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ABSTRACH

The chemical stress rclaxation behaviour of a
polyester urethans rubber, Genthane S5, and a polyether
nrethanc rubber; Adiprene Cl, has been studied in ailr and
nitrogen and under conditions of high humidity. To
facilitate the internretation of these results the materials”
were thoroughly characterised to determine their chemical
compositions, crosslink densities etc.

The chemical stress relaxation mcasurements showed
that both Adipnrene CL and Genthane S underwent scission and
" crosslinking reactions. Adiprene CI in air degraded with an
activation energy of 130.5 kd mole--1 due to the oxidation of
the crosslinks. Adiprene CLl in nitrogen and Genthane S in
air or nitrogen undervent second order scission and crosslinking
reactions that were attribvuted to the thermal dissoéiation of
the urethane link. The activation energlies for scission and
crosslinking were reswectively 110.8 and 95.7 kJ mole"‘1 for
Adiprene Cii and 94.6 and 107.9 kJ mole~! for Genthane S. The
rate of scission was unaffecfed by high humidity conditions.

A mechanism consistent with the experimental evidence
was proposed to explain the various degradation processes; this
involved the participation of & hydrogen bonded intermnediate.
This is reasonable since hydrogen bonding was shown to exist
in Adiprene CiI and Genthane S.

The characterisation worik included the stuwdy of the infraa
red and n.n.r. spectra of the polymers, the determination of‘

nmolecular weights by osmometry and gel perneation chromastography



and the investigation of the stress-stirain properties and the

4]

swelling behaviour of the elastomers.

This thesis includes descriptions of the annaratus usecd
and reviews of the elastic properties of networks, the theory
of chemical sitress relaxation, the anplication of chemical
stress relaxation to the study of elastomers and the relevant

physics and chemistry of urethane rubders.
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CHAZTHR 1

IIITRODUCTION

{1.1) ITTRODUCTIOH

Polyurethane elastomers are often used where nigh

abrasion resistance, resilience, tensile strength, hardness and
1-8
shock absorbing properties are required. Appropriate
compounding and chemistry allow: the physical properties to be
varied over a wide range, permitting the tailoring of
1,2
vronerties to meet particular spnecifications. This leads,
at one extreme, to enhanced properties relative to other \
elastomers. - However, in common with other elastomers their
range of applications 1is often limited by factors such as
chemical and environmental instability, in particular, the
polyurethanes are susceptible to thermal, oxidative and
2,3

hydrolytic attack.

The main object of this study is to assess the relative
importance of these degradative processes in selected pure
gum vulcanizates without fillers, additives or other compounding
ingredients, and to study the kinetics and mechanisms of the

associated chemical reactions.

(1.2) THE STRUCTURE AI'D PROPHRTIZS OF ELASTOLERS

The term "elastomer" is reserved for a polymeric
network above its glass transition temnerature, Tg' For
example, vulcanised natural rudbver has & Tg of about -70°C
and the terms "rubber" and "elastomer" are used interchangeably.
A polymeric network is dbuilt up when a small number
of interchain chemical bonds are introduced into an assemblage
of very long polymer molecules. The bonds or "crosslinks'
join the bulk of the iInitially distinct »oiymer molecules into

one giant molecule. The number of crosslinks required per



primary polymer molccule nust be greater than one, so that
each of the primary molecules 1s subdivided into severzl
shorter chains, termed "network chaias".

{1.2.1) The Elastic and Viscoelastic Properties of Elastomers

YVhen a sample of uncrosslinked polymer gum is subjccted
0 an applied stress there are two contributions to the
deformation. These are an elastic component which 1s
reversible and is associated with the uncoiling or stretching
of individual polymer molecules, and a viscous component,
which is non-recoverable and arises from the viscous flow of
molecules past each other;

When crosslinks are introduced the viscous component 1is
removed and the fesultant nétwork can be deformed reversibly.

(1.2.2) The Elostic Propertics of Blastomers

The long range and non-Hookean elastic behaviour of

rubbers has attracted a great deal of theoretical and
10,11,12 9

experimental attention. Hookes law states that for
uniaxial elongetion or compression at constant volume

o = M(1 - A) (1.1)
where 0 1s the applied siress with reference to the undeformed
cross-sectional area, A is the deformed length of the sample
divided Dby its undeformed length and LI is the elastic modulus.
This equation is not obeyed by elastomers since A is not a
constant but a function 0fX. In technological usage the elastié
behaviour of rubbers is characterised by their moduli, but
in recognitvion of its dependence on A, the ncrcentage
elongation at which the modulus was obtained is also guoted,

The equilibrium elastic behaviour of rubbers 1is more

10,11
accurately described by the kinetic or statistiical theory



expression, »

o . = G(x = 2"2) (1‘,2)
G is a constant, related {o molecular parameters by

G = Av x7/V (1.3)
where Y is the number of network chains in the samplé, k is
the Boltzmann constant, T is the absqlute temperature, V is
the volume of the sample and & is a constant.

Equation (1.2) is a much better fit than equation
(1.1) to the stress-strain properties of rubdbbers in the range
of~A values close to unity, an even better fit is given by the
Eooney-Rivlin equatioio’ll which is derived from phenomenological
considerations and for uniaoxial elongation or compreSsion at
constant volume takes the fqrm,

o = 2(Cqy * C/x)(x - A"%) (1.4)
where C1 and C2 are constqnt. A comparison of the coefficients
of eguations (1.2) and (1.4) has led to the identification of

C, witn 1G; attemnts to describe €, in molecular terms have

3
10,11
not preved to be so successiul.

Fd

(1.2.5) The Interaction of Elastomers wifh Solvents

Phe polymer network is prevented from dissolving in a

solvent by the presence of crosslinks. However, the network

may swell to a greater or lesser extent dependirg on the number
12,13
of crosslinks and the affinity of the solvent for the polymer.

Swelling is equivalent to a bulk elastic deformation of

11,12
the network and the degrece of swelling is determined by the

Trce energy required to elastically deform the network and the
free encrgy of mixing of network chains and so lvent.
Equilibrium swelling is attained.when these two free energies

are equal.
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11 1z
Using the kinetic theory and the Flory-Huggins eguation
respectively for the freec energies of deformation and mixzing,
the following equation results for the equilibrium degree of

11,12
swelling. .

w5570 < -t )-8 8, (1.5)

where L is Avogadro's constant, ﬁz is the volume fraction of
rubber in the swollen sample (often denoted Vi) and)cl is

the Flory-Huggins COnstan%E that describesrthe nolymer-solvent
interaction and depends on the affinity of the solvent for the
po;ymer. |

{1.2.4) The Elastic Propertiecs of Swollen Elastomers

For uniaxial compression or elongation of a swollen
11
sagmple at constant volume, kinetic theory yields

o = AYXD ¢“1/3(x - x=2) (1.6)
- 2
where @ is mecasured relative to the unswollen cross—sectional
area of the sample but A is measured relative to the swollen
dimensions of the sample.
This equatiaon has been shown exnerimentally to be &
11-

very good fit for swoilen networks in many cases.

(1.2.5) Cohesive Eneresy Densitics of RElastomers

The interaction between liguids and rubbers is often

characterised by the coheslve exnergy densities of liquid
13,14
and rubber. The cohesive energy density of a solvent is
14
defined in terms of the molar cohesive energy of the solventg.

i
&) = (Eq/V3)° (1.7)
where 51 is the cohesive energy density, El s the molar
cohesive energy and Vl is the molar volume of the solvent.

The molar cohesive energy is given by

E; =AHj - BT | (1.8)



15

wvhere AHl is the molar heat of evaworation and R 1is the

gas constant; Z&Hl may be evaluated experimentally or
14
evaluated from the boiling point so that

2 _ 2
8, = (23.72, + 0.02077 3542} /74 (1.9)

where T. is the boiling point of the solvent.

b
The cohesive energy density of thé polymer is more
difficult to evaluate; the generally accepted method is to
swell the rubber in a variety of different solvents. The
maximum degree of swelling should be observed when the
cohesive energy densities of the polymer and solvent are
equal. It is important, for reasons to be discussed, that -
solvents should be chemically similar to each other and to
the polymer.

{1.3) TR CHEMICAL STRESS REIAXATION OF ELASTQLERS

From equations (1.2) and (1.3) one obtains at constant
volume and temperature

c by _ (1.10)

Vhen chemical reactions take place, changes in 2
arising'from scission of network chains or crosslinks and
the introduction of new crosslinks may occur, accordingly
the stress supported by the sample will change.15

o & @ ft o Ut (1.11)
where the subscript t refers to conditions as they exist at ’
time t, and £ is the force exerted by the sample.
So 7 ‘

ft/fo = VY (1.12)

where the sample initially containsl)o network chains and

exerts a Torce fo.
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Suppose the network is subjeclt to both a scission
and a crosslinking reaction so that of the original L)l(o)
network chains only Y;(t) remain at time t. In addition a
further l)z(t) network chains are formed as a result of the
crosslinking reaction. The total number of network chains

present at time t 1is

Vo= ¥i() +V5( 1) | | (1.13)

and since
W,y = Pqlo) | (1.14)
£u/2, =[¥(8) + 2, (£)])/2V;(0) (1.15)

By performing two different experiments independent
estimates ofl)l(t) and L%(t) may be obtained.

{(1.3.1) Continuous Stress Relaxation

The sample is stretched to some elongation A at which
it is maintazined for the durationrof the experiment. Under
these conditions it is postulatecjil..J that the force will only be
supported by the fraction of the original crosslinks that

have not been removed by scission; new crosslinks formed will

support zero stress. It follows fthat

ft _ le(t)
£ L)l(o) (1.16)
Cc

where the subscript, ¢, refers to the continuous experiment.
The validity of this assumntion has been questioned and will
be discussed later.

{1.3.2) Intermittent Stress Relarxation

The sample is maintained in the unstreftched states
at certain time intervals it is stretched to some extension

A and the force measured as gquickly as possible. The sample
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is then returned to the unstretched state. Ideally the length
of time the sample is siretched is negligible compared with
the time spent in the unsiretched state.

In this case the force is supported by all the

15
crosslinks and
£, = V(1) +Y,(x)
Yy
fo A 1(o) (1.17)

where the subscript, i, refers to the intermittent experiment.

Combining equations (1.16) and (1.17)

= [f - [f = YV, (t) '
A =t L 2 (1.16)
fO i fo A UI(O)

so that both L)l(t) and L)Z(t) may be obitained.

(1.3.3) The Advantoses of Chemical Stress Relaxation over Other

lethods
The principle advantages of chemical stress relaxation
over other methods are:
(i) The method is'extremely sensitive
(ii) It allows both scission and crosslinking reactions
to be studied under the same conditions.
(iii) It allows the study of chemical reactions in
crosslinked solid elastoners.
(iv) 1Interpretation of the results in terms of molecular
/
parameters 1is comparatively strazightforward.
The sensitivity of the method is such that when 10% of
the network chains have been cut, the relative sitress supported
by the sample will have fallen by 10%. Fetworiz chains have

fairly high molecular weights and may contain ten, one hundred
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or more reactive groupss scission will occur when one oi these
has reacted, so that when 10% of the chains are cut, the
change in reactive group concentration necd only be 1% or
less. Few chemical methods can match this sensitivity.

In scetions (1.3.1) and (1.3.2) it was shown that both
L)l(t) anleé(t) ma& be estimated. Altanough the theorctical
treatment in its simplest form is open to criticism this does
not, in general, detract from the utility of the method.

Few other methods allow of the direct investigation of
crosslinked elastomers and this is parti;ularly important
since the crosslinks may &ffect the stability of the baclkbone
polymer or it may be the stability of the crosslinks that
determine the overall stability of the networl.

Lastly the measured guantities can be easily related
to molecular parameters; this is not zlways as straighitfoxward
as it appears from sections (1.3), (1.3.1) and (1.3.2) as
will be discussed further in Chanter 3.

The chief disadvantege of chemical stress relaxation is
that although it can distinguish between scission and crosslinkin-
processcs, it does not'yieid, directly, to information on the
chenmical reactioniresﬁbnsible.

(1.4) THE DEGRADATION OF ELASTCIIERS

In section (1.3.3) 1t was shown that the modulus of
an elastomer is reduced by EO0% when 50% of the neiwork chains
are cut. Althouéh'this loss can be partially offset by
simultaneous crosslinking reactions, nevertheless, the
properties of the material will have substantially altered.

As the new crosslinks ‘formed in the deformed sample are not

under stress until the deformation is changed, they will tend
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to make the samnle retain its deformed dimensions. Ifscission
is also taking place the forces favouring the elastic recovery
of the sample will be reduced. These two opposing effcects
15

lead to the phenomenon of chemical permanent set which is
often just as unwelcome as cleavage reactions alone,
particularly in_sealing apnlications.,

Since very little chemical reaction need take place
for the properties of the rudber to be substantially altered
very sensitive methods for studying degradation reactions
are neceded.

{1.5) DEGRADATION REACTIQNS IlI URBTUAUER BLASTOMERS

Lethods of studying degradation in polyurethaune
elastomers, other than chemical stress relaxation, norrally
involve a2 much larger amnount of reaction at relatively higher

1l.2,3 _
temneratures. The application of these results to the
interpretation of chemical stress relaxation data, which
involves a very much smaller degree of reaction usually at
lower temmeratures, must be treated with caution and is rarely
Justified. The type of non-chemical stress relaxation methods
that have been used are weight loss, the examination of
pyrolysis products etﬁ.

Several investigoations, using chemical stress relaxation,
16-20
have been made on polyurethane elastomers. The earliest
qf these were made using poorly characterised samnles that
contained a variety of cleavabvle links such as anmide,
disubstituted urea, biuret and allophanate linkages as well as
16,17

urethane and ester or ether links. Assuming that scission

took place a2t the nitrogen containing links it was concluded
15
s

that the order of thermazl stadbility wa

ester or ether » urethane > disubstituted urea > biuret,
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7o conclusions were drawvn regarding the stavility of anide
or allophanate links.

In more recent studies attemnts were made to identify,

. 18,19,20
more rigorously, the site of scission which wouwld scen
to be associated with the urethane group. The role of weak
linkages, other than the urethane group, is not fully
anderstood and the kinetic model used o interpret the resultis
is open to criticism.

(1.6) THE OBJRCTIVES OF THE PRESENT INVESTIGATION

To interpret éhemical stress relaxation data in a
meaningful way it is important to kmnow as much as possible
about the chemical and physical sitructure and properties of

' 15,16,17
the elastomer. In the past many studies have failed to
recognise this, ﬁith the result that it has been impossible to
evaluate where in the system degradation occurs, because the
precise chemical structure of the material was unknown. In
this investigatlon efforts were made to ascertain the chemical
compositions of the elastomers, the crosslink density of the
elastomers, and several other physical characteristics that
give insight into-the nature of the materials.

The elastomers were cured with dicumyl  peroxide, a
curing system that gives crosslinks that are simple carbon-
carbon bonds.

Since the base polymer contained only urethane and
ester or ether groups, the weak links introduced as a

: 15,16,17
consequence of the curing systems used by earlier workers
should be absent here. This simplifies the system a great

deal, since it is always difficult to determine which weak
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links are present and in what concentrations; interpretation
of the data for this simplified system is thus facilitated.

The main objective of this investigation is to identify
the sites at which cleavage and crosslinkiang take place, to
investigate the kinetics of these processes and to suggest ways
in which they may be inhibited. In this respect the
degradation is expected to be thermal, oxidative and hydrolytic
and it is important to0 assgss the felative importance of these
types of degradation proéesses. lost of the previous work

’ 16-20
was concerned with the thermal decomposition, which may be
important in determing the overall stability of the materials
under the appropriate conditions.

The study of oxidaticn has received 1little attention
although it may be important, and there is some evidence that

2
oxidative attack of the urcthane groun does occur. The role
of hydrolytic processes has been the subject of a considerable
1,2,3
amount of controversy whieh will be discussed further in

Chapter 5.

+ ¥+ + + *
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CHAPHER 2

THD BLASTIC PROPERTIES OF iIETJORKS

(2.1) INTRODUCTION

The interpretation of chemical sitress relaxzation
measurements necessitates the description of the elastic
propertics of polymeric networks in terms of the crosslink
or network chain density of the samples.

10,11

The kinetic or statistical theory gives the
required type of equation aslthough this does not generally
fit experimental data very well, a better fit being given

10,11 _
by the Looney-Rivlin equation. Yhen the looney-Rivlin
equation is used, the intervnretation of the stress-strain
11
properties in terms of molecular parameters is more difficult;
especially the second constant, Co.

The theoretical description of the elastic properties

of networks, their swelling in fluids and their deformation,

when swollen will be considered in this chapter.

{2.2) THE TUERMODYIANMICS OF RUBBER ELASTICITY

Vhen a sample of rubber is deformed by the application
of a force f such that the length of the sample, measured in
the direction of the force, is changed by dl, the first and
second laws of thermodynamics give:lo

dU = DdS + fdl - Pav (2.1)
where dU and dS are respectively the internal energy and
entropy of deformation, T is the absolute temperature, P is

the applied hydrostatic pressure and 4V is the volume change.

To a good approximation a rubber network is incompressible

au = T4s + fa1 (2.2)
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f = (au/a1) - r(das/a1) (2.3)
2,V T,V
. 10
The Helmholz free energy of deformation is:
dF = f£dl - Sdt (2.4)
(ar/ai) = f (2.5)
, T,V
(ar/an) = . 8 (2.6)
1,V
Since a/a1(ar/am) = da/ar(ar/a1) _ (2.7)
1,V T,V
.. (as/a1) = ~(daf/am) (2.8)
: T,V 1,V

Substitution into equation (2.3) gives:

f = (avu/a1) + T(af/4aT) ' (2.9)
T,V 1,V

Hence (dau/d1) and (as/ai) can be evaluated by

T,V 7,V
studying the temperature dependencée of £ at constant 1. It
is clear from figure 2.1 that the entrony term makes the

major contridution to T,

By analogy to gases an idecal rubber may be defined

as one for which (dU/dl) = 0 and:
7,V
f = - 2(as/a1) = (ar/da1) (2.10)
o,V 2,V

It is convenient to characterise the deformation by a
princinal extension ratio A defined as:
A =1/1 (2.11)
0
where 1 and 1 are respectively the final and initial lengths

o]
of the sample in the dircction of f.



figure 2:1: Thermoelastic Properties of Elastomers (data from Standen,ref.21)
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Since dx = d1/10 (2.12)
equation (2.10) becomes:

= (1/1,) (ar/an) (2.13)
7

£ = - 17/1 (as/ax)
_ T

]
llost theorices of rubber elasticity seek to evaluate

either (das/axr) or (aFr/ax) by applying the methods of
o,y 7,7

statistical mechanics.

(2,3) SWAMISTICAL JMECHAIICS OF SIITGLE CHAINS

As a géneral rule, the starting point for a theory of
rubber elasticity is the statistical mechanical description of
o single polymer chain. Once the characteristics of the
single chain have been éstﬁblished it is possivple to consider
-the elastic‘properties of & network formed from such chains.

The statistical properties of single chains can be
characterised by the probability distridbution of the vectors
joining the ends of the chains. The evaluation of this for a

. R2w24
real chain is a comwnlexz problem - and does noi lead

A

to a
simple analytical expression excent in the 1limit of chains of
infinite length when the distribution has the Gaussian

10,11,22,23,24
Torm:

=y . 3 2 2
pl¥) = 3 °/2 oxp [- 3p /2<r o (2.14)
2
2m & )
0
v - . 4, 4 - ’ 2 .
where ¥ is the end-~to-end vector and<<r is the mean sqguare
0

unperturbed end . to.end vector for the chain.

Although the Gaussian expression is valid only for
infinite chains, 1t has been shown to be a good approximation
for chains that are long but finite, provided r«:nl where
n is the number of links of length 1 that comprise the chain.
This reguirement is specified because the Gaussian equation

1

predicts that there is a2 finite probadbility that r can be
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larger than the contour length of the chain nl.
The inverse Langevin distribution function 1is more
realistic when r < nl as it vanishes when r > nl, although it
. : N ) .22
has been shown that it is a worse approximation when r { nl.

The- inverse Langevin distribution has the form:

(2.15)

P(TP) = %’L‘I‘znll [ L(I‘/nl)slnh {L“l(r/nl)}]nexp[-ll—l(r/nl).r/lg
2
ril .

where ¥y = coth x-1/x = L(x), L"l(y) = x and A' is a normalising

constant.

(2.4) RUBBER EILASTIC THEORY: INRTWORKS OF GAUSSIAIl CHAII'S

(2.4.1) "™he Kinetic or Stetistical Theory

The theory predicts that when a piece of rubber is
deformed such that a point with coordinates (xo,yo,zo) before
the deformation has coordinates (Axxo,k_yo,k z ) after the

11,25 J z °

deformation:

2

2 2 '
AF  /x® =lAY/2) (X + A+ A = 3) = BYInx_)2 X 2.16
et [2Y0G + A+ a) >, ( )
AFnet is the free energy of deformation, k is the Boltzmann
constant, Y is the number of network chains and A and B are
constants. Several derivations of equation (2.16) have been
26-29 -
made; these fall into one of two groups depending on the
initial essumptions made. The most rigorous method is that
26,27 30,31
of James and Guth in vhich the elastic network is
treated as an assemblage of Gaussian chains terminated by
crosslinks (or junction pointis) at which these network chains
are bonded to one another. The number of chains that met at
a Jjunction point was not specified and could assume values

’}2; this meant that any l1link junction could be considerced as

a Jjunction point.
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The junction points were divided into "Tixed points®,
at which the network was immobllised by external constraints

and exerted forces on the gxternal system, and other Jjunction

2

peints, which exhibit Brownian motion compatible with the

constraints in the network, If T,r .. describe the

. s B

positions of fixed points 0,8 ... ri,rJ «+.s describe the

positions of free Junction points i,J «...5 and Top 4Ty o

describe the positions of junction points T , V .... whether
d s

they be fixed or free: tho total number of configurations
g

available to the netwerk consistent with the given positions
o 27,31
of the fixed points is:

Qrgrg +...) = fdvifdvj.,.. "”.Trp(ﬁ-‘w 1) (2.17)
- THY :
vthere ?}v is the vector Jjoining Jjunction points T and ¥ . The

most probable vosition of a given free Jjunction point can be

evaluated by choosing the coordinates that maximise equation

(2.17):
X .= 20 x
0J « Jx o
Yoj = 2C ¥ | '
o Jjox «© (2.18)
i . = >c 7
0J o jG’. ¢4

where cja is 2 constant depending on the number of links
conmprising the chains, n.,, that make up the network: t{he
mean position of the junction j depends only on the knowvmn
positions o¢f the fixed points.

When the sample is deformed the coordinates of the fixéd
points will be changed by the same extension ratios as the

external dimensions ¢f the sample; if these are A_,A A

x* vy 'z

equation (2.18) gives the new mean position of junction j:



Xg5 = A, %cja x = z\xxoj (2.19)
with similar equations for y and z comnponents.

This proves that the mean position of the network
Junctions undergo an affine deformation when the network as
a whole is dqformed; thus the mean positions of the
Junctions are displaced according to the same principal

extension ratios that define the change in the initial

macrosconic shape of the sample.

27,531
Integration of equation (2.17) gives:
. _ . 2 2 : 2
Q(rm,rB cee) = K exp [}(5/21 )2§E§]xot - Xo») + (yOt - yo»)
2
tlzgy = 24, )}
(2.20)
when the network is deformed:
= 2 2 2
» 0 0 - L f— { + + »
Q(ra’rB ) K,exp [ (1X>\x nyy KZ)\Z)} (2.21)
¢ = 2 2 s .
where K, = (3/21 );%%%?(xot - X, ) with similar eguations
for Ky and Kz. Assuming the material to be isotropic
K, = Ky = K, = X where
S 2 2
K, = (1/21 )?t;;%(l/n'rv) [(Xor - oy 1 (yo'z: - Yop !
+ (z zg, )"
or ~ “ov
(2.22)
LA, A_4N,) =K [K()\2+)\2+)\2)] | (2.23
. zrthyrhzl T lexP = So Al v . 23)

3
K, can be eguated with [z/(ZTr(i"?)o) ] /2 of equation (2.14)
although James and Guth, unconvinced of the equivalence of

these two quantities, preferred to leave it unspecified,

AFnet/k‘l‘ = .1ln [Q(Ax,xb,,}.z)/Q(l,l,l)] (2.24)
2 2 2
—1{2(>\x +>\y +Az = 3) | (2.25)
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James and Guth showed that if crosslinlking could be
considered as the instantancous freezing of a system of
26,32
unconstrained molecules, the distribution of end to end
vectors of the network chains would be that of the unconstrained
molecules and K, would be L’/z; so that A = 1 and B = 0.

32

James and Guth regarded this as an unreasonable model of the

26
curing process and Guth suggested that as an alternative
assumption all n,, were equal:
K=))2<2.<r2 ' - (2.26

o = (¥/2) (B (=2 | (2.26)
where <r§> is the mean square end to end distance of the
network chains in the undeformed state and <r2> o is the
mean square end -to end distance in & system of unconstrained,
unperturbed, Gaussian chains. In this case A = <r§> /<:r2> o
and B = Q.

26,32
The most realistic model of the curing process

regarded it as comprising the gradual growth and reinforcement

of the network and led to the approximate result that A = %

and B = 0.
The second anproach proferred by Flory, Vall and
28,29,34,36,37
Hermans was much simpler: the total nunber of

configurations available to the network under a deformation

11
Ax,Ay,AZ, at constant temperature was:
= l)l,’ - Ui
Qs Ay rz) %[ LRIy i! lil al{Ty) (2.27)

where q(F}) was the »robability that a chain had an end-to-end
vecter F; and?’, was the number of such network chains. The
summation extended over all possible sets of L)i values,
provided :Zl)i = ) the total number of chains, and the

permutation term resulted from their indistinguishability.



The maximum term Q (A2 X ) was cvaluated and
max X ¥y z

-

assumed to be the dominant term in the summation so that:
DF 1/kT = In [Qpue(Agadyarg) Qg (1,1,1, 1] (2.28)
In Qupxl1,1,1,) the distribution q(F;) is assumed to be
Gaussian and the mean square components of the end-to-end

vectors are assumed to be affinely deformed:

2
J

This model derives the elastic free energy from the

. 2
e AF o /xT = (D /202 £ AZ + A7 = B) - WV Indg .(2.29)

YAZ
probability that the uncrosslinked polymer will occur 1in
configurations consistent with the formation of a deformed or
an undeformed network respectively and necessarily assumes
that there is no diffcrence between the free energies of
crosslinking in the deformed and undeformed states respectivcl&.
11,38,39

Flory argues otherwise such that if V and VO are

the volumes of the deformed and the undeformed - -network

resnectively, then the difference between the respective

free energies of crosslinking will be:

AF/kT = (V- 2V /1) InAA A, (2.30) -
m o= - 2 2 2
AFnet/kL (AFel + AFcr)/kT -u/z(xx Ty +_xx - 3)
- (2v/ sy :
(2v/¢9) InA A A,
{2.31)

where f' is the functionality of the crosslinks.
The two main differences between the James and Guth
and the Hermens, Flory, Vall approaches are:
| (i) The presence of & logarithmic term in the HFV
treatment; this discrepancy is not very important as the
elastic deformation of a plece of fubber is usually very close

to being a constant volume process Where Aykykz = ]
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and the logarithmic term vanishes. An excewnition to ithis
is the case of the.swelling of rubbers in fluids which will
be considered later.

(ii) The coefficient of kT(X§ + A§ + Ag - 3) is
v/z in the NFY treatment and undefined or egqgual to 1)/4
in the JG treétment, If the same assum»tions about the
curing process are méde, the JG treatment gives the sane
result as the HFWV method; the controversy is that James and

Guth regard these assumptions as unrealistic.

Accenting the general form for the network free
1l :
energy as:

v = 24,2 4,2 _
AR /X8 = (AD/2) (02 + 02 + a0 25) - Byl g,

(2.32)
The case of uniaxial conpression or itension where:

Axkykzvo =V, AX = A and Ay = A

Z
gives

gynet/km =AY /2) (08 + 2V/Y A = 3) = BUIn (V/V )

(2.33)
£ =(1/10)( aAFnet/a A)T’v =@V xr/i)Mx - v/voxz)
(2.34)
If the deformation is é coastant volume process
£ =(AVre/1)(x - a~%)  (2.35)
o = f/1§ =AY x?/W(N - ,\“2) (2.36)

where o 1is the stress exerted by the sampnle.
The principle extension ratios in equations (2.32) ~
(2.36) are defined with resnect te a reference state in which

the mean square end-to-end vector of the network chains is
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identical with that of a system of eguivalent unperturbed
11

free chains. As the crosslinking process may influence

the chain dimensions, the reference state and the state of
4044 5

the undeformed network may be different. If <~r > od

2 .
and <r ‘>i'are the mean square end-to-end vectors of the
reference state and the state of the undeformed neiwork

respectively:

2 2 2
AF /KT = (AD/E)[<r2>i/ <r2>od] (A * Ay + Az =~ 3)
~ BY Inighody o (2.37)

- - (A))kT/V)'[< 2y . /€2>od](.\ -27H (2.38)

where the A's are measured with respect to the dimensions of

the undeformed network. Phis correction term was first
4244 40,41
proposed by Tobolsky and James and Guth. '

(2.4.2) "he Blasticity and Swelling of Gaussian Networks

| Consideration of the properties of a network that has
been swollen by a diluent is complicated: the reference
state, when the extension ratios are unity, may depend on
the degree of svelling, the nature of the diluent, etc.

11,12
The free eunergy of swelling is given

- (.)»/2) 111[{\1» ls/< 2>}{/ Z/Qa/ 2>OS}]
(2.39)
where <r2>is and <r2>os are resnectively the values of
<r2>i and <r2>od that occur in swollen samples.
The HEF7 theory gives the frce energy of crosslinking

a swollen network ast

AF,./x7 = (v - By )in g, (2.40)
where ¢2 is the voluné fractvion rubber in the swollen,

undeformed network.
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Finally the Gibbs free ecnergy of mixing is obtained from the

Flory-Hugznins equation:

AG . /xT = U.1n(1 = g, + )(_1 . 2 ' (2.41)

nix 1

where Hl is the anumber of diluent molecules and )(1 is a
constant describing the polymer/solvent interaction.
The total free energy change on swelling a rubber
11

network is

AG/xT = AF . /xT + AP [x7 + L}Gmlx/ki’ (2.42).

(3o /2) [<r2> i/<lfz>os] [¢—~ >OS/< 2> Od]
+ VBlaff, + 1In [<r2> os/ <r2>045/2

: - + i 43
If the network is swollen in pure diluent the difference
in the chenmical potential of the solvent inside and outside of
the netvork is:

Ap, = (dac/ S 1) ‘ (2.44)

T,V
At eguilidbriunm Aﬁt = 0 and:
—2/3 -1/3 = .
A VT, g /5 o (11 - B0 + (1 - 32784
*?CI;: ] {2.45)
2/3 2 2
where g <’ > 0S/\r > 3 Vl is the wartial molar volume
of the diluvent and V¥ is the nunmber of moles of neitwork
chains per uwnit volume of rudbber.

If the freely swollen network is deformed, then for the

11
case of uniaxial COI"ID.(‘GSSIOTJ. or tension:
- -2/3 2
o = (aYr0)f§ 1/z qo“’ (A -ﬁid /A ;?52) (2.46)

where ¢ 1is defined with resivect to the dimensions of the
dry undeformed networiz, whilst A 1is defined with respect to0

the swollen but undeformed networlk; ﬁd is the voluwme fraction
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of rubber in the swollen deformed network. For & constant
volume deformation fg = f, so:

o = (A;}*M)pﬁ;l 5 q-2/5(\ - a7?) (2.27)

A swollen network ig characterised by A,B,)(l,v*and
9,3 the pos31b1e values of A and B have been discussed. ¢
is often assumed to be unity which implies that <r < ,>os
although this has not been theoretically justified. 4
may be obtained from stress-strain measurements, so if BLfvl
is assumed to be much smaller than unity (B is assumed to be
zero by James and Guth) then 7:1 may be obtained from equation
(2.45); Introducing the assumptions that B is zero and dq
is unity gives:

o =1/2 | 2

AV, 4, [1n(1 - g,) + 4, + x.85) ] (2.428)

end: o = (AVRD)FYE(n - aR) (2.49)

which are the more commonly encountered forms of these equations.

{2.4.3) %he Swelling of Elastomors: Cchesive EBnerev Densitiocs

of Polvmers.

12

The Flory-Huggins constant o X is a free energy of

1’
mixing comprising an enthalpy of mixing and a2 non-combinational

contribution to the entropy of the system:

X1 = Xg*Xs ' (2.50)
Ay = [‘712 - 5lvpq * \Izg}z/h o (2.51)

where W and sz are the energies associated with

s
12 11
solvent/polymer, solvent/solvent and polymer/polymer contacts
respectively and 2 is the number of nearest neighbour contactis.
If the system is frees from specific interactions then to a good

45
approximation:



Vo no (Wy3Wpp)? (2.52)
1 1
R AT _z(wli - Wy2)/2xe | | (2.53)
45,46 1 N
or XH = Vl_/RT [(El/vl)2 - (EZ/VZ)Z ] (2.54)

E; and Eg are respectively the molar cohesive energies of
solvent and polymer (i.c. E, = -zwll/z and E, = -zuwgg/z where
M is the number of polymer segments per chain) and Vl and Vg
éro respectively the molar volumes of sclvent and polymer.

Bquation (2.54) gives:

Xg = v /R0(8% - 83) (2.55)
where &, = (El/Vl)% and &, = (Ez/vz)% are respectively the
cohesive energy densities or solubility parameters of solvent
and polymer,

It foiloﬁs from the Flory-Huggins equation that a
polymer will be soluble in a diluent over the entire range
of composition, 1>»ﬁ2> 0, if)él is less than 0.5. Many workers
nave found empirically that’ﬁs has a value of 0.3-0.4 so for
Xl to be less than 0.5,)LH must be very small; as the smaller
)(1, the better the solvent, the best solvent will have & zero
7CH value and:

87 = Bp 12.56)

Phis relation provides the method fof evaluating 52
by swelling the rubber in a series of solvents, plotting the
degree of swelling against 81, values c¢f which are tabulated,
and interpolating to obtain the 82 value corresponding to the

47,48,49

meximunm swell. As systems devoid of swnecific inter-
actions are a rare occurence the solvents used to determine

8§, should all be of the same chemical type (i.e. &ll esters,

2

Ize tones, ethers, alconols etc.), and preferebly similar



to the rudbver, so0 sncecific interzctions would all have

)

sproximately the same megnitude and nen-swecific intsractions

would be dominant in determining degrees of swelling., In this

<
-

th snecific

o

case the method may be awnplied 1o systenms
interactions although 1t is clearly not highly accurdie and
should only be regarded ag of sémi-guantitative or gualitative
values

The method may be improved by splitting the overall 81

value for a solvent into comporents describing the various
l14,50,51,52

tyves of interaction including specific interactions
. 14
such as hydrogen bonding ete.
2 2 2 2
= + + .
§ SH SP 83) (2.57)

where SH is the hydrogen bonding contribution and includes
other similar types of weal intermolecular bPonds; SD is the
contribution from polarisation forces due to dipole inter-

actions etec., and SD is tre countribution from disversion

forces.

(2.8) PUBBER BIASTIC TYRORY: DEVILTIONS FROI KITREIC PURORY

-

llany dry samples do not obey the kinetic theory; a

.

better it to the data is generally given by the iwo
10
parameter llooney-Rivlin eguation, Dpronosed on purely
phenomenological grounds (sec figure 2.2).
A large number of attemnts have been made to improve on
the kinetic theory exwression and to describe the second

ooner-Rivlin constant in molecular terms.

-~

(2.5.1) The Pncnomenolorsical Theor: of 2oernew and Rivlin
53
Rivlin sinowed that the free eneryry of deforrmation

K

of a btody, compnosed of a matewrial that is isotropic in the

undeformed state and in which any point (x_,vy "o) in the
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undeformed state undergoes an affine deformation having

coordinates (Agx,, ‘osrgZg) in the deformed state was:

ALY
S5 =

= i J -
AF C.. (1,-3)"{I5-3)"(I5-3) (2.58)
def izo j=o k=0 ijktT1
. = 12 2 2
’where I1 = kx + Ay + Az
=22+22+22 "
I, Axky A Agh s (2.59)
.\ 2,2,2
Iz Axkykz
Assuming that the material is imcompressible, when I3 = 1ls:
=5 3 i j (o &
APger =2 P cij(Il_s) (1,-3) (2.80)
i=o j=
The first non-zero term in this expansion is:
AF, . = 010(11_5) (2.61)

which has the same form as the kinetic theory equation. The
sum of the first two terms is:

AFg.p = CyplIy=3) + °01(12"3g4' (2.62)
which was first derived by liooney + For uniaxial tension or

compression this gives:

o =2(C, + Cy/A)(x - A% (2.63)

1

vhere C., = C. /V and C_, = C_/V. Equation (2.63) has been
1 10 2 01
shown to fit the stress-strain properties of dry elastomer-
networks over a fairly wide range of A values.
21,55,56,57
Other phenomenological egquatvions have been

pronoscd but none has been used as widely as .the ifooney-Rivlia
equation.

When arvnlied to the case of swollen networks the
Liooney-Rivlin equation takes the form:

o = 2(c, + C /A)ﬁ / (A =X ) A (2.64)

1 2 2

The two coefficients C1 and C, cannot be interpreted

in molecular terms from the Zooney-Rivlin theory but comparing
11

coefficients with the kinctic theory gives :

204 = (A xT/V) <r2>i/<?2>od for dry networks (2.65)
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and 20, = (Al)ki‘/v)q'o'z/5 for swollen metworks (2.66)
If <}%>i/<r2> oq and qo are assumed to be unity:
20y = (AVxT/V) for both dry and swollen networks
(2.67)
02 cannot be interpreted in this way but is often small or
zero for swollen samples indicating that these obey kinetic

theory (see fig. 2.2c).

{2.5.2) Deviations From Kinctic Theory

(2.5.2.1) Yon-Gaussian Sine=le Chain Stotistics

The Gaussian approximation is only valid when the end-
to-end vector of a network chain is mmall compared with its
contour length; when this is not so the inverse Langevin

26
distribution is a better apovroximation. Guth used a series

expansion approximation of the inverse langevin distribution

and showed by the JG method that

11 -
o = Dy(x - A7®) + 2/3D5 (1 - A"3) 4 D;(AS - 279
(2.68)
1
where D1 = szT,D% =%KkTand D%l = D2; K% has the gzme

characteristics as Kz. Smlth, Ciferri and Hermans used a
similar series expansion but employed the HFWV method to obtain

an equation identical to equation (2.68) but with

D = (Avx?/V)(1 _:n-l), D; = (3AxT/5nV) and
1 _
D, = (3Ax7/10nV) (2.69)

Equation (2.68) contains a term with the same form as
the second term of the Mooney-Rivlin equation, in addition

26

"5). However, Guth suggests that

to a term in (As - A
wvhen inter and intramolecular interaction effects are taken
into account there may be a partial cancellation of this

term, as will be shown later.



10
Treloar nas used the inverse Langevin distribution

in conjunction with the regular cublic three chain and the

regular tetrahedral four chain model, such as has been used

34,35
by Flory and XRehner s Which gives
1 2 =3 /2 1, - L
o= (Vr1/3)nZ [lTl(x/mz) - A / il s 2)} (2.70)

for the three chain model and

o= (ux/3(nE/3)E0 - A73) | 1 —1{_(A2 + 2/x)%(3/m%)%'}

(x2 + 2/x) (2.71)
for the four chain model. In both cases ml is the countour
length of the chains that contain m links each of length 1.

Both these equations give good fits to the data after
careful choice of ¥ and m but this, like that obtained using
the looney-Rivlin equation; is simply a two parameter fit,
although the molecular significance of the constants is more
obvious.

_ 55

Apart from the inverse Langevin distribution, Thomas
has used an empirical distribution by the inclusiop of a

term that corrcsponds to & small atiractive force resisting

extension of the chain. This gives the stress~strain

eguation:
o = ¢ |(x = 2"B)s mm5/2(03 - 1ﬂ._(x2 + 2) tan~L(A% - 1)
3/2
(x8 - )% ]
where ¢ = (AYkT/V) <r2>i /<}2>od and m® is a constant.

