XX°. A random chain is illustrated
at an angle 6 to the XX’ axis at the point of

‘the section.
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1/2
Ocrit = Co.s_1 A -1
' x3 -1

It may be envisaged therefore that the ideal random
chain could translate longitudinélly during straining
in such a way that the surplus lengths of segments at
hiéh angles of O compensate forrdeficiencies at low
angles. This could occur provided no net change in
total length of network chain was required. To illustrate
this Figure 7.2a represents a length of rubber matrix,
8R, occupied by a segment of network chain at an angle
# to the XX axis. Figure 7.2b indicates the same
"matrix space" after straining to an elongation ratio A.
Assuming affine deformation thisbcauses a change in the
length of matrix space to 5R/ as indicated where: -

5% = R [xg cos®e + % Sinze] 172 - 7.2
Consequently, the total length of network chain required

to fill the matrix after straining would be: -
w/2 /7

- = oR

o oR
6=0

where Lo = chain contour length at zero strain

HF*
]

L

i

chain contour length at an elongation
ratio Ko
N.B. This assumes zero sideways translation of the

network chain through the matrix.

/2
i.e. L _ p(e)[ Xz Cosze + % Sin 26 ] 1/2
Lo
=0 .

where P(O) = Probability of an individual segment

being at an angle O,
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A. OR Cos o ‘ (b)

Figure 7.2 Schematic illustration of a length of
rubber matrix occupied by a network
chain,

(a) zero strain
(b) after stretching to an elongation
ratio A.
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Assuming an initially random distribution of ¢g's, P(6)
is given by the well known spherical distribution:-

‘ /2 1/2 .

Hgnce i‘:—o- = /Sine-[ A2 Coszé + 71— Sinzﬂ] | . 46
' o

7.3
This is sol&ed in Appendix 7A and the result is shown
plotted in Figure 7.3 as a function of A. Clearly, it
would be pbssible for an idealrrubber, as described, to
deform to small strains with very little sideways
translation of its~mo}ecu1es..i.e. when L/LO;: 1,0
for longitudinal translation only. At higher values
of stréin however, and certainly for highly crosslinked
rubbers with chain lengths too short toAcontain a
random distribution of segment orienfaﬁions, transverse
chain motion would be essential to deformation in the

absence of structural breakdown,

The above model suggests that rubber deformation
depends on at least two mechanisms;.the longitudinal
and transverse displacement of segments of network chains,
The ease by which this is accomplishedlhowever indicates
that each process may occur by a series of small
displacements rather than by single, rapid and
simultaneous motions of whole chains, Amerongenq for
example,'has discussed the diffusion of the homologous
series of n-paraffins in vulcanizates of natural rubber,
The diffusion coefficient decreases; as expected, with
iﬁcreasing values of n, the number of carboﬁ atoms in

the paraffin chain but only up to n ~ 5. Increases in
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Figure 7.3 L/L_as a function of A as calculated from
Equation 7.3.
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S H

Figure 7.4 Schematic illustration of parallel
infinitesimal layers of rubber at the
surface of a filler particle.
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paraffin chain length above this do not influence
diffusion and it has been suggested that the motion-of
such hydrocarbons through a rubber network occurs
preferentially in tﬁeir length direction by a series of
discrete " jumps" involving only ~aS segments of chain

at a time, This possibly ocﬁurs by the penetration of a
length of ~5 atoms long into a hole or vacancy in the
network "lattice", followed by subsequent-léngths as
thermal fluctuations allow, This is equivalent to a
dislocation-like mechanism of longitudinal traﬁslaﬁon
in which only a small section of molecule moves at a
time. Alternatively, if one considers the kinetic
vibration of network chains, it may be envisaged that
pertubation of the network structure initiates
travelling waves in the chains and that these bring
about molecular translation. This too would result in

a heterogenious deformation process in-which small lengths

of chain are translated at a time,

The sideways motion of chains across imaginary
planes (lateral displacement) may also be eased by the
operation of heterogeneous deformation processes. Much
recent discussion has been devoted to the concept of
dislocétion-like mechanisms in amorphous structures and
indeed Gilman5 considers that any inhomogeneous shear
process involving the nucleation and growth pf shear
regions may be considered as a dislocation processf
Bowden and Raha6 have actually calculated burgers

vectors for dislocations in glassy polymers whilst
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8 .
7 claim to have observed dislocations