This equation gives a ¢ vsX curve that is very sinilar
59
to that predicted by the llooney-Rivlin equation.

{2.58.2.2) The Presence of Crosslinks and Yetwerl: Connectivity
&0
Gordon has prewnosed a stress-strain cquation in
P

which network connectivity was introduced via Dirac delta

functions.
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For uniazial compression or tension at constant volume

this takes the form
2 2 -1 2
o /(11..3) - DY (I; - 3) = D, ¥ (1.1..;5)
(2.73)

where D; and Dy are constants related %o molecular parameters

and I~ = (Az + 2/%). Rearrangement of this equation shows

1
o to be proportional %o 2 as in all the other equations
considercd so far. This equation gives a good £it to the
80
data as does the looney-Rivlin equation.

In the derivation of the kinetic theofy expression it
was implicitly assuméd that the crosslinks were randonly
distributed throughout the network. A non-random distribution
of crosslinks might result from the non-random distribution of
crosslink sites throughout the base polymer and this could
well result in deviations from kinetic theory. The effect of
non-random distributions of crosslinks and inhomogeneous
network formation has been considered in detail by Dusek and

11

Prins.

{2.5.2.3) Won-Ideol Hetworlk Elements

Several authors have considered the effect of non-
ideal network elements such as are illustrated in figure 2.3.

Loose ends (figure 2.3a),which are usually the ecnds

12
of tho primary polymer molecules,will not support the stress.
This problem has been treated in some detail and will be
discussed fully in section 3-3-2 (paze 55 ).
’ 12,861, ,

Entanglements (figure 2.3.b) and loops (figure 2.3 ¢)
may also occur. Permanent entanglements cannot be unentangled
without breaking network chains or crosslinks whilst temporary

entanglements can be removed without network chaln or crosslink

cleavage. In general temnorary entanglements will not affect



the equilbrium elastic proxrerties of the znetwork but may con-
tribute to the approach to equilibrium as a viscoelastic

2b
effect: on the other hand, permanent entanglements will

, 61
act as addivional partial crosslinks.

Loops will affect the elastic properties of the
network in the same way as loose ends unless they inter-
penctrate other locps (figure 2.%9d) or are entangled
(figure 2.3e¢) in these cases they will behave as permanent

12
entanglenents.

Other non-ideal elements arise in the form of
structuring or pre-existing order within the network. In
its most extreme form this exists as distinct microcrystalline
regions, although it can also occur as local ordering such
as correlated regions or dbundles of molecules, chains or

11 '
segments. Since these repions will tend to becomse
preferentially orientated when the network is deformed they
will give rise to an additioral entropy contridbution.

: 62

Volkenstein, Gotlidb: and Ptitsyzn have trcated this case

and obtained:

(A)J}:T/V)l:<r2>i/<r2>odJ(A ~ A7%) ¢ (0,729 k2/V) (1 =270)

g =
‘ (2.74)
where l)b is the number of dbundless; this equation has the sane
63
form as the llooney-Rivlin equation. James and Guth have

64
also obtained 2 similar equation and Blockland has derived

a nmore comnlicated equation that is theoretically less
satisfactory. A recent equation to describve networks of
partially crystalline chains has been »nroposed by Tamamooto

65
and White and will be discussed in section (2.5.2.5)



(a) loose ends (b)entanglement
o
(c) toop (d) interpenetrating loops

figure 2-3 :Network Defects
2 (e~ a crosslink ; o—a loose
end; ¢ - point of connection to

(e) an entangled l.oop network )
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(2.5.2.4) Yolume Effects

Y 4.

Implicit in the kinetilc theory is the assumption that
the polymer segments, which comprise the network chains, hav
zero volume; in reality polymer segments have 2 small but
finite volume so that a region of space that is occupied by
a polymer segment cannot be ocecupied by another segment.
Since polymer segments are excluded from the volume already
occupied by other polymer segments, the number of configurations
available to a network chain 1is less than that predicted by -
the Gaussilan distribution. Several distridbution functions

€7,68,69
that include excluded volume e¢ffects have been proposed.

These have been reviewed by Shen, Hall and De '{Iamesb6 and give a
stress-strain equation. |

e = a0 =27P) w o, @ (A) (2.75)
where Al and A, are constants related to molecular parameters
(both are proportional to MY kT) and (ﬁ(x) is a complicated
funetion of A having roughly the same dependence on X as
(1 - A-3). Unfortunately 'ﬁ(x) usually has the oprosite sign
to (1 -~ A'B) which makes it unlikely to be the only explanation
for the deviatiogg from kinetic theory.

Di Ilarzio suggested that neighbouring network chains
would cémpete for the availadble space, reducing the nqmber
of configurations of a chain below the nurmber predicied by the
Goussian digtribution. This reswlts in the apnearance of a
"packing entropy" giving the equation
e = (WXP/V)(n = A"2) + (vx2/3V) [2)41 * 5}\2/11)-% (2..76)

+ 1321 + 5/n)\)] n[2(1 - «,)

where n is the number of segments per chain and

1 ' L
@, = 1/5 + 2/9 [(2 + 232/ )E - (1 + 3/ma)E | (2.77)

-



This correcition term does hove the correct sign but 1is
generally smaller than the second term in the llocney-Rivlin
equation.

(2,5.2.5) Deviations Due to the Deformation Process

71
Priss suggested that whilst end-to-end vectors were

transformed affinely, the number of configurations available
to the deformed network was reduced due %0 tﬁe fact that
chains may not pass through other'network chains. This

gave an equation: |

o = (Avkm/v)[<r2>i/<r2>od][(x - A7%) 4 ﬁmx) ] (2.78)

where %(A) = @Az/s(x?—lﬂ_ AL+ AA% o a)tan~l(n® -~ 1)Z

3
2(x% _ 1)3/2 (2.79)
and m* is a constant.
72
Jackson, Shen and llcQuarrie have also treated the
case of molecular obstruction and obtained
o = [(Wrr/V)(x - A'gd— (VxTq/3n(1-q)V)(22° - A3 . 1)
(2.80)
where q 1s the fractional occupied space in the networlk.
o

This equation was found to account for 20 ~ 60 % of the C2

term for several differe?t rubbers.

Dobson and Gordon ° suggested that short chains aﬁd
crosslinks (which are short chains) would follﬁw the rotational
parct of the affine deformation dbut not the dilatationsl pert

giving an equation identical to equation (2.78) but with

§ﬁk) =[§A”1/ Z(As-l)]- AL+ 3

.
5 _ i
“tan (A% - 1)°%

3/2

2(A3 - 1) (2.61)
59

Gordon, Love and Purh shewed that this resulted from

ignoring the Browvmian motion of crosslinks and that a proper



derivation showed this effcct to be negligivle. Thirion and
T4
Chasset combined an empirical equation expressing non-afiing

deformation with inverse Langevin statistics giviag a
complicated equation that simulated, fairly well, the general
shape of the experimental data.
2.5.2.6) llolecgular Interactions
26 _
Guth has considered the case of networks with
molecular interactions that result in a change in the internal

energy of the network on stretching; for interactions between

neighbouring segments
-3

o = Di(r - 277 Do(l = 277) = 2:02(>\3 -Xx ) - (2.82)
Where Py = MNkT {w?Y, D, = U (w®Hx1/s5 [ (5x1/Bz) + 1], U is
the number of segments per unit volume, <w2> is the mean-
square fractional extension of the network chaians, B is é
constant describing the intersegmental interaction and z is
the number of next-neighbour segments. The interaction is
regarded as being analogous to the Van der Waals forces
introduced into imperfect gas theory. Comparison of this
equation with equation (2.68) shows that they have the sane
'form; combingtion of the two equations gives
o0 = Dy(x - ,\‘2) + (:02 + 2/31)121)(1 - 270 4 (D; - 21)2)(}\3, ->\'3)

| (2.83)
and if, at somo particular temperature, ﬁgaizbz then the
equation reduces %o the Iooney-Rivlin equation. Although an
exact cancellation is unlikely it is vpossible that there
might be a partial cuncellation.

An alternative approach has been proposed by Krigbaum

and Kaneko75 who considered a network of "cubic lattice

chains". These are chains in which the angle between successive

links is n/2 and in which any link is perpendicular to the



P

nlane formed by the »nrevious two. Thus every third 1link

is in the same direction (ec.g. thexdircction) and the only
difference between twoe links lying in this direction is
their sign (i.e. + or =). Comnsequently the system of

cubic chains is regarded as compPrising three sets of one
dimensional chains, interactions being introduced by
assigning different energies to successive palrs of bonds
with like and unlike signs. Use of the JG method gives

(»kT/v)(vs/V_?)l/3 (x = 2"%)q . (2.82)

o

o
where _ .

Q = 1+ qn(v;/v)z/g(sezk - e'zk)(xz + 4/3x) (2.85)

V. is the volume of the strained sample, K = A€ /2x7,
AE = €Eynlike -€like and Eunlike and €1like are respectively
the energies of pairs of bonds gith unlike and like signs.

4

Tobolsky, Carlson and Indictorw and Flory, Hoeve and Ciferri76
have tfeated the problem in‘a similar manner using one
dimensional chains and have obtained egquations with the same
strain dependence as kinetic theory, only the front factor

was modified. The KXrigbaum and Kancko cequation fits the

giving negative X values that indicate that

[)
"
I
[»]
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o
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O
=
<k
]
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o
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the stretching process is onposed by the internal chergy
gffects in the sense that coiled configurations are energetically
preferred over the more extended configurations.
65
A recent apnroach by Yamomoto and Vhite has used
a lattice modecl for networks with internal energy contribuiions
that depend on the relative configurations of seguecnces of
bonds (assuming bonds may be in either gauche or trans
configurations). This theory gives
n 2 2 = e\ [ a7 2.,~1
o = (aoxt/TKeD /G q) - 208 A b)Y (1-1) (A P77 )£ (£-1)
z _9
(A = A=%)

(2.88)



where II 1s the number of scgments per polymer choin, Iib is
the cxtended length of a chain, Ab = by = by Il'bT and
by are respectively the extended lengths of polymer chains
with 211 bonds in the trans or gauche configuration,
o= [(z' =2)x] /1 + (20 = 2)x], x-= exP[{_(EG -€p)
+ (kTélb/Mb)(hg - x‘l)} /kT] s 2' is the coordination number
of the polymer chalin sub-laottice and éG and ET are
respectively the energiles associated with gauche and trans
bonds.

This theory has been extended to treat a network of
partially crystalline éhains giving

o = (&vx?/7){1/1~ X¥) [(x = 2=2) ~fubap \ *

g(x)]

n<r?> (2.87)
1

¥
where )C is the fraction of the il segments of a chain that

are crystalline and g(A) is a complicated function of A,
Equations (2.86) and (2.87) have been successfully applied
to the prediction of erystallinity induced as a conseguence

of the deformation process.

(2.5.3) The liolecular Bésis of the Second Hooney—Riylin Constant-

The second Liconey-Rivlin constant, CZ’ which expresses
the magnitude of the deviations from kinetic theory, is
difficult to interpret in molecular terms.

In section (2.5.2) the theoretical prowosals that have
been ad#anced to explain these deviations have been reviewed.
Mlany of these itreatments give equations that are either
identical or give avnproximately the same dependence on A to

the llooney-Rivlin equation and consequently these equations

o>

fit the experimental data guite weil. It would thus avnpear
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02 altnough it is impossible, from stress~strain measurenents
alone, to decide which of these eguations apply to a

particular rubber.

25,77
To add further to this confusion, it has been sugzested
that none of these egulli»rium explanations is resnonsible

for 02 which results from the failure of the nctwork to reach
25,77

equilibrium. Flory and Ciferri rewnorted thot the magnitude

of Cp was influen need by the timoe scale of the experiment

such that smaller 02 values were obtained when the time

interval betweecn successive loadings of the sample was

increased. Phig implied that the observed Co values arose
/: e i)

in partv, from the failure to achieve eguilibrium conditions
when evaluztion was based on stress-strain measurcnments
where suifficient time was not allowed for the comwletion of
25,77
stress relaxation. It was suggested that under ideal
equilibrium conditions Cp wvould becone vanishingly small.
Vhilst there is evidence that 02 can be reduced there
is also a considerable body of evidence that even under these
conditions C, still remains finite ~. That part of Co that
dewvends on noun~ecquilibriuwm effects will depend on the nature
of the sanmple and will be reduced by swelling the samvle
in a diluent, which may also reduce the equilibrium wpart of

Cz, and vy increasing the temperatire. €, can sometimes be

o

reduced to zZero by swellingy the senmples in a diluent and
malking siress—-sirain measurements on the swollen samples.

A feature of Cs avnnorent from the theoretical treaitments
78
of section (2.5.2) and the experimental evidence is that C, is

3 is impnortant to the interrretation

,_-

proportiona2l to VW ;3 thi
of chenmical stress relaxation measurements to be discussed in

Chanter 3. .
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C‘f"-‘ '!BClT."O 3

HEIICAL  STRESS RELAMATICH: TUEECRETICAL  COIISIDIRARTIOIS
(3,1) IITLODUCTMION
15,79,80
Chemical stress relaxation is a method for

measuring the progress of chemical reactions that result in
changes of the number of elautlcallj effective network chains
within a polymer network. Experimentally the technique
comprises measuring the force cxerted by a strip of rubver
at constant strain and temperature. Under these conditions
both €y and Cp are proportional to Y , (see Chapter 2) so
f a (3.1)

If C, is primarily due to non-equilibrium effects
there nay be deviations from egquation (3.1), although chemical
stress relaxation is conducted at higher temperatures than
stress—-strain measurements where viscoelastic relaxstion
will be fast. Thus non-equilibrium effects are likely to be
smalls their magnitude may be determined by comparing stress-
relaxation data with estimates of the changes in ¥ obtained
from swelling mcasurenents,

If £ and T

o are regpectively the forces exerted by the

t

netwvork initizlly and a2t time t and Y _ and M, are reswvecltivel:
J O t - J

the network chain densities initielly and at time t
£/t =V iV, 3.2
t/ 0 t/ 0 (3.2)
(2.2) CONMINUOUS AND TIAREINIOOTIIY SMRWSS BRLAVATION: THR

/0 BT e PHEQRY

The chemical stress relaxation exneriment may be done
15,80,81
in one of two ways:



[
r

s mointained continuously at constznt

e

(i} Phe sample
strain and temmnerature and the force exerted by it measured
with respect to time. This is a continuous stress relaxation
experiment. |

(ii) The sample is maintained in the undeformed or
relaxed state at constant tenmperature and stiretched
intermittently to a fixed strain in order to measure the
force exerted by 1it; once the force has been measured it is
returned to the relaxed state. Ideally, conditions are such
that the sample is in the relaxed state for a very long time
compared with the time for which it is in the deformed state.
This 1is an intermittent stress relaxation experiment.

. , 81

Tobolsky, Andrews arnd Hanson proposed that the
continuous experiment gives a measure of the fraction of the
original network chains that have not been removed by scission
up to time %, new crosslinkg formed supporting zero siress.
The sampnle behaves as 1If it comprises two intervenetrating,
but indevendent networks; the first, whose unstretched length
is that of the undeformed sample, contains the remainder of
the original crosslinks; the second, whose unstretched length
is that of the deformed samnle, contains the new cresslinks
formed.

Ilew crosslinks formed are gssumed to support Zero
stress bvpecause they are formed between chain ségments that
are close neighbvours prior to crosslinking (see figure 3.1)

The intermittent exweriment gives a measure of the
change in overcll networlk chaln density, whether this 1s due

to cleavege or additional crosslinking.



N

potentigl

crosslink new

crosslink
figure 3-1: Crosslink formation in a strained networki

(e original crosslink; <« point of connection to network)

(f1/f,)c s (F/ f5) or A

O 1 ] Vl 1
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figure 3-2: Two network analysis of chemical siress

200

relaxation data for relaxation of Adiprene CM in nitrogen
at 120°C
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If the network chains ¢f the first networi are M2 4

whilst those of the second nstwork are L)
(2p/2,) g = Ple) /P (3.2)
(£5/£,)1 = YV (t) + Yolt)
l)1(") (3.4)
S0 A =(ft/fo)i-— (ft/fo)c =U2(t)/u1(o) (3.5)

where the subscripts ¢ and 1 refer respectively to continuous
and intermittant experiments {sece figure 3.2).

Since the sccond network, formed in z deformed sannle
due to crosslink formation, is felaxed, it will tend to resist
the return of the sample to its original length whén the force
is removed; relaxation of the first network will be accompanied
by deformation of the scce=zd. This means that the samnle
will retract until the forces exerted by the two ncusorks are
equal. If 1, and 1, are respectively the original and the

extended length of the sample and 1g(t) is 1ts final length;

the percentager'"chemical permanent set" is
PS(t) = 14(t) = 2, =x 100 (3.6)
3 .
s0 Ps{t) = , 1/ -1 (3.7)
+ 1
5 i
where 4; = (1./1)) = (1 /1 ) » Ag = 100

(12/10 - 1)
and Ul(t)/bg(t) = (ft/fo)c [(ft/fo)i - (ft/fo)c ]—1



“hus the nercentasze chemicel permancent set can be obtained from
continuous and intermittant stress relaxation measurerents,

The "iwo network'" hypothesis has been criticiscd by

62,83,84,80

several authors who grgue thot although new crosslinks
are not under stress when formed they will talze on a fractional
stress as degradation of the first network procceds. These
criticisms will be discussed later.

S
6

(3.3) CLmAvVAGE RTACTIONS IN ALASTOUER IR
1
S

T 0%
5,8

(3.3,1) CGleavarc in or st the Crosslink

Sunpose scission takes place in the erosslink (i.e.
the bond joining two chains is cut). If there werelM (o)
original network chains, that is)(0)/2 cerosslinks, then

after g cuits have been made, the number of crosslinks remaining

>

18
Vi{g)/2 = wilo)/2 =g (3.8)
Cole /e ) = (W()/Vie)) = (P (q)/Pe)) =1 - 2q(t)/ V(o)
(3.9)

Another case is that in which the presence of a
crosslink introduces a clecvage site into the main chain adjacent

to the crosslink. If one site is introduced per network chain
then after q cuts have been made

W{g) = V(o) =g (3.10)
ool /t)e = (W @)/ Y (e)) = (Y (£)/Vie)) = 1 = alt)/¥ (o)

(3.11)

i

If two sites are introduced per network chain then the

s undergone scission in g/21 (o),

m

provability that a site h

‘ £

the probability that a chain has not been cut is thus

[1 - q/2Y (o) ]2 and

&



(&)
(&)

il

[1 - (als)/20000)]3
(3.12)

(£,/2,)5 = (D(£)/D (0)) = (¥ (q)/¥ (o))

at short times when q(%t)/2V(0) is small

(ry/f,)e ~ 1 = alt)/Wlo) (3.13)

A comparison of equations (3.9), (3.11) and (3.12) is shown
in Tigure 3.3.

In equations (3.,9), (3.11) and (3.12) q) wWill be
proportional tod (o), this means that (£y/f ), will be

independent of Y (o).

(3.2.2) Clgavare Vithin Neatworl Chains

The case of cleavage Within network chainsg which is not
as straightforward as crosslink cleavage, has been considered
15,86,87,90 15 86,87
by several authors. Tobolsky and Berry and atson
qonsidered scission of network chains that contained & large
number of cleavage'sites; Tobolsky assumed that all the
network chains contained the same number of sites, whilst
Berry and Vatson assumed that cleavage sites were randonly
distributed amongst the metwork chains. In either case the
probability that one of the x sites of a chain has undergone
cleavage when_q cuts have bceen made in the network is
q/xv{o0,x), where Y(o,x) is the number of original network
chains that contained % sites. %Phe probability that a2 site
has not been clecaved is (1 = q/xV(0,x)) and hence the
probability that the chain has mot been cut is (1 - q/zV(o0,x))%.
15

Tobolsky assumed that all the chains coniained the

same number of sites, m, S0
? ?

Vig)/ V(o) = (1 - qg/my(o))® (3.14)
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figure 3-3 : plots of (f/f.)e vs q/v(0) for cleavage

in or at the crosslink - (i) cleavage at the
crosslink - 2 cleavage sites per crosslink;
(ii)cleavage at the crosslink - 1 cleavage
site per crosslink; (iii)cleavage in the

crosslink



. 1n [L)(q)/L)(o)] = m 1ln [1 - q/ml)(o)] (3.15)
g 1s wsually much smaller than m¥{o) so to a good apvroximation

1n [l)(q)/ll(o)] = - q/V (o) (3.16)

S le /e ) o= = alt)/ W (o) (3.27)

o'c
86,87
Berry and Vatson assumed that the number of chains
12,56

containing M(o,x) was given by the random disiribution

Y (0,x) = Y(o)p(1 - p)*-t | (5.18)
where p is the reciprocal of the average chain lengith. This
glves

V) (q) V{o)pli-g/TV{0))
—_— = (3.19)

V(o) P+ (¢/ZV(0)) 1 = p)

where X is the average number of cleavable units per chain.
Vhen 1/p is large, i.e. the chains are long, equation
(3.19) reduces to
V(@)/Y ) = [¢/vie) + 1] (5.20)

~1 __—
(£./£.). = lalt)/ (o) + 1 (3.21)
t/"o'c -
89

Yu has also considered the case of scission where scission
sites are randomly distributed, a2lthough his derivation
contains the impnlicit assumpton that cleaved bonds undergo

82
regeneration . Yu's equation rcduces to cquation (3.21)
‘when 1/p is large.

These authors all treat the problem by introducing cuts
into an initially perfect networi {i.e. a network devoid of
loose ends or other nctwork defects); the network produced
after n chains have been cut is the same as 2 network produced

by the crosslinking of n primary molecules. This resulis
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because n eut chains will give a2 networlr with 2n loose ends,
and since each of the n primary molecules has 2 ends the
network produced when these molecules are randomly crosslinked
also contains 2n loose ends. The case of crosslinking n
1z 20
primary molecules has been considered by Flory, Scanlan,
11,91,92,93
and others.
12
Flory suggested that the number of effective nciwork
chains (i.e. chains terminated at each end by a crosslink) was
p{a) = Y(o) ~ 2n : (3.22)
where g cuts result in the scission of n chains.
(£,/2,), = P (£)/P(0) =1 = 2n/V (o) = 1 = 2a(£)/V (o)
(3.23)
90
Scanlan hes corrected this result to include the effect of

the presence of a sol fraction giving

(£,/2 ), = (1 - s1)°(1 + sq) (5.24)

By
for a random distribution where s; = —%+[1/4 + (q(t)/lJ(o))] =

90 91 92,93
Scanlan, ullins and Thomas, and Gordon and Dobson
12
have shown that Flory's treotment does not take prower

account of the effectiveness of three funectional crosslinks

generated when one of the chains attached to a2 four functional

92,93
crosslinit is cut. Gordon and Dobsons! theory is the most
21
general and gives the same result as the Liullins and Thomas
90
4. * A
and Scanlan treatments in this case, jgnee
3 =
= - e .
(£5/2 )¢ = (1 = 57)°(1 + 2sq) (3.25)
A comparison of the four aupproaches is given in figure 3.4
15 €6, E7
equation (3.25) anwroaches the Tobolsky and Berry and Vatson
12

eguations at small q(t)/Y (o) values and the Flory equation
: 103
at high q(t)/VY (o) values. Shaw has considered mechanical
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and electrical analogues ané computer simulated neciworls which
give a (ft/fo)cdepcndence intermediate between the Flory and
ToboIsky equations provided no sol fraction effects arec
ineluded.

These equations may also be used to corrcct the kinetic
theory exmression for network defects (see section 2.5.2.3)
if glt)/ V (o) is replaced by im/ilc, where He is the number
average molecular weight of the primary molecﬁles and e is
the number average molecular welght between crosslinks. IT

90 '

the Scanlan equation is used then (AYkT/V) of equation
(2.38) becomnes [Al)(l - 31)5(1 + Zsl)kT/V]Where

89 % - F * [1/4 + (I:c/ﬁn)]

RV

(3.26)

When-applied to chemical stress relaxation measurements
the theories predict

(£,/25), =  (alt)/V (o)) | (5.27)
where aé(x) is some function, the nature of which depends on
which theory is adowted. q(t) will devend only on the number
of cleavable bonds and will be indeyendent of the crosslink
density so that in networks identical in all respects excevnt
crosslink density, gl{t) will be a2t the same and

(£,/2,), = él(wo)"l) (3.28)
so if (ft/fo)c is 2 function of 1/Y (o) cleavage takes place
randonly; within the network chains whilst if (ft/fo)C is
independent of l/L)(o) Cleavaée takes place in or at the
crosslinks.

If network chains contain a small number of specific
cleavase sites these ecquations nmay be modificd dut (ft/fo)C

will still be a function of 1/ (o).
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figure 3-4 :Comparison of equations relating (f. /. ).
to qlt)/»(0) - (i)Flory;(ii) Scanlan;Dobson & Gordon;

Mullins & Thomas:; liii) Tobolsky ; (iv)Berry & Watson
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(3.4) CIRCSSTIVNING DWACTICHS INW BLASTCLUIR  IIBWYORLS
_ 15,81
The wuse of the "two network thecry" to internret

the results of chemical sitress relaxation experiments on

networks undergoing simultaneous cleavage and crosslinkiag
has been discussed in section 3.2. The central assumption
of this theory was that new crosslinks formed in a strained

82,83,84,
sample supported zero stress. This has been questioned:

m

~
1o

whilst 1t is probably valid at the instant of crosslink formation,
the crosslinks may take on a fractional stiress as neighbouring
first stage crosslinks are removed.

The constraint imposed by a new crosslink is illusirzted
in figure 3.5: 1f there is no new crosslink, cleavage of
chain ab frees crosslinks a and b sc that they can take up
new positions consistent only with the counstraints afforded
by the remaining three chains attached to each. If a new
crosslink ¢ has been formed, the frecdom of b is restricted
by its connection to ¢. Thus, on average, chains or erosslinis
freed by cleavage of first stage chains or crosslinks will be
partially constrained to the configurations or regions of space

available to them prior to cleavage.

Hy

This problem is difficult to treat theoreticall:s
¥ J

although several approaches have been made in specific cases.

J

(3.4.3) Crosslink Brea¥dowm and Reformation: Reformed Crosslin

%

beinge Imnmune from Further Breokdown
24 83

This was treated by Scanlan and TFlory; Scanlan's

treatment is the more rigorous. The original crosslinks undergod
cleavage, they then reform to wroduce stadble erosslinks that

de not undergo further runture; Scanlan considers the effect
(&) -

of this occurence in a sitraincd networi.



A\

(i) cleavage in a network devoid of new crosslinks

(ii) cleavage in a network with new crosslinks

figure 3-5
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If the network, ccontaining 91/2 crosslinks, is defo
by A, ) D § Y o,/2 further cresslinks iantroduced, followezd
o' yor"zo?® 2

by a further deformation to Av,kv,hz, the entrony cheage is
“r I

= /2 E) I+ )T ] (3.29)

where I = A2 + A2 + AZ -3
X y 4

2 2
and Iy = (X /Ayo + (Ay/Ayo) + (Az/xzo)z -3
Thesé equations are derived in both theories except that Flory
generalises equation (3.29) by replacing I and'Iz by the itraces
of deformation gradient matrices so that the two deformations
can be defined with different principal axes. EBguation (3.29)
can be‘extendcd to give the eatropy of a network in which
several sets of @rosslinks have been introduced in different

states of strain.

As = (x/2) 2 vIe (3.30)
<
' 2 2
h Iy = A,/ A + A * (A -
where I+ ( x/ - (Ay/ - ) ( Z/Azt ) .5
Ax,ky,Az repreosent the final deformed sitate and Axx’kyt’kzx

the state in which the LLt/Z erosslinks were introduced.
The result expressed in equation (3.29) and (3.30) for +the
case of crosslink formation without cleavase 1s identical
with that obtained from the two network theory and may be
regarded as a vroof of the two network theory under these
conditions {an equally valid proof in this case has also been
82

given by Berry, Scenlan and Watson ).

Scanlan's theory considered the average entrony of
freeing a monomer unit by reroval of a crossliniz. The

distribution of end-to-end vectors for a chain betwecen two

unbrolen first stage crosslinks under a deformation kz,hy,kz
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was assumed to be given by the Wall dlistriovu
e ) L5

o
jon
o]
[}

¥

.
—
o]
I
w
]
I
9]
I8

of the chain under consideration is {erminated by 2 crosslink
that has droken and reformed 1its distridbution of end-to-ond
vectors will not be given by the 7211 distridbution.

Considcr two neighbouring network chains derived from the sane
primary molecule whicH arc joined by a reformed crosslink and
the other ends of which are terminated by undisturved crosslinis.
The probablility distribution for one of these chains will
depend on the distribution for the sccond chain immedictely
prior to the scission, movement and reformation of the
disturbed crosslink., If this second chain vere terminated

by a reformed crosslink itg distrivution Tunction would
depeund on the distribution of the third chain derived from the
same primary molecule immediately pnrior tb disturbance of this
second reformed crosslink. This argument caan be continued

-

such that the distribution of chain vectors, for a network
chain, depends on the number of neighbouring crosslinks aloag
the same primary molecule thét have been bdbroken and reforned
sequentially scarting with the most distant. Scanlan has

shovn that the distribution function for = chain that

a run o j scquenticlly brokxen and reformed crosslinis is
=\ - 3 . 2f 2 .2 2
Pm(ri) = Bn exXp -—Br Xy Ji Z3
+ + (3.31)
1
3/2 L 5 1
o<~ , e 2. 9 . .
TR By 235 B2 Byj %z
where a_ . ='1/5 (2 + A% ) +(:2/4'j)(>\2 - 1) with similarp
xJ _ X0 X0 T

The average entroepy change for the freeins of one
= <O —

monomer unit that separates a chain terminating & run of ji
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scqueniially broken and reformed crosslinks from a2 chain
terminatiang a j2 run can be obtained, and multiplied by the
probadbllity of a Jj and a 32 run occuring. Sumning over all
possible jl and 52 values gives the average entropy change
of freeing and refixing a monomer unit as

AS, =k/2{(5 —Zeb/4)(1 + 3) + (:%eb/zk--z)(z2 +3)}

(3.32)

where b = o/ (o).
Combining equations (3.29) and (3.32) gives

B8y = (U(o)k/‘l){” v o - 6”1 v (80 - sy - S)Iz}

1
(3.53)
(£,/%,)¢ = 7 +{5a(t)/V (o)} - sexplalt)/ap (o))  (5.32)
gzl ©
Flory's theory gives the approxzimate result
ale)/Y(e) = Y + nle,/r), -3, |- (ft/fo)c] (5.35)

where Ei(x) is the exponential integral and ’8 is EBulers
constant (0.5772...). EIxpansion of this equation gives

a(t)/V (o) = (-0t T Ny /e)) (5.56)

o
>
i=1

Y

Figure 3.6 shows the close agreement between equations (3.34)
» : €3
and (3.36); this serves to inereass the confidence in Filory's

more general theory.

3.4.2) Crossiink Brealdown and 2ofornation: Reforngd Crosslinis

boeinms Chemicnllry Identical to those Initianlly Prosent

This case is also one of the ramifications of Fiory's
83
general theory .
The network was considered to have been prepared by the

. . * s one . . .
introduction of!)l/z crosslinizs in the unstrained state, the

introduction of V 5/2 crosslinks in the state Ay and the removal
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figure 3-6:Chemical stress relaxation of a sample undergoing

-crosslink rupture and reformation —{i) two network theory;

(i) Scanlan’s theory; liii) points :Flory’s theory
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figure 3-7 : Definition of parameters &.,x and?. - @ residual

first stage crosslink; o unit from which a first stage crosslink has

been removed;x second stage crosslink.
£ =number of chain links between x terminating a o@(bx
chain and the next o or e ;% = number of links in a ogf'xchain;

7 = nuimber of links between o terminating a oﬂa chain and the
next @ or x.
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of L)g/z of the first stage crosslinks. Since the consegucnces
of removing Tirst stagze crosslinks must be independent of t{he

tate of strain at which they were removed; they were removed

4]

at the final state of strain A. £te2r the introduction of
1)2/2 crosslinks in the state Aj, the network was deformed

further to a final state A, before removal of the Tirs

t stage
crosslinks. The A's are in this case defcrmation gradient
matrices such that:

A= NS 3.37

Wi 1 tri 71tY rnents M. . 3 s sl
iiiere Ay and AZ are matrices with elenents Alg;l and Al,;ﬁ’
ialj = x,v,2 and

A = dx'/dx A = dx' /ay

xxs3l x / xysl dx /d"

= " ot = 1"t Wyt 4.
Axx;z dx"/dx Ax‘;z ax"/ay ete

o

where 2 point x,7,z in the unstrained state has ccordinates

5 x",¥",z" in stvate A.

]

x',y',z' in state Al and coordinat
At the cend of the crosslinking and scission processes,
when the network was in state A, it contained network chains
terminated by residual first stage crosslinks, second stage
crosslianks, or units from which first slage crosslinks had
becen removed. Flory considcred the possible combinations of
such chain terminations and showed that they resulted in
different contributions to the overall nctwork elastic free

encrszy; every first stage crosslink contributed %Tr(AA),

~F
every second stace crosslianl, %Tr(hzxg, and every chain

terminated by a second stase crosslink and a unit from which
a Tirst stage crosslinik had been removed.

[2377/('77-:‘4&)(?;+ K) ]Tr(”b\ _'ngz). ‘(’7,97;1(', are defined in
figure 3.7, Tr(X) is the trace of matrix X and Y is the trans-

pose Ilatrix of Y.
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The elastic free euncrgy 1s given by

AFer/x2 = 5 [{Vy + S0, )T + (U, - duyii,) (3.38)
S ,F 2

where I = Ao, -~ S and I, = Nis.o = 3 and
13 1] 2 13 1332

@2%%%1‘%;{ [ ey /g +xil7y +'7<)} (5.39)

J‘ng

by the subscripts. If all the network chains are the sane

where I is the number of Junction scegments characterised

length this summation can be evaluated as
= (2/4,) [1+ (1~ 4o)fgt ma - 40 ][ + (1 - 4DHEDT
0
(1 - p’l)]
(3.40)

_ whére ﬁ; =l)§/())1 + V) and ég :))gﬂ))l + D).

2

Flory gencralised these results to treat the case of
simultaneous formation and runture of crossiinks. If the
number of first stage crosslinks iremoved, ':))%/2, is a

vanishingly small number, 1% follows from eguation {3.40) that

d))le/d))g = (1 = ;52),{'2'1111(1 - 85) (3.21)
avg,/av] = -1 - (1 - 4,04 m - 4,) (3.42)
av, . /av, = o, d))2e/d))2 = 1 (3.43)°

where = V. o+ {3)) and = LJ '-%
i Ule 1 2 na ))20 2 Uz
If it is oassumed that the effects of differential
changes .in the numbers of first and second stage crosslinks
devend only on the effective numbers ),  and l)°e of the

-

two sets of chains then eguations (3.41), (3.42) and (3.43)
become
(av . Jav). = 2 VY cye)™t wm(v, fu)
- ile a le =0 le/

(3.44)
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X _ 2 =1 -1
.-(u))ze/d)))d = -1 -0, 0 VT Y-y, ) 111())16/1))
(5.45)
for changes inl)1 and))9 with dissociction of the itotal
e 2e
number, VWV /2, of crosslinks and
(d))le/au Jp = 04 (d)JzG/d)J)f =1 (3.46)

for changes due to formatiocn of crosslinks.

These differential cquations are quite general and
the rates of change of L)lo and))ze are Obtained by feeding
in the awvpropriate rate equations. The result discussed in
section {3.4.1) was obtained from these equations.

In the case of crosslink interchange, new crosslinks
are chemically identical to the initially prescent crosslinks
and the overall number of crosslinks remains constant. The

rates of dissociation and formation ¢f crosslinks are equal

and in the simplest case may be descrived by the rate law.

(au/dt)d = (d})/dt)f = k' : (3.47)
where k' is a rate constant. ZEquations (3.44) and {3.45)
give
2 -1 '
= 5! —— N
d))le/dt i x)le( Y- p,) 1n(ule/u ) (3.48)

which upon integration and application of the boundary
conditions L)le = Yat t = 0o gives

k't =B [ - m(Y, /Y] -~ [ -, /v )] - Y (3.49)

=w+wi/z x 2l o+ w3 ox Bl ..., (3.50)

where w = - 1In{ Dle/)) ) = - ln(ft/fo)c

A comparison of this result with that predicted by
two network theory is shovn in figure 3.8.

ion Aceommenvying Scission

<

(3.4,3) Generalised CGrogslink Parae

Apnart from the results of sections (3.4.1) and (3.4.2),



figure 3-8: Chemical stress relaxation of a sample undergoing

crosslink interchange —(i)two network theory;lii)Flory’s theory-

"y
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theoretical treatments of generalised crosslinking and
scission reactions are not availadble, In prirncivle the
case of crosslink formation and cleavage in the crosslinks
may be treated using the aguvnropriazte rate laws in conjunction
with equations (3.44), (3.45) and (3.46).
The case of main chain cleavage accompanying crosslink
formation is more difficult to treat, particularly_in view
of the controversy over which equation should be used to
describe the effect of main chain scission (scece section 3.3.2).
In qualitative terms deviations from two networiz theory
may be similar to those predicted in sections (3.4.1) and
(3.4.2). |
In all the cases considered the deviations from two
networlk theory are much larger at small (ft/fo)c values than
at values near to unity and the deviations may be sufficiently
small when (ft/fo)c appreoaches unity for two network theory
to be a reasonable approximation.
There is experimental evidence for deviations from
the twe network theory, particularly in the caéc discussed
_ B4 3
in section (3.4.1), ©but in the mein it is a good approximation.

(3.5) THZ ¥IWETICS OF NEM/ORK REACTIOLS

The possible reaction kinetics for the reactions taking
rlace in polymeric networks are as varied as in non-polymeric
materials. Cnce the kinetics responsible for the crosslinkiag
Oor scission reactions 1in an elastomer are known they may be
combined with the egquatlons introduced in the first part of
this chawster to give an equation that will account for the

chemical stress relaxation behaviour of the network.



”
(3.5.,1) A Nesume of Basic Kinetiec Laws

The basic kinetic equations for simple cases are well

known and their derivations given in elementary toxt books:
t < s
95

hence only the results will be summarised here.

(i) =zero order kineties: c{o) - e¢(t) = kt (3.51)

—
o
e

) first ovder kineotics: c(t)/clo) = exp(-kt) (3.52)

(iii) second order kinetics (bimolecular combination)

clo)/e(t) - 1 = cl{o)kt
(3.53)
The chemical reaction represented by these equations is

kl
ne ———>  products

ﬁhere n is the order of recaction, c(o) and c{(t) are

respectively the reactant concentrations at time zero and

time t. Ilore complicated kinetic equations can be derived for

particular'reaction mechanisms; the methods of deriving these
95

equations are described elsewnerec.

An important equation in chemical kinetics is the
Arrhenius eguation that describes the temperature dependence
'of the rate constant

k' = Aexp(-AY/RT) (3.54)
where ASH'is the activation energy, A is a constant, T is

the absolute temperature and R is the gas constant.

The theory of absolute rcaction rates gives an analogous
95,96

eguation
X' = R?/Ih exp({AS™ /R)expl-a8* /R7) " (3.55)

- T ot N . . - %
where L is Avogadro's number, h is Planks constant and AS

* . -
and A are respectively the entrony and enthalvny of

<t

activation.



For 2 liguid or solid..phase reaction

AH = AH  + RT (3.58)

*

and as RT is much smaller than AH
AH = Aan* (3,57)

The additional RT dependence of equation (3.55) over

equation (3.54) will be small so that the two cquations will

[#]

. . o * .
be in close agreenment with 4 = RT/Lh expl AS /R) allowing
evaluation of the activatlon entropy.

(3.5.2) The Kinetic Interwmrciation of Chemical Siress Relowatic—

Data: Cleavage Reactions

The simplest case is that of clecavage in or at the
erosslink.
Suvpose the reaction is first order and cleavage of the

ecrosslinik ocecurs. Initially there were 1)(0)/2 crossliinks,

G

when g(t) cuts have been made the number of crosslinks remainins

is
Y(t)/2 = Vi(o)/2 - qlt) (3.58)
and for a firét order reaction

vit)/2 = vl(o)/2 exnl- xqt) (3.52)
50 : alt) = vo)/e [1 - exp(=~ klt)] (3.60)

Substitution into equation (3.9) gives
(ft/fo)c = expl-Xk,t) (3.61)
ln(ft/fo)c = -kt (3.62)

Similar reasoning for the cases of cleavage at the crosslink
with one or two cleavage sites per chain gives

ln(ft/fo)c = ~kX,t for one site per chain and (3.583)

ln(ft/fo)c - 2klt for iwo sites per chain (3.64) .



Similer equations can be .derived in the same way for
other orders of reaction.

Preoatment of random main chain cleavage 1is more difficul
because of the numercus equations relating u%/fo)c to
q{t)/ Ylo), (see section 3.3.2). TFor a first order reaction

m(t) = m(o) expl- kqt) . (3.65)
where m{o) and m(t) are resmnectively the concentrations of
reactive sites per unit volume at time zero and time t.

If m is the average number of reactive sites per

15
neiwork chain then use of Tobolsky's equation (equation (3.17))

gives
(ft/fo)c = (Y(t)/ V(o)) = exnl(~ k{t) (3.66)
CaoImleg/g ) o= - kgAY . o1 - (3.67)
Using Berry and Vatson's equation (equation (3.21))
fives
(£,/€,) = 1 =8 [1'= expl~ X7%)] (3.58)

which for smell k1t reduces to

(fo/xt)c - 1 = mkt (3.69)
or _
In(f, /£ ), = - Bkt (3.70)
12
The Flory  eguation {equation (3.23)) gives
(£y/2,), - 1 = 2@ [1 - exn(-x,t)] (3.71)
which reduces for small Klt to :
(£./2,), = 1 = 2mkt (3.72)
These difficulties can be avoided by restricting measurements
90
to small (f}/f ) . values where (see figure 3.4) the Scanlan,
it/ To’e
15 86,87
Tobolsky and Berry and Vaison egquations converge to the

same (ft/fo)C vs qlt)/2 (o) devendence when the Tobolsiky

or Berrs and Vatson egucticns way be used. The Flory ccuavion
o L o '~



has been shevm to be inaccurate at small (ft,/fo)C vaiues., “he
applicability of any of these eguations can be vestied by

looking at the dependence of (f#y/f on 1/V (o).

o)c

Similar equations ma;y be derived for other kinetic
equations so that for second order kinetlics Tobolsky gives

(£5/)o = (1 + @V (0)k t)" (5.73)
which for small m))(o)kl reduces to

(£5/£5), = 1 = A%V (0)kt (5.74)
whilst Berry and Vatson give

-1

[(fo/ft)c - 1 ]
which for small))(o)ﬁklt reduces to

(£,/25), - 1 = fkyt (3.76)

/& + 1/5°  (o)kq(1/t) © (3.75)

Avart from this ceclassical molecular approach the
kinetics ¢f removal of elastiecally effective chains could be
considered. Assuming a pseudo chemical reaction causing
scission as .

*
ny —— products

fthe followving equations may be derived:
(ft/fo)c =1 -x*1t/» (0) for a zero order reaction
(3.77)

ln(ft/f x* t for a first order reaction  (3.78)

ole =

(fo/fL)c -1 V(o)x* t for a second order reaction
v
(3.79)

These eguations can give good fits to the data and have

the same general form as the equations for molecular kinetics.
18,19,97-100

Tobolsky 2nd otaers have found that good fits vo the data
can be obvtained using an enmpirical equation

n .
(ft/fo)c =S Ajezp(m kgt) (3.80)

d=1
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n

where > A, = 1., Phis equation was first used to interpre
j=1 Y

the viscoelastic flow of uncrosslinked systems and has since

been used to interrret chemical stress relaxatlion curves.
It is usually applied to cases where the ln(f*/fo)c vs 1t
. [
curve becomes approximately linear 2t long times, the slope of
this linsar portion is kl and the intercept is Al. A plot is
- <Y *4_ P - S
then made of 1n (£./£ ) = A exp(-k. t) vs t which
t' "o’'cC 1 1
will also have & linear region giving kg and Az. The »p»rccess
is repeated until the whole curve has been resolved although
only %two or, at most, threce terms are usually required.
The equation has been given molecular significance for
a system with m cleavable sites ver chain of which, a small
fraction, « are morc recadily cut than the others. This

100,101,102
model gives:

m -
, - il (m - 1) i wi= s .

(ft/fo)c = S Ci(l - a) @ expl}{x(m - i) + Lwl} t]

i=o0

(3.81)
where mCi = Gl/(m=1)V1il for 341 or & and
m m
¢, =

3
[N
ok
13

]

i3
o
g
[»}
[
o
(o]
o}
o
=
@
@
o)
p“-l
[
[
=
b
r
a8

{5.5.3) %ho Kinetic Intervretation of Chemieal Stress Relaxotion

Dotas Crosslinkines Reactions
The kinetics discussed in section 3.5.1 may also be
applied to internretation of the crosslinking process. Consider
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action wwhere the concentration

o

2 simwnle bimolecular combination r

2ally and the reaction is

pte

of crosslinking sites is v(o) init
<)

k
2y 2 Dz/z {erosslinlks)

so that
[v(o)/v(t)]— 1= v(o)u,t (3.83)
the number of crosslinks formed is L)z(t)/z =-%[v(o) - vit)]
S0 ))2(%,)/))1(0) = v(o)/))l(o) [1 - (1 + v(o)l«:t)"l]
(3.84)
UL D00)/V,(8) =[V3(0)/v(0)%x](1/8) + Vilo)/vie)  (3.85)
Since D o= (gp/e), = (25/85)g = Y pl(6)/Yq(0) (3.¢5)
o s =lvle)/vs 0 ]te/a) - 1/v(e)x, (3.87)

so that a plot of t/A vs t should be linear

ilore comnlicated kinetics may be enccuntered and treated by
a5 :
the methods of chemical kinetics; & case of particular interest
is that of crosslink or bond interchange such as has been
83 :
congidered by Flory (section 3.4.2)

(3.5.4) Phe Kinotic Intervnretation ¢f Chemical Stress Relaxation

Data: The Time-Tenperaturas Sunernosition ¥ethod

g

15
The time-temperature superposition principle is

commonly used to interpret the viscoelastic proverties of
polymers, although it may also be anplied to the chemical stress
relaxation properties of rutbers. The method may be avplied to
a relaxzing system in which the relaxzation behaviour mzy be
described by a function of a series of relaxation times, 1ﬁi,

(£./£,) = izjl b (+/7) (5.88)

for stress relaxation an apwropriate formof this function is

n
s (t/’t’i) =
z ¢

1 =

A exp(t/T;) (3.89

] PA s

i
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is a constant. Iif, when the temmerature is changed
'Ui(Tz) for all.?fi, where

Gy > Tp is a coanstant, the relaxation curves at T7 and Tp may
he superimposed by plotting (ft/fo) vs log t and sliding one
of them along the log t axis as is illusirated in figure (3.9).

the

jo2

The constant Cp, > Ty is usually written at an an
temperature dependenceof ap will be characteristic of the
relaxation process.

If relaxation results from g single chemical nrocess
the relaxation curve may be‘described by a single relaxation
time, T,ps Which is defined as the time taken for £y/%, to
f£al1l to l/e of its initial value; for a first order reaction
Teh = 1/1{1.

It is not always convenient to use't’ch to characterise
chemical stress relaxation gince its determination reguires the
experiment t0 be continued until gross degradation has occured,

in fact T ,the time taken for the siress to fall to

(ft/fo «
some arbitrarily chosen value, (ft/fo) s CT mT measurcd with
respeet to an ardbitrarily chosen tempersgture, may be used to
characterise the relaxation behaviour. 4 nlot of log Gy

> . ¥ T : %y . .
log(l/chh) o1 log(l/Yf(ft/fo) ) vs 1/7 will give a straight line

with a slope of AL/R (sce fig. 3.9). This is a simple means of

rates of relaxation of elastomeric

c
¢]

representing the relativ
materials and determining some kinetic parameters., Unfortunately

1t does not allow the evaluation of pre-exponential factors.

+ + F + + o+
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figure 3- 9: Application of the time - temperature superposition

principle to the continuous stress relaxation of Adiprene CM in
nitrogen - (a) relaxation curves and plot of isvs 1/T; (b)

superposed relaxation curve and plot of ofr vs 1/T.
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CiIADRRER 4

A RTYIRY OO Uy IRIICAL  STRISS  RETLAYVACICT - OF

PSR PP

ELASTCIER SYSTEITS

(£.1) IumrnedULCIO:

The method of chemical stress reTa“h ion hes been used
to study the degradation of a wide range of elastomers under a
variety of environmental conditions. In this cha nter
applications of this method will be oria fly revie.wed.

{4.2) CHZIICAL STRESS RELAXATION Iif NYDROCARBON RLASTOERS

The relaxation beha#iour of an elastoner denends upon
the constitution and structure of the backbone nolymer and the
crosslinlkz. The effect of the cro ~linksris particularly
nrominegnt in the felaxation of hydrocarbon elastomers which
may ve cured in séveral ways, giving crosslinks with different

structures. The princinle curing systems are:

g(i) hose using free sulphur with or without catalysts,
i 104,106
accelerztors and other compounding ingredients. This

system resulted in vulcanizates containing the structures showm
in figure 4.1 =and also caused some main chain scission.

Unaccelerated sulphur cures give a high »ronorticn of noly-

sulnnide crossllnrs and cyeclic monosulvnhides whilst accelerators

=

g the rate of crosslinking

v

(iIBT, CBS ctc. see figure 4.2) increa

and deccrecasce the numbers of vicinal wolysulphide crosslinits,

)

cveclic monosulshides, mala chain scissions and the leangth of
the sulvhur chains in the polysulphide crosslinis.

(ii) Those using sulvhur donors but without free sulnhur.
The vulcanizates nroduced in this way contain mainly monosulnniie
crosslinis, with small numbers of dis ulnnide and nolysulphide

links theat can pe almest elininzited if the cure time 1is
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(a)monosulphide (blpolysulphide (c)vicinal (d) cyclic
crosslink crosslink polysulphide monosulphide
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figure 4-1
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Diphenylguanidine [DPG) figure 4-2
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(CH,).N—C—S5~S—C—=N(CH, ), [CHIN-C C-N(CH,),
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figure 4-3: Sulphur Donor Cure Systems.
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17t * 10
tigure 44:Plot of Oxidative Stress Relaxation Data According to

Equation 4-1 = * highly purified natural rubber; » deproteinized
crepe. (ref.86)
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sufficiently loug. Also produced are mpendant groups whose

structure dewends on the cure time as is shown in figure 4.95.

o

The structure shown in figure 4.%a 1s unstable and leads to

further crosslinking during ageing and ultimately gives that
shovnn in figure 4.3Db. ’
104

(iii) 1These using organic peroxides or §-radiation..

These vulcanizates eontain crosslinks that are carbon-carlon
bonds although there is oiften some main chsin scission and some
extra unsaturation introduced into the main choin; cure proceeds

via a free radical process.

(iv) Those using organic peroxides in combdination with
105 '
free sulphur. This system gives carbon-carvon crosslinks in

addition to di and polysulphide crosslinks and a greater amount

s used to

[y

of main chain scission than process (iii). It
produce vulcanizates of saturated hydrocarbons that are brozdly
similar to sulphur cured olefiniec rubbers.

™

(4.2.1) %he Oxidation of Hwdrocarhon Elaosiormers

Chemicel Stress Relaxation of Peroxide or Radiotion

~
.
Hv)
»
-
L ]
[
——

?

Vulcanizestes

The reclaxation behaviour ¢f these vulcanizates has beon

widely studied because they have the simplest struciure and

should-be the ceasiest to intervret. Natural rudbber has been

most extensively studied providing insight into the mechenisn

” 86

S, It was socn establisihed

H

of the oxidation of hydrocardon rubdbbe

that, nrovided natural antioxidants were rewmoved, the continuous

stress relaxation of natural rubber could te described by the
15,86,107+111

antoxidative mechanism proposed by Bolland, Bateman and cthers.

Initiation: 2R00E ——> Radicals (e.z.R0;,R0°,R*,H0; etc)



Propagation:s R° O+ 02-——€>Roé
RO + RH —=R" + RO0OH
Termination: 2R* —> R - R
RO, + R®* —>RO05R
2RO’ —>2R0" + O
2 2
RO*—> Carbonyl + R'’
. 66,112
Stress relaxetion data obeyed the following ecuation
£, /(g - £.) =a/t - b _ (4.1)
.0 0 .
where a and b were constants (see figure 4.4). .This is a
second order kinectic equation (equation 3.74, section 3.5.2)
which was derived assuming second order decomposition of ROOH
and cleavage during either initiation or propagation. Scission
apnarently took place in the main chain.

Equation (4.1) was only obeyed if highly purified,
devroteinised rubber was used, otherwise natural antioxidants
(i.e. proteins) inhibited the reaction, so that autocatalytic
degradation was.preceeded by an induction period or relaxation

86,113
was not auntocatalytic at all. The effect of natural and
artifieial antioxidants explained the earlier results of

15 66
Tovolsky. Dunn and Scanlan suggested that termination was
likely to be due to reaction of free radicals with traces of
natural antioxidents rather than the processes suggested in
the auntoxidative mechanism, even when highly pure rubber was
used.

114

Thirion and Chasset showed that equation (4.1) could

be expanded to give

£/ =1 - t/a = (v - 1)(t/a)" (4.2)

which reduced ¢to

£/ =1 - t/a (4.3)
[ (¢}



reaction. Yhis pseuwdo zero order behaviour
114
has been ovserved by both Thirion and Chassect and Scheele and
115-117
Hillmer (see figure 4.5). Since 1/a has the character

iy

for slow rates 0O

2

of a rate constant it obeys the following equation (sec figure

4.6).
a = ajexn( AH/RT) (4.4)
The activation encrgy, AN, obtained by Thirion and
114
- =1
Chasset was 100kd mole 1; this compares with 125kdJd mole ~
15
from Tobolsky and 84 to 107kJ mole~! from Scheele and
115117 '
Hillmer.
The same mechanism operates for uw.v. light initiated
86,118
oxidation except that the initiation step becomes
: u.v. light .
ROOH = RO® + OH

The stress relaxation data now obeys the equation

fo/i‘t =1-a+a expl{k't) (4.5)
which gives excellent agreement for w.v. light of wavelength
365 mpk at 25%¢. Horaiég showed that similar behaviour took
place at wavelengths betvween 500 and 369 mp, the rate being
greatest at the lowest wavelengths. At wevelengths lower than

118
these deviations were Observed, and Dunn, Scanlan and Vatson

119
observed non-oxidative relaxation at 313 mp; llorand suggested
that direct photolysis of carbon-carbon bonds might be
resionsible.
lleasurements have been made 10 evaluaté the relative
effectiveness of antioxidants since g?all armounts of these can
(o]

reducte severel; the ratc of relaxation. Antioxidants can be

classified into grouns; those that suppress the propagation
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figure 4:5: Stress Relaxation of a Peroxide Cured Natural

Rubber Vulcanisate Showing Zero Order Behaviour (ref.114)
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figure 4-6: Arrhenius Plot for Thermooxidative Stress
Relaxation of a Peroxide Cured Natural Rubber Vulcanisate

(ref. 114)
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The first group contains the conventional phenolic eand
amine antioxidants both of which give rise to a prolonsed
indvection period, where relaxation is slow, prior to auto-

86,120-122
catalyvic decays; in some cases relaxation did not becone
autocatalytic at all.

123,124

Dunn studied the effect of substituted n-phenylene
diamines on the rate of u.v. initiated oxidation. These
behaved in the expected manner, with the exception of diphenyl
gethylene diamine; additional protection was probably provided
" by the reduced transmittance caused by the inteunse colour
developed by the samples during the slow period.

122

Scheele and Hillmer ghowed that for thermal oxidation
during the slow period, the inhibitor concentration was
inversely proportional to the relaxation rate, which was zero
order for both phenyl-B-naphthylamine and l-phenyl-ll-cyclohexyl-
DP-phenylenediamine in accord with the theory of inhibited

122
oxidation. They showed that phenolic antioxidants behaved

’ 123

in the same way as the amines, although Dunn showed that for

photochemical degradation, thelr behaviour depended on

o
‘sl

substituti ernss good antioxidants are those with blocked

o]

n pat
ortno positioms. The prescace of a u.v. absorber prolonged

125,124
the active 1life of vhenolic antioxidants. in photochemnical

oxidation.

Apart from vhenolic and amine antioxzidants, metal salts
of dialkyldithiocarbvamates, dialkyldithlionhosphates and
Glalkylza=nthates are good antioxidants. Their ¢ffi
denends oun the identity of the metal ion (see figur

and they are thought to decompose hydroperoxides giving non-

radical products, interferiag with the initiation steps.
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(CHJ.C.HNH ] DBDTC = Dibutyldithiocarbamate
08p S DMDTC = Dimethyldithiocarbamate -
O'GWMMWWOS;H;}ZNHL - DBODTP = Dibutoxydithiophosphate

| , S”% r 9 DPODTP = Dipropoxydithiophosphate
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NiHJ PBN = Phenyl-s-naphthylamine
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time (x10°mins )

figure 4-7 :Effect of antioxidants on continuous 2

++
Co DBDTC relaxation of natural rubber (ref. 86 )
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127
Some examples of synrergism have been observed by

combining antioxidants from the two groups; that is a

y

hydroperoxide deconposer with a free radical scavanger.

The intermittent a2nd continucus relaxation curves were

almost identical for peroxide cured zatural rubber, indicating
86

very lititle crosslianking. he radiation vulcanizates snowed

12
2 little more crosslinking, prcdadbly due to vinylidene groums
128
introduced during cure. 1llgisey and Scanlan showed tha

ch
-

likke sc¢ission, crosslinking was a frce radical vprocess since
it was inhibited by amine and phenolic antioxidants.

Other hydrccarovon rubbers behave similarly to natural
~rubber, the relative relaxation rates depnending on the amount

15
of main chain unsaturation: the greater the amount of
unsaturation, the higher the rate. Completely saturated
hydroczarbons, such as cethylene-pronylene rubber, are the most
stable whilst the olefinic hydrocarbons, such as natural
rubber, polybutadiene, dbutyl rudbber and styrene-dutadiene
rubber, are the least stable. laterials such as etuylenec-~
propylene terpolymers with wendant unsaturation are marginally
less stable than the saturated rubbers.
he continuous stress relaxation of synthetic poly-
isoprene, polyvbutadiene and styrenc-dbutadiene rudbber is very
similar to that of natural rubber but is generally accomuanied
15,86,129,130
by a more proncunced crosslinkting reaction.

Recent intercest has veen conceuntrated on the stress
relaxation of the low unsaturation rubbers, since these could
provide high tennerature hydrocarpvon rubbers. The contlnuous

131 152-154
stress relaxation of ethylecane-propylene co- and terpolymer

rubbers comvprised an initiacl period of slow relaxation followed



-

by 2 nericd of autocatalytic decay. Relaxation during the

slow period was first order {i.c. the relaxation curves

could be deseribed by the equation 1ln fy/f, = - kt)for both

EP and EPT rubdbvers. The duration of the slow period was recduced
by increasing temperature.

In EPT cleavage took vlace in the crosslinks, since the
rate of relaxatioan was indewnendent of crosslink densitys; this vas
to0 be expected since crosslinking tekes nlace in the vicinity
of the pendant double bonds. In EP rudbber there was evidence
of cleavage both in ths main chain and at the crosslinks.

The behaviour of these rubdbers can be described in terms
of the antoxidative mechanism already discussed, bdaut with the
inclusion of an induction period where the concentration of
hydroperoxide and free radicals builds up, until they can

131
supprort the autocatalytic period. Thomas obtained an
activation energy of 155 kJ mole~l for the relaxation of EP
134
rubber whilst Imoto et al obtained a value of 130 kd mole~l
for EPT.
134 . :

Imoto ‘et al studied the relaxation of EFT cured with
peroxide in the prescnce of H,N' -~ (m-phenylene)-bismaleimide,
diallylphthalate or I,Il'-mecthylene bisacrylamide giving C-2R-C
as well as C-C crosslinks; these vulcanizates behaved in the
same way as the simple peroxide cured samples, except that they
were slightly less stable.

132

Very little crossliniing tookx place in either the EPT

131

or EP ruddbers although measuremnents on the EP rubdber were

difficult to interpret because of physical relaxation during

~

<!
(6]

rmittent experiment. This lack of crosslinking is at
155,136
results, obtained by llarkis and Dobolsky,

the in

odds with ¢h

(&)

for low density polyethylens where therevas a high rate of
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crosslinlting that was further increased in the wnresence of
carbon black.
111,137
Pobolslzy has studied the relaxation of hydrocarbon

on ig cauvsed by the decomposition of an

e

rubbers where initiat

added organic peroxide so that the rate of initiation is
known. For EP, IPT, polypropylene, SBR and natural rudbber
the initial rate of scission was Tound to be proportional to

iator concentration and the scission efficiency

ct
o
]
[
=
b
c
e
(o
]
[=N
=
c

tial rzate

e
Je

(i.e. the initial rate of scission divided by the in
of initiation) was between 0.6 and 0.7. In the casc of an

exteraally initlated autoxidation reaction, the scheme already

{te

présented must be modified by the rewnlacement of the iInitistion
stepé by
Init —> 21°
I° + RH —> R* + IH

-,

These results led Tobolsky to suggest that cleavag

[}

s 4

toolt nlace duriag initis

[
=y

on or termination, although this
may be & conscguence of the abnormally high free radical

.concentration present in these extremely initiated srstems.

4,2.1.2) Chenical Stress Relaxation of Sulnhur Doneor Yulcanizates
Phese vulcanizates (i.e. TiDT cured camnles) of

natural rudder give auntocatalytic decay similar to that for the

peroxide cured samples unrovided that they have been well cuwred
86
ané extracted. If undercured, reloxation is slower than

autocatalytic and accompanied by & considerable amouunt of
crosslinking; uncextracted samples also give 2 reduced rate of

relaxation. This is because undercured samples contain a2 pendant

.

bound siruciure (figure 4.%a) thot causes further crosslinking
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dimethyldithiccardvancte, a gocecd antioxzidant; this anticxids

is always pnroducecd dhrln“ cure and is, hence, nrescnt in well

cured unecxztracted samples.

When autoxidative degradation does occur, cleavage

-

takes mlace in the main chain with 2ctivation energxies ol 124
- (=]

-1

=

117 kJ mole reswectively for TMNTD and TETD vulcanizatesy
thcse are in good agreement with the values obtained for
peroxide curcs.

EPT may be cured by TilTD and the continuous stiress

relaxzation of these vulcanizates has been studied by scveral

152,133

vorkers. Tobolsky found that after an induction neriod
J I

the rate awnnroached that of the peroxide cured samples.
139.140

Tamura and ilurakani's results were in general agreewment

132,133

with Tobelsky's and showed that, as in the peroxide cured

amnles, scission took wmlace at the crosslinks.

134
The results of Imoto el al did not agree with those
132,133 139,140
of Zobolsky and Tamura and iiurakamni as relaxation
-was slowver and reduced on extraction. Lhe activation energy

. . -1 s R
ovtained was 121 kJ mole and relexation was accomnpanied
by a substantial ecrosslinking reaction suggesting that the

mples might have been undorcured.

{(£.2.1.3) Chenical Stress Delavation of Sulvnhur Vulcanizates

Unaccelerated or accelerated sulphur curecd natural
rudbber vulcanizates contain nolysulphide crosslini

is, they undergo
15 86
interchange reactions when hezted or stressed.
heated or
P848,R + R B8,54% > 25,8gR + R B,85pR
svressed

thermally and rheoclogically labile; tha
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This type of recaction,which will be discuscsed later,
has a considerable effect on the relaxation of a rubber
network, but can be distinguished from the oxidative rcactions
since it will occur in a vecuum. In sulphur cured rubber the
interchange reagtion includes the production of free sulphur:
and di and monosulphlde crosslinks. The concentration of
polysulphide crosslinks and, hence, the amount ofi non-oxidative
relaxaticn can be rcduced by extending the cufe time, using
precisely the optimum concentratiors of curing ingredients, or
an extensive postcure. Since polysuéphide interchange takes
place_in alr and vacuun (or nitrogen) it may be subtractved
from the overall relaxation curve in air. Scheele, Hillner

' 138
and Bruderman have suggested another aynroach, applicable
when the polysulphide interchange is the only reaction leadiung
to the formation of crosslinks. They did intermittent stress
relaxation in which the time that the sample was stretched,

1e time that 1t was unstrevched, t,;, were varied until

—

Tge andé t

the sanmple showed no relaxation in nitrogen. An experimcnf
.was then donec in air using the same tg and ty values; the
curve obtained could be attributed solely to clecavege reactions,
other than the interchange reaction. This method is difficult
to avply, rcquired a large number of exyperiments to be done
and is not awnlicable in cases where there arc additionzl
crosslinizing reactions,

The oxidative relaxation cof both accelerated and
tnaccelerated sulphur cured naturzl rudbber vulcanizates is

86

not, %n general, autocotalrtic. It has been shown that the

structure of BT and O35 naturael rudbber vulcanizates are

corncentratlions of curing

Q

critically demnendent on the relativ
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s aad the temperciurc a&ud time of cure. IT these

variables are carefully chosen,vulcanlizates that are almost
polysulphide and cyeclic monosulphide free, can be prenoreds
these give similar, and autocatalytic intermittent and
continuous stress relaxation curves.

Other sulphur cured natural rubber vulecanizates generally

-

behave like peroxide or TiITD vulcanizates that contain mild
B6
antioxidants. I was suggested +that the dialkenyl and
dialkyl polysulphides and free sulphur .present Iunction as
antioxidants and react with free radicals; alkenyl-t-alkyl
sulphides also behave as antioxidanis and these are present
in uraccelerated sulphur vulcanizates. Conventional amine
and phenolic antioxidants do give protection to the oxidation
86,128
of sulphur cured natural rubber but they do not affect
relaxation due to polysulvhide interchange. letal dialkyl
dithiocarbamates increase the rate of relaxation by catalysing
the polysulshide interchange reaction.
' 119

ilorand has studied the photodegradation of natural
-rubber; at 25°C the rate of relaxation depends critically on
wavelength and vulcanising ingredients.

141

Bauman and Bom investigated the ¥-radiation induced

relaxation of sulphur cured natural rubber in air and nitrogen
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and in particular the effect of antioxzidants

reduced the rate of relaxation by reacting with R05 and R*
free radicals.
Cis - 1, 4-polybutadiene can also he vvlcanised with

sulvhur, with or without accelerators, although rather less
86
sulphur 1is reguired. Polysulphide interchange gives rise to

continuous relaxation under vacuum &8s for nactural rurtber but



autocatalytic oxidatvive degradation is observed unless
éxcessive arnounts of sulphur are deliberately included, when
the behaviour mirrors that of natural rudber. The siruciure of
the polysulphide crosslinkg appears to be different in the low
sulphur samples from the hich sulphur samples since only in the
latter is the interchange catalysed by metal dithiocerbamates

3 .
and o the crosslinks act as antioxidants. In general terms
the rate of relaxation of sulphur cured elastomers is increased

by increascd unsaturation in the material in the same way as
' 142
neroxide cured samnles so that, in order of stability:

o=

Butyl rubber » SBR ) Uatural Rubber
Recently sulphur curcd EPT has beenr studied, its
133, 143 _

relaxation behaviour includes p»olysulnhide interchange and
oxlidative degradation taking nlace in the vicinity of the
double wwnds. The reduced amount of unsaturation minimises
cyclic monosulphide formation and main chain modification. As
with natural rubber the polysulphide crosslinks behave as
antioxidants.

EP rubbers cannot be cured by acceleraited or unaccelerated
;ulphur systems but they can be cured with peroxide/sulphur
systems giving broadly similar vulcanizates as the more

105
conventional sulphur cures. Dunn has found that the
relaxation of these derends upon the concentration of sulphur
used; 0.75 to 2.5 pph of sulphur must be used to give an
anvreecicble concentration of polysulpnide crosslinks. Vhen
high sulphur concentrations are used there is a non-oxidative

polysulvhide interchange reactien as well as an oxidation

reaction., The rate of oxidéantion, for high sulphur samples,
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was concentration denbendent and slower than for low sulvphur
samples. Freé sulrphur inhibited the oxidative relaxzation of
peroxide cured EP rubber for & period, after which the rate
increascd until 1t was the same as that in the absence of

105
sulpvhur. Dunn proposed that inhibition in the high sulphur
vulcanizates was due to free sulphur liberated during
polysulnhide interchange although it could also be due to the
antioxidant nature of the polysulphide crosslinks.

(4.2.2) The Bffect of Ton-Hydrocarbon ‘Blements on the Oridation

of Hydrocarbon Blastemers

(2.2.2.1) The Presence of Sulphur

The effect of sulphur on hydrocarbon oxidation has been

discussed in section (4.2.1.3). ©Polysulvohide crosslinks and
’ 103

free sulv»hur inhibit the ogidation of the clastomer; Dunn
provosed that free sulphur is most inmportant and a2s this will
be liberated during the nolysulnihide interchange reaction the
polysulphide crosslinks act as a resevoir for free sulvhur.
There was no evidence that sulphur crosslinks were oxidised to
_any avpinrecilavle extent.

Sulphur can also bé nresent as part of a peandant group
as in adduet rubber; this is a polybutadiene that has most of
its double bonds saturated with methyl mercantan, and has the

structure

~ CH, - c,m - (CHz)z = CH = (CHy), - CH = CH = (CHy)y = CI‘I/\/
S s S
1 { t
CHg CHy CHgz

Peroxide cured adduct rudbber was found to be highly resistant
) 15
to oxidation whilst an accelerated sulphur cured samnle was

less stabvle. LNeyer has snown that o consequence of the acceleratzd



133
sulphur cure 1is the following reaction:

CHZ-CH—CHE—CHZ + laccelgrator heat;:CH o=Cl = CL—CHZ

S

1 zno + CHgSH
S

) stearic

CHZ acid

so that the decreased stability was probably due to the
increased unsaturation introduced during cure.

Sulnhur can also be nresent in the main chain, and
133
Tobolsiy has studied the chemical stress relaxatioun of an

oy

ethylene sulphide-propylene sulphide ternolymer (ESPST) cured

C

with an accelerated sulphur system or a d*th;ocaroam te salty
the latter leads to a vulecgaizate with monosulphnide crosslinks

only. The ditkiocarbamate cured samplc was much more resistant

2

thnere was o hig

x

than that cured with sulphur, Where ch rate of

scission and crosslinking in both air and nitrogen; the rate in
133
nitrogen was greater than that in air. Tobolsky proncsed

that this fast rate of non-oxidative degradation resulted fron

a reactlon involving both polysulphide crosslinis and the main

chain. CHg
. CHB L heat é }
~ CHp0H,S—CHo=Cl5~y TR=Sy 4 =R ——> 0H, 0, 5-CHy-Cm5
+RSxH+_Sy_
scission
?IIS
~s CHQCHZS'+CHZ = CHS~/
The intcrmediate free radical could react with oxygen, when
nresent, to give CH3
l
ANNrCHy - CH, = 8 = CHy = C = SArv
2 2 2 {
. 02

wnen degradation would occur via the normal zutoxidative

mechanisnm.
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(4.2,2.2) ™e Prosence of Cxyren

The polyethers, polvesters and wnolyacrylatecs contain
both hydrocarbon segments and oxygen atoms; the oxygexn may Dve
eilther in the main chain or in pendant groups.
111,144
Tobolsky has studied the chemical stiress relazation
0of a series of peroxide cured ethyl acrylate/mebndl methacrylate

4

copolymers; methyl methacrylate was found to ve quite stable at
16000 whilst ethyl acrylate relaxed ranidly and autocetalyticallir
The rate of relaxation of the copolymers increased as the

ethyl acrylate conceantration was increased. Dicumyl peroxide,
present in the samples, led to scissior in methyl mcthacrylate
under nitrogen but not in air, whilst ethyl acrylate underwveant
scission in air and crosslinking in nitrogen. Tobolsity

concludecd vhat ethyl acrylate oxidation was due to autoxidative
degradation. lIlethyl méthacrylate was assumed to react with

dicumyl peroxide to give & free radical, which reactcd as

follows
CO0CHy
20CH -C = CH_ + 2 N CH;
2 2 2
v
COO0CHS in HZ
\ ~
2vCH5=C=CHo v
N
‘CH2 in Air COOC-;3 COOCH5 COOCHgz
— 2
2~vCH,  ~C-CH o ‘A CH ,...C-C?I"'+C.rl ~C~CH
2 2 2 2/ 2™
cngoé CHO CHZOH
The fast termination reaction in air was thought to take wnlace
111

because of the knowvn instapility of nrimary hydroreroxide

adigals.

N

a4
S

Bxpneriment on ethyl acrylate/methyl methacrylate and

1= 4.

ethyl acr:late/methyl—m~chloroacrylatc copolymers showed that raetz?
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substitution retarded oxilidetive cleavage more than chlorine
111
substitution. The externally initiated rclaxation of these

copolymers and of a series of n-alkyl acrylate elastomers
iﬁdioatcd the same behaviour as in the pure hydrocarhbon
rubbers., In the n-alkyl acrylate rubbers tae relaxation rate
decreased as the length of the n-alkyl chain increased duc,
presunably, to increassed scission ian the 2lkyl side chain.

The high rate of oxidation of ethyl acrylate elastomers
was undoubtedly due to the tertiary Hydrogen formed &s a
consequence of the acrylic substitution. When this hydrogen
was replaced by a methyl group or a chlorine atom the rate
of oxidation was consideradbly reduced.

145

Singh and Weissbein studied the effect of fillers,

antioxidants and different curing systems on acrylate elastomers.

A TITD cure gave the most stable vulcanizateés which were

h -
daants.

$=

further stabilised by the presence of anine antiox
In the nolyether rubbers, polypropylene oxide for
example, the oxygen is frequently present in the main chain,

although it can be in a mpendant group as in poly (methylvinyl

133
ether). Tobolsly showed that a poly{nronylene oxide)
conolymer coxntaining & few mole wercent unsaturation underwvent

& very .ranid rate orf contvinuous stress relaxation in both air
and nitrogen when cured with peroxide. This cleavage reaction
was believed to bpe due to the decomwosition of hydroneroxide
grouwns formed during cure. 4An accelersted sulvhur cured
vulcanizate gave a contlinuous relaxation curve typical of an

inkibited oxidatien reaction in addition to a2 polysulphide
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146
'he externally initicted oxidation of poly(pronylenc

=7

oxide) and polylmethylvinyl ether) gav: linear relationshins

between the initial scission rate and the initistor

id the hydrocarbon and acrylic rudbbers. In

[=7]

concentration es
the case of poly(methylvinyl ether) the scission efficiency was

Sll”htlJ reduccd because the ether group could react to gilve

Polyester rubbers, where the ester groupn is in the main
: 15,130
ion when cured

a

‘..

chain, vere showvn to be very inert to oxi

ct
e

with peroxide. When cured with sulphur they relaxzed sloW13

due to crosslink scission but the polymer backbone was still

+
="

e
o
=
L]

(4.2.2.3) Miscellaneous Substituents

(i) Chlorsulphonated Polveihylene
147
Haaf and Johnson studied the chemwcal stress relaxation

of chlorsulphonated polye hyleneAcured by divalent netal ozide/
sulphur accelerator or m-phenylenc-bls-maleimide systems.

The metal ozide/sulphur accelerator cure gives a vulcaunizate

. with metal sulphonate and polysulphide crosslinks whilst
m-phenylene~-bis-maleinide gives cévalent C-R-C tymne links,

The maleimide wvulecanizaztes undervent first order, oxidative
continuous stress relsxation (i.c. log ft/f; = - klt) with an

-1 . .
vation encrey of 130 Izd mole s c¢leavagse took wvnlace in t he
o < o

|e

act
main chain. %he metal oxide/accelerator vulcanizate relaxzed due
to non-oxidative polysulnhide and metal sulnhonate interchange
recactions, in addition %o an oxidative main chain scission

s i . . - -1
nrocess with an activation energy of 125 kd mole ~. The

response to antioxidants was much the same as for natural

ruobber with Ididbutyldithiocarbtamate decreasing oxidetion put
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catalysing the interchange reoactions. Phenolic and nhosphite

antioxidants decreased scisslon bubt gave increasecd eressiinizing.
Oxidation of these ruvdbers is similar to that of the hydrocarbon
rubbers, being largely unaffected by the chlorsulnhonic =acid
side grouwns and chlorine substitution.

(3i) WMitro~en and Chlorine Substituents

1486
Tobolsky = studied the stress relaxation of butadiene/

. dichlorostyrene and buuadlene/v1rvlp ridine copolymers and of a
butadiene/styrene/vinyl pyridine teryolymer The vinylypyridine
rubbers were less stable tnan the dichlorostyrene ruddber dbut
211 were more stable than an isoprene/styrene copolymer.,

(4.2.3) The Thermal Deecradotion of Hvdrocarbon RElastorers

The thermal degradation of hydrocarbvon elzstomers is
rather difficult to study since hydrocarbon elastomers will
relax in an inert atmosphere due to the breakdown of hydro-
peroxide groups present, without giving useful information
about the overall thermal stability of the network. Receatly,
technigues have been developed that have led to the vroduction
of polymers with low hydroweroxide concentrations; hydro-
peroxides can also Dbe removed by heeaesting the samnles under
vécuum. dost studics wers made on polyetaylenc, EP and EPT
rubbers at temperatures in excess of 250°C.

149

Tobolsky and Shav studied the continuous siress

reclaxation of peroxide and radiation cured polyethylene and

EPT vulcanizates in the range 300-350°C. The overall thermal
stability was in the order

peroxide cured EPT?> weroxide cured low density polyethylen€>
reroxide cured hizh density polyethylene)»radiation cured high

density polyethylenc.
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©h

(e

s order of stability is the reverse of what would

be exnectecd on the basis of increasing dranching and unsaturation
and is atiributed to weak links introduced during cure. The
kinetics of relaxation are slower than Tirst order, except for

1£9,150Q
EP?, and the activation encrgies are given in Table 4.1 below

faterial Cure ¥ xJmole™ ™
high density polyethylene | radiation 238
high densiiy wolyethylene | peroxide 230
low deansity polyethylene pneroxide 2117

The relaxation of EPYT was found to be almost first order

in agreement with the »previous work of Lee, Sperling and
151 '
Tobolslky, who obtained activation cnergies of 222 kJmole

above 28000 and 38 kJmole~! below 260°C. 1Ilo explanation of
the low temmerature process was offered; its activation energy
is considerably lower than that for oxidative degradation.
152
Yu and Vall studied the thermal relaxation of an EP

- . 0 <
rubber and a polyethylene under vacuum at 260-320C and obtained

activation energics of 176 and 305 kdmole =+

respectively. They
suggested that degradation was due to the random scission of

backbone C=C bponds.

153
Tobolsky and Takahashi recently studied the thermal
degradation of natural rubter cured with dicunyl peroxide or

. i o} . . . .
TNTD at 100-250"C. The activation ecnerglies obtained were 2686
and 230 lJmole'l, respectively and scission occured iz the main
chain for the peroxide vulcanizate and at the crosslink for the

TiTD vulcanizate. These activation energles sugzest
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presence of unmsaturation has liti.o effect on thermal stability
-1 N

since the value of 268 kdnole is comparable with the values

obtained for =EPT,EP and the crosslinked polyethylenes.

(4,2.4) Tho Radiolwsiic Stabilitisr of Hvdrocaorbon Flastonmars

141 154
Bauman gnd Bonm and ILvans, llorgan and Stapleton
studied the X-rad‘ ion 1ndaceq scission of radiation and

)_u

acceleraved sulpyphur cured natural rubber. Continuous stress
relaxation was slowver than first order and the »presence of fres
radical scavengers reduced the relaxation rate further,

indicating that cleavage wes a free radical process.
155,156

Yu and VWall showed that ILP rubber also underwvent
Y. radiation induced main chain cleavage although no general

mechanism was nroposed to explain their observations.

{4.2.5) %he ilechanical Degradation of Hydrocarbon Blasiomers
, 157 _
I{usano, Suzull and Iuraltame studled the recombination

of free radicals, produced in the mechanical deformation of
natural rubber beleow 1ts glass transition temperature, by
intermittent stress relaxation. The study highlighted the
relatively high stability of the frcee radicals; complete re-
combination taking up to 200 minuites at 65°C.

{e.