9

Lavengood et al
in glass by the use of etching techniques. Marsh’ has
proposed a dislocatiqn theory to acéountrfor deformation
in glass, Nevertheless, it is difficult to imagine a
dislocation-like discontinuity in an amorphous solid
since the structure immediately before, behind aﬁd in
the vicinity of the shear line would all be identical
and this has been pointed out by Hillig and charles:©,
The ease of tranverse molecular chai; motion in rubbers

may in any case be accounted for by the random thermal

fluctuations of individual network chains,

The addition of fillers to rubber adds another
conceptual difficulty to the underétanding of
deformation, Figure 7.4 illustrates a section through
a filler particle/matrix interface; the rubber is
di?ided into imaginary infinitesimal layers parallel to
the filler surface. The layer adjacent to the interface,
1, is unable fo deform due to the constraining influence
of the rigid surface and consequently induced strains
in the x and z directions, shown, due to the application
of extefnal load should always be zero., Furthermore,
the fact that poissons ratio for gum rubber is almost
exactly 0.5 (zero volume change) implies that the strain
in the y direction should also be zeré. As a result,
layer 1 appears to be totally immobilised and rigid.

The same argument may therefore be applied to layer 2
because of the restraining influence of layer 1 and
then to layer 3 and so‘on., Even allowing for the fact

that poissons ratio for gum rubbers is slightly less
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than 0.5 it ié clear that an easier mechanism of
deformation must operéte than is suggested by this
model, 1In practice deformation of the'apparently
immobilised shell of rubber must take place by the
vtranslations of individual molecular chains through
the rubber matrix rather than by the shear and tensile
displacements of infinitesimal "unit cubes" as is
envisaged in classical elasticity mechanics. This
gives vise to a '"ball of wool" conceﬁt in which
individual protruding chains are pulled out of the ball
during deformationj; comnsequently the ball may be

considered to decay with increasing strain,

The ball of wool concept, above, emphasises the
ease of motion of individual and groups of molecular
chains in the network lattice of elastomers and
suggests a further contributory mechanism to general
deformation., It may be considered that discrete regions
or deformation centres may exist even in gum rubbers,
perﬁaps with impurity phases (by-products of vulcan-
ization) crystallités or zones of short range order at
their cores. Each region would deform by the "ball of
wool" process, This gives rise to the idea of supra-
molecular zones as was described in greater detail in
Chapter 5 and is in agreement with the observation that

the apparent size of such zones decreases with increasing

applied strain,



7.3 Mechanisms of Physical Creep

Each of the mechanisms of deformation descr;bed
above suggests a corresponding creep mechanism, The
high elasticity of rubbers however, implies that general
deformation occurs *ith such ease that many of the
fundamental contributory prbcesses would not continue
to operate at constant stress, certainly not fo£ long
periéds of time as is observed in creep. This
>¢liij1ates such processes as disloc;tion-type moticns
from further consideration; creep deformation results

only from the operation of relatively»stéble mechanisms

requiring thermal activation.

The lateral chain displacements required for rubber
deformation, as,desggibed earlier, unlike longitudinal
chain pertubations, may cause the development of chain
entanglements of which the least stable could provide
sites of potential creep mechanisms., Indeed, the high
extension of some individual chains resulting from
multiple entanglement may provide sites of subsequent
chain rupture during creep; such chain rupture by

thermai fluctuation has been described by Bartenev,W

An alternative molecular model for creep may be
derived by considering the slow breakdown of weak cross-
links as are believed to exist between adjacent chains,
Van Dér Waals bonds for example., Consideration of the
time dependency of the physical creep response suggests,

hBWever, that structures rather larger than individual

molecular chains are involved. See Chapter 5. Whilst

molecular processes, as described above, may be involved

- 321 -



in the operation of such larger mechanisms, it is
suggesfed that they do not control the'creep-time
interelationship. The supramoleculér domain concept

of Chapter 5 overcomes many of these philosophical
difficulties and suggests that rubber may be considered
as a heterogeneous solid in which the "matrix" responds
readily and elastically to applied stress., The slower
response of supramolecular domains then explains slbw

long term creep.

7.4 Suggestions for Further Work

The creep data presenfed in Chaﬁters 4 and 6 casts
uncertainty on present extrapolation procedures used to
predict the long term stress response of engineering
components, It would be useful, therefore, to carry
out creep experiments over long time periods; several
years, at 20°¢ say and perhaps one year or more at
slightly elevated temperatures up to about 35°C. This
should also be augmented by further study of the
fundamental processes contribu#ing to creep éxtension,
partiéularly the influence of oxygen, water vapour and
sulphur diffusion. The alternative proposed mechanisms
of water aggravation of creep, vis a vis osmotic or
interchain interaction, could be resolved for exampie
as described in Section 2.5. Similarly, the proposed
model for oxygen diffusion presented in Chapter 4 could
be evaluated experimentally. This could be achieved by
measuring the distribution ofloxygen across a section

through an aged block using electron microprobe analysis

for example, Alterhatively, a thick sandwich of
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individual ruﬁber sheets could bé aged; subsequent
mechanical tests on each sheet would then give an
indication of oxygen penetration., Havihg obtained
experimental confirmafion (or otherwise) that oxygen
does not penetrate great distances into rubber it would
be pertinent to examine the creep response in the absence
of oxygen as this would have more relevance to the
engineering design of large components., Further
consideration of labile sulphur bond'interchange, as may
be deduqed from diffusion studies, could be relevant to
non-oxidative chemical creep and in particular may offer
a ﬁore complete explanation of observed activation

energies,

Further work on the proposed model for physical
creep, Chapter 5, could be carried oﬁt by cycling thé
temperature as did Derham12 or the stress during the
duration of creep tests. Tensile stress-strain curves
with rapid changes éf strain rate during the loading
cycle could also be examined in terms of the proposed

model,
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APPENDIX 7A

Integral Solution

w2 - 1/2
L/L = Jf in 6 [ A% cosZ8 + %»Sin20] dé
2 o 1/2
f Sin 6 [ 7\ (1 ~ Cos“@ )] dé
0. 712 o 1 1/2
= / sin© [ - X) Cos“0 + X] dé
w2 2 D 1/2
= / Sin®© [ (A - X) (Cos 9 + B )] dé
(s
1
where B~ = by - 1
A% - A - 1

]

Hence L/Lo

1/2 /2 1/2
()\2 - %) . f Sin© [Cos'?'G + Bz] do
(o]

Put Cosf =B Sinh ¢

and - Sinfddd = B Cosh¢ d¢
Gives:- ’ -1
1/2 Sinh @) 5 N ” 1/2
L/L = A2 - 1 B Cosho [B + B sink ¢] d¢
° A sich”] 1/B
172 pSinh’_1/B
L/ A - 1 J[ B2 cosh®¢  d¢
° A sinh™! o
. -1
Sinh 1/B

5 1/2
2 12> - 1 2
L/L_ = B® |A—— cosh®s  d¢
Lo [ ] ]Zinh-l 0

1/2
Sinh~ 1 (k3 - 1)

1/2 .
- % ““lg" [}osh¢ Sinh¢ + ¢]
A (A7-1) sinh~! 0

pY
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