TABILE LIS

) BHE GEEMICAL STRRBSS RETAYATION OF RLASTOUEBRS CONRAILNIING

(V]

The relaxation behaviour of networks contalining labvile

-

links is warticularly interesting; these links are chemical

bonds that breax znd reform so that there 1s no net chemical

&)

change in the network.

-

- If the interchange reactions are taking nlace

[y

noan
elastomer, the method of chemical siress relaxation may be used,

since %the intermittent and continuwous exveriments will give



-

the rates of bond fermation and cicavage.

{4,%.1) Polvsulohide Rubbors

1586
Polysulnhide elastomers can be prenared by the
J - -~ -’

condensation polymerisation of a dichlorocalkane and sodium
prolysulphide. v
n C1-R-C1l + n Ha,5_-—> Lz_sx;n * 2n I_C1
Crosslinks can be introduced using a nixture of
Vdichloroalkanc and polychloroalkene. The polymer is then
treated with sodium sulphite and sodium mercaptan which
reduces the polysulphide links to disulphide and thiol grouns.
The product 1s a ligquid brancbed polymer containing disulpaide
links and thiol terminated éhains that can be oxidised with
15,102,158
.metal oxides to give 2 s0lid elastomgr
~sSH + Mnoz * HSV —> ~A/5 - S~ + Kno + HZO
if PbOz is used this rcaction is accompanied by mercaptide
formation
~~ SH + Pb0 + HS—y ~s SFL SV + HEO
which may be decomposed in two ways:
~ SPbSV + 8§ —> A5 - S~ + PbS
heat

~ SPp SV > SV + PbS
(prolonged)

15,102,158
gnt is paraquinone dioxime

6 A/SH + ME=<:>ﬂmH——9H§F<C:>—M% + 2H,0 + 3AS = S~

fHS ?H3

2~SH+Pnr - C 00 — ~vS ~8~+ Ph - C = 04 + LZO
I I
CH CH
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or an isocyanate 0] 0]
: LR ol
2~nv/38H + 00 =« R=IIC0—> ~ 8 = € =« il = R - 1l
The relaxation behaviour of these polymers was Tirst
159 1
studied by Stern and Tobolsky and Illochulsky and Tobolsky

c 4
ouw

who made the following observations:

(i) The intermittent stress relaxation dota showed thet
(ft/fo)i was equal to unity at all times indicating that the
overall network chain density did not change with time (see
figure 4.8)

(ii) Continuous stress relaration curves vere

apnroximately first order (i.e. 1n(f, /f = - kt) (see figure

(ii1) If residuwal thiol groups were. present, relaxation
(=3 = BA *

nal

l-"

appeared to 5e due to an exchange reaction involving ter
tniol groups and disulphide links.

R'SH + R - S8 - R R*— 58-R + RSH

This reaction was catalysed by acids or bases.

(iv) If terminal thiol groups were excluded, relazation

took mnlace duc to a polysu lpnlue/polJ sulphide interchange
eaction. The rate of relaxation was reduced by chloro - 2,4 —

dinitrodvenzene and chloro - 2,4 — dinitronaphthalene which
are radicel terminators indicating that the interchange
recaction was a free radical process.
' 102,161
Owen, Jacinight and Tobelsky studied & serics of
isocyanate terminated ndiester-urethane rubbers cured with
1,2,6 hexenetriol, 1,2,6 hexaretriol and dithioglycol, and

1,2,6 hexanetriol and tetrathioglycol respectively, such that

the Aetmor s were identical excent that one coantained no

42}

ulphide links, onc containcd some disulphide links and the

o
ot
=
v
1
o)
et
¥
i
fo]
[¢]
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o)
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f, 06 Fost <10
04t "out K 128
02 _
0 4 1 1 e 02 " ) 0 . 2.6
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time (hours) time {hours)

figure 4- 8 :Stress relaxation of polysulphide rubber (ref159)
(a)relaxation at 60°C - = continuous, s intermittent

(b) relaxation curves and Arrhenius plot at 40-100°C

%01 01 1 10
time {(hours)

figure 4-9 :Continuous relaxation of urethane elastomers
containing sulphide links; a-no sulphide links, b-disulphide
links, c - tetrasulphide links. (ref.161)
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relaxzation data sho%ed that there was 1little difference beitween
the stabilities of the elastomers containing no suloshide linlks
and disulnhide 1links, dbut thne netwerl containing tetrasulrhide
links was much less stable (sce figure 4.9). Also the specific
rate constant for tetrasulnhide breakdown in the urethane/
tetrasulphide rudbber was very similar to that obtalned by
99,162
Tobqlsky, Beevers and Owen for & polyethylene tetrasulphide
rudbber. The activation énergy obtained for cleavage of the
102,161

uretnune/uetrasulpnlde elastomer was 102 kJ mole"l which

=1 .
compares favourable with the value of 100 kJ mole obtained

159
by Stern and Tobolsky for a polysulphide rubdber and 108 kJ mole'l
: 99,162
obtained by Tobolsky, Beevers and Cwen for polyethylene

tetrasulphids.
The close agrecement Dbetveen these results indicates

that the same mechanism is operating. Gee, Fairdrother and
163
lerrall have suggested that this involves a three electron

bond as follohg:

Rw-S ~R ———3>2RS -~ 8" 5 2R5. . . §

On the basis of these results Pobolsky, ilacKanight and
64

i suggested that the high rate of relaxation socmetimes

(.

observed in disulphide rubbers resultied from the nresence of

C’)

nide

]

a small number of higher sulp

Sulphur swolle

n into disulnhide rudbbers inereased the
160,164,165

rate of relaxation and & mechanism to explain this was
164

proposed
Ss(ri:.g) > *8g {diradial chain)
‘Sé + RS8R > “Sé + RS
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)

ic

M,

2Cc1!

the s:

(2]

1-
v

thre_qjch is the observed relaxation time, Xk i1
rate constant for tetrasulrhide interchange, m is the numnber
of disulphide links per neizwork chain, [SQ is the sulzhur
concentration and 1)0 is the initiel network chain density.

The observed T’c values agrced well with values calculated
| Fea
from this equation.

The disulphide interchange reaction was slow unless
102,160,161
sulphur or thiel groups were present; a reasonably

high rate of relaxation was observed, however, when the rubber
15 * ?

contained ionic materials and relaxation was particularly
15,165
high when catalysed by cobalt ions. Very rapid relaxation
15,165
was observed when the rubber contained lead mercantides.

These observations and conclusions were confirmed by Bertozzi,
166
Davis and TFettes.

. The polysulphide interchange in sulvphur cured hydrocarbon
g6
rubber may also be rationalised in terms of the mechanisms

discussed.

- - —_— R _ g R - 8°
R Sx+y e Sy + R Sx

R _.S§ + R - S;,$==£33 - Szgrzéi * *83 (diradical chain)
'Sé (diradicel chain) — Sg(ring)

{4.3.2) Chemical Stress Relovotion of wool and Allicd Fibres

e

Wool 'is & polymeric solid comprising, in essence, 2

helical protein chain derived from a wide variety of amino
167,168 .
acids. One such amino acid, cysteine, gives rise to
167,168
Zs as follows:
! ! I
c=0 c=0 0=C
0 | ' |
2 CH-CHz—SH —_— CH—Chz-S-S-CHZ-CH
I ~ I !
Iy IH I'H
| | |
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IT this is recacted with KCII it gives 2 lanthionine

crosslink:
! 1
c=0 0=C
! /
?H - CH2 - 5 - CH2 -~ CH
K _ ITH
I i
Laterials containing such disulnhide and monosulphide

)

crosslinks and thiel groups may undergo interchange reactions
169-172

that can be studied by chemical siress relaxation (see

section 4.3.1). The exnerimental conditions used to study

wool and other fibres are rather different from those generaliy

used for elastomers; the relaxation of woollen fidbres being

conducted under conditions of high humidity or under water. This

is done bvecause woollen goods are usually pressed under steam

during laundering and it is of interest to seec how stress

2

2.

relaxation under these conditions leads to the sett

l..lo

ng of thae

graments (i.e. 2 process analogous %o the permanent set of
170
rubbers). Setting of woollen garments generally only lasts until

the gorments are laundered again, although chemical trecatment
170
. can lezd to the permanent set of the fibres. T™wo theories

were proposed to exnlain the stress relaxzation of woollen
‘ 173
fibres under these conditicns, the theory of Sneakman and
15,102,169-.172
the thiol/disulphide intercehange theory.
) 173
Speaxman's theory; 1involves the hydrolysis of the

disulnhide boud followed by rezction with other amino acid

residues to give a variety of new crosslinks; this theory has

174
been severely criticised and has very little experimental
171
surnort.

The thiol/disulphide interchange reaction is essentizlly
15,102 o

that »propesed by Tobdbolsity ( on 4,3.1) although it is

©
[e)
o
}.J.

O]

ce &

e

gents, such as alkalis or

[ .
cal getting

4]

comnlicated when chen
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170
ulpnites, arc present. Phis explanation has been preferred

in the descrintion of the chemical stress relaxation of wool.
The most comprehensive study of the chemical stress
relaxation of wool was made by VWeigmann, Rebenfield and
171 ,
Dansizer; they observed two processes taking place when wool
was continuously relaxed under water. The first process was
rapid with an activation energy of 17=33 kdJd mole"l, which was
attributed to the cleavage of H-bonds, salt links and Van der
Vaals interactions. The second proceés was a slow, long tern

one which was autrlbutea to the ohlol/d1°“lphvde interchange

reaction; this had an activation energy of 96 kJ mole~! which

compares favouraolv with the values of abvout 100 kJ mole -1
15,102
obtained: by Tobolsky. The rate of the long term relaxation

process was very much reduced when experiments were conducted
171 172
in solutions of Heethylmaleimide or divianylsulphone both of
~which block thiols, preventing their participation in the
interchange reaction.
169,17¢
iliyanchi et al have shown that the same tyne of
~relaxation behaviour takes place in I-mercaptomethyl poly-
capryolactam Tibres and that relaxation of this and wool is
red ced after treatment with KCIi, as the monosulphide

cresslinks produced cannoi undergo interchange.

{£.3.2) Rubbers Coniaininr 821t Links

Rubbers containing vendant carboxylic acid groups may be

cured by divalent metal oxides to give vulcanizates containing
176

crosslinks with the structure shown in figure 4.10a.

might undergo interchange

178

nds (see figure 4.100).

It was suggested that thes

(>R &

@

by breakinsg and remaking ioni

Q

Q
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(a) a salt linkage

] ]

C C C C C C
7\ \
d \9_ J \Q' d o \Q, A o o 0 |
| M" * r‘;”ﬂ ";’1” deforme ! [\;:4"* f\?l“ ,\'::'x-r
o 9 o O o Qo O o O QO
\/ \\C/ \% \/ \/ \\C/

[ [ ] L1 ]

{b) deformation of a network containing salt links

figure 410:Networks of salt links
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177
Tarasova and Dosadkin reported that Lthe stress

relaxation of such networlis could be exnlained by such &
178
mechanism, although Ward and Tobolsky found that the behavicur

3.

'~

> due to both interchange

ot

was not this simple; relaxation bein
and viscous flow.

(4.4) Du= QU@ TCAL STRUSS RETLAZATION OF HIGH WEIIPARATURE

LELASOQIIERS

In recent yéars the derand for elastomers that can be
-used at elevated temperatures has increased; in pérticular

the acro-space industry requires materials that will withstand
temperctures in excess of 120°C. Few materials will withstand
these temperatures, the principal ones being the silicones

and the flucro-elastoners.

{4.4.,1) T"he Chomical Stress Relarvyation of Silicone 2ubdbers

{2,4.3.31,) The Chemical Stress Relaxetion of Polvdimetnyl

‘Polydimethyl siloxane can be cured by orgarnic neroxides
oY radiation; vinyl groups are often substituted for a feow of
: 179
the methyl proups to facllitate crosslinking. The crossliniks
produced are simple carbon-carvon bounds as in the hydrocarbon
rubbers.

daes,

Polydimethyl siloxané has the structure

CH, | n
3
so that the polymer backbone ccntains only Si - 0 Dbonds.
The chenical siress relaxation behaviour 0f pdms was

180
first studied by Osthorff, Bueche and Grubd wao found tha

ch



. . 0 . ’
contvinuous stress relaxaticn at 150-260"C in anhydrous argon
with an ecctivation energy of 95 kdJ mole"l; the rate of

4.9,

relaxation in argon or nitrogen was not increased by the

n of

o

prescnce of moisture. The continuous stress relaxati
I

A

benzoyl peroxide cured samples containing wotassium hydroxide

¥

and acld residves relaxed at a faster rate than the radiation
cured sample in dry nitrogen, with an activatiorn energy of
only 21 kJ mole"l; the rate was increased still further in
181
air, GOZ and moist nitrogen at 130%C. Turner and Lewis's
results, where comparadle, were in broad agreement with those
180 181

of Osthoff, Beucne and CGrudb. Turner and Lewis showed that.
the rates of both intermittent and contiauvous relaxation wvere
higher under moist conditions and indicated that simultanreous
scission and crosslinking was taking place.

It was coneluded, from the results of Osthoff, Beuche
and Gruddb and Turner and Lewis, that stress relaxation resulted

from two chemical vrocesses:

(i) Siloxane bond interchange

o oo
-O-?i Si-0- -0-51 Si-0-
\ / ' ya:

CH, ¢, cﬁ\\\\ 3
—

/ \ 3 ci, CHy
-0- s sl_o_ l |
-0.515 51-0-
13 cH -

that took pnlace under anhydrous condltions and was catalysed
179
by the presence of acids or bases; it was thought taat
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reaction might also have veen catalysed or co-—catalysed by

water.
(11) Siloxane bond hydrolysis via silol fdrmation.
?HS ?Hg , _ ?HS Ciz
-O—?i———-O-—.?%—Q— > —O—?i—~0H+HO—?i—O_
CHy CHy Cl, CH,

The equilivbrium position of this recaction would be »ushed %o
the right hand side as the coxcentration of water lan ased;
the rate of scission being proportional to the concentration
of water.
182
Tobolsky, :iicLoughlin and Johnson prepared a series

of pdms films containing an acid catalyst which undcrwent

rapid relaxation at 60°C under anhydrous conditions. The

rate of continuous relaxgtion of these vulcenizates wes reduced

by increasecd numidity; this stabillising ceffect of water was
reversible, permanent stabvilisation being drought adout by
soaXing in pyridine. Since the effect of water was opposite
to that expected if siloxane hydrolysis were taking »nlace,
15
Tobolsky suggested that siloxane bond interchange was
occurring, catalysed by the 'acid, which was stabilisced by
water, and ncutralised by pyridine. As these results are

-

different from those of all the other workers they must be
due to the unigue structure of the vulcanizates.

Several workers studicd the relaxation of ndms waere
some of the methyl groups werec renlaced dy vianyl groups.

152 179,183,184
Lee, Sverling and Tobolsky and Thomas

Je
s
<
@

estigated

the relaxation of neroxzide cured sanpnles. Continuvous stress

relaxation was very slow at 250°C in a vacuum and in ary
150

very wmure nitrogen with netivation energies of 217 and

- -1 .
146 ¥J nole respcecetively,
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179,183,184 , . :
Thomas showed thet relaxation in dry air was

faster than tﬁe vacuum rate and couwld be reduvced by the
incorporation of an antioxidant (see figure 4.11), partially
polymerised trimethyldihydroquinone (TiiDH]), indicating that
some 0f the relaxation was due to ocxidative scission of the
crosslinks. Thé raﬁe of continuocus stress relaxation was
further increased in moist gir and became first order (sece
figure 4.11);  this first order reaction had an activation
energy of 61 Ikd mole'l, wag unaffected- py extraction
except at high temperatures, and vias appargntly due to a main
chain cleavage reaction.

Controvesy exists regarding the effect of a fume

179,183,184
silica filler; Thomas . found that the water content and
the acidity of the filler caused the relaxzastion rate to bve
165

increased, bul Tobolsky and Shaw found that the relaxation
rate was reduced. Red oxide improved the stability of the
vulcanizates.

These results could also be explained in terms of the
siloxane bond hydrdlysis and interchange recactions already

179
discussed. Thonas concluded that siloxane bond interchange

was not imnortant because of the very slow rate of relexation

in a vacuum. e suggested that relaxation under moist
conditions was due to siloxane bond hydrolysis althoush it

could bpe due to water catalvsed siloxene bond interchange.
1, O

{(4,4.1.2) "he Chemical Stress Relexation of Yodifisd Silicone

Rublers
To produce higher stadility elastomers several attemntis
have been made to modify ndéms, by substitution both of nendant

in.

bl
o

methyl grouns and within the main ¢



time (hours)

0 1 2 3 JA
+0 ! ' Yacuum
08
061
f
1 dry air
fO OLF
0-2f moist air
time (hours)
0 1 2 3 A
1'0 T 1 I
o8 dry air
f +TMDHAQ
_t o6F
. fo
0L}
dry air

figure 411 : Effect of different atmospheres and antioxidant’
on the continuous stress relaxation of a peroxide cured

methyl vinyl silicone rubber (ref.184)
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The flurosilicones are an example of methyl groun

substitution in which somre of them are replaced by trifluoro-
186 185
propyl groups. Themas and Tobolsixy and Shaw have shows

that the fluorosilicone elastomers were consideratly less
186

stable than conventional pdms. Thomas showed that the

stability of fluorosilicone rubbers was critically dependent

on the peroxide used to cure the material and that the ordsr

v

&4

of vulcanizate stability wa
Dichlorobenzoyl peroxide) 2,5 dimethyl -2, S5-ditertiary butyl
peroxyhexane ) Benzoyl péroxide » Dicumyl Peroxide.

This was explained in terms of the neutralisation of
basic residuvues from the polymerisation of the base polymer,
by residues resulting from the crosslinking system. These
corclusions were surwnorted by experiments on samples that
had been deliberately doped with dichlorobenzoic acid or

185
acidic silica fillers. Tobelsky and Shaw showed that the
presence of iron oxide. led t0 & considerable stabilisation of
the vulcanizates.

The m—carborane/pdms rubbers are examnles of in chain

modified silicore rubbers; these involve replacement of

oxygen atons wWith m-carboraznc units either in a regular or a

187
random nanner. Saganiaris, Sperling and Tobolsky and
168
Sverling, Cocper and Tobolsky studied several peroxide

cured J-carborane/pdms rubbers including S5iB - 1 with the

structure

167,188
S;B - 2 with the s

and 813 - 1.5, a 50:50 copolymer of these two. “he relative

-

stabilities of these were characterised by a Y"moaximun
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terverature", dcfined as the maxinmum temperature at which the

sarples maintained (f*/fo)c values of at least 1/¢{0.368) or
[%

187
did not undergo "excessive" crosslinkiag for 24 hours (see

Pable 4.2 }.

’

TABLE 4.2

Sample ’ Useful IHaximum Tenperature °0C
: In Air In IIo
5iB - 2 260 325
S5iB - 1.5 275 -
SiB -~ 1 285 -
pdms o 230 280
S5iB —- 2 filled with fume
B silica 300 416

In the SiB rubbers there were very high rates of crosslinkiag

than those listed in Table 4.Z2.
185
Tobolsky and Shaw gtudied the continuous relaxation of

o
[£23

at higher tenmwnera

& ure
a random SiB —~ 2 rubber iun nitrogen; in common with the other
m—carhorane/pdms rubbers, relaxation was slower than first
order and was internreted by the multi-exponential procedure
descrived in scction 3.5.2 in terms of two first order
processes. It 1is interesting that the short time process had

-1

an activation cnergy of 217 kJ mole whilst the long term

"process nad a smaller activation energy of 175 kd mole"l;

both these w»rocesscs were associcted with crosslink scission
185
and Tobolsky and Shaw nroposed that they were due to the
thermal decomposition of two differcont types of crosslinks.
a

Since the nitrogen relazatvion vias due ito cleavage of
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the crosslinks then the oxidation of the crosslinizs and

the

@]
Hy

pendant hydrocarbon scgments was probadbly the cause

fferences

1=

scission and crosslinking {that occurs in air. The a4
between the relaxation of the elastomers containing different
amounts of m-carborane is then due to differences in
simultancous siloxane bond_interchange. The stabilising effect
of silica (seec Tadle 4.1) may be due to its neutralisation
of basic polymerisation residues as in the fluroelastomers.

The S1B polymers can bercurod without peroxides, so
that cure proceeds by displacing methyl groups resulting in
the production of networks without SiCSi or SiCCSi bondsg

: 185

these networks are more stable than the peroxide cured
vulcanizates.

Other rmodifications of the methyl substitution type
have involved renlacement of some methyl groups by nhenyl

185

groups or by vinyl-o-carborane groups. Pendant phenyl
grouns do not provide the same degree of protection as main
chain m-carborane groups against thermal scission and the
use of pendant vinyl-o-~carborane grouns as crosslinking sites

has a detrimental effeet on thermal stability.

(4.4.2) The Chemical Stress Relaxation of Fluoro-Elastomers
The fluoro-elastomers or '"vitons" are copolymers of

vinylidene fluoride and hexaflurcwpronylene having the

structure

CF

s

\

b4 - - ¥ - -
-CH,wCFy (Cﬂ2~CF2)§(C:2-?)é-Cdz_CFz- ,
T

wnich 1s ecured comnmercially by dicmines sueh as nexamcthylene
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e (HIIDC) in conjuncilion with magnesiun

o

diamine carbama

-

s crosslinirs with the structure

o}
bt
-
ol
[}
2}
}:’J
| =0
0
03
}_
<t
[¢]

%HZ %32
? =T - (CHy), - H=?
sz ?HZ
Viton_can also be cured by cxposure to XY-radiation; this

gives C-C crosslinks and introduces some main chain unsaturation
into the polymer.’
189-193

Thomas studied the continuous stress relaxation of
HHDC/viton vulcanizates wnich at 250°¢ underwent a rapid
oxidative cleavage reaction in the vicinity of the cresslinks.,
The rate of relaxation was unzaffected by extraction or by the
presence of carbon black fillers and was first order at
(ft/fo)c values of 0.8 or more. The activation energj Tor the
oxidation reaction was 97 kJ mole_l-

The continuous relaxation‘thaviour 0f dicinnanmylidene -
1,6 — hexzanediamine (DCHD)/viton vulcanizates was identical
with that of the HIIDC vulcanizates, giving points that fitted
on the sanmec Arrhenius plot.

The intermittent relaxation of both HIDC anda DCHED
vulcanizctes showed that there was a nigh rate of crosslinkings

for every 100 crosslinks removed by cleavage, 85-90 were

]
AV}

(™A
+1

introduced by crosslinking (see figure 4.12). Thus the originzal
or "first" network was rewnlsced, during oxidative ageing, by
a "second" neiworlk.

The continuwous stress relaxation of p-phenylenediamine
(PPD)} vulcanizates took place at a slower rate than was the

case for MHIDC or DCHDL cured sanzles although 1t vias also

‘e
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figure 412: Chemlcal stress relaxation of DCHD cured Viton B

in air at 250°C (ref193)

10

2 nd network

T

f 08

1

f 06

1st network

04 A 1 | -
0 1 2 3 4
time (hours)
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networks of Viton elastomers (ref.193)
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coneluded that in HIIDC or DCUD cured samnle
place both in and at the crosslinks but that scission in the
crosslinks was prevented in PPD vulcanizatées by the higher
xidative stadbility of the aromatic ring.

A prolonged post cure in air at 250°C resulted in
the complete replacement of the first network, by the sgcond
network; the stabhility of the second neiwork was much greater
than the first (see figure 4.13) and was the same whatever
anine was used for the originzal cure. The second network
underwvent a first order main chain scission reaction with an

activation encergy of 115 kJd mole"l; these results were

essentially the same as those obtained for radiztion cured
. . . - -1

samples where the activation energy was 117 J mole ~,
2lthough a higher rate of rclaxation was observed bacause of
the main chein unsaturation present.

The presence of 2 o Sﬂ of an antioxidant, TIDHQ,
improved the stabilities of both first and second networks
although 0.55% of polymeriscd nhenylenc diamine was better,

nce this maintained a2 counstant network chain density for

e

s
10 times longer then TUDHQ at 250°C.
194 ,

Yoshida, Florin and Viall studied the radiation induced
oxidation of Viton and Xel-F(3700), & copolymer of vinylidene
fluoride and chlorotrifluromethyleane. Both of these were
cured with §~radiation and relaxed at 25%¢ in a2ir and nitrozen.
under dose rates of 0.3 - 2.7 ir hr‘l; physical relexation
¢ifects were factored out énd linear fo/ft vs t curves
observed.

The G factors (i.e. the number of scissions per 100 eV

absorbed) obtained are ~ziven in Table 4.3,
(=}
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TABLE 4.3

Crossliniting G factor at stated Dose Ilate
Dose ’

Sample (1r) 0,31 lr/hr| 0.8 Xr/nr|2.7 ir/hr
Air | T, |air |T, |Adr |1

4 13.2 | 2.6 8.9 7.1 |12.5|7.7

Viton 4 8 12.5| 5.2 g.2| 7.3 |15.2{7.0
16 . 12-2 5!6 10.2 709 - 699
4 6.2 401 306 4:01 — —
KelwF-3700 8 4.8 1.9 -lz.2 - | -
16 5.7 | 2.1 - la.8 S

For Viton A, the G values in'air are generally greater-
than those in Hz, although there is a considerabie amount
of difference between the results at different dose rates.
The indenendence of the G factors on the ecrosslinking dosec
indicates that scission taxes place at the crosslinks. To
“intermittent data was obtained and so it was not possidle
to conslider the effect of simuvultancous crosslinking reactious

that must have been taking wlace at an appreciable r

te,

8]

esnecially at the higher dose rates.

The scission reaction in Kel-F was not awnpreciably
different in nitrogen from that in air and Yoshidaz, Florin
and %Wall suggested that this was & result of the low

.

permeadility of ¥el-F %o oxivgen.

{24,4,3) Tha Chemicel Stress Relaxation of 1

4
1

-

iitroso rubbers are copolymers of polytetrafluroet

and trifluronitrosomethane that is rownuted to be curable

with a rnizture of itriethylene tetramine (T374) and FUDO.
195

Tromas found that continuoius stress rolsyation curves

of 2 TETA/EKDC vulcanizate were first order, ofter an initial



of TETA and ILIDC, or D7 changling the atwmosvhere from air

. ; ; ‘ ' 7o -1 . .
nitrogen; the acivivation encrgy was 27 &d mole ~. Intermiitent

indicated an initiel period of crosslinizing.

.
3

stress relaxatior

)

oly ineffective

G2
(o}

It was concluded that TEDA/HUDC was a larg

foud
<t

curing systen, and the relaxation behaviour resulted from
viscous flow with somec TETA and MiIDC induced scission and chain

branching superimnosed upon it.

(4.5) THT CUTIICATL STRESS RATAZATION OF POLYUIRXWHAITY BLASRCLIERS

The polyurcthane elastomers do not fit into any of the
previous three groups of ruvbers although a discussion of their
stability will include some aspects of hydrocoarbon oxidation
and labile boand reacticans. However, their properties are, in
general, quite different.

Polyurethane elastomers comprise glycol terminated
polymer chains (typically polyethers or polyesters) and
diisocyanctes; these basle ingredicnts are reacted together
to give a polyurethane whic .

0 H H 0
e ! | I
c..zr_::z..zr..c_o_zz'_o;,lIT

where II is usually an aromatic group and R' is a polyester or a

ies of stress relaxation were made b7
16 17

OifTenbach and Pobolsky and Colodany and Tobolsky and are
sunmarised in Table é4f> Socaking samnle 4 in water did not

affect the relaxation at 90°C although soaking sample 2 in

polyethylene glycel reduced ¥ eh at 110°C from 19 to 6.8

ty

hours. The intermittent stress relexzation of 211 the samples



TABLE 4.4

- 1
Polyol Other Reactants Constituent Linlks 7:08 at AE | Sampnle
' 120 C kdJd mole ¥o. Ref.
(hours)
dAiphenyl methane diisocyanste| ester, urethane,
and woater disubstituted ureca, #*
biuret 3.3 . 125 1 16
naphthalene~l,5~diisccyanate ester, urcethane = 1 :
and butan~l,4-~diol 6.9 146 2 , 16
othylcno/ _ toluenc~2,4~diisocyanate ester, urcthone ‘
propylenc and an aromatic diagmine disuvbstituted urea, *
adipate biuret 4.9 142 3 16
polvester
methyl triphenyl tri- ester, urethane
isocyanaie 14 116 4 17
reacted with 1,2,6
toluenc hexanctriol ester, urethane 9.7 119 5 17
dissocyanate
to nmive _
isocyanate watser ester, urethanc
terminated disubstituted urca,
polymer biurct 1.6 122 6 - 17
Commercial ether, urcthane +
polrother other links 2,1 127 7 16
(Adiprene B) '

# approximate valunes obtained Trom fipure 4 of rof.l6

63T
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indicated that a substantial bvond reformation or crossliniking
reaction was taking place.
The results summarised in Table 4.3 indicate that

vulcanizates containing disubstituted urca and bviuret links

are less statle than those containing just ester and urethane
15

links; Tobolsky did not consider that these networks might

also contain allophanate links but these could be present

in 211 of themn.
196
Tobolsky and Petersoan evaluated the snecif

ate

c

[H
I

constant for urethane cleavage in sample 4 (Table 4.3) which
contains two urethamne links; they obtalned

kg = 1/2 T.n = 28 x 107 exp - 116000/R7

To investigate further the stability and mechanism of
urethane cleavage, Tobolsky, Yu and Thach studied itwo sulwnhur
cured urethane rubbers; one prepared from ethylene dianine
and the other prepared from piperazine. The structures of

these elastomers were:

0 H E 0
il | | il
—Eo_a_o_c..g_czzz_0312_11_09_]1
and : 0] 0
I N\ I
—E—O-R-O-C-I‘.’ T - ¢ 3
\__/ n

The ceontinuous stress relexation curves for these two
rudvvers are shown in figure 4.15; the much greater stzobility
of the piperazine netiwork was attriduted to the fact that it

d

o dissociation by the reaction

(o]
3

0
Ry =0 - - WE wRy =R -0f+0=0C=1-R
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These early; resulis of Tobolsky et 21 showed thet

(

the continuous stress relaxation of polyurethaenc clastomers
was not, in gencral, first order and it was demonstrated

18,19 197
by Weissbheln and Singh and Tobolsiky, Johnson and llacXnight
that the curves cowvld be analysed using the nulti-exzponeniial

equation discussed in section (3.5.2). The curves could be

erns (see Figure 4.14).

ck

described guite well using two
197

Using this approach Tobolsky, Johnson and lacinight

analysed the data for a trlol cured, -dsceyanate terminated

polyester prepolymer and obtained activation energies of

-1 .
195 and 172 kdJ mole for the slow and fast wrocesses

resvwectively. The Intermittent modulus remained unchanged

hi 4

néicating that a new chain was produced for every

e

with time

one breken; this could have resulied from cleaved boands

regencrating.

16,19

Weissbhein and Singh also analysed thelir resulis in

I N

this way and obtained good fits for a number of polyurethanes.
Théy prenared samples from an isocyanate terminated vnremnolymer
that was cured with 1,2,6 hexanetriol, trimethylolpropane

or mixiures of trimethyloloropane and butaﬂediol. The use of
nixturcs of butanediol and trinmethylolpropanc cunabled the
number of urethane grouns per cnein to be varied in a

systemaetic manner; the cortinuous reloxation rate increased as

the number of urethane grouns per networl cnain iancreased.
These results confirmed further the association of clecavage
with the urethane group in networis where nore readily clecved
bonds (i.c. biuret etec.,) were absent. The nresence of ferric

acetyl zcetounate, a catalyst thot increases urethane breal

of relaxation; but the

@

considerably incrcased the rat
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figure 414 :Multi -exponential analysis of a triol cured
polyurethane elastomer relaxed at 160°C
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figure 4-15:Relaxation of piperazine (©) and ethylenediamine (o)
extended urethane elastomers at 120°C (ref. 20 )
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reloxation curve could now only be adeguately describved b
a three term exponential equation.

A number of model polyurethanes were prepared by

19
Welssbein and Sing with the structure:
0 0 .
CH, I ! . ! H cH..
, Lo + = o
/lIﬁ_c_o_polyesbef_o_c~;.,
Sy =
0CiI Co

the only difference betweexn the model »olymers was the
number average molecular weight of the rcolyester which was
varied in the range 1000 -~ 4000. This isocyanate terminated
prepolymer was cured with trimethylolpropane to give elastomners
with exactly four urcthane lianks per chain.

The continuous relaxation curves wvere resolved using
the two term exponential equation (sece page 76 ); the slowest
process gave the same activation energy of 124 kJ mole
and arproximately the same rate; lrreswveciive of npolyester

identical

o

(4

molecular welight. The faster ©process &id not giv
rates, excent at 150°C, and the activation energices for the
samples varicd between 80 and 121 kJ mole~*. The slow

to vreothane clcavage whilst the fast

~

bute

e

precess was atir

process was attributed to the cleavage of undefined weak

ct
©

o
-

links as had been pronosed by Tobolakxy e

+ 4+ o+ 4+ 4
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CIIAPPER 5

DR PHYSICAL ATD CHIUIICAL PRCPETZVIVS OF POLVURIAMEAIS

(5,1) I¥?RODUCDION

The work described in this thesils is councerned with
1-8,198,199

uOlld polyurcthane elastonmers, n particuiar, those

L

2,
that can be handled on a rusber mill. The millable poly-

ure thanes are not, however, the only tyve of urethane
elastomers, dbut are chemically similar to many oif the other
typgs, which include castable, thermoplastic, cellular,
sprayable and poromeric polyurethanes and spandex fibres.
In addition the chenical similﬁrities extend to the flexitle
1,7

and rigid foams, coatings and adhesives.

The »nhysical propverties, on the other hand, are gquite
different from the other urethane elastomers, cxcept for the

1-3

castable urethanes, and the other polyurethane materials.

The characteristlic component of polyurcthane polymers
1,3,7,6,199
is the urethane groun, which has the stﬂucouve.

0
R-1mx-8-0_-n=r
although this group is by no means the major comvonent of

the polymer.

The polymer comprises glycol terminated polyner
molecules with fairly low ﬁolecular veights, that are reacted
with diisccyanates to give nolyurethancs. The molecular
weight of the glycol would generally be 3000 or Less and is
usually a polyether or a polyestier, although more recently
glycol tigped pol&butad eneg or polydirethylsiloxanes have

becen used.

(5.2) TXDZ PRBPARAMIQN AND CUZT OF URBTHAUE EILASTOIIRRS

The exact method of nreparation dervends upon the

reguired precduct, but 1t can be visualised as comwnrisiang two
1,3

stages which may sometimes dbe combined into one:

=)
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(i) Prepolymer prevaration comprises the reaction of

an excess of diisocyanate with a glycel terminated polyether

or polyester; the product is an iscecyanate terminated »nre-
o

n

HO ~uvwe 0 + 20CN-R-HTCO—*0CIHR-ITH_C-0 Arvrnn~0-C-ITH-RICO

polymer.

=0

(1i) Chain extension comprises the reaction of this
prepolymer with an active hydrogen compound such as water,
amines or a.glycol. If the glycol terminated polyetheér or polyestar

is used, the produc% is a simple linear polyurcthane with the

structure: — '
0 ol
1] 3 HT
OVVVNMO—C—HH—a—EH—QJ
n

Phis may be hydroxyl or isocyanate terminated depending
on which reactant was present in excess; hydroxylhtérminated
polymers are the most stable.

If an amine chain extender or water vere used the
product would contain disubstituted urea linkages in addition
to urethanes. Several other chain extenders such as amino
alcohols, hydrogzen sulphnide or dicarboxylic acids have been
used but are not commercially important.

1-3
The crosslinking of urethanc polymers can be a2ccomnlished

in several ways. Perhaps the most obvious nmethod is the use

[

of triol or triamine chain ecxtenders giving urethane or urea

linkages. CrosslinXk densit; can then be varied if mixtures of
triol and diol or triamine and diamine etc. are used. Apart
from the urethane or urea links the terminal isocyanate grouvs
can react with urethane or urca groups in the chain to give

‘

allopkanate or biuret crosslinks, or with cther isocranate

erouns to produce isneyanate dinmers or trimers. Tals means
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- Lo: ¢ o o -
crosslinized sinmply by heating to 120°-150 C. The hydroxyl

=

terminated urethanes may bde cured in this way by addition
of diisocyanaic, when the crosslianks will be allonhanates,
biurets and isocyanate trimers; alternatively o triisocyanate
can be used when there will be predoninantly urethane
crosslinks.

The structures of these types of crosslinks are shown
in figure b.1.

Other systems include the peroxide or sulphur cure of

200
suitably modified polyurcthanes. Peroxide cures can be
used whenever the polymer contains somne hydrocarbon segments,
since the cure involves abstractlion of hydrogen and combination
of the free radicals so formed. Hydrogen can be most readily
abstracted from a2 CH group followed by CH2 and CHz, the ecase
201

of abstraction being approximately 17:6:1. IHowever, terminal
CHz groups or CH, groups that are @ to a double bound are mere
highly reactive.

The free radicals formed do not have to combine to give

104

a crosslink but can result in main chain scission or the
production of double bonds by a dispronortionation rcactiong

these wasteful side recocctions are more important in fully

saturated hydrocarbons than in colefins,

reroxide : - combinatign
-(CHy), ~ s ~CH8Ha(CH,)p- 5 -CH2-$L_(CH2)2_
~CHp~CH-(CHp) 5=

disproportianation

~(cHy) -
+ .

~CH,~CE = CE-CHj



. 0 |
Q il
ANUN= G NV NSUN-C-0 L
| -
0=C~—NHY VUV U 0=C-NH VYV VU
biuret allophanate
0
9 | I
~C~ : /N
VAVAUAWY NUAVAVAVRVAUAUAWY NIYAVAVAY
| N
0=C ¢=0 %
N/ O
isocyanate trimer isocyanate dimer

0
rﬁH-c-o’U\J U QO-C Hz-cl; H~C H;—oJ\MJ

o 9
O=C|1 NH-C-0/ WU\ CH;CH—CH—CI‘,H—CHZCH,,
5 . . 0
g NS UN\O-CH;CH-CH 0 Vv
urethane glycerine monoallyl ether /

peroxide crosslink

figure 5-1:Crosslinks in urethane elastomers
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Small amounts of unsaturcation are often included in the nolymer
to aid peroxide curing and to enabdble the materiacls to be

sulphur cured; this 1s frequently donc by the addition of
' 1-3,6
glycerine monoallyl ether which gives the structure

LﬁﬁJ\O—CHZ—CH—CHz—OfV\ﬁ/
|

0
§

CHZ—CH = CH2

(5.3) FHYDROGRU BOUDING I POLYURETHANZ ELASTOLLRS

The primary chemiecal sitruciture of polyurethane elastomers
was discussed in section (5.2), apart from this there is
evidence of an oxtensive secondary bonded structure resuliing

1,3,202,203,204
from hydrogen bonding.

The hydrogen bonds formed arc usually assumed to be
similar to those in amides so that they will have the following

1,202
structurc:

0
fi
i = 0 = 0

1

H

1

!

!

!

0

]

1
H

A recent study, using ultrasonic methods, has suggested
that in simple urethanes a dimer is fermed which has the

202
structure:
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tion of

l"

vation energy for dissoc

[

This nas an act
16 ¥J mole per bond. The same technigue was used to show
that in polyester and polyether solvenis there was both
urethane/urethane énd urethane/solvent hydrogen bending. The

urethane/solvent bonds would presumably have the stiructurcs:

er
R 1
“HaHoen0 = C
! | S
0 =2¢ 0 for the polyester
' Rnl
0 .
Rl
and RY
/
RefwHe-—-==0 for the nolyether
! A\ :
0 = C Rl’l
!
OR?

The ester/urethanc and urethane/urethane bonds will form
preferentially with the earbonyl oxygen rather than the other
oxygen as carbonyl groups are known to form strong hydrogen

204
boxu d

Ul

All these bonds are likely to be fermed in polyureithane
elastoners and the hydrogen bonded siructure of the polymers

undoubtedly affeets thelr stress relaexation at low tenmperatures
1’2’
and thelr comnression set behaviour.

(5.4) TUR BIVIROIUZITAL STABILITY 0OF POLYURELUAID BLASTOIWRS
1.5,19¢8 i
Several studies have bvecn made to determine the
205,206 207,208 205 - 207,208
thermal, photolytic, thermooxidative, photooxidative,

ci- [N

riological stabili of

[

hydrolytic and fungal or bact
urethane elastomers. All o7 these factors were known 0
3

reduce the service 1life of wnolyurethane elastomers although

most interest has been concentrated on the thermal, thermooxi-

n’l-

¢ stabili of the elastomers.

).r-

dative aund hydroylt

g
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(5,4.1) The Thermaol Stabiliiyv of TPolwvurvethane Blastonoers

’

{5.4.1.1) The Urethane Linlk

1,198
Thermal dissociation of the urethane link would

seem to follow threé pathwars. TFirstly, degradation can lead
to the production of an iscocyanate and an alconhol; this will
be a reversible reaction:
RITHCOOR! ——= RIICO + R'OH’
Secondly, an olefin and a primary amine can be formed:
RHHCOOCHZCHZR'.*—f> RHHZ + R°CH = CHZ + CO2

209
this may proceed via a c¢cylié intermediate.

0 0°
" I
L C f5>c%
R - iH Q_? —> R - H? 0 -——> RUH, + R'CH = CHp+CO,
H CH, H
CH CH ¥
I I
R! R?

Phirdly, decomposition may lead to the production of a
1,198,209
secondary amine:

RITHCOOH,R'* ————= RIH CHeR' + CO
& 2 2 209
which may also involve 2 c¢yclic intermecdiate:

1

e L o

R-FH-C = 0 ——> 2-HH-C-0"——7 RUHCHpR' + COy
it :

) I
<) Co CH, 0

CHp !
1 R! B
Rl

This reactlion involves no net scission of the polymer chain in
wvhich it takes »nlace.

The most common o0f those decomposition pathways scems

[¢]

to be the first. The hydrogenr aiom plays an imwortant role in
210 20
the decomwosition procezs since Beachell and others have

shovn that the rate of decomncesition is reduced when this
210
hrdrogen atom is removed. Boachell agnd IIgeoe Son showed thet



1 II substituted urethanc, where the hydrogen atom-vas

replaced by & methyl groun was more stable than an
20
unsubvstituted urethane. Tobolsky, Yu and Thach showed

the continuous stress relaxation of a piperazine exitended

~

polyether with the structurec

0 0
] 0
R-0-0C_-X% II-C-042-R
-

was mueh slowver than that of an ethylene diamine extended
polyether (see figure 4.15) which has ‘the structure:

0 0
I ' o
- 0 - C « I8 . CHZ - CHZ'- If - C - 0 - R

¢}

This again indicates the importance of the urethaane hydrogexn.

[y

When gross degradation oceurs many different products
are formed; however, most of these result fron the reaction
of the simwnle products, alrcady mentionecd, with themselves or
with other grouwns present in the polymer. The most conmlicated

205,206,211-216

reaction products aprear only when the reaction is
continued for a very long time or at a very high temperature
and are hence, unlikely to play any part in the degradation

prrocesses that are measured by chemical stress relaxation

(see section 1.4)

{5.4.1.2 Other Niiromen Containing Links
In general, the thermal decomposition of the other
nitrogen-containing links present in urethane elastomers leazds

tc the production of the materials from which the links were
1,2,1°9¢6

formed. Substituted urcas revert teoc an isccyaunate and an

and an isocyanate,

o

amine, biurets to & substituted ure

I
fo]
fo]
o

L]
=
<
o)
«©
o
)
S
m
ch
.:."
':’
)
)
3
{0

n isocyaznate, and isocyancte



1,198

ts and ollownhonates are both rother unstabdle,

[ 4]

Biure
the biuret being the slightly more stable, isocyanzic diners
are moderatcly stable, although catalysts can bring about

rapid degradation at low temperatures.
' 2,198
e

[

1
ab

ck

Substituted urea links are fairly s requiring

te rate of

0

temperatures of about 170°C to get an apnronri
dissoclation. Isocyanate trimers are very stable to both
heat and chemicals although they do decompose above 30000
giving a carbodiimides

(5.4.1.3) Polvester and Polvether Sogments

The thermal stadility of the ester group is extremely

high excent at very high temperatures, in excess of 300°C,
1,198
where some cracking to unsaturated compounds oOccurs.
0 0]
Il it
h-C.-0 _(CHZ)Z - R ~—> R - C - 0H + R -~ CH = Ciy

The formation of cyelic esters of low molecular
1
weight has also been reworted; this may require the particivnation
of terminal hydroxyl groups most of which will have been
converted to urethaone groups in this case.
Polyethers are much less siable than polyesiocrs,

they dissociate to give low moleculer weight hydrocarboas,
1,196,217,218

ketones, aldehydes and ethers. 7

e first sten in this
17,218

nrocess 1is the scissicn of the C-0 bond.

N B

»

1o+ RACH, w
3] -CIZ 0]

Fed

R - CH, - 0 = CH, - R —> RC

(5.4.2) "he Pnermooxidative Stability of Polvurethane Elastomers

Urethane links are very stable to oxidation although
2,219,220
Schollenberger showed that in urethanes prerared from 4,4

divhenylmethane dissocyanate (1DI), oxidation in the presence of

P

u.v. light lcd to the »nroduction of a guinone-imide structure
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as follows:

[0]

O c-m..@_ _Q_ TH- c Om —> -O-C--.UH—Q— -<:>=‘..c 0w

fo] o
-O—C—l.G :=©= —C O-
This reaction presumadbly involves production of a
free radical, RITCOOR! followed by a rearrangement to form
the stable structtre'shown above; becéuse of this 1t 1s
probably limited to materials that can undergo & stavilising
rearrangemnent of this type.
- This reaction does not result in scission but it may
interfere with the thermal decomrosition of the urethane
group discussed in section (5.4.1.1).

(£

e%.2.2) Other Witrosen CGontaininge Links

b‘l

Substituted urea, allophanate, biuret and isocryanate
dimer and trimer links are not oxidatively unstable although
some o0f the prOdLCuS of their therm 1l deconposition may

7 _

unbergo oxidation.

(6.4.2.3) Polvether and Polvesier Scoments

Polyethers are subjeect to fairly fast oxidation; the
1-3,19€,217,218
C-0 bond undergoes cleavase by the following mechanism

to’ ‘
R 02 02

RCH,-0~CH,R ———3> RCHOCH,R —— RCHOCHzR
05 J/
R-CH + RCH,0' <—— ROCH,R + 30,
0 - ot
This oxidation of the ether linkage is comnsiderably

217
reduced vhen antioxidants are wnresent.
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Polyesters are very stable to oxidotion unless
unsaturated groups are present and the oxidation of polyethers

is also increased when unsaturated. Vhen the elostomer contains

clycerine monoallyl ether (see section 5.2 ), the unsaturated
nature of this group will result in an increased rate of
oxidetion. A peroxide cured sanple will contain crosslinks
with the structure
/WW\/‘W\/W
0
!
CH,=CH-~CH-CI~-CH=CH
2 7 2
!
0
r\/v-\«./-./L\’\’\’ ~
so that oxidation can lead {to cleavage of the crosslink.
Antioxidants will reduce the rate of oxidation of these
unsaturated groups.,
(5. ‘.Zl, The Hydrolytic Stability of Polyurcthane Elastomers
(5.4.3,1) %he Urethane Link
1,353,198
The urethane group is subject to hydrolytic cleavage
' 3

which 1s catalysed by both acids and bases. Saunders and Frisch

concluded that urethane hydrolysis took place less readily than
221

ester hydrclysis. Dhis agreced with the work of Athey, who

showed that the tensile strength of 2 nolyester-urethane fell

much more ran»idly than that of a polyether-urcthane when both

were immersed in water at 50570°C. The cure system used aid

However, the urcthane link does undergo hydrolytic
cleavage giving an anine and an alcohol under basic conditions
and a mixzture of rroducts, such &s amines, ureas, ete., under
acid conditions.

(6.4.3.2) Otkror MNitrocen Conicinine Links

There yé very little data on the hycdrolysis of urea,
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allophanate, biuret and isocyonote dimer and trimer links;
the available exrerimental evidence is contradictory. 4n
early study indicated that biuret 1lin
221
than urethane. Athey has showa that an anmine cured
polyether-urevhane is less stable than a glycol cured
mailerial, indicating that the urea and biuret links are less
222

stable than urethane. However, Llagnus has reported that
amine cured polether-urethanes are more stable than glycol
cured ones.

In any evznt, urea hydrolysis is known to be catalysed
by both acids and bases.

Isocyanate trimers arce fairly stable to hydrolysis dbut

i98
uret linkage

1=

will react slowly to give a b

0
N
c 0RO
R.T’ “H-R . KOH ot
] f -+ H20 —_— R—ITEI—C—H—C—ITH—R+CO2
c cC 30°¢C
0’\ Yo |
i
1
R

Isocyanate dimers react slowly with alcohols to give
allophanates and. 1f the same reaction occurs with water, a
disubstituted urea will be f{ormed.

(5.4.2.3) Polvaster and Pol-nther Seoments

»

The polyether chalin 1s resistant to hydrolysis and,
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Uster hydrolysis is & very well kunown reaction that

' 1,3,1968
pvroceecds according to the following equation::
0
0
n P
™ —_— t
R - C -~ OR + HZO —— RC + R'OH

N on
This reaction is catalysed by both acids and bases.

In the case of an acid catalysed reaction the carboxilic

acid wroduced in the reaction will further catalyse the

decomposition reaction. To prevent this and reduce the rate
, 3
of hydrolysis, carbodiimides have been added; these act by
1,198
. -9
neutralising the acid »produced. )
— - 00
i n
RIl = C = NR + R'COOH —2|RNHC = IIR|—> RIHECLUCR!?
] I
0CR? R
i
0 .
= H+ - ' 0
+ a1
RiTHC = ITHR| 2'C00° RIICITHR
! E—
G-CR? + R'COCR!
it : oo
4] ] 00

Carbodiimides have not been entirely successful and have

failed in long term weathering tests over water under ambient

o

conditions whore they acted as accelerators of desradation.

This behaviour was thought to be due to the fungal attack of
3

the samples where the carbecdiimide was acting as.a nuirient

and hence aided fungal growth. ‘Vhen fungal attack was

excluded the carbodiimides reduced the rate of hydrolysis.

+ + + ¥ *



CHAPTVE 6

DRACTIRISATION OF ADIPREVE Cil AUD GRUOUATE 3§

nterpretations of the chenical
ise, fully

wn

DHE C

INTRODUCTI 07
ngful i

To develop meaningsd
it 1s important to characteris

(6.3)

stress relaxation data,
the network ch

the materials uwander study.
It is apparent from section {(3.3) that

in order to distinguish
Apart from this,

the samples nmus t be knovwn
on and structure

densities of

between crosslink and main c¢hain cleavage.

it is portant to know the chemical compos

of the elastomers in order to identify likely sites for
then to design experiments to

crosslinking or cleavage, and

establish which of these sites are responsible for the stress

in this chapter are concerned with
i the cured

relaxation.
presented
‘the backbone polymer and

The results

the characterisation both of

availavle materials

elastomer.
(6.2) THE UATBERIALS USED
The two polymers used were commerciall
by the laterials Department, Royal
They were:

plied and curcd
Faraxborough, Hampshire.

that were su
du Pont de Ilemours and Co.),

Aircraft stablisﬂment,
(i) Adiprene Cil (E.I

polyetner baéed urethane prepared from poly (oxybutylene)glycol
and a 2,4.2nd 2,6 isomer mnixzture of tolylene dilzozyanate (7DI)

plus about 5 to IOp of glycerine menoallyl ether.
vyre and Rubber Co.),

(i1) Genthane S {(Gerners
polyester based urethane w»revared from a jcol terminsted
80:20 pcly (etkylene/propylene acdipate) and methylene-p,

1,2,6
nate (IDI).

n-dinhenyl diisocya:



In both cases excess polyol was used to give & hydrozyl

terminated polyurethanec.

The two nolymers were cured Wlth dicumyl peroxide; four
different peroxide concentrations were used; 1.0, 1.5, 2.0 an
2.5 pph gum. The samples wore milled and then press cured for
30 minutes at 160°C

(6,2) CHAPACTHRISAMIQON QF THR UIICURRD POLYIIEI

(6.3.1) The Chemnical Qomnosition

(6.3.1. 1) Xueleer Jlarnctic Resononce Swoeira

Deunterochloroform solutions of the two polymers were
prepared and proiton magnetic resonance Spectra obtained using
a Varian A 60, 60 MHz n.m.r. spectrometer. The spectra were
obteined at ambient temperature (~30 C) and an internal
reference compound, tetramethyl silane, was used to give a
peak at & =-0 (2{= 10); the spectra were electronically

tegrated.

The spectra and integrals are shown in flgure (6.1)

The spectra could be interpnreted in terms of the reported
compositions (see section 6.2) of the polymer, except that

the glycerine monoallyl ether, present in small amounts, could

s

not be detected since it was masked by other peaks; the pneak
assignments are given in table (6.1).

The intezrals (fiz 6.1) ﬁere used to determine the
relative molar concentratiions of the various groups presentg

this is nossible because the intensity of & peak 1z directly

/2

pronortional to the number of nrotons responsidble for it. The

results of this calculztion are shown in table (6.2).
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TABLE 61

[ )
>

| GENTHANE S
STRUCTURE ‘ GROUP & (PPM)
5 _
CHCIR R |
— 0C CH,CH,CH,CH,CO— CHz(o) 23
CH,(b) 1-6
f'? 0
]
— COCH,CH,0C — . CHa 42
0 0
it
-COCIH,CH20C—- CHs 1.3
CHg3 _ | ' CH» 42
| CH 47
% 9
-OCNH@CH;_.@NHC 0- CH, 3.9
' | CH 7-1 & 7-3
ADIPRENE .CM
STRUCTURE GROUP S (PpPM)
(a) (b) | -
~0CH,CH,CH ,CH0- CHp(a)
CH»(b) 1:-6
CHs o
—O%NHQNH%O- CH; 2-1
0 -0 CH 71 & 7-3
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(6.5.3.2) Infrc-Red Swoctira

The infra-red spectra of chloroform solutions, and of
films cast from chloroform solutions, weré ovtained for both
polymers using a Perkin Elmer 157G sPeétrometer, a Perikin
Elmer 457, a Perkin Elmer 257 and a Unicam. SPR00 were also
used during this study.

The chloroform solution spectra were obtained in the
usual way, using two matched cells, one containing the
soluticn and the other containing pure solvent; the snectrometer
then subtracted the solvent snectrum from the solution snectrum
leaving the spectfrum of the nolymer. The chloroform had been
distilled and dried over a molecular sieve type 44; 1t was,
hence, water and ethanol free as was confirmed by the absence
of an OH peak in its iInfra red spectrum.

The film swectra used films, cast from chloroform
solutions, on salt plates mounted in sméll teflon collars. The
teflon collars fitted into a brass mount that fitted the cell
mount of the spectrometer. This method had the advantage that
films cast on the salt plates, mouanted in the teflon collars
could be heat agéd and the gpectirum of tﬁe same film taken
repeatedly after different times of ageing.

Dhe spectra are showvn in figs. 6.2 and 6.3, they

1,2,6,223

confirmed the published structures of the »nolynmers, the
1,2,3,198
(6.3)

Ch e

assignments of the prineinal peaks being given in table

IS

It is clear from a commnarison of the solution and filr

the I peak at 3 microns changes.

l..'
[ )
L
o]
<t

spectra for each polymer

[r4

broad wneak centred on 3 microns

e

In the film this annears as

with a small shoulder at 2.9 microns. The solution spectra

were slightly different; the iITH band comprised 2 narrow, sharp



Table 6-2 146

Chemical Composition of Urethane Polymers

Genthane S

—CNH@CHZDNHCO— to ~CHCH,0— to
CHs

is18to 65 to 118 to 165

—CH,CH0— to — c (CH 2)400

Adiprene CM

0 0
—CNHDNH&o-to —(CH,)0— is 26 to 192

CHs

Table 63

Infra Red Band Assignments for Polyurethanes

Functional Group

Microns
2-94-313 -NH stretch (H-bonded)
2-86-2- 9L ~NH stretch (free) -
3:3-37 -CH stretch

575 -588 -C=0 stretch (urethane)

571-583  -C=0 stretch (ester)
C=C skeletal stretch of benzene ring

6-20
641 - 658 -NH deformation (Amide II band)
~ 82 - C"PO-C stretch of ester orurethane

~§-3 -C—0-C stretch of dliphatic ether
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peak centred on 2.9 microns and & broad humwn ceatred on

3 microns. Thig shift to higher frequency.accompanicd by

peak sharvening on going from a film to a solution is typical

of a system in which there is hydrogen bonding and iadicates

that hydrogen bonds invelving the I group are present in

these two poiyurethanes. This observation 1is in agrcement
1,3,202,203,204

with the published work concerning poljyurethanes.

(6.3.2) Physical Characterisation

(6.3.2.1) YMumber Averase lolecular Veioht

Samrles of Genthane S and Adiprene CII were sept to
the "Polymer Supply and Characterisation" centre at Shawbury,
Shrewsbury, (RAPRA) for analysis by membrane osmometry . The
Osmometer msed was a lelavs; tetrahydrofuran solutions of

. -1

the volymers were used, the most concentrated being bgl .
lleasurements were made at 20°C using a regencrated cellulose
nemdbrane (Y.A. Howe Hygrocella 11539).

llcasurements were also made by J.HE. Sexton, Polymer
Characterisation Labvoroitory, Imperial College using a
liechrolad 502 membranc osmometer. Chloroform solultions of 1
the two polymers -were used, the most concentrated being 1031- .

0.8 cellulose acectate membranes were used at 25°C, these

membranes have been rewnorted as suitable for use with

(B
{=

chloroform, but were found to swell on prolonged immersion in

chloroforrni, so that they had to be cut down to f£it the
osmome tezr.

The number average molecular weights obtained from these
two studies are given in table (6.4); there is a considerabdble

amount of difference between those obtained by RAPRA and those

obtained at Imperial Collecge.
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TABLE 6.4

Tunber Averace Iolecular Veirhts of Genthane 3 and Adiwnreneg O

Orirpin of Data Genthane 8§ Adiprene BOII

Z =3

"'n from Mecrolad (x 10 ) 92x 5 230 = 30
-3

i'n from I‘elabs (x 120 ) : 31 140

The Imperial College results were based on Tour
exveriments for Adiprene Cil and tvwo exveriments for Genthane S
and were falrly rewnroducible as indicated by the swpread of
results. The large differences between the sets of results are
difficglt to exwnlain, but it should be noted that RAPRL have

24
reported that their osmometer has cons;stently given good
agreement with instruments in other laboratories, whilst the
Inperial College instrument has been unreliable giving
_ : £25
consistent, but inaccurate resulis for polystirrene standards.
In view of the difficuliies regafding the menbhraone and
osmometer used at Innerial College and the sét‘sfactorv natgure
of the RAPRA instrument, the results odbtained by RAZRA wourld
scem to be favoured.

{6.3.2.2) liolecular Weicht Distribution

Samnles of the two nolymers were sent to the "Polymer

Suprly anrd Characterisation Cenire" for analysis by

2
@
o)
g
[}
H
i3

meation Chromatogranhy.

’

)  The ilcthod of Gal Permeation Chromato~ranhy

G
(o]
-
i3]
(o]
e
[w]
o]
chk
1
(=)
(W}
far]
Q

hromateozsranhy is 2 method that

senarates molecules on the basis of their molecular si

It utiliscs awnvaratus similar to that used for licuid

3

chromatogsranhy ecxcent that the coluans are filled with solvent
swollen, crocslinked, wolysiyrene beads. The nmaterial under

itarle solvent and introduced

="
%]
4]
o
)
-
Al
o]
(=
[
1+,
o
&
[ &)
o

investication is 41

into the top of the columm, 4Any moleeules thot zre loarr~er



throush the column via the interstitial volumg. Phe renainder

colummns polymers can be studied and a falilrly accurate

determination of their molecular size distributions obtai

For linecar nolymers these will be egual to their chain

2

length distributiong and heuce to thelr molecular weight

distrivutions.

(ii) Calibration for Gel Permcation Chronatomranhs
229,230

The neasured guantitiecs are the elution volume

(i.e. the volume of sclvent passing through the column
between sample injecection and elution) and the conceantrztion
of the eluting soluition. In qrder to obtain chain len :th
distributions the colwms must be calidbrated with well
characterigsed and nreferably monodiswmerse samnles of the
polymer under investigation (monodiswnerse samples are not

usually availabhle, so0 narrow molecular distrivution samnles

[

S5

are used ).

As this would severely linmit the analytical use of

230,254,235
GPC 1t has beecn suggested that the colwmns should be
calibrated for polystyvene (as narrow molecular weight
»
distrivbution sanmples are recadily availoble). 4 calibratioa

curve o the extendeda lengt:, in angstroms, of the nolystryrene

mblecules azzinst elution volume can then be constiructied.

If it is assumed that this calibration cuwrve is universally
227
correct, chaoin length distrivutions may ve detvermnined.
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=
(V]

Also, 1T the moleculor weizght ne 1strom length of

1.

volymer is known, the molecuvlar weight distribution con be

(o]
¢7]
[N

calculated from the chain length distridbution.

(i3i) ZEvaluation of the oleculor “eisrht:t ner Ancstrom

lLenct» of Pol-maor

H
Q
3
-
]
o]
G2
et
o3
o
H
13
o
-
et
3
[®)
H

The molecular weight per angst
iz usually denoted Q.
The number, welght and z average chain leagths and

—
”

molecular welghts are respectively An, Ln, Aw, Ilw, Az and

v

Iz (4n, Aw and Az can be obtained from the chain length
286

Qin
QAw
QAz

2 B =
:—‘c "
3 =1
[t} 1}

tomd

i

3]
I

Q@ may be determined in several ways:

(2) By direct evaluation, based on & knowledge of the
composition of the nolymer and on known bound leagths and

254,236,237

angles.

(b) By ihe deteérmination of the repeat distance of
the nolyner by Z-ray diffrcction analrysis of crystalline

236
samnles.

(¢) By determining one or merc of the molecular weight

236 ‘

averages by another physical method (e.g. light scattering,

osnometry, visconetry etc.) whence:

vhere i = n, w, z etc.

({iv) Gel Perwmeation Aralrsis of Adivnrene G and Centhane

The anparatus uvsecd was sunslied by VWaters Assocliates

and 0.25% solutions of Adinrene {X and Genthane S in tetrahydro-
s 5.
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furan were used. The column arrays were:
o 4
- 1.5 x 10 A

o r
Column A: 1 x 4', 100-3504A; 700-200CA3 5 x 106

5 o]
7 x%x 10 - 5 X IOGA

o] yi AO
Column B: 1 x 4', 700-20004; 1.5 = 10% - 5 x 10%A;
] []
7 x 10° - 5 x 10°4; 5 = 10% - 1074

These mean that ecach array comprised four columns in
series, cach one beiag four feet long. vThe range of chain
lengths, in angstroms, resolved by each column is given by the
four sets of figurcs.

The average chain leugths obtained and the ratios
An:Aw: Az are given in table (6.5); three scts of results were
obtained.

Set 1: Resulis not entirely satisfactory because the

weaks were rather small.

IAV)

Set Results were gqulte good for Genthane S but the
sharp cut off on the high molecular weight side made the
Adinrene CI results rather unsatisfactory.

Set 3+ Different solutions were used and the
exveriments were done at lcast 6 weeks after those for sets
1 and 2. The Genthane S results were guite good but the
Adiprene Ci did not seenm to be entirely soludle and some gel
vas Tilterecd off.

Genthane S: The best value probably lies -between

4

those of scis 2 and 3 but nearer to sev 2.
Adivrene Cili: The best value probvably lies between
sets 1 and 2 but nearer to sct 1.
{ should be noted that
fn : iw ¢ Iim o= fn i Av s Az

Do obtain iin, Lw and Iz 1t is neccessary t0o evalunte

Q3 of the nmethods outlined carlicr, matiaods (a) and (c¢) were used.



The evaluation of @ by methoed (a) utiliscd the
chemical c¢ompositions of the polymers obtained from the n.m.r.

date (scctiion 6.3.1.1), and bond lengths and angles odbtained

from reference 237 «. The caleculzation of the extended
lengths of the various grouns that comprise the polymers 1is
illustrated in figure 6.4 and the @ values obtained are given

in table (6.6).

The Q@ valucs deternined by method (c¢) were obtained fronm
the number average molecular welght evaluated by osmemetiry;
these Q values are also givea in table (6.6).

The average chain lengths and the An : Aw : Az valvues
are given in table (6.5). The moiecular weight afcrages other
than the number average wefe calculated using the ¢ values
caleulated by method (c); these are given in table (6.7).

It is clsar from %tables (6.5) and (6.7) fhat reascnably
consistent results were obtained. The discrepanhcy between
the Q values obtained by methods (a) and (e¢) shows that
the urethane polymers behave differently in solution from
polystyrene; tﬁe state Of coiling is probably different
because of the s%rongly ﬁolar nature of the urethanss.

The An : Aw : Az values (table 6.5) indicate that
the molecular weight distributions of both polymers are

broad, Adiprene Cil ha¥ing a broader distribution,than Genthane 8.
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Figure 6-4

Extended Length Calculation

a=146A b=154 A c=152A d=136A e =133A f= 28A
ab= 113" dt =cdd=14" de=1185" 6t=124" =119

Adiprene CM
0 CH>  CH,
N/ N2 o~ ,
1 CH2 CH2 (l) ob=623 A
! ; mol.wt.= 72
- p >
O "NH
AR td = 9554
i (')' \NH/ \Q mol. wt.= 192
i E
td
Gehthane S

) CH
EQC}/{b 2\0 et=3.73A
1 2
', - ; mol. wt.= 44
0. CHy vpr = 373A
EC‘\(ﬂD \O pr* = 4-98 (see pg
g CIHa i mol. wt.= 58

pr 0
O CHy CHs ,
NL N fa N/ qd=859A
i C THy CHy O
e ] mol. wt.=128
‘ ad

NH NH Q  iso=145A
INJe W\ f / O\ /1 %°
': % Ph\ /Ph % ' mol.wt.= 268
: CHy 0 l:

iso
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TABLT 6.5

G.P.C, Results for Adivrene CI and Genthane §

Average Chain Lengths| Genthane S [Adiprene Cul | Column | Set
x 107Y ete. Array
An 1.69 2.20
Avw 3.99 10.2 B 1
Lz 12.6 95.0
An:Aw: Az 1:2.56:7.46 | 1:4.64:15.91
An 1.34 2.34
AW 3.28 20.2 A 2
Az ' 7.72 9317 :
An:Aws Az 1:2,.41:5.,78 | 1:8.64:40.1
An 1.05 ’ 3.18
Aw 2.88 19.7 B 3
Az 6,04 91.1
An:Aw: Az 1:2.75:5.75 | 1:6.20:28,.6

TABLE 6.6

A Comvnorigon of 9 Values Coleculaeted by Different Vethods

Polyﬁer 2 estimated from |Q estimated frowm Melabs I
: bond angles and
lengths
Genthane S « 1l4.8 18.34 | 23.13 29.52
(27 = 14.3) '
Adinrene Cil 13.02 63.5 59.3 44.0
prx and Qx were calculated for a 1,3 propylene glycol as it

was suggested that nendant methyl groups behave like in-chain

nmethylene groups. -



PABLE 6.

loloecular Veirhi Averaces Cpleulated from G.P.C. Daota

Average Genthane S Adiprene CIl Set
iZolecular Velght
-3
» 10
fn 3 1F 140F
v 73 653 1
iz 231 1240
In 31+ 1407
1w 74 1192 2
- t
lig 178 56400
fin 31¥ 1407
tvr 86 880 3
Hz 177 1276
I Values obtained from osmometry

t probably incorrect Dbecause of column array used

159
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(6.5.2.3) Glass Mreansition Temwnoraivres and Densitics

A Du Pont differeuntial thermal analyser wos used to
determine the glass trausition temperatures of the two rvolymers.
- On - - - ] .
wvhich were - 57.5 C for Adiwnrenc Cil and - 46°C for Genthene S.
The refercnce thermocounle was immersed 4in glass beads and &
. . ‘0 A0 : .
heating rate of 10°C/min was used. .

The densities of the polymers were found to be

(74 .
0.973 g cm™” for Adiprene CIM and 1.143 g cm"s for Genthane S.

{6.3.2.4) Soludbility

Several of the experiments described in the »nrevious
three sections required solutions of the polymers. This
meant that suitable solvents for the materials were needed
and a large number of solvents were investigated. Solvents
were rapidly screencd by placing small pieces of po;ymer
in a few ml of solvent in a stopwered bottle. The polymer
was left for several days at ambient temperature %o dissolve_
and then checked several times af intervals of about 24 hours.
The solventé were then classified into one of the four

following groups:

A = Conmplete dissolution of polymer in solvent

B =.Partial dissolution; the nolymer was swollen by
the solvent which becane colcocured by the polymer
or slightly more Vviscous in&icating,that sone
materiel had dissolved.

C = f2fhe polymer was svollen mnoderately by the solvent

but the dissolution of material was not annarent.
= ittle 1 selling ured
D = Little or no swelling ocecured
The results of these cxnerinegnis arc nresented in tables

(6.6 ana (6.9).
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Solutility of Adivnrene CLI
A B c D
Tetrahydro- Tolueneg Carbon Tetra-i2,3,4 Tri-
furan chloride methylpentane
Dioxan Benzgne Ilethyl Hitromethane
Formate
Pronprio- Ethyl Acetate etrachloro- |Cyclohexane
rhenone . etn lene )
ilesityl Oxide Styrene Dimethyl Water
Sulphoxide '
Bromobtenzene liethyl lleth- Vinyl Acetate |Glycerol
acrylate

Dichloro-
me thane
nlorofornm

Pyridine

Chloral

Ethyl ilethyl
Ketone
x.llethyl
Benzylamine
Butryophenone

n-Butylamnine

n--Octylanine
Divinyl
Benzene
Dichiloro=
ethane
1,2 enOXJpro—
u;..nﬁ
Acetic acid
Prichlor
ethy lene

Acetone

Chloro-
benzene
n-Propyl
Formate
1,1,1 tri-
chloro-
ethane
Dimethyl
Formanide
Criclopenta-
none
~Propyl
Aceuate
Cyclohexanoc

n-Propanol
n-Butanol
n-Pentancl

Tapthyl-
Isocyanate

ITitrobenzenc
i-Butanol

Phenyl
Acetate
Tetrachloro-
ethane
Tricresyl-
phosphate
Piperidine

Aniline
n-Pronyl

Chloride
m-Crescl

sec-Butanol

Cyclchexzanol

utyl Phthalate




Solnbilitv of

TABLE 6.9

Genthane S
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A

B

c

D

Zethyl Acetate

Bthyl Acetate
n-Propyl
Acetate

ethyl Formate

Ethyl Formate

Ethyl Acrylate

Bromobenzene

Dichloromethane

Hitromethane

Ethyl llethyl
Xetvone
Chloral

c-iiethyl
Benzylamine
desityl Oxide

Butryophenone
Propriophenone
2-llethoxy-
ethanol
n-Butylamine
Acetone

Vinyl Acctiate
lethyl
llethacrylate
Dimethyl
Formanmide
l,2-epoxy~
propane
l,2~dichloro-
ethane
n-Propyl
Tormate
Trichloro-
ethylene
Cryelopentanone
Chlorofornm
Tetrahydro-
Turan
Dioxzan

n=3utyl Acetate

3enzene
Dimethyl-
sulphoxide
tyrene
Acetic Acia
Phenyl Acetate
Aniline
Chlorobenzecne
fitrobenzene

Piperidine

1,1,1-tri-
chlorocthane

n-Amyl Acetate
Toluene
Ethyl Benzene

Xylenc
Divinyl
Benzene
Carbon Tetra-
chloride
l1,4-Divinyl-
oxy butene
Tanthyl Iso-
~cyanate
Tricresyl
Phosyphate
m-Cresol

Cyclohexane

i-Pronyl
Acctate

n-Pronyl
Chloride

umene

n-ilexadocane

2,2,4-trimeth;l

LSRN S

nentane
Water

~ -

BEthanol
ilcthanol

Carbon di-
sulvnhide
Diethyl ether

n-0ctyalde-
hyde

Dicecyl-—-
nhthalate

n-neptaie

Amyl alcohol
n-3utanol

i-Propanol
n-Propancl
Glycerol

sec-3Butanol

Tetrachloro~
ethylene

iso-Butanol
yelohexanol

Butylphthalate
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figure 6-5:Solubility data for Adiprene CM.
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W
for the nolymer,

of the solubility paramet

data can be plotted in the way proposed by Beerbower an

14

results

rs of solvent and polymer.
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were done to

Y

can be interpreted in terms

The

jor]

Dickey when the solubility narameter is split into three

components &,, & and SD.

a

The maximum solubility will occur when the three

conmnonent solubility parameters of the solvent are equal

to those of the polymer.,

To determineg the required

informatlon a four dimensional plot must be made involving

51, SP, BH and solubility;

dimensional nlot by classi

groups,

has been done in this study.

each group reprcesenting a
L 1Y

this can be reduced to a tihrece

number of
14
solubilities, as

Y &
range oz

If each group is remnreseated by

a different symbol and the data plotted as three projections

of 5}},’ 513, BH snace, then

there will be regions in the threce

resultant plots (i.e. 85 vs 85, 8p vs @iandLBD vs Sq) in which

the majority of the good solvents lie.

constructed for both Adiprene Cil

containing solvents. in

discerned in the 8p vs 8y

however be done in the 8,

in the & vs Sp and 8, vs
. vy

i

3.9, GP
the overall 8 values
Cii 10.

and

nrene
values are oF

6.5 and 6.6) are

which the

: oo
8(cal ern~Y)® feor Genthane S.

-

Plots have been
and Genthane S and regions
nolymer is soluble can be

and GH Vs SP plots; this cannot

vs Op rlots. The regions identifiead

BP rlots are centred on =a

3.0) for Adiprene €U and

3.2) feor Geuthane S, this imnlies

3. L
will be 10.0{(cal em “)2 for

Although

ative interest only, the »nlots

wgerul since any solvent that
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falls witgin the dotted region in the 5DY BH and ufﬁ 8
plots is very 1ikely to be a good solvent for the nolymer,
80 thét, were further solvents required, the search for them
cauld be ecased by festricting ativention to those that lie
within these regions.

In addition the SH values ovtained for the two polymers
are guite large as would be expected for a system in which
there is hydrogen bonding,

{6.,4) CHARACTREIRISATION OF THE CURED EIASTOUILR

{(6.4,1) The Swelline of the Elastomers in Solvents

Swelline measurements were made on the elastomers in a

<3

more guantitative manner than that used to investigate the

solubility of the polymers (section 6.5.5.4).

Small pieces of thin rubber sheet weighl ng about 0.1 g
were accurately weighed and placed in stoppered bottles
containing enough solvent {o immerse the Sample. The becttles
were placed in a thermostatically controlled water bath at
25°C. The samnles were left for several days to equilibrate
and then removed from the bottles, surface dried and guickly
weighed. Several weighings were made on each sample, 24 hours
being alloweéd between each scnd the wvrocedure continued until
constant weights were obtained; this ensured that eguilibrium
had been reached. ’ .

The sample wes then placed in a2 glass vessel which was

gvacuated 1o rermove the selvent, the sample was renoved and

iv]

welghed again. 2his final weight was generally very close to

e
[

the initial weight of the sample hefore had been swollen

‘J

as the samnles had all been extracted with a benzene/cyclohexaL

e
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PABLIE 6,10
The Swellins of Genthane $ in Vavricons Solvents
Yolume TFractiocm of Rubber in Swollen
Sampnle, ﬂg
Solvent 2,5% DCP |2.05 DCP | 1.5% DCP| 1.0 DCP
in cure in cure in cure in cure
Nethyl Acetate 0.23 - - -
Ethyl Acetate 0.35 0.31 0.28 0.19
—Propyl Acetate 0.4 - - -
n-3utrl Acetate 0.48 - - -
n-Anyl Acetate 0.585 - - -
ilethyl Fornate 0.53 - - -
Ethyl TFormate 0.30 - - -
Crclohexane 0.88 0.88 0.8 0.83
Toluene 0.49 - - -
ueup 1ol 0.81 - - -
Ethanol 0.83 - - -
Prcpan~1—ol 0.82 - - -
Propazn-2-01l 0.84 - - -
Butan-1-0l 0.86 - - -
Pentan-l-0l 0.87 - - -
Glvecerol 0.98 - - -
Water 0.96 - - -
Chlorofornm 0.13 0.12 0. 09 0.07
TABLE 6.11
Phe Swelline of Adinrence Ci in Veorious Solventsg
Volume Fraction of Rubver in Swollen
Sample, ﬁz
Solvent 2.5% DCP | 2.05 DCP | 1.5% DCP | 1.0% DCP
in cure in cure in cure in cure
Toluene 0.356 0.32 - -
Benzene 0.54 0.29 0.28 0.26
Cyclohexane’ 0,71 0.66 0.67 0.64
Carpon Tetrachloride 0.38 0.33 0.30 0.25
Chloroform 0.21 0.21 0.20 0.17
Carbon D;301nh1de 0.40 0.37 0.34 0.32
Acetone Q.47 0 43 0.41 Q.40
EBthyl fethyl Xetone 0.38 0.30 0.24
Pyridine - '0.18 - -
Petrahrydrofuran - 0.22 - 0.17
Diozaon - 0.22 - -
lothrl Formate 0.58 - - -
Zethyl Aceiote 0.46 - - -
Dthyl Fornmcte 0.35 - - -
Zthyl Acetate 0.42 - 0,31 -
n=Yropyl Acctiate 0.51 - - -
n-Butyl Acetate 0.39 - - -
n-fmyl Lcetate 0.36 - - -
3thenol 0.59 0.517 0.55 0.54
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£

mixture In a soxlet extracitor to remove residual cure ingredients

(3

[N
d—
’3

and any low molecular welght na ial not Joined to the networi.

The swelling of the elastomers was characterised by

volume fraction of rudbber in the swollen sample, ¢9, and the

results are summarised in tables (6.10) and {(6.11).

-

The swelling data can also be used to investigate the
solubllity parameters of the elastomers; there was insufficient
14
data to annly the method of Beerbeower and Dickey and so the
more usual method of plotiting the degree of swelling against
47,48,49
the overall & values of the solventis was employed. These

plots are shovm in figs. (6.7) and (6.8); the 8§ values obtained
1

-3 1
were 9.2 (cal em™”)® for Adiprene Ci and 9.6 (cal em~°)% for
Genthane S wnlch are both smaller than those obtained in
section 6.3.2.4. However, in view of the nature of the

correlation and the experiments there is recasonable agreoenment

[62]

between the two sets of values and in both cases the Genthane
alue is greater than that of Adiprene Ci.

(6.4.2) "he Stress-Strain Pronerties of the Blastomers in

ceasurins the Tensile Promncrties of

Drv zand Swellen Blastomer Samnles

The apparatus 1s illustrated iﬁ fig. 6.9, it consists
essentially of a force measuring unit and a means of extending
the rubter sarnnple which is in the form of o long thin strip.
The force measuring unit or transducer and spring assembly is
showvn in more detail in figp., 6.10.

Phe sanple is held at one end by the bottom clamm (15),

the other end is held in o similar clampn that slots into the



-

Plock (21) of the transducer and spring assemblyr. Bxiension
0of the samwnle is accomplished by moving the whole tramsducer
and swring assendbly in a slot formed by the main spars of ihe
avparatus, (11) ana (22).

Yiovement of the transducer and spring is achleved by
rotating a threaded rod (25); as the hole in the %t ransducer
and snring assembly, through which this rod wasses, 1is
threaded, rotation of the rod ralses or lowers the transducer
and spring assenbly. The threaded rod is turaned by rotating
the knod (1) at the top cnd of it.

The length of the sample is obvtained by measuring the
distance between indian ink marks on the rudbber with a
travelling microscope.

The transducer and swring assembly contains a flat
cross shaned phospher-bronze spring (29) that is tightly clamped
at the four ends of the cross. The force is apnlied to the
centre of the s»nring via the rod (32), this causes the centre
of the spring to bé displaced by an amcunt that depends on
the size of the force. This displacement is mecasured by an
electrical transducer capable of measuring displacements of

iable

H

unp to = 0.010 inch. The transduvcer is a linear va

(=0

differential transformer (LVDY), Schaevitz type 010 IIS-LT,
Which gives an a.c. output and reguircs a low voltage, high
frequency a.c. input (e.g. 3 volts at 1 kHz); théd a.c.

tation and the conversion of the a.c. outzut to a d.c.

(B

exc
outnut was effected by 2 Saungamo C52 transducer meter. The
d.c. outnut was measured on a volimeter incormorated into the

transdiucer meter.

L

The output of the transducer can be "backed off" Lo
zero using the controls on the transducer meter, nrovided the
ical zZero. llechanicol zero is

transducer is ncar to its mochan:
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ot
[=n

achieved when the cocre of the transducer is nositioned inside

0 as t0 give zero electrical outnui; the core is attachned

[
-
0w

op 0f rod (32). %o allow the transducer %o be

ct

to the
rmechanically zeroed there is a nmicrometer adjuétment (30) whnich
2llows the body of the trangducer t0o be moved up and down
without affecting the wosition of the core. Yhen a force is
applicd the spring 1s displaced, this causes moverment of the
core away from its zero position resulting in an eleétrical
signal, whose m&gnitude devends on the distance moved by the

core.

a4

The apparatus is used with a load of about 120g (20)

(D
[

permanently on the spring. Overdisplaqemcnt of therspring, 1il
to cause damage can be vrevented by two guard rinzs, (31) and
(35), that can be set with the aid of a travelling micrescona.

The transducer and suring asscmbly vas calibrated by
placing weights in a snall 1oad.pan suspended from the top
sanmnle clamp. Typical calibration curves, that is plots of
load vs reading on the voltmeter of the transducer meter, are
shown in fig, 6.11.

It is clear from fig. 6.11 that calibratiqn curves can
be c¢f two types, either convex with respeet to thé load axis

or S shaped. This 1s because it is very difficult to get the

[ dd
Lard
}=e
/2]
13
()
H
Hy
(0]
o
cr
(]
e
]
=
©
(ot
we
[ e
ot
-
e
-
(]

nso its holder so that

e

snring
generally be slightly bowed as showa in fig., 6.12. If bewed
as in fig., 6.12(a) an S shapsd curve will be obiained whilst if
bowed as in fig. €.12(b) & ovrve that is convex with respect

to the load axis results.
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€.10

Drive shaft knod
letal/glass
Chimney mount for 2
O-ring vacuunm seal
Threaded studs

O—ring

Top plate of apparatus
Rubber scat

Ground 1lin of glass J
Ring to allow glass

lead outs for eleccectrical connections

to be claumred in place

form the slot irn which

the transducer and spring assembly moves
Transducer and sv»ring assembly

Supporting spars
Glass Jjoacket

Bottom sample clamp (sandwich tywe)

End of square scction spars
Circular section supworting
Bottom plate of apparatus

Knobs

that wind the guard riags,

11
spars

{31) up and dox

Starting load on snring (about 120 g)
Bloex that holds topy sample c¢clamp

Main swpars of apnaratus (no.
Line to
Transducer holder

11. in fig. 6.9)

indicate nosition of 30

Threcaded rod on which whole assembly moves

Baclk nlate

Bloeck on which spring is mounted
Top retaining ring for spring

Phosphor bronze s»nring

Inob for nicrometer transducer adjustment

Guard rings
Pull rod,
Transdueccr holder mount

to prevent overstraining of snring
connects samnple through tc the spring

Bracket holding transducer adjuster

Stop, used with 31 to prevent overstraining of spriag

Spring
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applied
load 100+

" (grams)

] |
% 50 100

reading on transducer meter
figure 611: Calibration curves for transducer and spring

assembly

force
force

(a) (b)

figure 6-12: Sectional view of spring showing its two
positions _



figure 6-13:Glass jacket for apparatus . 1717
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through which solvents can be admitted so that exreriments can
be done on samples that are swollen and immersed in & solvent.
When doing these experimentg highly degreasing solventis should
vbe avoided vhenever possible.

s 18

<t

The assembled apnaratvs, complete with glass Jacke
placed in a glass sided, thermostatically contrelled water
bath ready for use. It is important that the anparatus
should be mounted vertically in the tank, otherwise the
calibration will alter. This was accomplished by a three point
levelling device used in conjunction with a snirit level, the
device being connccted to the apparatus by two steel rods
screwed into the top »nlate (7).

(6.4.5

<

.2) The Tensile Promnerities of Adiprene €I and Genthane S

Strezs-sirain measurcments in simnle elongation were
made on both elastomers in the dry state or swollen in &
suitable solveni. For Adiprene CLI two sets of experinents
were made on dry samnles. In the first set the samﬁle was

extended and the force exerted by the sample and the sampnle

]

lenzth measured. The sample was then extended further and the

)

process reneated. his procedure was repeated until sufficient

points were obtained; in this exwneriment the sample was
continuously loaded.

In the second set of experiments the sample was exteunded
and the force and length nmeasured, the sanple was then retracted
and allowed to recover for 10 minutes. The procedure was then
reneated using different extensions until suvufficient »noints

were obtalined; in this exneriment the sample was intermitiently

loaded.
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nece the elastic behaviour of dry ruvbber neiworis is
1¢6
time dependent, see cectlon(~-3»5) it is standard p»ractice
to wait for the same length of time belween extending a
sanple and measuring its forces in all these cxner ents a tine
interval of b minutes was used.

Do interpret these measurements in terms of any of the
equations discussced in Chanter 2, the extension ratio , A, 1is
reguired which means that both 1 and 1,, the deformied and
undeforrmed lengths of the samnle, must be known. 1 was measured
with 2 travélling microscope during the stress-strain
experiment and 1, was obtained by exi rapo ng the 1 vs force
curve to zero force.

It can be shown that & small error in 10 has a »rofound
effect on (A - A™7) that is most pronounced at A values close
to unity; errors may well arise ﬁn the evealuatioan of lovsimply
because it does involve cxitrapolation. Because of these
difficultics a comvuter programme was wWritten in which 10 was
allowed to vary by a small amount on either side of the
extravolated value. The programme then selected the 1, value

that gave the best fix to either the Kinetic Theory or the

value was always very close

ct
=
1

o)

llooney-Rivlin IZguationg o
to the exirapolated value. Sinrece an error in l, has 2 larger
effect on (XN = A as A zvwnroaches unity, o veighting schenme
was used that pave the greatest weighting to A values further
removed from unity. The comuvuter vrogramme is presented in

- 0
pia

e

re

Apvend
The other parameters required were the volume fraction
of rubver in the swollen samnle (unity for & dry sample), the

width and thiekness of the sample, The volume fraction wes

neasurcd in the way describved in section 6.4.1, the width was
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measured with a travelling microscowne and the ¢t
measured with a micrometer.
The results of the continuous

6.14 and 6.15 plotted ac

o
(o]
)
<
e
=1
3

experiments are shown in figs.
to the Ilooney-Rivlin equation; it is evident that the data
fairly well described bj this equation giving C, and Cz
constants shown in table (6.12) below.

TABLE 6.312

Cl and C, Constants for Tension of Dry Adiprene OCII

4 Dop Continvous Lecading Internititent Loading
” 5 5 5 5
_ ¢, = 10° [ C, x 10 Cp/Cy |Gy x 10 | Cp x 10 Cyp/Cy
in cure 2 2 -2 -2
Im Hm : I'm Tm
1.0 1.66 1,39 1.19 2.45 0.20 2.72
1.5 2.41 1.563 1.57 2,90 0.90 3.22
2.0 3,23 1.71 1.89 3.25 1.50 .62
2.5 4,56 2.00 2.28 2.69 l.54 32.94

Tension experiments were alwe conducted on Adiprenc Ci
samples that were swollen to equilibrium in ethanol, the
results are showvn in fig. 6.16 plostted according vo the llooney-

Rivlin equation. In case intermittent and continuous

leoading gave the same resulis which were independent of the
It

time interval between loading and measuring. is eclear fron

fig. 6,16 that 02 was zero; the C., values obtiained are shown

1
in tadle (6.13) below: .
RABLE (.13
C1 Values for Tension of EHihanol Swollen Adiprenc CII
¢ DCP in curc |G, x 10° Im~3
1.0 2.80
1.5 4,70
2.0 5.60
2.5 6,10
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figure 6-14: Tension experiments on dry Adiprene CM plotted according to the Mooney-

Rivlin equation (numbers on lines are percentages of dicumyl peroxide in curel.
Continuous loading experiment. »
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In thie case of Genthone S iny.continuqus loading
exwneriments were conducted on the dry saﬁples; it was not
possible to conduct an experiment on the‘sample cured with
1.0% dicunyl peroxide since this underwvent rapid siress
relaxation for more than 24 hoursy this did not occur iﬁ any
of the other samples where stress relazation was undetectable.
The results for the other sanples are shovm in fig. 6.17 and
table (6.14)

TABLE 6.14

Cqp and 02 Constants for Tension of Dry Genthane S

g ' 5 5
# DPC - |C, xvlo ¢, x 10 ca/cz
1in cure =2 Im™—?
1.5 0.95 0.92 1.03
2.0 1.40 1.15 1.22
2.5 1.91 1.44 1.33

llegsurements were also made on Genthane S samples swollen
to eauilibrium in ethyl acetate; Cs was zero (see fig. 6.18)
. and the Ci values obtained are shown in table (6.15).

TABLE 6.15

C1 Values for Tension of Ethyl Acetate Swollen Genthane S

5 -2
% DCP in cure | Cp z 107 Im
1--0 On68 ’ .
1.5 1.22 .
2.0 2,26
2.5 3,05

(6.4.3) The Stress—Stroin Proncrties of the Elastomers in

{6.4.3.1) Avonaratus and Bxnorimental llethod

The annaratuvs used for making the compression measure-

ments was essentizlly the same as that of Cluff, Gladding and
239 240
Pariser and. Thomas and is illustrated in figure 6.19.
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All the compression measurements were. made on swollen
samples which were in the form of small c¢ylindrical 5uttons.
These buttons were swollen to equilibrium in solvent and placed
in & small beaker with an owntically flat boititom so that the
anvil of a sensiﬂive dial gauge rested on the top flat side
of the button as is shown in fig. 6.19; the dial gauge was a
"Wallace Dial Gauge" nmeasuring to 0.002 mm. Veights Wwere
placed on the load pa=n of the dial gouge and the gauge used
to measure the height of tho duttons. The gauge itself,
which is virtually friction free, exerts a load of 58 g on the
butiton.

Swelling the buttons had to be done grédually vinen high
QGgreeé of swelling were anticipated. If the buttons‘were
simply immersed in the required solvent they frequently
unde?went mechaﬁical degradation; to prevent thié mixtures of
the required solvent and a solvent that did not swell the
material very much were used. The poor solvent used waé
generally cyclohexane 50 that if the regquired solﬁent was
chloroférm the sample would first be swollen in cyclohexane.

It would then be swollen in turn ih cyclohexane/chloroform
mixtures containiag increzsing yronortions of chlorosformand would
be fimlly transferred to purc chloroform.

As for the tension experinenis it is necessary to know
the zoro load height of the éample in order to evaluate A,

?his was obtained in the same way as ian the tension experinents

and the results optimised using the computer programne in
Appendix C.

The volune fTraction of rudbver in the swollen vulcanizate

was obtained as descriped in saciion 6.4.1 and the radii of the
buttons were determined with a treave

1ling microscompe.
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{6.4,5.2) Compression of Adiwnrone O and Geanthano §

Uniaxial compression exweriments were conducted on
Adivprene CII samples swollen to e@uilibrium in cyclchexane,
benzene, chloroform and ethanol and the resultis, plotted
according to the Mooney-Rivliﬁ eguation, are shown in figs.
6.20, 6.21, 6,22 and 6.25. C, is zero in all casecs and the

C, values obtained are shown in table (6.16) below.

Cﬂ VYalvues from the Comnression of Adinrerne CM Samwles Swollen
to Hguilibrium in Yarious Solvents

Solvent _ C, x 108 1% _

1.0% DCP| 1.5% DCP | 2.0% DCP| 2.5% DCP .
Cyclohexane 5.55 - 5.50 6.25
Benzene 1 3.50 4.70 - 5.45 6.10
Chloroform 3.15 4,65 5.26 ] 5,95
Ethanol  3.45 4,75 5.30 " 6.65
Average Values 3.41 | 4.70 5,95 6.25

Compression measurements were made on Genthane S samples
swollen to0 equilibrium in cyclohexane, chloroform and ethyl

acetate and the results are shown in figs. 6.24, 6.25 and 6.26.

B3]

C, was zero and the Cs values obtained are shown in table (6.17)

T

BLx _6.17

-*

2

C} Values frem the Commression of Genihane S Samnles Swollan
te Barvilibrium in Ve»ious Solvents
5 .. =2
Solvent C1 x 107 ilm

1,05 o¢® | 1,59 pep | 2.0% por | 2.59 Dpe2

Cyeclohexane 1.29 2.02 2,92 3.56
Chloroforn 0.45 0.95 2,10 -

Ethyl Acctate 0.33 1.28 1.82 2.95
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figure 6-21 :Compression experiments on Adiprene CM swollen to equilibrium in benzene plotted
according to the Mooney-Rivlin equation (numbers on lines are percentages of dicumyl peroxide incure)
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figure 6-22 :Compression experiments on Adiprene CM swollen to equilibrium in chloroform plotted according
to the Mooney-Rivlin equation (numbers on lines are percentages of dicumy! peroxide in_cure) '
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figure 6-23 :Compression experiments on Adiprene CM swollen to equilibrium in ethanol plotted according
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figure 6-24: Compression experiments on Genthane S swollen to equilibrium in cyclohexane plotted according to
the Mooney-Rivlin equation (numbers on lines are percentages of dicumyl peroxide in cure)
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figure 6-26:Compression experiments on Genthane S swollen to equilibrium in ethyl acetate plotted
according to the Mooney-Rivlin equation {numbers on lines are percentages of dicumyl peroxide in cure)
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(6.5.1) The Comresition and Structure of the Polymers

The infro-red and n.m.f;ASPGctra of the vpolyners
confirmed that fhéir cthemical strudture is as remnorted in the
literature (sce section 6.3.1); However, the n.n.r. datas also
allow the calculation of the relative concentrations of the

various groumns, that connrise the polymer molecules; of

.

particular interest is the urethanc group concentration given
in table (6.18) below.

TABLE 6.18

The Urethane Groun Concenirmiion in Adivnrenc €I and

Genthane S

Adiprené Cii Genthane §
Weight fraction of |
(.o_g_zrzz.).zR , 0.265 0.138
lIole fraction of
40_8_17}14.23 0.120 | - 0,049
iole fraction of - : | -
urethane groups 0.240 0.098
lolecular weight |
per urethane group 362 970

The urethane group concentration is greater in

»

Adiprene €I than in Genthane S by a factor of two to three,

the mole mper cent of diisocyonate used to nrepare the polymers
o o - P& J

is fairly small, 124

in Adiprene CiI and 5% in Genthane S, as
was stated in scection S5-1

(6.5.2) The Stress—Stroin Provertics of the “lasiomers

ain resuvlts

(&

stress-st

H

rom th

cr
]
O
3
[v]
'3

0
(6]
o
i3

describvad in scctions 6.4.2 zand 6.4.3:
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(i) C, is zero for swollen samples of Adiprenc CIf
Genthane 5 for both tension and compfossion neosurerients

(ii) There is good agsrecmeant between the Cp values
for the compression of Adiprene CL and Genthane S swollen in
various solvents except in the case of cyclohexane swollen
Genthane 8.

(iii) .The C1 values obtained in tension and compression

of samnples swollen in the same solvent for both Genthane S

and Adiprene CIl show reascnable agre ement with one ancther.

(iv} The €5 values for dry Genthane § and Adinrenc CII

e

n tension were smaller than the values for swollen samnles
and the C, values were not zero. For Adinrene CiI the Cqy

and Cp values dewnended on the way the experiment was done.

oo

These facts indicato that vension experiments on dry

samolos are a poor way of chﬂrncte ising networks since the

'h

Cl and 02 values depend on the way the experiment is done and
the Ci values do not agree with those obtained for swollen
samples where Cg is zero, and the data can be describoed by the
simple kinetic theory. The wvariable and method dependant Cy
and C, values presumadly result from the viscoclastic

pronerties of the materials which are prebobdly denendent on

4

-

the hydrogen-bonding wnresent in thesc materials. This na
2lso bec the eausec of the abnormally high Gy values odbtained

for cryecleohexane swollen Gentrhane S.

sanples and the zero C5 values sug:

s

effects are unimnortant and that the Ci values obtained are
& truc measure of the equili

network. Since Cp is zero the data can be desceribed by the
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1.

that C1 can be identvifiszd

w o i
Y is the number of noles of

crosslinks per unit volume of rubber. As

vnity,

(sece scction 2.4.2

V¥can be caleulated.

), and A is unity,

—
0
[u)
W
&)
(0]
Q
ch
[ D
O
=
v
L ]
>
»
.
S

The number average nolecular weight of the network

chains 1s given DY
- %
C = p/))
where ¢ is the density of the rubder.
These paramcters are listed in table (6.19).
TLABLE 6,19
Tetwork Parameters for Gonihane 8 and Adinrene Gl
Genthong S
g = . 5 =
4 DCP in %‘1 x 10° v x 10 ile
9 L
cure ITm moles cm
1.0 D.48 3.68 30700
1.5 1.15 9.2 12800
2.0 2,06 16,63 7160
2.5 3.00 24,21 4920
) Adinrene CiI
* = »: -5 —
% DCP in | G, x 10° Y x 10 ilc
' -2 -3
cure I moles co
1.0 .41 .21.83 5540 .
1.5 4,65 37.5¢ 2590
2.0 5,35 43.05 2260
2.5 6.325 50.47 1930
data.

* C& values averaged over aceenitable sets of

The nolecular

between crosslinlts for the

.- A s . .
Genthane S sanmple cured with 1.0% dicumyl peroxide 1is very

and almost

the

same as the numder average molecular

or the wnrimary wnolymer molccules,

(see section 6.3.2.1).
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This means that The numver of crosslinks per nrimary pelymer

v

)

ast stre

-~
o

[&]

molocule will be small and hence exnlains the

*

relaxation observed when attemnting to coenduct stress-sirain
measurenents on tﬁo_d ﬁ sample. The network will be able
to relax oulite considerably before being constralned by the
small number of crosslinks »resent.

It has been poiﬁted out, (see sections 2.5.2.32and 3.5,2),

-

that the nctwork chain density derived from stress-sir

o
Py
Pt
-

measurenents is the elaéticaily effective network chaln density
and does not include loose ends. This means that iic as
calculated from the elastically effective networkx chain density
will be in error if there are a large number of loose ends.
Flory and others,'(secticn>5-3.2 ), have promnosed correciions
forvﬁhisg use of Flory's eguation, which has been shown to be
reasonably correct when ithore aré a lot of loose ends, gives:
1/ﬁc = 1 (IEc)e + 2/in
where iMc is the true numbder average molecular weight of neiworx
chains, (ﬁc)e iz the value calculated from the number of
elastically effective networl chains and given in table (6.19),
and Iin is the number average molecular weight between crosslinis.
Once the true ic values heve bzen evaluated, the number of
urethane groups per networl: chain can be calculated. These
parameters are given in table (6.20). .

is correction is very much more

5

It is clear that t

%]

important in Genthane S than in Adiprene Cil,

+ =+ + o+



networlr Paramoters for Genihone S

TABLE

ond Adinrene

2

01

Gl Correctad

for ILoggse XEnds

“ DCP in {lic) 4 e urethane sroums
cure ' per neiwori
cnain
1.0 30700 10300 10.6
1.5 12800 6990 7.2
2.0 7160 4910 5.1
2.5 4920 3750 3.9
Adivnrenae CII
4 DCP in (ic) ie urethane grouns
cure rer network
chain
1.0 3540 3450 9.5
1.5 2590 2550 7.2
2.0 2260 2220 6.1
2.5 1930 1910 5.3
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(7.1) APRARATUS

The results presented here were obtained usiang two

us . One set is in use at the

ok

differént sets'of appara
Materials Divisgion, Royal Alrcraft ¥stablishment,
Faranborough, Hampshire whilst the other set was designed and
built at Imperial College as nart of this study. Approximately
half the results weré'obtained on cach set of apparatus,
both gave identical results.
_ Z
The R.A.E. apparatus has been described fully elsez“ ;e
and the I.C. apparatus will be fully described in this
chapter.

(7- 1. 1) The elua» Ger

The most imwortant part of the apparatus is the
relaxeometer which is showvn in figure 7.1.

The relaxometer was a develoned version df the tensometer
described in section (6.4.85.1), the force being meoasured
by an almost identical svring and transducer assendly. As
in the tensometer, this assembdbly could be moved up and dovn
by means of a threaded rod, however, thls was not done to
extend the sample dbut to accommodate samples of different
1ehgths. It was used to toite up the "slack!" in ,long sanpics
or to "slacken offi" short cnes.

The sample was held between the clamps, (13 and(15}.
Extension was eflected by rotating the cam, (26), through
180°C so that the carriage, (16), was meved from its
ition. The distance between

unpernmost te its lowest jposi

these rositions could e varied by adjusting the pesition of
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the pivot (25), at the bottem end of the conneccting reod (21),
in the slot in which it was fixzed. A furthcr rotation of
180o returned the sanple to its original, undeformed stzte
by returning the carriage (16) to its uppermost position.

This extension method allowed both continuous and
intermittent stress relaxation measurements (sece Chapter 3)
to be made. In a continuous experiment the sample was
extended at the beginning of the experimenit and remained in
this state for the duration of the exwperiment. In an
intermitient experiment the sample was maintained in the
undeformed state and at regulor intervals, usually one hour,
was stretched, the force measured, and the sample retracted.
Thevcam rotation method ensured that the sanple was alvays
extended by eractlyithe same amount.

The relaxometer was mounted on a frame and was slid
up into a furnace (see secinn 7.1.2) when is use. Vhen
in positicn in the furnace the relaxonecter and»furnace were
vacuunm tight as the connections between the furnace and

the relaxometer and bvetween the demountable parts of the

o

relaxometer were sezaled with O-rings. The O-ring in contact

F

with the furnace was cooled by water circulaiing through

the bottom of the

[

holes drilled in the bloclk (19) a
relaxométer. The drive shafi for the cam (37) gnd the

bottom end of the rod (27), used to adjust the position of

[~

the spring and transducer assembly, left the anparatas via

-de

vacuum seals. The electrical leazds to the transducer, the
resistance bulb thermormeter (see scction 7.1.2) and the

thermocounle uscd to mgasure the tem»erature close to

sanple, were possza oult of the anvparatus via glass/metal
Eed

vacuun scals. the secaled nature of the awnpaeratus allowed
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IGURE 7.1
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1. Top Plate
2. Thrcaded Rod to &llow the transducer and swpring assembly
to be moved up and dovn

3. icrometer adjustment of transducer

4, Transducer holder

5. Spring supnort

6. Zero load weight (as in tensomcter fig. 6.10)
7+« Block for mounting rod connecting top samnle clanp to

spring

8. Centre Plate

9. Rod connecting top sample clamp to svnring

10. Iain frame of anparatus

11. Hook for suvworting top sample clamp

12.  Supporting.spars

13. Top sanmple clanmp

14. Bottom sample clamp

15. 1llouat for bottom samnle clamp

16. Carriage on which bottom sample clamp travels
17. Bottom Plate -

18. Recess for O~ring

19. ‘Vater cooled block

20. O-ring seal
21. Conaecting rod

22, I'lllimeter scale on cam
23. Casing of bottom end of relaxometer

24. Scrive line to mark travel of cam
25. Pivot '

26, Can ‘
27. Bottom of threaded rod (2)
28. DBottom Plate ’ o

29. VYacuum sesal
30. O-riang seal
31. Xnob to turn threaded rod (2)
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ments to be conducited either in & vacuum or in a

e

axner
contrelle d atmosphere.

The cam used to extend the sample was driven round by
an eclectric motor mounted ousvside the relaxometer, ithe
mo tor was geared down‘to provide a final drive sreed of
5 r.p.m. so that rotation of the canm through'lBOo took
6 seconds. A double ended cam was mounted on the notor
shaft outside the relaxometer; this opened & microswvitch
and stovped the motor after it had driven through precisely
180°. In the original design an eledtromagnetic brake was
included to ensure that the motor stopped dead as soon as
the power was cut off; in pracfice this was found to be
unnecessary as the microswitch could be adjusted so that
the high friction in the system caused the motor to stap
at the same position every time. The motor was started by
momentarily shorting out the microswitch used to stop 1itg
this allowed the cam to move sufficiently S0 that the
microswitch closed and restiored power to the motor.

The spring and transducer assembly was almost identical
to that described earlier (sece section 6.4.2,1) but gaVé a

\

linear load vs transducer outnut curve (sce fig. 7.2) unlike

[ d

the tensometer. This was prodbabvly because in the relaxometer
the spring was clamped into position when the assendly was at

& higher temverature than that at which meaosurements were

i3
14}
e
(]
—
-
£
ct
ct
o
o

made. This meant thot the spring was under te

onerating tenperature as it had contracted slightly; the

g

o
[y

spHring vas, usy nerfectly flat.

(7.1.2) 2he Furnace

The furnace (sece fig. 7.3) was a thin walled stainless

steel tube with 2 maln winding over the whole length of it
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figure 74 : Temperature Control Circuit
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and booster coils wound over the main winding at cach end
to compensate for end losses. In practice it was possible
to keep the temperature congtant over the whole length of
the sample using just the main and bottom booster windings.
The tenmperature of the furnace dropped off as the top of it
was approached but the temperature at any point remained
constant. This is important since the characteristics of
the spring and transducer are temperature depnendent.

The furnace control circult is showvn in figurce 7.4;
the temperature controller was an Ether Digi 1971/1 which
is a relay based propoftional controller. A platinum
reéistance thermometer was used to measure the tenverature,
this formed one of the arms of a Vheatstone bridge in the
controller; the resistance thermometer was mounted on the
main frame of the relaxonmeter, adjacent to the sample.

The appliedvvoltage‘was‘supplied by the variac, and
could be varied from 0 - 270 volts. This voltage was
applied to a 17C ohm resistor from which a voltage that was
SQ - 90%.0§ thg applieq voltage was tapped offfi This reduced
voltage-was supplied continuously. to the main coi; of the
furnace. The applied voltage was adjusted so that the réduced
voltage caused the furnace to heat up to a temperature that
was about 5°C .lower than the reguired temverature. Control
was effected by switching on and off the small voltage thai
was the difference between that supplied by thé’variac and
that fed continmously to the_méin coil. A fractiom of the
voltage éupplied tQ the main coil was fed to the boosger

winding via & 200 ohm resistor.
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L.

The overall stability of the furnace and the temperature
_ . . . : : «rens o}
control circuvit was good, the furnace wvas alwaySIW1th1n 0.5°C
of the set temperature.

(7.1.3) The Vecuum System

4 standard glass vacuum system containing groundi glass,
greased taps was used {see fig. 7.5).4 Connections to the
furnéces were made via B1l9 éones and sockets; the covers at the
top of the furnaqes were kevt c¢ool by cold water circulating
in copper tanks mounted just below the cones. (see fig. 7.3)
ihe vacuum line allqwed,the furnaces to De evacuated to
outgas the samples or to do experiments in a vacuum (i.e.

10-5 cm Hg). The incorporated gas handling line ailowed
experiments to be done in controlled stmospheres.

{7.1.4) The Control and iessuring Svystewms

The measuring system is illustrated schematically in
figure 7.6, it comprises the two transducers (onec for each
relaxomqter) which are conngeted, in turn, to the transducer
meter via the Ledex switch. The output from the transducer
meter is attenuated by.the "resistive network" and then passed
into a Honeywell Electroanikx 15, 4 point, potentiometric recorder.

The Lédex switeh is an electromagnetic rotary stenning
swvitch, that steps on one nositian on receinti of a 24 volt
rulse.

The "resistive network" is shown in figure 7.8; it allows
fhe output from the transdicer meter (0 to 1 volt) to be
attenuated to give a2 signal of O -~ 10 »7 for the Honeywell
recorder. It alsco adjusts impedances as the trazsducer meter
has an outpﬁt impedance of about 2500 okms whilst the EHoneyvell

recorder has an invut impedance of only 400 onms.
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figure 7-6 : Measuring circuit - block diagram
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figure 7- 71Control circuit for Ledex switch
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The Honengll rgcorder has bpeen slightly modified so that
printing can be controlled externally, that is the recorder
prints one pqint when an externalcontact is made; the recorder
can also be operated continuously in the usual way.

The overall control centre of the apparatus 1is the
"sequence programmer'. _This is-an electric motor with a speed
of 1/5 T.Pee; 0N the drive shaft of the motor are 18 plastic,
gdjust;ble cams which deprcess a set of microswitches as the
shaft»rotates. By setting the cams correctly the unit can be
nade to depreéé the micrqswitches in a desired order and for

deoesired intervals of time. These units can thus be used to

control any process comprising & seguence of different

[=n

operations; they are used commercially in vending and automatic
washing maﬁhines. In this instance the unit is used to

oprerate the motors used to cxtend the samples in the relaxometer,
to actuate the Ledex switch so that the required transducer is
connected to the transducer meter, to control the printing
mechanism of the Honeyﬁell recorder and to pulse two electiro-
mqgnetic counters which record the number of experimental
points taken. One complete revolution of the progranmer
rerresents & complete run through the measuring seguence of

the anparatus. The sequence programmer is started by a

pulse from another moitor and microswiich assembly that a2cts as
a timer {this secound assembly has a sSpeed of 1/60 TaPele)y

when the programmer hos comnleted one revolgtion it swiiches
iyself ofi, the measuring sequence being restarted on receipt
qf»another pulse from the {imer. The timer and sequence

programmer are Shewn in figuvre 7.10.
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The control circuit for the Iedex switeh is shovn in
fig. 7.7, the switch may be operated in two ways. If pulsed
directly the switch moves on ane nosition, alternatively it
can be pulsed via another relay which causes the switch to
step on one position if there is contact between leads a and
b, if after stepping there is étill contact between a and b
the switch will step on one more position; this will continue
until the switch finds a position in which there is no
contact between a and b. One of the wafers of the Ledex
switch is used to provide contact between a and b, this wafer
is wired so that when pulsed via the Ether relay, the switch
will step on until in the position where number 1 transducer
is_conneéted to the traansducer meter.

Pulsing of the Ledex switeh in either mode of operation
can be done manually~or by the sequence programmer.

The coﬁtrol circult for the motors used to extend the
rubber samples in the relaxometer is showﬁ in fig. 7.9. ©%he
switchgs allow the motors to be operated automatically, by
the sequence programmer, or manually, by depression of the
"pulse" switch. The Eanpulse/off/autoyulse switch is
switched‘to "autonulse" for cutomatic operatior znd to "manpulse™
for manual operation. The Autpstop/manstoP switch allows the

-~

motor to run until stopred by the canm mouated cn the drive

(4}

shaft (sce section 7.1.1), when tane switch is 2ot "autostoph,

<

(o]

r until the pulse ends, when the switch is at "manstop".

. Ay

This second option allows the extension in a continuous
experiment 10 bec set manually by depressing the "pulse" switch
until the desired extension is obtained.

In a continuvous exveriment the “manpulse" option is

used and the samble cxtended either to the preset value



determined by the cam (26) of the relaxoneter by using the
"gutostop" option, or to any de51red extension using the

"manstop” option described above. Once extonded the manpulse/

[&d]

off/autopulse switch is set to "off" and the sample retaine

in the stretiched condition for the duration of the exnerimezn

3

In an intermittent exwneriment the switches are set to

"autopulse" and "autostop! respegtively and so the éample is
stretched and retracted at regular intervals t0 the same
preset extension as required for the -experiment, these actiions
beins controlled by the sequence programmer. The inverval
used for intermittént experiments was onec hour a2lthough there
are sufficient microswitches on the tiﬁer to use iantervals
of 15 or 30 minutes if reaL1red. .

The seguence progranmer and conirol circuits etc, causc
the following sequence of operations to take nlsce.

1). Return Ledex to position with transducer 1 connected
to the transducer meter.

2) Print two points on the Honeywell recorder, the

output from transducer 1 and the termperature inside furaace 1.

Fe

3

3) Switch Ledex on one position so that transducer 2
connected to the transducer mecter.
4) Reveat stem 2 for transducer 2 and furanace 2.

5) Close the microswitch that will start the extension

motor in relaxometer 1 provided the motor control circulitv is

fe

set for an intermitteni exveriment; 1f this is the case, the
rubber sanple will be extended.
6) Reveat step 1.

FS

7) Reneat step 2.
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1

8) Rereat step 5, if an intermittent exwveriment is

e

being done this will cause the retraction of the rubber sanple
in'relaxometer 1.

9) Repeat step 3.

10) Repeat step 5 for relaxometer 2.

11) DReveat step 4.

12) Repeat step 8 for relaxometer 2.

13) Switch the_Ledex on one pesition, there is now
no transducer connected to the itransducer meter but the
terminals are shorted out so that zero outwnut is fed to the
transducer meter. |

14) Pulse Counters

15) Stop sequemnce programmer.

This measuring sequence will be_repeated when the
sequence programmer is pulgsed agein by the timer after an
interval of one hour.

The outmnut obtained on the recorder gives one »noint and
a zero check {i.e. the outwut obtained from the transducer
waen the sanmple is in the relaxed state) every hour for an
intermittent experiment and two points per hour for a continuous
experiment (see figs. 7.12(c) and 7.11{a) reswectively).

If only one relaxometer is being~operated continuously
the timer and seguence programmer can be switched off, the
correct transducer conrected to the transducer meter using
the manual contrecls for the Ledex switeh, and the Honeywell
recorder operated in the usuazl, continucus mode. A continuous

force vs time plot will be obtained such as is showm in

figure 7.11 (o).
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- figure 7111(c)y Intermittent relaxation of Genthane S
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Pigure 7.11 shows that the srstem as a whole gave quite
accentable relaxation curves 1in e sense that thereg was vaer?
little scatter of noints even in the intermittent reloxation
exveriments.

(7.2) CHREUICAI STRESS RELAXATIOH OF ADIPRENET (I Al ARTRIANY
{7.2.1) Contirvous and Inicormiitent Stress Reloxstion of

Genthane S in Alr

Continuvous stress relaxation measuremncnts on Genthane

The results
/£,

grder plots ars

=

. . o
in ai temperatures of 80-150C.
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figure 7-12 :Genthane S: first order analysis of data from
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figure 7-13:Genthane S: Tobolskys "Procedure X”analysis of data

from sample relaxed in ambient air at 130°C



figufe 7-14 :Genthane S : second order analysis of data from
samples relaxed in ambient air '
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figure 7-15 : Arrhenius plot of the first order rate constants
for the continuous relaxation of Genthane S in air (0- strong

bond,o-weak bond)
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figure 7-17 : Master curve for the continuous relaxation of Genthane S in ambient air at 100°C .
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figure 7-19:Effect of crosslink density on the
continuous relaxation of Genthane S in air
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pre—-cxnonential factors. The second order analysis shovs
that the whole relaxation cufve can be descrited in terms of
a single.rate constant which gives an activation energy
ig different to that obtained ffom Tebolsky's analysis.
The data can be analysed in 2 third manner, using the
time—temperature super»osition method {section 3.5.4}; the

4.

relaxation curves superpnosed to give a master curve (fig. 7.17)
and the shift factors, mm} gave a good Arrvhenius wplot {(fig., 7.15)
The activation energy obtained was the same as that obiained
from the second order amnalysis indicating that this approach
is correct whilst that emnloyed by Tobolsky is not. The
activation cnergy obtained from the tiné—tem,erat“re super-~
position analysis is given in table (7.2).

Continuous relaxzation measurements on Genthane S in agir

were conducted on sanmples with different initial crosslink

. 4= o o] . . .
densitics at 90 and 130°€C {to determine whether scission

R
O
(&}
[4]
]
ol
[
ey
L ]
oo
’_I
te
5
o
I
H

took place in the main chain or at the ¢

-~

relationship between the ruate of relaxotion and the reciwnrocal

o

of the crosslink density wos obtained (figs. 7.19 and 7.20)

indicating that cleavage took place in the main cahain (secc
sceticns 3.3.1 and 3.3.2).

Intermittent stress relaxation experimeants were coanducted
on Genthane S in air at 80 - 150°C, these were analysad
accordins to the two network theory (section 3.2) andpiots of
A s log t obtaineda (fig. 7.21). These curves sunerusosed
to give a master curve (fis. 7.72). ©Points internolated from

the master curve gave a goed sitraliznt line when plotted



TABLE 7.1
Rate Constants for Continucous IAclaxation of Genthane S
Tobolsky's vprocedurc X
o}
TC 1/T weaXx bond strong bond ‘
' 3 - : 3
x 10 A k x 102 B X x 1031k x 10 e
- =1 -l -
(x 1) (hrs ™) (hrs™7)! (nrs 1)

80 2.83 - - 0.95 1.31 l.44 0.200
95.5 2072 Lad - — Ld 5.61 —
100 2.68 0.14 4,34 0.82 3.53 6.55 1.00
110 2.61 0.29 5,50 0.567 5,45 13.5 2.38
130 2.48 0.26 [35.9 0.74 34,1 59,4 11.8
140 A2 - - - - 134 25.0
150 36 0.34 138.5 0.44 69.7 311 b5.5
151.5 .35 - - - - 380 -

TABLE 7.2
Activation Bnercies for Scigsion and Crosslinkine of
Genthane S :
Process llethod of Analysis A HXkJ molem1
" weakx bond T7.5
Tobolskysstrong
bond TToH
Scission Reaction
Second Order Plot 94,6
Time-temperature
super pos'n 94,6
Crosslinking Time-temperature
Reaction super pos'n 107.9




07

O-Ol

flaure 7.-21:

O NE TWORK ANALYSIS OF GENTHANE S RELAXED

IN AMBIENT AIR
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figure 7-22:
DATA FROM TWO NETWORK ANALYSIS OF GENTHANE S

IN AMBIENT AIR NORMALISED TO 100°C

o
"

0-O
;

TIME (hours)

100

1000



1000

750
t
OwourS)soo B 0 100 200

100

250
50

(@) 1 |
O 500 1000

ggure 723:

NTHANE S*Second Order Analysis ot Two
Network Data trom Relaxation in Ambient

Air Normalised to 100°C

| t/A Chours)

v}
[
[$1]



660 150 140 130 120 110 100 90 80 70 60
100 ’ 1 I 1 I | 1 | | i
100
time for
fOi foC
to reach
0:35
(hours)
101
1 | ] | 3 1 !
23 24 25 . 26 27 28 29 30

for Genthane S in ambient air

(17T k1) x10° |
figure 7:24: Arrhenius correlation of intermittent relaxation data
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figu]'e 7-25:Effect of crosslink density on the rate of network chain formation in Genthane S at 130C



Rate Data from

TASB

LE

7.3

Two etworlk

Aun

2lvsis of Continuvous

and

Continuous o2nd Intermititent Resulis on Genthane S Samwvnles

Intermittent Results

10g 1/ Time for
b4 103 Zl to
K—l reach 0,35
(hours)
80 2.83 560
100 2.68 92
110 2.61 35 -
130 2.48 T o4
140 242 3.2
150 2.56 1.6
‘TABLE 7.4

w

with Di#feront Crosglinkinm

Densities

(e8]

Continuous Intermittent
¢, x 10° /¢, ok at Sk at A at stated time
-2 . =5 0 0 - ' ‘
IIm i0 130°C 9€¢°¢C 1l hr 5 hrs 10 hrs
-1 2
I nm
c.48 2.08 0.296 0.0087
1..15 0.87 0.141 0.0050 - 0.16 0.41 0.52
2.06 0.49 0.104 C. 0035 0.11 0,31 0.42
3.00 0.33 0. 065 0,0028 0.09 0.24 « 34
TABLE 7,5
Continuous Stress Relaxation of Genthane S Somnles CGontainine
) Stabaxald PCD .
by weight of 3)Ok
-Stabaxol PCD |

0,00 C., 123

0.46 0,140

0.87 0.085;

1.25 0.046

1,70 0, 039

3.40 0.036

10.38 0.03¢9
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according to equation (3.87) for a second order crossliinking

reaction {(fig. 7.23) excent for a small amount of curvaiure at

-~

short tines. The two network data were characterised dr the

S

time taken for Zx to reach 0.35.. Tals is equivalenti To

Wfo 55 (section 3.2). An Arrhenius plot of these times gave
L]
2 good straight line (fig. 7.24) from which the activation

energy for the process was obtained (table 7.2).

Intermnittent stress relaxation experiments on sannles

Ky
chk

with di—feren initial crosslink densities (fig. 7.25) showed
that the reaction lecading to the formation of new networlk.
chains was independent'of the .original crosslink density
since Z} was inversely prowortional te YV 1(0).

(7.2.2) Further EBxrerimemnias on Genthone 5 end the Effect of

Additivesg

The results presented in section (7.2.1) shored that the
reactions takiﬁg place in Genthane S in air led to a removal
of network chains due to scission and to the formation of new
ne%work chains: for every 100 chains removed, 60 new chains
were formed. Experiments woreAconducted to investigate the
nature of these reactions.

Continuous stress relaxation on samnpnlies that haé been

soxlet extracted with hot benzene for 48 hours showed the

e

[#}
o
b.n
©
ck

same relaxation rate as unextracted samnles implyin
extractable material nad no efifect on the relexation rate.
Continuous and Internittent stress relaxation in
LI = 1. ez o 1. - -
nitrogen shoved that at 130 C the rate of scission and

networkx chain fornation was slightly faster than in air (see

figs. 7.26 and 7.27) v
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figure 7-26:
GENTHANE S: Effect of Nitrogen,and Pos’tcure on Relaxation

in Air at 130°C
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figure 7-27: Genthane S - Effect of nitrogen and postcure on

the rate of network chain formation at 130°C (x nitrogen

atmospere o postcured in air at 150°C for 25 hours and

relaxed in air,© control in air)
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The results described in scetion {(7.2.1) indicated that
if the rubber were hneated 2ot 150°C for 25 hours in air, 2all
the original network chains would have been cut and replaced
by new chains. Samples were postecured in this way after which
continuous and intermittent stress relaxation experinments
were cohducted on them. Flgures 7.26 and 7.27 show that the
rate of scission and network chain formation was slightly
increased over the rates obtained for unpostcured samples,
however, these increased rates resulted sclely-from ithe
degrcased initial crosslink density of thé samples. These
results indicate that the network is urnchanged on ageing
%xcept that the network chain density is sl ightly reduced
suggesting that most of the cleaved chains regenerate to give
a sééond network that is chemically identical to the first.

The results in nitrogzen suggested that the cleavage and
network chain formation reactions were largely non-—oxidative
but that there wﬁs a. small amount of oxidative inhibition.

To investigate further, the effect of oxygen, continuous
and intermittent stress rclaxation exﬁeriments were conduched
in 2ir on Genthane S samnles containing an antioxidant, an
antioxidant and cisnoelyisopnrene or cispolyisoprene on its own.
The cismpolyisoprene was included as an oxidisable material
that would act as & convenient source of frec radicals and the
antioxidant used was a guinoline dased material, Flectol H
(Ionsénto).

The rates of scission and network chain formation were
unaffected by the presence of polyisoprene but they increased
slightly when Flectol H waé preSent, whether in the presence

of polyisoprenc or not (sce figs. 7.28 and 7.29).
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These exuyeriments indicated that the oxidative

inhibitlion was probadbly a free radical process since ifs rote

(=5

wés reduced when an antioxidant was present. Curiously it
was not affected when a high concentraticn of free radicals
was wresent, resulting from the oxidation of polyisoPrene.
Apart from the comparatively minor oxidative inhidbition
discussed above, there are largely non-oxidative scission and

b L

network chain formation reactions taking place. With reswncet
to these reactions, carbodi des have been reported to give
enhanced stability to hydrolytic attack-(section 5.4.3.3), and
it is possible that the non-oxidative reactions involve trace
amounts of water presenty 1n the materials. Als, isocyanates
210
have been reported to0 give enhaxuced stability to thermal
degradation. To investigate these effects experiments were
done on gamples containing & carbodiimide, Stabaxol P.C.D.
(Bayer), and on samples that had been itreated with phenyl
isocyanate.

Treatment with isocyanate comprised swelling the rubbexr
in phenyl isocyanate, heating the swollen sample at 130°C for
1l hour, extracting with beuzene for 48 hours and removing
the benzene by evacuation. Lxperinents were also conducted on
sanmnles treated in this way with Stabaxol ?.C.D., figure 7.30C
shows that a sample treated with carbodiimide in this way
gave an identical relaxation curve to that containing
carbodiinide but uantreated.

Figures 7.30 and 7.31 show that both carbodiimide and
trectment with phenyl 1SOC"anaue led to reduced rates of

scission and network chain formalion, phenyl isocyanate gziving

the nore significant reduction.



1-2

1-0

0-8

. 0.6

- 04

02

00

control

Phenyl

Isocyanate

10

time (hours )

15

figure 7-30:

GENTHANE S:Effect of
Isocyanate Additives on
Relaxation Rate in Air

at 130°C

x extracted

+ unhextracted

L9732



0-6

(fe /5 )im (£0/F, ).

B control

boxol

g

04 | Phenyl
*Iso -
Cyanate
02
[

0-0

time (hours)

20

figure 7.31:.
GENTHANE S: Effect of

Additives on the Crosslinking

Reaction in Air at 130°C

LLva



AV
a8
»

The carbodiimide used was an isocranaie cern.nated

%

L

material and so 1t prodbably acted simnly as an isocranate.
Figure 7.32 shows the effect of changing the concentration
of carﬁodiimide on the rate of continuous stress relzzation.

The Flectol I, Stabaxol PCD and polyisoprens were
introduced into the samples by swelling them in chlorciforn
sclutions of the additive and then removing the solvent by
evacuation. The concentration of the additive in the solvent
was assumed to be the same inside and outside the sample.

As the amount of solution Inside the rubber samnle could be
determined, the amount of zdditive in the sampnle could be
calculated assuming that iny the solvent was removed when
the samnle was evacuated.

The urethanes are believed to be suscentidble to
hydrolytic decay (sce¢ section 5.4.3.3) and it is possible that
hydrolysis in the main chain is resnonsible for the non-

) 243
oxidative degradation of Genthane S. However Thomas showed
that the réte of continuous relaxation in Genthane S was the
same in moist and dry air and the results presented here show
that the rate of relaxation 1is faster in dry nitrogen than in
ambient gair. These results suggest that hydrolysis is not
resporsiple for the degradation since the ratve of relaxation
wvould be expected'to increase as the humidity increased. To
clarify this further Genthane S was relaxed under water at
95.5°C, the results of this are showvm in fig. 7.33; after a
short period of fast relaxation the rate decreased unitil it was

apnroxinmately the same as that for a dry sample in air.

-
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TABLE 7.6

Rate Constants for the First Order Continuous Rclaxation of
Adinrene CiI in Air

: 4
700 1/ X x 10
x 1075 (nours™?)
K—l
60 5.03 2,58
70 2.92 4,17
80 2.83 6.79
100 % 2,68 55.5
105,57 | 2.64 J108 & 12
110 2.61 197 -
120 2.55 374
131 2.48 2430
150 2,36 8300

# Average value, using points at different crosslink densitics
in Table 7.7 below

TABLE 7.7

Rate Constants for the First Order Continuous Relax
Adipnrene CiI Sammnles with Different Initinl Crossli
in Air 2% 105,59C

5
% DCP in | Cp x 10° | 1/¢,
cure Tm—? x 10—6 k x 102
(H’mmz)m1
1.0 3.41 2,93 1,?4 unextiracted
1.52
1.5 4,65 2.15 1.02 unexivracted
2.0 5,10 1.96 1.13 extracted in
benzene
1.21 unextracted
2.0 5.35 1.87 1.11
: unextracted
1.01 ]
2.5 6.25 1.60 "1.05 unexiracted




>
o
(o]
«Q
=3
=
ct+
[ 423
’-—"
0
Q
[¢]

The sanple was pre-swollen in water at
swelling is temperature dependent the fast initial rate of
relaxationyag nrobably due to dimensional changes in the
sample brought about by the 55.5°C increase in temperature.

(7.2.3) Continuous and Internitient Relexation of Adinrenc Gl

in Air and itroecen

Continuous stress relaxation experiments on Adiprene CLI

%

n air were conducted at 60 - 150°Cr The results ére showmn

in figure 7.34; if is clear that there is a linear log (ft/fo)c
vs t relationship except at the lowest temperatures where

there is some curvature at short times. The rate constants
obtaiﬁed from the slopes of these lines (sce table 7.6) gave

a linear Arrhenius plot provided the low temperature points
were omitted (see fig. 7.%35), the activation energy obtained
from the slope was 130.5 kJ mole~ L.

Exyperiments were‘COnducted on samnples with different
initial crosslink densities, the results of these are given in
table- (7.7}, it is evident that the rate of relaxation was
independent of initial crosslini density indicating that
cleavage occurred in or at the crosslink.

Intermittent stress relaxation experiments showed that
there was little or no crosslinking reaction (sce fig. 7.36).

Continuous and Intsrmittent stress relaxation exoneriments

(0]

esence .of an

5

on Adiprene CII in nitrogen or in air in the p
‘antioxidant showed that there was both a much reduced rate of
scission and a high rate of crosslinking cor network chain
formation (see figs. 7.386 and 7.37).»_These results indicate
that the continuous relaxation 0% Adiprene Cil in gir is due to

an oxidation reaction and that the oxidation reaction or the
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figure 7-37 (right) : Effect of non-oxidising conditions

on the continuous relaxation of Adiprene CM

figure 7-36 (below) : Effect of non-oxidising

1-0

conditions on network chain formation in Adiprene CM
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preggnee of oxrzen severely inhinivs the ratve of network
chain formation.

The continuous relaxation of Adiprene CII in nitrege:

not first order dut odbeyed the same kinetics as the cleavag

ght lines when

H
©
e

St

~u

reactlion in Genthane S and gave

CQ

00

analrvsed according to sccond order kinetics (see figs. 7.58

s
p=]

and 7.39). The rate constants obtained are »nresented in

tavle (7.8), they gave good Arrhenius plots (fig..7.40) anad

-l .
an activation energy of 110.8 kJ mole ~. ZIExocriments on

sanples with different initi crosslink densities showed
‘that the relaxation rate>was linearly dewnendent on the
reciprocal of the initial crosslink density (figs. 7.41 and
7.42) which was indic ative of a main h in cleavage reactio

The intermittent relaxation results were internreted

us ing the two network theory and plots of A vs log t showvm

 add

n fig. 7.43. These curves could.bve sunarposed to give a

I—"

master curve (fig. 7.44) and points internolated from the
master curve gave a good straight line when plotied accordi
to eguation 3.87 excent for a small amount of curvature at

short times a&s can be seen from fig. 7.4b5b. This vehaviour

is identical with that of Genthane S excent that here 136
new cnains are formed for overy 100 lost due to cloavege,

An Arrhenius plot of the time talkean for A to rcach
0.25, that is ’T:(L25, gave a good straight line (fig. 7.46

. . - -1
and an activation energy of 95.7 EJ mole .

The activation encrgics obiained arec given in tadvle |

fote
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the value obteined for the ox

favourably with those obvtained for the oxidatioen ¢f hydrocar

ct

(sce chapter 4) whilst those ovtained for the non-oxzidative

.

ng

bons
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TABLE 7.8

Rate Covstﬂn s _for the Second Order Continuous Relaxation of

T

Adinrens Gl in Titro~en

C, = 6.3 & 105 ™2 C; = 5.1 x 10° Im—2
4 ' -
¢ i/r |k x 1070 70¢ 1/7 x x 107%
-~ bd - — — . '-1
x 1070 ™Y (nours=1) x 10~ 7t (hours )
80 2,83 1,91 68 2,93 3.79
90 2,76 4,90 | 88 2,77 13,2
100 2,68 10.4 100 2.68 49.5
110 2.61 | 29.2 108 2.63 |161
120 2,55 72,0 126 2.45 | 825
130 2,248 | 206 128 2.43 |438

TABLE 7.9

Rate Constants for the Second Order Continuous Relaxation of
Adiprene Cil Samwnles with Different Initial Crosslink Densities
in Titrocen at 103°9C

< DCP ¢, x 10° /¢, k
in cure Im=? x 107% | (nours™1)
(im~2)~1| =z 107
2.5 6.25 1.60 0.33
2.0 5.35 1.87 . 0.75
1.5 4,65 2.15 1..75
1.0 3.41 2.93 3.44
TABLE 7.10
Rate Data from Two Iletworlk Awalwsis of Coniinuouns and
Intermitient Relaxation of Adivwrence CII in Tiiroren
7o¢ 1/m Time for
¥ 1079 A
k™1 reach 0.25
hours
80 2,83 12.7
90 2.76 32.5
100 2.68 73.8
110 2.61 164
120 2.55 3215
130 ; 2.48 750




TABLE  7.11

Activation Enersies for Scigsion and Crosslinkine in
Adinrens CM

Process Reaction Au xg mole™t
Oxidation{first
Scission Reaction order) 130.5
llon-oxidative
"(second ,
order) 110.8
Crosslinking
Reaction llon-oxidative
: (second
order) 95.7




130°C 110°C
03

100°

01

90°C

| e w80

R o

0 L ! ! ! 1
0 20 40 time (hours ) 80 80 100
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scission ana networxz chain formation reactions compare
favouranly with those obtalned for Genthane S.

(7.2.4) Purther Exnorimenis on Adiprene CI a2nd the R

The effect of an antioxidant on the rate of continuous
stress relaxation was mentioned in scction 7.2.3; furvher
experiments vere conducted to investigate the effect of
different concentrations of antioxi&ant (see Tig. 7.47).

As for Genthaone S, the rate of éontinuous relaxation
was reduced by treatment with an isoecyanate (fig. 7.48).

243

Thomas showed (fig. 7.49) that the rate of ceniinuous
relaxation ﬁas unaifected by high humidity except for the
high rate of relaxation just after the high humidity was
introduced due to dimensional changes in the samplc.

{7.2) DISCUSSION CF ZBSUITS

{7.2.1) ¥etwerlk Reactiions in Genthane S

The continuous and intermitient stress relaxation data

for éenthane S show that there are cherical reacitions taking
place that lead to both the removal of network chains and
the formation of ncw ones. The reaction lsadiag to-the
removal of network chains invelves the cleavage of the

main chain

The rates of scission and network chezin Fformation are

by
td
=2
@
=
3
)

irhibited when the samples kave been heoted wit
isoecyanate or an isoeyonate terminated carbediimide. Since
this inhikition is still obvserved after the samnles have
been extracted with benzene the additives rusi bhecomne
attached to the polymer chains or must modiily them, makiang

them less susceptitle to reactiion.
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Fortunately the rcactions of isocyana 1~
1,2,3 _
knovn, and are limited to reactions with groups that

.

contain active hydrogen. In Genthane S the only sources of

=L
ct
oy

active hydrogen are the hydroxl groups that terminate 2@

primary polymer molecules snd the urethane linkages; there are
about 16 urethane links for every hydroxl group.
Reaction of the isocyanate with a hydroxl group will

lead to o urethane
0
' : ) ]
R'OH + RIUCO ~————» RIH - C - OR! 7.1

whilst reaction with a urethane will lzad to an allophanate.

c
9 "
R' = WH - C = OR" + RECO —> R -~ Il = C —~ OR" 7.
!
0 =C~IH-R

Y]

Resction according to equation 7.1 will only affect
relaxation if the OH groups participate in the cleavage
and network chain formation reactions; this is possible if
a hydroxyl/urethane or a hydroxyl/ester interchange reaction
occurs, in fact this type of reaction is knovn to occur

244

betwecn monomeric alcohols and esters.

Reaction according to equation 7.2 will affect the

relaxation if it involves the urethane linkage at all.

There are two reasons why reaction involving hydroxyl

group particination is unliltely. First the stress relaxation
of Adiprene CiI under nitrogen indicates that this elastomer
bekoves in the same way as Genthane S, although some
differences might be expected in Adigrene CI where ester/
hydroxyl interchange 1is exogluded. This suggests that if

urethane/hydroxyl interchange dogs tale place it is not



accompanicd by ester/hydroxyl interchauge., Sceondly, 1t

will be shown later that the kineties of the clecavage

fo))

reaction are indicative of & bimclecular reacticn an
urethane/hydroxyl interchaenge, though second order, Wwill

not be a bimolecular or a pseudo bimolecular reaction since
the initial concentrations of hydroxyl and urethane groums
are very different.

It can thus be concluded that the cleavage and network
chain formation reactions are probably associated with the
urethane group with the remote possitility of hydroxyl
groups also belng ianvolved in the rcaction.

The inhibition of urethane dissociation when the
urethéne hydrogen is removed (as in equation 7.2} is in

20,210
agreenent with published work.

Having indicated that the reactions leading to ne twork
breaixdowvin 1s associated with the urethkane link, the kinetics
of the recction can be considered in more detail. Clearly
the most satisfactory interyretation of the continuous
stress relaxation data is that using equation (3.79), which

states

Y 1(0)4 kt 7.3

H

Q
~

}-b
o

]

']

)

Phis type of equation could rosult from either a first
or a secocnd order reaction dervending on which eguztlion is
initial ecrosslink density (sce section 3.5.2). PFigure 7.20
shows that VY q(o) k is inverscly proportional to l)l(o)
at short times or small amounts of disscciationy unfortunately

this trpe of dependence can pe predicted bty 2ll the equaiions
A v

discussed in section 3.3.2, ond caniot be used to determine
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which eguation ‘relating qlt) to )Jl(o) T
Phis means that the dencndence of relaxation rate on
crosslink density cannot be used to distinguish between
the first and sccond order Xkinetic equation.

If the equation is first order then according to

equation 3.69

Y (o) x =m k_t 7.4

where M is the number of urethane groups per network chain
and K, is the specific rate constant for cleavage of the
urethane 1link. One of the assumptions required to derive
eguation 3.69 is that @ 1is large, in this case m is never
greater than about 10 (see table 6.19) and sc this assumntion
will not be valid and the first order eguation will not

take on the'form of équation T3,

The defivation based on second order kinetics makes no
assumpﬁions about the magaitude of @ (see seqtions 5.3.2 and
3.5.2) and requires only that @ Y;(o0) kt is small. This
assumption is perfectly valid under the conditions of the
exweriments described. It should be noted that the lingality
of the »nlots was rather better thar would be exmnected from
eguation S.74; good siraicht lines were obtained un to

fo/ft -~ 1 = 3.0 wiecre the derivation of equation 3.74 suggests

that a 256% deviation should be observed; this deviation

i

e
reduces to 145 at £,/f, - 1 = 2.0 and to 8% at £,/fy - 1.=1.0.
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predicted deviations are not inmportant.
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The reaction leadins to the formation of new network
chains can also be described by 2 second order bimolecular
reaction since excellent fits are obtained when eguation 3.87
is used (see fig. 7.23).

It is interesting that the activation energies for both
scission and network chain formation are very similar (i.e.
94.6 and 107.9 kJ mole ™ raespectively).

The experiments on postcured samples (figs. 7.26 and
7.27) and the fact that the infra red spectra of aged samples
were theAsame as those of unaged éamples indicate that the
chemical structure 1is largely unaltered during ageing, except
that the network chain density is reduced by about 40%.

This means that the new network chains formed must be.chemically
identical to those cleaved and that the chemical bonds formed
‘are the same as those that are brecken. Assuning that these
bonds are the urethane 1linls, the network'reactions conld Dve
explained by the regeneration cof a pronortion 6f the bonds

broken, accerding to the following type of mechanisn.
0

: ] ku'r ’d
2 |RIH -« C - 0 - R];E_%,_ﬁntermediate Productsg 5 Inert Productis
kf )
Teb
In a strained sample, urethane groups that dissoéiate

in chains under stress reform to give chains that are not

under stress, so that:
0
L )] ky,
ZE{IH - C - 0 - R s/,Entermediate Producté]

0 kf

11
ZlEHH - C - 0 - R
uns trained
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If .. is much greater than k. that is the reformzotion recaction
T =3 a’

is much faster than the dissociation reaction, the dissociation
reaction will be rate determining and would exrlain the
aimost identical aétivation energies.

The reaction leading to inert products is included to
account for the fact that not 211 the chains broken are
replaced by new chains. -

The nﬁmber of urethane links per network chzin has been

the

calculated from the n.m.r. data (section 6.5.1) and
netwvork chain density has been calculated from the stress-
strain data (section 6.5.2). It is then fairly easy to

calculate the snecific rats of urethane clsavaze from the

continuous stress relaxation data.

13
k, = 2.65 x 10 oxpl- 94600/27) ST

—

s s 3 -
where k, is in cm mole 1 hours .

The rate of continuous stiress relaxation is given by:

V_(o)k = 2.66 x 107 fic exp(~ 94500/R7) ‘7.8
where )ll(o)k is in Hours~l.

The reaction leading to network chains formation can
now be considered in terms of a recombinaiion recaction that
is not 100% efficient. Let the fraction of the cut chains
that regererate be &, so that if )/l(o) - l/l(ti] chains
are removed, a[}fl(o) -l}l(tz] new chains will be formed.
Equation (3.79) states that:-

fo/ft -1 = lﬁ}o)/)fl(t) - 1= VYV (o)x 749
so Y (e)

oo Yile) <V () = VIN)D.—(1'+U1b)kH_§ 7.11

It

Vl(o)‘(l +lﬂ“o)kt)‘l _ 7.10
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So that the numbver of new cghains formed is given by

U2H)==avlw)[3 ~(1+U1hﬂkﬂ_€] 7.12
Lo Bfe = V(s /aVo) =1 - (1 +¥Y 1 (0)xt) ™1 7.13
St o= als/p) - 1/lJ1(o)k | 7.14

This equation has the correct form to describe the exverimental
results (i.e. it has the same form as equation 3.87), « is
found to be 0.59. However, MY,(o0)k calculated from this
equation is larger thaen that obtained from the continuous
stress relaxation data (i.e. 1.7 x 10"2 compared with

6.55 x 10™° at 100°C). Since the activation energies for
network chain formation and cleavage are almost the same, 3%

is clear that these rate differences are due to different
pre—exponential facltors. If the rate constant obvtained

Trom the two network data is denoted kx® and the spnecific rate

. . c
constant for urethane reaciion is k. then

u
c 15
xC = 4.61 x 10" exp(- 107900/RT) 7.15
c - -
where s is in cm3 mnole 1 hours 1,
Aprlying the theory of absolute recaction rates (see

section 3.5.1) leads to the interpretation of the DIre=-

exponential factors in terms of activation entropies so that:

k, = R%/Lh exp(- 57.8/R )exn(~ 94600/3%) 7.16
and
X, = R?/Lh exzp(- 15.0/2 ) exp(- 107900/R7) 7.17

N . . . -1 '
where the activation energles are -57.8 J mole for cleavage
-1 . .
and -=15.0 J mole for network chain formation
The reasons for the different pre-cxponential factors

for network chain fornmation and cleavage nrobadly lie in the
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fact that the back rezciicn characterised by e in equation

7.5 may play a part in the overall kinetic schene. Vhilst
5 p

s

[$1]

the rate of cleavage is prodbably far more important, the
‘participation of the back reaction could lead to these
different pre-exponential factors.

(7.3.2) Uetwork Reactionsg in Adivnrene G

In nitrogen the behaviour of Adiprene is broadly the
same as that of Genthane S, the scission reaction is second
order and 1s inhibited by treatment with napthyl isocyanate
indicating that scission tales »nlace at the urethane link.
The relaxation behaviour can be explained by equation 7.5
'except that the "inert products" must 5e differant since for
every 100 chains removed by scission about 130 new chains
are formed. This can be explained if some of the products
are three functional branch points.

The continuous stress relaxation data can be used, as
with Genthane S, to calculacte the specific rate coastant for
urethane cleavage.

' 14
k= 3%.16 x 10 oxn(- 110800/R%)

u

so that the rate of rclaxation is given by

Y (o) = 2.51 = 10® iic exp{~ 110800/z%)

3 mole"l hours"_l and.vl(c)k is in hours—?!.

where Xk is in cn
As for Genthane S, the network chain formation rezction

could be descrived by equation 7.14 where o« = 1.36 although
here the Vl(o)k value obtained for the formation reaction was
approximately the same as that obtained for the cleavage

th 1.25 x 107° at 100°¢) ana

. -3
reaction (1.31 x 10 conpared W
the activation energics were again very similar (i.e. 110.8

kJ mole ~ for cleavage and 95.7 %J mole"l for formation).
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The s»ecific rate constant for urcthane reaction was

12
= 1.95 x 10" exp(- 95700/RT)

. . -1 -
is in cm5 mole hours 1.

Interpreting the pre-sxponential factors as activation

Ik, = R2/Ih exn(- 37.2/R) exp(- 110800/RT)

ks = RT/La exp(- 95.5/R) expl~ 95700/R1)

The main differenceé here is that in Genthane 8§ the
activation cnﬁropy for cleavage was smaller than that for

formation whereas the opnosite is true here. However, these
differences should not obscure the similarities between
Genthane S and Adinrene CI since nre-exyponential Ffactors are
rather noorly understood and_ seem to be dewendent on structural
and stereochemnical factors and a lerge number of other

ables.,

’J.

var
Apart from the non-o:xzidative reactions, Adinrene CI

undergoes an oxidative reaction that results in the cleavage

(o

of the crosslinks. This recaction obeys first order kinetics,
the rate constant being given by

jis

Il

16
1.07 x 10 exp(- 130500/R7)
or

R7/Lh exn{- 8.0/R) exp(- 130.5/27)

]

=

so that the eniropy of activation is - 8.0 J mole~t and the

. . -~ - - -1
activation energy "is 130.5 Jd mole .

m of Urnthane Nes~rodoiion

-te
(92

(7.3.3) Phe lischan’

The results snow that there are rnarked similaritics

betoe

1 the mechanisms of non-oxidative degradation owerating
in Adiwnrene CiI and Genthane 5. They both underso 2 second

order cleavage reaction invelving the urethanc groun in
L) (&} | o -~
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This mecchanism proposes a binolecular decomrositior
interestin

+

process involving two urethane links and it is

that a2 hrdrogen bonded, dimeric structure is believed 1o
It is proposed

exist in urethane systems (gec section 5.3).

mier has the following sitructure:

[=n

that this 4
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i !
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Assuming that this structure

to see how a bimolecular digsoci

produce an isocyanate and an alcohol. :
i
fir o o
R H-—-0 oRr R 0
~ \N N
Ir’) g Moo
i (,1 —_—> i W ——>2RICO + 2R'0H
I C Y
/ R 2 09 "0 "z
oo/

”
R'o Q(“}
. 0.1
né alcohols reac

Since isocyanaies a
rcadily these two residues can combine to 2

links.
oIty

ICO + RTOH —>y IIH -~

I
|28

If this recombination reaction 1
rrel; deternined
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Clcearly the hydregen bound diner will be very

uns table since the activaition cuergy for dissociaticn is

C -1 . . .
only 16 kJ mole per bond and will be a transicent sw»gecies
in dynamic eduilibrium with the unvound urethane links,
so that:

0 R HentO OR?
/
I y/ Ve
2R - U0 = ¢ - OR' =—=> ' i
: c T
N

R0 N0-..u” R
where the equilibrium lies on fhe left hand side. However,
this 1is 2ll that is required for the reaction to proceed by
the bimolecular mechanism nrovosed.

Other mechanisms of the same type can be »nroposed but
nonce of these utilise or exploit the phenomenon of hydiogen
bonding as well as this oﬁo, which would seem to be the
most likely candidate in view bf the hydrogén bonding that
is Imovm to occur (see section 6.3.1.2). 1In additioan, the

products of decomuwosition are an isocyanate and an alcohol

degradation under these conditions (see section 5.4.1.1).
The mechanism emphasises the role of the urethane

hydrogen which must be itransferred if dissociation is 1o

&2}

occur and it also exnlains the nroduction of the inert
products which can result from the reaction of the iscecyanate
with groups other than the hydroxyl group. It could react
with urethone grouns, other isocyanate grouns or woter fron
e atmesphere to produce gllophanate links, isocyanate
dirmers or trimers and arines.

£
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an isocyanote with water nroduces an unstable
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internedicte, carvamic acid, which decomwposcs to give an
amine as follows:

RIICO + H,0 - [ZZIZICOO: RMHg + €Oy
This reasction explains some of the more unusual features of
the observed dbechaviour.

In Adivnrene Ci in air, degradation was largely the
result of oxldative cleavagzge of the crossliaks; this occurred
at 2 much faster rate than urethane clegvage and was
respoasivle for the majority of the stress decay. However,

the network chain form=tion reactioﬁ observed in nitrogen
, 245
‘was reduced alnost to zero in air. Thomas has suggested
that this occurs becauée water liberated, 2s o consgguence
of the crosslink oxidation, reacts with
grouns, resulting from the thermal dissociation of urethane
groups, to produce amines and thus prevent the regereration
of vrethans links. In Genthané S this does not occur
although the percentage ¢f chains cut that are rewnlaced by
new chains is greater in dry nitrogen than in ambient aif;
this_could be due to the reaction of the isocyanates with
atmospheric moisture. An attempt to simulste the behaviour
of Adiprene Ci in Genthane S by swelling cispolyisoprene
into it was uansuccessiunl, but is not conclusive evidence
against this mechanism since the oxidation mechanism tends
to vary slightly frem rubber to rudbber and it is guite
possible that the mechanigms of oxidation are different in
polyisonrenc and Adlnvene Ci.

The vehaviour in the onresence of anticxidants can also

be exnlained; in Adimnrene Cl there is a substantial formation
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reaction when sarwnles contai:
2ir; this nrobably occurs because the antlioxidant reduces
oxidative cleavage and, henée, the anount of water »Hroduced.
If less water is produced then there 1is less avallable for

reaction with isccyanate and so isocyanate srouns are free
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much less significant effect on Genthane 5 an

that this elastomer does contain & small number of grouns

o4,

CP'

ble to oxidotion; tyw»icallr these migsht be

0
[ =

that are susce

w3

unsaturation introduced during curc.

In Genthane 8 ancther interesting observation wos
mades; it was avparent that the rate of contianuvous stress
relaxation was slightly faster in anitrogen or in air <when
Plectol ¥ was present than in_air when no additive sras

present. This type of behaviour can be described in terms

cal oxidative attaclz on the uvrethane Zroun,

(7]
[N

of a £free ra

as follows:

0
Il fo] I
wwo_c-z*}z_@czr ITH=C=0r — A0 cm.—/C% 33-@-:3
|

0 [o] 0 C=0
Il I O nmnn
e o_c_zr{}c@:z:..c_o e
219,220 :
Schollenberger has suggested that this guinone-inmide

structure is formed duringy the nhotocaenical oxidation of
urethanes containing IIDI. TFornation of this wourld icad to
a reduced rate of urethane clecavage since this struciuvre is

devoid of urethane hudrogens and cannot undcecrzo dissociastion

by the method suggested ecrlicr.
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It might have been exnected that the increased free
radical population brought about by the presence of
cispolyisoprene would have caused an increase in the anount
of this guinone-imide siructure formed and a further decreased
rate of oxidation. Unfortunately the presence of
cispolyisoprene had no effect on the rate of continuous stress
relaxation althouzh again this is not a conclusive fest of
the poétulated mechanism since the conditions for the

-

formation of the above stiructure are 10% knowm.

This quinone-~imide structure cannot be formed in TDI
based polymers nor can any analogous type of structure; so
that this type of oxidative interference caunot be expected
in Adivnrene CLl.

o summarise the mechanics of urethoane degradation as
observed here there are considerable similarities between
the behaviour observed for the two polymers. The broad
agreement between the two polymers extends to the mechanism
of degradation proposed which involves a hydrogen bonded
intermediate which exploits the secondary bounding character-
istics of the materials.

The mechanism explains most o0f the observed behaviour
although it is necessary to include the production of guinone-
imide structurecs to explain the inhibition of urethane
dissociation in the presence of oxygen for Genthane S. It
should be noted that the inhibitory effect of oxygen in
Genthane S is a fairly minor one and the majority of the
relaxation behaviour can be explained in terms of the

mechanism propesed to exnlaein the urcthane disscciation.
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(7.3,4) Conclusions and Sur~~estions for Further Vork

The principal conclusion to be drawn from the results
is that the non-oxidative network reactions observed in
Genthane S and Adiprene Cil are broadly similar and purely
thermal in nature. bA second order, bimolecular, thermal
dissociation mechanism exploiting the phenomenon of hydrogen

bonding in these urethane elastomers is capable of exmnlainin

(o]

most of the observations.

The proposal of Thomas, that urethane group regeneration
might be inhibited by water, has interesting repercussions on
the mechanism of hydrolytic degradation in urethane elastomers
when combined with the fact that high humidity had little
effect on the scission rate in either Genthane S5 or Adiprene CL.
It is possible that the mechanism of hydrolysis involved the
thermal dissociation of the urethane group followed dY the
reaction of water with the isocyanate group produced.

To investigate the effect of high humidity on the
urethane regeneration reaction, further exneriments should be
done. These experiments could be either intermittent stress
relaxation experiments or oven ageing followed by swelling in
a sultable solvent; if the latter are done a calidbration curve
of g, against C1 or l’l must first be constructed. In the
apparatus at Imperial College and the R.A.E., intermittent
stress relaxation cannot be done at humidities higher than
the saturated vapour pressure 2t room temperature, the
continuous relaxation exwveriments in water and at high
humidity reported here were done on the tensometer described
in Chapter 6 and a snall continuous relarometer dbuilt 2t {the

241
R.A.E.; mneither of these Ilnstruments are suitable for doing

intermittent stress relaxation exmeriments.



Experiments of the oven ageing tyve are being undertaken
245
at the R.A.E. using a hunidity cabinet.

A feature of particular practical interest is the
inhibition of the dissociation reactions; if hydrolysis does
proceed via react;on with residues Trom the thermal decomposition,
then inhibition of the thermal reaction will also improve the
hydrolytic stability._ It is evident from the results obtained
that the thermal stability of the materials is enchanced when
the urethane hydrogen is removed. Removal by an isocyanate
leading to an allophanate, as used here, 1s clearly not the
most satisfactory method of doing this, because of the linmited

stability of the allophanate link produced (see section 5.4.1.2).

A more satisfactory procedure would probably be the production

ot

of M-alkyl urethanes but these are, unfortunately, difficul
and eipensive to produce. Clearly then, some work should be
done both to assess the relative stadilitices.of different
I~substituted urethanes and to develop practical ways of
preparing fthem.

Apart from these studies on urethane elastomers, a study
of the mecﬁahism of urethane degradation using simple, monomeric
urethanes would be interesting. It should be possidble to
heat two urethanes together, say one prepared from phenyl-
isocyanate and ethanol and another prepared from naphthyl-
isocyanate and another alcohol; samples could be withdrawn
periodically and the yields of the various products semnarated
chronatogranhically. Further studies along these lines might
use tracers to look in more detail at asnects of the mechanisn.

Clearly there are a number of further exwneriments that
could be done; however, the exwneriments done and the results

is

ot

obtained iIn this study have led to a mechanism tho

consistent with the majority of them.
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APPIITDIN Ay Stress—Strain Data

WABLE 14 Tension of Dry Adi-rene Cl1 Sancles (Gontinuous ILecadin~)
1.0% Dicumyl Peroxide 1.5% Dicumyl Peroxzide
173 =2 =TI 1/3 -2 ~
g /2(n-n ) A £ /2{r=n ) A
2 5 =2 2 b -2
x 10 Ilm x 10 Im
2.96 0.909 3.91 0.966 :
2.86 0.889 3.71 0.946 g
2,83 1 0.858 3.83 0.924 ;
2.80 0.824 3.717 0.898 g
2,77 0.790 3.74 0.E73 :
2.70 0.752 3.74 0.649 §
2.68 0.719 3.72 0.825 :
2.59 . 0.680 3.65 0.798 f
2.56 0.646 3.60 0.771 ;
2.52 0.612 - 3.59 0.7456 :
2.46 0.576 3.54 0,719 {
2,42 0.544 3.46 0.691 §
2,317 0.512 3.34 0.612
2,33 0.481 3.29 0.588
2.29 0.454 3.27 0.566
3.23 0.541
3.19 0.51¢%
3,18 0.499
3.16 0.480
3.14 0.462
____..2.0% Dicumyl Peroxide 2.5% Dicumyl Peroxide
1/3 -2 -1 1/3 -2 =17 -
£ /2la=x ) A £fd  /2(n=x ) A
2 5 =2 2 5 -2
z 10 Im x 10 Im
4,85 0.946 6.41 0.970
4,83 0.936 6.242 0.965
4.73 0.917 6.22 0.954
4,179 0.899 6.29 0.934
4,69 0.678 6.20 0.212
4,72 0.879 : 7.06 . 0.905
4,81 0.862 ' 7.78 0.696
4,69 0.840 ‘ 6.20 0.850
£,66 0.820 6.19 0.828
4,62 0.800 6.15 “0.806
4,80 0.780 6.08 0.784
4,54 0,759 6.03 ' 0.762
&, 47 0.719 5.98 0,741
4,45 0.700 5,98 0.721
4,47 0.683 5.81 0.694
4.38 0.659 5.96 0.682
4,37 0.658 5,92 0.661
4,34 0.636 A 5,91 0.643
4,31 0.620
4,27 0.600
4.24 0.598
4,22 0.561
4,19 0.562
4,14 0.530 ' \
4.10 0.499 )
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TABLE 2A: Sonsion of Dry Adinrene CI Somnles (Initermitient

Loadinegs
ll.Oﬂ Dicumyl Peroxide ‘1.5ﬂ Dicumyl Peroxide
173 oy - I/7 =2 =1
£d  /2(x-n ) A £ /2(A-n ) A
2 5 =2 2 5 -2
x 10 Hm x 10 Im
3.08 0.993 5,20 0.995
3.09 0.984 3.35 0.986
3.33 0.977 2.72 0.974
3.28 0.969 .47 0.974
3.19 0.959 3.35 0.968
3.25 0.952 3443 0.962
5.32 0.942 3.E 0.955
3.32 - 0.926 3.52 0.946
3.20 0.905 3.70 0.939
3.21 0.692 3.61 0.930
3.19 0.870 3.70 0.920
3.15 0.641 3.64 0.902
3.12 0.820 3.64 0.865
3.12 0.7986 %.82 0.851
3.06 0.774 3.60 0.830
3.09 0.745 3.60 0.8615
3.02 0.710 3.70 0.805
3.00 0.673 3.55 C.7TT17
2.95 0.613 3.52 0.760
2.93 0.540 3.41 0.735 ~
.47 0.711
.44 0.683
2,0% Dicumyl Peroxide 2.5% Dicumyl Peroxide
1/3 -2 -1 1/3 -2 -1
£ /2(a-n ) A 4 /2= ) A
2 5 -2 2 5 -2
x 10 In x 10 im
4,30 0.995 5.69 0.996
4,23 0.979 6,25 0.991
4,32 0.987 7.28 0.990
4,33 0.955 -5.01 0.974
. 4,53 0.943 6.69 0.971
4,59 0.945 6,00 0.958
4,59 0.931 4,99 0.939
4,61 0.918 5,83 0.932
4,48 0.905 6.84 0.920
4,50 0.688 5,62 . 200
4,18 0.872 5.66 0.8686¢9
4,40 0.659 5,89 0.879
4,40 0.824 5,78 0.863
4,40 0.808 .68 0.846
4,41 0.791 5.86 0.870
4,30 0.770 5.82 0.857
4,58 0.750 5,76 0.843
5.69 0.824
5,69 0.611
.29 0.794
5.59 0.775




Teunsion Exvcriments on Ethanol Swollen

[N e = - s e v— ————

1.0%5 - 1.5% Dicun,1 Peroxide
1/3 -2 -1 /3 =2 -1
e /2(n-x A £ /2(x=x ) A
2 5 =2 2 b -2
x 10 I'm x 10 I
2.95 0.982 4.91 0.991
2,79 0.971 4.93 0.979
2.79 0.961 4.55 L9973
2.71 0.954 4.49 0.9687
2,78 0.947 4.63 0.963
2.81 0.940 4.59 0.959
2.75 S 0,951 4.50 0.953
2.83 0.926 4,58 0.952
2.69 1 0.916 4,54 0.948
2,77 0.912 4.61 0.943
2.73 0.903 4,65 0.933
2.70 0,891 4,67 0.923
2,65 0.877 4,78 0.926
2.71 0.869 4,78 0.915
2.76 0.861 4,76 0.905
2.81 0.853 4.76 0.873
2.90 0.837 4.77 0.848
2.98 0.821 4.79 0.835
2.89 0.791 £.71 0.814
2.79 0.758 4,59 0.792
2,82 0.714 4.54 0.768 :
2.83 0.665 4,56 0.747 ?
2.0§ Dicumyl Peroxide 2.5ﬂ Dicumyl Percxide
1/3 ) =1 173 =2 -1 T
£ /2{n-a A e /2(n-x ) A
2 5 .2 2 5 -2
x 10 Iim z 10 im
5.44 0.979 5.84 0.983
4,75 0,971 5.64 0.980
4.72 0.963 . 6.12 '0.978
5.37 0.962 5.63 0.974
5.57 0.959 5,92 0.970
5.14 0.950 5.98 0.966
5.22 0,947 6.19 0.965
5,36 0.944 5.76 0.961
5.45 0.939 5.58 0.960
5,52 . 0.933 5.97 0.957
5.38 0.926 5.94 0.952
5.31 0.911 6.3 0.944
5.57 0.910 6.01 .937
5.57 0.903 6.153 0.936
5.52 0.897 5,99 0.930
5.63 0.893 5.90 0.924
5.62 0.866 6.05 0.920
5.58 0.660 6.25 0,917
5.74 0.864 6.05 0.907
5,54 0.837 6.12 0.901
5.67 0.763 6.32 0.6986
5.24 0.697 6.15 0.877
- 6.24 0.674
6.06 0.664
6.12 0.880
6.11 0.652
6.13 0.836




A Tension of dry Genthance S.
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{Continnous Locdine)

1.5% Dicumyl Peroxide 2.05% Dicumrl Peroxide
1/3 -2 ) 1/3 -2 )
4 /2(n-n ) A 4 /2(a-n ) A
2 5 w2 2 B w2
x 10 Inm x 10 in
1.80 0.913 2.70 0.893
1.79 0.8¢6 2.25 0.826
1.74 0.855 2.28 0.761
1.69 0.824 2.25 0.736
1.73 0.801 2.31 0.699
1.70 0.772 2.16 0.637
1.69 0,744 2,02 0.541
1.61 0.713 1.90 0.452
1.60 0.678 1.75 0.385
1.62 0,655 1.77 0.333
1.59 0.625 1.75 0.295
1.49 0.579 1.74 0.267
1.46 0.551
1.45 0.526
1.42 0.501
1.40 0.475
1.35 0.443
1.34 0.425
1.32 0.403
1.31 0.370
1.25 0.330
1.24 0.307
1.23 0.286
1.23 0.269
2.5% Dicumyl Peroxide
1/3 - -1
£8  /2(x=x ) A
2 5 a2
x 10 Im
3.18 0.866
3.13 0.833
3.11 0.801
3.05 0.766
2.96 0.730
2.96 0.700
2.91 L 0.666
2.86 L 0.633
2.79 i 0.598
2.73 ' 0.565
2.67 . 0.532
2.55 0.506
2.61 0.478
2.57 . 0.453
2.53 - L 0.429
2.50 C 0,407
2.49 0.386
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Swollen o Beuilibrium in

T4 h do g L
Hthvl Acointoe

1.0§ Dicumyl Percxide 1.5% Dicumyl Peroxide
1773 -2 -1 WE =3 -1
£ /2(r=n ) A £ J2{a=r ) A
2 5 -2 ' P 5 oy
%z 10 ¥m x 10 Im
0.55 0,916 2.37 0.969
0.59 0.903 2.36 0.936
0.62 0.889 2.31 0.902
0.59 0.5€6 2,05 0.871
0.62 0.862 2.31 0.841
0.67 0.845 2.25 0.808
0.63 0.824 2.24 0.775
0,561 0.809 2.24- 0.749
0.63 0.805 2.25 0.728
0.64 0.804 2.23 0.704
0.71 0.816 2.22 0.683
0.66 0.794 2.24 0.665
0.64 0.768 2,23 0.654
0.68 0.751 .22 0.642
0.70 0.738 2.21 0.627
0.67 0.709 2,22 ¢.612
0.67 0.698 2.22 0.597
0.67 0.668 2.23 0.576
0.66 0.630 2.24 0.548
0.67 0.624
2. 0% Dicunrl| Peroxide 2.5% Dicumyl Perocxzide
1/3 -2 -1 1/3 -2 -1
£f  /2(x-x ) A £ [2(x-X ) A
2 5 -2 2 5 -2
x 10 Im x 10 Im
2,17 0.951 3,00 0.967
2.19 0.930 2.8T7. 0.935
2,44 0.915 2.94 0.907
2.17 0.8E5 2.89 0.893
2.25 0.855 2.84 0.874
2.26 0.847 2.89 0.863
2.14 0.827 2,91 0.852
2417 0.806 2.90 0.832
2,18 - 0.793 2.95 0.821
2.20 0.781 2,96 0.798
2,19 0.76¢% 2.91 0,782
2.28 0.760 2.83 0.762
2.22 0.735 2,81 0.730
2.25 0.730 2.76 0.715
2.27 0.717 2,96 0.718
2.22 0.696 3,02 0.712
2.30 0.694 . 3.04 0.697
2,26 0.673 3.13 0.694
2.20 0.656 .12 0.679
2.20 0.541 3,12 0.671
2.19 0.62¢ 3.13 0.662
2.26 0.5627 3.12 0.6€8
2.28 0.615 3.17 0.653
2.29 0.€02 .17 0.545
2.28 0.5%2 2.15 0,636
2,53 0.5¢€E2 3.18 0.632
2.35 0.572 3.14 0.517
3.23 0.6193
35.16 0.592
3.18 0.576
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TABLE 6A: Comvpression of Adinrene €M Swollen 4o EBauilibrivrm in
Cycloneio+e
l.Oﬁ Dicunrl Peroxide 2.0% Dicumrl Peroxide
1/3 =2 -1 1/3 -2 -1
£d  /2(x-x ) A td  / 2{x=n ) A
2 5 -2 2 5 -2
*x 10 Im x 10 Inm
3,07 11,0032 5.72 1.0032
3,13 1.0043 5.70 1.0033
3.04 1.0050 5.66 1.0039
2.98 1.0061 5.25 1.0047
3.20 1.0072 5,25 1.00z2
S.34 1.0077 5.25 1.0C58
3.30 1.0082 5,27 1.0063
3.27 - 1.,0092 5,28 1.0069
.42 1.0102 5,28 1.0080
S.43 1.0106 5,13 1.0094
3.49 1.0115 5,27 1.0102
3.46 1.0124 5.28 1,0113
3.54 1.0131 5,28 1.0124
3.57 1.0137 5.50 1.0132
3.40 1.0144 5,53 1.0142
3,46 1.0160 5.36 1..0167
3.48 1.0175 5,34 1.0190
3.48 1.013%1 5,45 1.0201
3.56 1.0209 5.45 1.0231
3.50 1.0220 5.50 1.0251
3.57 1.0259 5.53 1.0271
3.60 1.028% 5.53 1.0291
3.60 1.0321 5.56 1.0312
3.59 1.0355 5.60 1.0331
3.63 1.0392 5.66 1,0352
5.68 1.0368
5.65 1.0391
5.63 1.0413
5.66 1.0432

2.0% Dicumyl Peroxide 2.5% Dicumyl Peroxzide (céntd)
wll/S -2 =1 1/3 -2 -1
8 /2{a=n ) A £ /2{x-n ) A

2 5 -2 2 5 -2
x 10 Iim x 10 Im

6.48 1.00.5 6,45 1.0131

5,77 1.0022 6.41 1.0141

5,85 1.0048 6.37 1.0152

5,95 1.0052 6,40 1,0162

6.20 1.0055 6.50 1.01€1

6.41 1.0058 6.28 1.0202

6,50 1.0066 6.23 l.0222

6.45 1.0078 6.20 1.0242

6.38 1.0086 6.25 1.0260

6,40 1.0096 6.26 1.0277

6.47 1.0104 6,18 1.0300

6.43 1.0114 6,33 1.0313

6.50 1.0121




TABLE _TA:

C:l Swollen

30
to J

Comnression of Adirrene

.al-'

Bauwi
Benze

(0]
brium in
¢

1.0% Dicumyl Percxide

1.5§ Dicunyl Perox:ide

1/3 -2 -1 1/3 -2 ~1
rd  /2(x-x ) A ed  /2(A=X ) A
2 5 -2 2 5 -2
x 10 Im x 10 Im
3.60 1.0037 4,84 1.0015
.54 1.0042 4,90 1,0019
.41 1.0051 5.12 1.0022
3.22 1.0060 4.60 1.0030
3.26 1.0067 4,81 1.C033
3.34 1. 0070 4,71 1.00386
3.27 1,0079 4,74 1.0043
3.26 1.0085 4,717 1.0047
3.72 1.0091 4,860 1.0051
3435 1,0114 . 4,73 1,0057
3.48 1..0122 4,84 1.0060
3.59 1.0131 4,69 1.0066
3.62 1.0140 4,64 1.0072
3.60 1.0152 4,80 1.0074
3.60 1.0175 4,623 1.00€E1
3.27 1.0199 4,53 1.0088
3.56 1.0224 4,52 1.0097
3.57 1.0247 4,66 1.0104
3.50 1.0275 4,73 1.0112
3.50 1.0300 4.79 1.0119
3.51 1.0322 4,69 1.0131
3.53 1.0344 4,74 1.0159
3.56 1.0362 4.79 1.0147
3.51 1.0394 24,60 l.0162
3.49 1.0417 4,69 1.0177
347 l.044¢6 4.82 1.0190
3.50 1.0465 4,63 1.0217
3.55 1.0482 4,70 1.0233
4.71 1.0250
4.517 1.0277
4,78 1.0283
24,70 1.0306
4,79 1.0319
2. 0% Dicunyl Perocoxide 2,5% Dicumyl Peroxide
1/3 -2 -1 1/3 -2 -1
fﬁ /z(x_x ) A 4 /2(a-n ) A
-2 "2 5 -2
x 1 O I* ¥ 10 Im
6,76 1.0021 .41 1,0017
46 1.0022 7.30 1.0022
6.52 1.0028 7.21 1.,0026
5.93 1.0035 7.15 1.0029
5,84 1.0039 7.09 1.0032
5,76 1.0044 6.26 1.0040
5.83 1.0047 6,29 1.0043
5.64 1.0053 6.48 1.0049
5.82 1.0055 6,49 1l.0058
5.62 1.0065 6.50 1.0062




TABLE  7A:  {contal

2,073 Dicumrl Peroxide 2.5% Dicunyl Peroxide

1/3 -2 ) 1/3 =z -1

e /2(x=n ) A £ /2(x=n ) A

2 5 -2 2 5 -2

x 10 Im x 10 Im
5,72 1,0071 6.30 1.0071
5,42 1.0083 6.24 1..0079
5.44 1.0091 6.18 1.0087
5.41 1.0100 6.13 1.0095
5.54 '1.0106 6.12 1.0109
5.50 1.0114 6.16 1.0123
5,57 1.0121 6.19 1.0137
5,48 1.0131 6.36 1..0147
5.62 1.0136 6. 46 1.0158
5,55 1.0154 6.10 1.0182
5,52 1.0170 6.19 1.0194
5,63 1.0183 6.21 1. 0208
5,41 1.0207 6.15 1.0224
5.57 1.0217 6.11 1.0240
5,63 1.0230 6.15 1.0253
5.57 1.0249 6,13 1.0268
5.52 1.0267 6.12 1.0283
5.50 1.0284 6.10 1.0298
5.50 1..0300 6.11 1.0312
5,48 1.0318 6.11 1.0327
5,48 1.0334 6.08 1..0343

6.12 1.0355
6.09 1.0372 -
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TABLE E4h: Comnression of Adinrene Cil Swollexn to Baouilibrium in
Chloroforn

1,07 Dicuryl Peroxide 1.5% Dieumyl Paroxide
1/53 ) -1 1/3 =z )
td  /2(x=n ) A £ /2(x-x ) A
2 5 -2 2 5 w2
x 10 In x 10 Im
3.53 1.0025 5,30 1.0021
3.64 1.0029 5.14 1.0029
3411 1.0040 4,88 1.0046
3.16 1.0045 ’ 4,63 1.0065
3.15 1.0051 : 4,63 1.0081
3.36 1.0062 4.64 1.0098
3.01 1.0065 4.67 1.0113
3.09 1.0069. 4.60 1,0151
3.09 1.0075 4.60 1,0148
2.91 1.0086 4,67 1.0161
3.06 1.0088 4,76 1.0174
3.00 1.0095 4.57 . 1.0198
3.08 1.0104 4,75 1.0206
3.01 1.0119 4.69 1.0225
3.03 1,0130 4.72 1.0240
2.98 1.0144 4,55 1,0259
3.08 1.0163 .
3.04 . 1.0189
3.07 1.0210
3.14 1.0228
3.03 1.0260
3,11 1.0277
3.18 1.0294
3.23 1.0311
3,18 1.0339
3.16 1,0363
3.22 1.0378
3.09 1.0418
3.16 1.0432
3.18 A 1.0452 1
3.17 1.0475
2.0% Dicumyl Peroxide 2.5% Dicumyl Peroxide
1/3 -2 -1 1/3 -2 -1
8 /2(n-n ) A 4 /2(x=x ) A
2 5 -2 2 5 a2
x 10 Im z 10 Inm
5.50 1,0049 5.28 1.0017
5.69 1.0061 5.04 1.0022
5.13 1.0076 5.40 1.0028
5.15 1.0091 5.53 1.0051
5.C0 . 1.0109 5.97 1.0032
5.05 1.0125 5.86 1.0036
5.21 1.0134 5,67 1.0040
5,15 1.0150 5.81 1.0046
5,15 1.0166 5.81 1.0052
5.23 1.0193 5.81 1.0066
5.40 ' 1.0312 5,96 1.0077
5.60 1.0236 5,87 1.0091
5.20 1.0284 5.97 1.0103
5.20 1.0314 5.99 1,0115
- 5.84 1.0131
5.87 1.0144
6.08 1.0164




] 303
TABLE 9.4: Comprossion of Adivnrene CiI Swollen to Bouillibriwr in

Bthanol

1.0 Dicunyl Peroxzice 1.5 Dicumyl Peroxide

1/3 -2 -1 1/3 -2 -1

28 /J2(n-n ) A £fd  /2(a-x ) A

2 5 -2 2 5 -2

x 10 Im ’ ' ¥ 10 Tm
5.42 1.0016 5,63 1.0040
4.36 1.0026 4.80 _ 1.0059
4,34 1.0033 4,717 1.0071
3.62 1.0047 L 4.60 - 1..0085
3. T4 1.0059 4.60 ' 1.0109
3.57 1,0077 4.73 1.0129
3.51 1.0094 4,70 1.0153
3.50 1.0109 : 4.61 1.0180
3.50 1.0124 4.62 1.0202
3.36 1.0145 4.81 1.0217
J.40 1.0159 4.72 1.0244
3.38 1.0176 4.92 1.0257
3.43 1.0204 5.05 1.0272
344 1.0234 4.81 1.0331
3e45 1.0265 4.80 1.0577
3.50 1,0291 4,81 1.0422
3.49 1,0323 4,72 1.0475
3.44 1.0358 : 4.82 1.0579
3.46 1.0587
3.41 1.0424
3.41 1. 0455
3.39 1.0488
3.51 1.0502
Z.Qﬂ Dicumyl Perozxide 2.5% Dicumyl Peroxide

1/3 -2 -1 1/3 -2 -1

£ /2(a-n ) A £  /2{x=x ) A

2 5 -2 2 5 -2

z 10 Im x 10 Um
5.40 1.0052 6.01 1.0019
5.356 1.0083 6.27 1.0027
5,15 1.0076 6.66 1.0083
5.15 1.0087 6.71 1.0041
4,89 1.0103 - 6.92 1.0047 -
4,97 1.0112 6.61 1.0057
4,93 1.0124 7.08 1.0061
5.01 1.0144 6.78 1.0071
5.23 1.0159 7.81 1.0069
£.92 1.,0191 7.00 1.00864
5,19 1.0202 6.98 1.0099
5,38 1.0215 6.73 1.01i9
5.47 ' 1.0232 6,55 l.0138
5.52 " 1.0249 6.68 1.0151
5.50 1.0270 6.68 1.0167
5,52 1.0289 6.65 1.0184
5.48 1.0311 6.39 1.0207
5.59% 1.0328 6.34 1.0226
5.39 1.0377 6,39 1.0240
5.40 1.0377 6.54 1.0251

6.61 1,0264
6.62 1,0280
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H_ 20A: Comnression of Genthang S Swollen to Eecuilibhriuvn in
Cveloherane
1.05 Diecunmyl Peroxzide 1.5% Dicumrl Teroxide
/3 -2 -1 VE ~Z -1
rd  /2(r-n ) A i‘g{ /z(x-x A
5 2 -2
10 Im x 10 Im
1.53 1.0093 3.26 1.0042
1.36 "1,0152 2.79 1.0071
1.29 1.0212 2.33 1.0112
1.21 1.0280 2.24 1.0145
1.31 1.0309 2.10 1.0184
1.27 1.0369 1.96 1.0229
1.25 1.0426 2006 1.0279
23 1.0487 1.97 1.0356
1.25 1.0535 2.05 1.0402
1.28 1.0572 2.07 1.0£59
1.26 1.0683 2.14 1.0502
1.29 1.0767 2,08 1.0577
1.29 1.0867 2,00 1.0664
1.31 1.0955 2,05 1.0708
1.29 1.1068 2,02 1.0778
1.28 1.1176 2,00 1.0848
1.30 1.1264 1.99 1..0916
1.287 1.1494 1.97 1.0989
1.31 1.1649 2.01 1.1032
2,04 1.1075
2,04 1.1139
2,0% Dicumrl Peroxide 2.5% Dicumyl Peroxide
3 -1 /3 -2 -1
fp’ /Z(A-)\ ) A fd /2(>\>\ A
5 -2
10 ITr" xlO Im
3.15 1.0044 T 8.63 1.0104
2.90 1.0070 3.58 1.0123
2.65 . 1.0101 3.62 1.01388
2.77 1.0119 3,58 1.0158
2.60 1.0152 3.61 1.0173
2,17 1.0172 3.54 1.0194
2.860 1.0210 3.62 1.0224
2.76& 1.0258 3.56 1.0262 .
2487 1.0294 .55 1.0297
2.90 1.0336 3.63 1.0325
2.98 1.0370 347 1.0375
2.95 1.0416 3.64 1.0425
3.04 1.0447 3.60 1.0498
2.89 1,0514 3.50 1.05€2
2,93 1.0551 S.48 1.0658
2.92 1.0591 3,58 1.0706
2.94 1.0636 3.52 1.0892
2,90 1.0689 3.64 1.2029
2.98 1.0757
2.79 1.0852
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of Genthane S Swollen to Fouilibriunm

in

Choloroform

1.0% Dicunmyl Peroxide 1.5%: Dicunmyl Percxide

1/3 -2 -1 1/3 —Z ]

g /2(x-x ) A 24 /2(x-x ) A

2 5 <2 2 5 -2

x 10 Im x 10 Im
0.43 1.0162 0.96 1.00€E0
0.43 1.0195 0.91 1.0101
0.46 1,0215 0.88 1.0121
0.48 1.0235 0.90 1.0137
0.49 1.0259 0.92 1,0150
.20 1.0281 0.93 1.0164
0.50 1.0311 0.93 1.01€1
0.50 1.0336 0.95 1.0194
0.49 1,.0402 0.95 l.0225
0.49 1.0454 0.96 1.0255
C.50 1.0510 0.96 1.02¢€8
0.49 1.0576 0.97 1.0314
0.48 1.0644 0.94 1.035¢9
0.48 1.0699 0.96 1.0384
0.47 1.0783 0.95 1.0449
0,47 1.0827 1.01 1.0483
0.47 1.08%6 0.986 1.0561
0.46 1.0911 0.99 1.0621
0.47 1.0955 1.06 1.0635
0.47 1.1014 1.00 1.0738
0. 46 1,1333 1.00 1.0796
C.46 1.1443 1.01 1.0648
0,46 1.1591 1.01 1.0903
0.45 1.1720 0.97 1.1008
0.46 1.1822 0.89 1.1168
0.45 1.1978 0.90 i1.1222
0.45 l.2087 0.90 1.1296
0.44 1.2249 0.20 1.1352
0.43 1.2453 0.91 ! 1.1399
2.0% Dicumyl Peroxide 2.0% Dicumvl Percoxide (con

1/3 -2 -1 1/3 -2 -1

ed  /2(x-r ) A £ /2(r-x ) A
5 -2 ’ 2 5 -2

x 10 In x 10 Im
2.01 1,0041 1.97 1.01599
1.83 1.0054 2.06 1.0223
2.02 1.0057 2.08 1.0253
2.01 L.C065 2.10 1.0281
2,14 1.0077 2,09 1.0315
2.32 1.0085 2.08 1.0347
2.31 1.0100 2.09 1.0376
2.156 1.0122 2.09 1.0403
2.19 1.0135 2.08 1.0441
2.23 1.0147 2.08 1.0474
2.19 1.0165 2.098 1.0502

IR
v

a)
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FTaullibvbriv

m

T

e IV PO L)
RV 1 Ac

(%1

Llaaa
Ao, an
Reagrye

e - P
1.0% Dicumyl Percxzide

1-5/.'

Dicum;yl Peroxide

1/3 = =1 1/3 -2 -1
£4 /2(x-x ) A 8 [2(r=r ) A

2 5 -1 2 5 -1

% 10 Im x 10 Im
0.33 1.023 1.22 1.007
C.36 1.027 1.29 1.0086
0.36 1.032 1.29 1.010
0.35 1.038 1.29 1.012
0.36 1.042 1.21 1.014
0.35 1.050 1.20 1.016
0,37 1.052 1.31 1.019
0.37 . 1.058 1.34 1.023
0,35 1.066 1.29 1.027
0.37 1.074 1.24 1.028
0.34 1.090 1.38 1.032
0.35 1.099 1.34 1.039
0.386 1.108 1.30 1.048
0.38 1.112 1.24 1.052
0.37 1.123 1.30 1.061
0.38 1.143 1.24 1.066
0. 25 1.176 1.28 1.073
0,37 1.188 1.28 1.080
0.35 1.218 1.27 1.089
0.34 1.243 1.24 1.082
0.34 1.268 1.28 1.096
0.35 1.278 1.29 1.108
0.35 1.304 1.25 1.114
0.37 1.309 1.26 1.121
0.37 1.328 1.33 1.126
0.35 1.361
0.36 1.369

2.0% Dicumyl Peroxide

Z.Sﬂ Dicumyl Percxzide

1/3 - -1 1/3 -2 -1
4 /2(x-x ) A td  /2(x-x ) A

2 5 -2 2 5 a2

x 10 Im % 10 IIm
1.80 1.005 2.82 1.003
1.74 1.006 3,02 1.005
1.77 1.007 2.96 1.006
1.853 1.008 2.92 1.008
1.81 1.010 2.87 1.010
1.95 1.011 2.86 1.011
1.81 1.015 3.02 1.012
1.84 1.017 3.01 1,014
1.85 1.019 2.90 1.016
1.95 1.021 3.09 1.018
1.81 1.025 3.01 1.021
1.90 1.028 3.25 1.0253
1.77 1.036 3.17 1.CZ6
1.78 1.047, 3.12 1.032
1.86 1.044 3.11 1.035
1.84 1.049 2.953 1.041
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2.0% Dicumyl Peroxide

i . . =
2.5 Dicumyl Peroxide

1/5 =z =1 173 -2"( =1
e Jalr-x ) A 4 /2(x-n ) A
2 5 =2 2 5 .2
. x 10 Im x 10 Im -
1.68 1.053 2.90 1.044
1.89 1.057 2.83 1.049
1.88 1.062 2.94 1.050
1.88 1.067 2.83 1.055
1.91 1,071 2.92 1.057
1.85 1,078 2,97 1.059
1. 80 1.090 2,97 1.062
1,84 1.093 2,90 1..066
1.85 1,097 2,93 1.069
2,97 1.071
2.95 1.075
2,96 1.078
2,95 1..080




ADPPTITDIY B Cheomical Stroess Releowation Results

{I) CUEIICAL SYR7SS  RELAXATION OF GEUTHAIR S
TABLE 13 Genthane S Continuo-ns Felaxation of Sz—wnlos
Cured with 2.5% Dicum—~7 Teroxide in Ambient Air
(¢, = 3.03 x 10° T
80%¢ 30°¢ 95.5%°C - 100°¢
t £./f t £,/ % £,/ t £,./f
; t
(hours)| ¥ © | (nours) "0 (hours) ° | (hours)| “ ©
10 0.934 5 0.955 10 0.898
10 6.989 20 0.8929 10 0.919 20 0.834 |
30 0.916 30 0.669 15 0.6884 30 0.776 |
40 0.904 40 0,643 20 | 0.056 40 0.737 |
50 0.892 50 0.817 25 0.837 50 0.704 |
60 0.689 60 0,794 30 0.820 60 0.671 |
70 0.6868 70 0.771 35 0.793 70 0.643 |
80 | 0.857 80 0.75% 40 0.781 g0 0.617 |
90 0.850 90 0.736 45 0.762 90 0.595
100 ! 0.828 | 100 0.716 50 0.750 | 100 0.569
110 | 0.830 | 110 0.697 55 0.739 | 110 0.551
120 0.8253 60 0.720
150 0.613 . &5 0.707
140 0.800
110°¢ 130°C 150°¢ 151.59¢C
e £/t b £,/ & £/ | % £./f |
(hours)% % 1 (nours) g o {nours)| ¢ °© (nours) tiro |
¥ :
10 ! 0.805 2 0.822 2 0.540 2 0.525
20 | 0.699 4 0.711 4 0.399 4 10.385
30 . 0,628 6 0.633 6 0.320 6 0.286
40 i 0.575 8 0.574 8 0.270 8 0.244 |
50 | 0.530 10 1 0.530 10 0.225 10 C.206
60 | 0.496 12 10,493 12 0.190 12 0.172
70 | 0.467 14 0,462 14 0.165 14 0.150 |
60 ! 0.221 16 0,432 16 0.143 16 0.135
90 | 0.418 16 | 0.404 18 0.126 18 0.119
100 6.396 2 0.365 20 0.109 20 0.109
1310 | 0.377 22 0.363
120%¢C
% £,./%
(nours) %o
2 0,630
4 0.555
6 0,474
& 0.420
10 0.379
12 0.344
14 C.514 i
16 0.221
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TABLE 23R Genthane S: Intormititent Relaration of Samales
gurcd with 2.57 Diecun:l Peoroxide Iin Ambient Air
5 -2
(c =3.03 x 10 Im )
1
80°¢ 100°¢ 110°¢
b £./f A t |z /f A t £, /£ ‘
(hours ) 7o (hours) 870 (hours ) 8% A
5 1,024 0,055 5 1.010] 0.072 5 1.010; 0.131 |
10 1,023 0.065 10 1.006] 0.108 10 1.000{ 0,195 :
15 1.023) 0.074 15 1.002{ 0.138 20 0,977 0,278 |
30 1.009]| 0.093 20 0.997] 0.163 30 0.960; 0,333 !
40 1.003| 0,099 25 .994} 0.186 40 0.943! 0.368 |
50 0.996| 0.104 30 0.992| 0.216 50 0.925' 0,395
60 0.996| 0.107 40 0.962| 0.247 60 0,910 0.414
70 0.993]| 0.125 50 0.976| 0.272 70 0.897{ 0.4530
80 0.990] 0.133 60 0.976{ 0.303 80 0.882| 0.441
.90 0.990{ 0.140 70 0.960{ 0.317 90 0.870! 0.452
100 0.968| 0,150 80 0.946| 0.329| 100 0.858! 0,462
110 0.966{ 0.156 90 0.942| 0.347| 110 0.845| 0,468
120 0.984] 0.161/, 100 0.934| 0.365
130 0.979; 0.166] 110 0.928| 0.377
]
130°¢ 140°¢C 150°¢
t £, /f t £, /f t £./f
( hours) LA A (nours L A (hours) B 70 A
[
1 1.000{0.105 1 0.993! 0.188 1 0.989} 0.307
2 1.000{0.179 2 0.973]| 0.283 2 "0.947] 0.407
3 0.990}{0.230 3 0.952] 0.339 3 0.905| C.448
4 0.976[0.265 4 0.937/ 0.382 4 0.,E881] C.482
5 0.961|0.295 5 0.921} 0,410 5 0.852] 0.495
6 0.952|0.319 6 0.912| 0.438 6 0.835! 0.515
7 0,945/ 0,342 7 0.897| 0.451 7 0.811! 0.519
8 8 0.886| 0.468 8 0.792| 0.522
9 0.928] 0.375 9 0.875] 0.478 e 0.776: 0.513
10 0.922{0.392 10 0.867| 0.488 10 0.763 0.538
11 0.917[ 0,402 11 0.858&{ 0.500 11 0.752 0.546
12 0.910)0.417 12 0.849| 0.505 12 0.738 0,548
13 0.903] 0,426 13 0.839| 0.510 13 0.727 0.549
14 0.598} 0.455 14 0.834] 0.520 2 0.721! 0.556
15 0.896(0.450] 15 0.828| 0.526 15 0.713! 0.559
16 0.884| 0,452 16 0.822 0,531 16 0.700 0.557
17 0.8624 17 0.813! 0.535 17 0.692 0.558
18 0.876{0.472 18 0.681 0.555
19 0.870|0.472 19 - 0.673 6,556
20 0.865{ 0,480 20 0.667 0.558
21 0.860] 0.465 ! ;
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TABLE $3: Stress Relaxation of Genthane S. Samules of
DiTferent Crosslini Dengitics
Cortinuovs Zelawnoiion in Alw ot 1309C
1.0% Dicumyl |1.5% Dicumyl |2.05 Dicumy 2.5% Dicunyl
Poroxide Peroxide Peroxide Peroxide
t £./%, t fe/fo t £t/ %o t £1/%,
(hours) (hours) (nours) (hours)
2 0.641 2 C.T737 2 0c.820 2 0.843
4 0,493 4 0.594 4 0.694 4 0.740
6 0,386 . 6 0.502 5 0.610 6 0.669
8 0.314 8 0.442 8 0.546 8 0.614
10 0.263 10 0.393 10 0.494 10 0.569
12 0.223 12 0.359 12 0.452 12 0.530
14 0.193 14 0,323 14 0.416 14 0.498
16~ C.170 16 0.298 16 0.468
18 0.149 18 0.274 18 0.444
20 0.254 20 0.420

Continuous Relaxation in Air at 90°¢C

1.0ﬁ Dicunmyl 1.5ﬂ Dicumyl 2.0ﬁ Dicunyl 2.5% Dicunmyl
Peroxide Peroxide Deroxide Peroxzide
t £i./¢ % £3./f % £,/ % £, /f
(hours) ‘t/ ° (hours) t/ ° (hours)| = ° (hours) b/ °
5 0.870 5 0.936 5 0.959 10 0.955
10 0.820 10 0.905 10 0.935 20 0.920
15 0.786 15 0.881 15 0.916 30 0.900
20 0.752 20 0.859 20 0.897 40 0.876
25 0.720 25 0.837 25 0.8861 50 0.654
30 0.695 30 0.820 30 0.867 60 0.831
35 0.668 35 0.603 35 C.854 70 0.812
40 0.647 40 0.785 40 0.840 80 0.796
45 0.771 45 0.626 90 0.778
50 0.758
Bb 0.742
60 0.730
65 0.718
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TABLY _4B: Intermitient Reloxation in Air at 1309C
2.5ﬂ Dicunyl Feroxide 1.5% Dicumyl Peroxide 2.0ﬂ Dicumyl Poroxide
L £/t ' t /1, v | 5/t A
(hours) ° £$ hour Z& (hours)
2 0.983]0.140 2 0.290(0.253 2 0.691]0.,171
4 0.964]0.224 4 0.969(0.375 4 0.970[0.278
6 0.943(0.274 6 0.951(0.449 6 0.946|0.3306
8 0.92610.312 8 0.932|0.490 8 0.922{0.3¢c2!
10 0.912]0.343 10 0.91410.521 10 0.910(0.415
12 0.898(0,36¢8 12 0.6980.545 12 0.895] 0,443
14 0.888(0.,390 14 0.87910.556 14 0.88210.466
16 0.876|0.408 16 0.86910.571
18 0.864]0.420 18 0.852|0.578
20 0.85310.433 20 0.845|0.,591
5 -2
¢ Dicumyl x 10 Im
Peroxide
1.0 0.48
1.5 1.15
2.0 2,06
2.5 3..00
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TABLE BB Strcss Relaxation of Genthane S cured with
2.5% Dicunvl Poroxide !
5 -5
(¢ =3.03 x 10 Im )
1
Continunounyg Relaxation
Relaxation in Hitrogen Sample Postcured
for 25 hours at
150°¢C
o o Helaxed in air
90°C 130 C at 130°C
% £./% T £, /f % £./%
(nours) T (hours) h/ ° (nours) t/ ©
5 0,962 2 0.792 2 0.774
10 0.941 4 0.664 4 0,635
e~ 15 0.925 é 0.572 6 0.572
T 20 0.910 8 0.498 8 0.511
30 0,884 10 0.438 10 0.445
40 0.857 12 0.389 12 0.418
50 " 0,835 14 0.350 14 0.384
16 0.314 16 0.350
18 0,283 18 0.331
20 0.205 20 0.314

Intermittent

Relaxation

Relaxation in Iitrogen Sanple Postcured
at 130°0C for 25 hours at
150°¢
Relaxed in air
at 130°C
t f_t/fo PAN t i‘t/fo 2\
(nours) (hours)
2 1,034 0.242 2 1.000 0.226
4 1.028 0.364 4 0.998 0.363
6 1.0350 0.458 o 0.994 0.422
8 1.022 0.524 8 0.992 0.481
10 1.007 0.569 10 0.932 0.547
12 1.000 0,511 12 0.986 0.568
14 0.996 0.614 14 0.264 0.600
16 0,989 0.635 16 0.973 0.619
18 0,983 0.700 18 0.968 0.637
20 0,379 C.774 20 0,963 0.649
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TABLE 62 Continuous and Intormitient Stress Relaxaition of
Genthone S Samwles containine Plectol H in Alv
2t 130°¢C
T 5 -2

1.5% Dicumyl Peroxide (C = 1.15 x 10 Im )
1
- D
(hours) (ft/fo)c (ft/fo)i
2 0.721 1.012 . 291
4 0.580 1.004 0.424
6 0.488 0.988 0.500
g 0,420 0.971 0.551
10 0.368 0.953 0.585
12 0.328 0.939 0.611
14. 0.292 0.919 0.627
16 0.265 0.905 0.640
- 18 0.241 0.889 0.648
20 0.218 0.876 0.6568
TABLE 73 Continuous and Intormittent Stress Relaoxoticn of

Genthone 8 Samnias econbtoinine Polyiscnrence and

Tloctol I

in

Ain

P
T

170°¢C

Sample Containing Polyisoprene

Sample Containing Polyisonrenc
and Flectol H

(£4/24) 3

A

A

t (£./2)
(hours) o
2 0.792
4 0.689
6 0.614
g 0.588
10 0.530
12 0.491
14 0.461
16 0.435
18 0.411
20 0,389

0.970
0.968
0.960
0.955
0.957
0.948
0.940
0.923
0.916
0,904

0.134
0.279
0.3486
0.367
0.427
0.457
0,479
0.4¢€8
0.504
0.515

t (ft/fo)c
(nours)l

2 0.740
4 0.615
6 0.520
8 0.465
10 0.426
12 0,388
14 0.361
16 0.332
18 0.509
20 0.282

0.970
O. 94.‘5
0.930
0,913
0.893
0.879
0.857
0.857
0.8456
0.832

0.230
0.330
0.410
0.448
0.467
0.491
0.496
0.525
0.537
0.550




TARTE

BBs Continvous and Intermitteont Stress Jelaxotion of
Phenwl Isoecryanate Ureated fenthane S in Alw
1300G
) -2
(2.5% Dicumyl Poroxide; C = 2.63 = 10 imn
1
: (5200 | (/2 | A
(nours)
1 0.955 1.015 0.047
2 0.914 0.979 0. 065
3 C.8866 0.98¢ 0.102
4 0.870 0.997 0.127
5 0.836 1.018 0.182
& 0.815 1.026 0.211
7 0.791 1.029 0.238
8 0.778 1.035 0.257
; 9 0.761 1.032 0.263
‘ 10 0.744 1.044 0.300
- 11 0.727 1.059 0.332
12 0.714 1.068 0.344
13 0.702 1.065 0.363
14 0.692 1.070 0.378
15 0.680 1.074 0.394
TABLE 9B: Continuous Strons Reloxation of Genthane S Samnlons
Containine St2rnrel _PCD and Cured with 2.55
5 -1
Dicumyl Peroxide (¢ = 2.63 ¢ 10 Xm ) Relaxed
1
at _130°¢C
% by weight of Stabaxol PCD in Sample
, *
0.0 Q.46 0.87 1.25 1.70 3.4 10,38 Sad
t to/z | £5/5, | £,/5, £5 /5 | To/5,| o/, | £5/%0 | £5/%,
(nours)
2 0,763 | 0.769 | 0.320| 0.862 | 0.885| 0.870| 0.820!| 0.882
4 0.629 ) 0.541 | 0,692 | 0.769 | 0.805| 0.800| ©0.725| 0.812
& C.546 | 0.549 | C.621 4§ 0.709 | 0,756 0.763| 0.676| 0.758
8 0.485 0.431 | C.562 ] C.B8B0 | 0.659 0.785 C.641 )| 0.722"
10 0.418 | 0.51C | 0,654 | 0.667| 0.685| 0.610| 0.695
12 0.387 | 0.373 | 0.481 ] 0.637 | 0.65317 0.581 ¢ 0.675
14 0.556 { 0,341 | 0.442 | 0.614 | 0.610 0.559 | 0.6861
16 0.319
18 0.301
20 C.2G2

# Sanples heated at 130°C for 1 hour then
48 hours with benzene

extracte& for



TABLE 103: Intermittent Siress Nelaoxation of Genthone S
Contoinine 3,408 of Siaraxol PCD and eurcd ith
5 -3
2.5% Dicumyl Peroxide (C = 2.63 xz 10 Im )
1
Relaxed at 1300C
t 2./t A
(nours) ©
2 1.020 0.138
4 1.043 0.248
6 1.065 0.329
8 1.075 0.367
10 1.088 0.393
12 1.096 0.421
14 1.112 0,451
{
# Samples heatod at 130°C for 1 hour then extracted
for 48 hours with benzene
TABLE 11313B: Continuous Stress Relaxotion of Genthane S Cursd
' . ) 5 -2
with 2.5% Dicumyl Peroxide (€ = 3.03 % 10 Im )
1
Reloxed in waior ot 95.8°C
t £, /£
{(nours) t7 o
5 0.864
10 0.851
15 0.815
20 0.791
25 0.778
30 0.774
35 0.760
40 0.726
45 0.702
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(I1) CHEIICAL STR®SS RELAXATION OF ADIPRENR Qi

TABLY 123: Continuous Relaxation of Adivrene €I cured wiith
7 - - - ET 2 »
2.0% Dicumyl Paroxide in Arbient Air

5 -2
(¢ =5,1x 10 Im )
1
60°¢C - 70°C s0%c 100°¢
t £/, t £/, |t £./E, & £o/E,
(hours) (hours) (hoursl (hours)
10 0.963 10 0.955 10 0.942 5 0.921
20 0,953 20 0.943 20 0.920{ 10 0.867
30 0.949 30 0.934 30 0.906 | 15 0.822
40 0,942 | .40 0,923 40 0.890| 20 0.776
50 0,937 50 0.918 50 0.873 | 25 0.722
60 0.934 60 0.910 60 0.859 | 30 0.678
70 0.927 70 0.845 | 35 0.638
80 0.926 80 0.8322 | 40 0.501
90 0.920 . 90 0.818 | 45 0.563
100 0.917 . 100 0.804
110 0.916 110 0.789
120 0.914
130 0.912
105.5°¢% 105.,5%¢ 110°¢ 120°¢
t ft/fo t £/, t £./1, t £L/%
(hours) ' (hours) (hours) {hours)
2 0.961 2 0.927 2 1 0.914 2 0.856
a4 0.903 a4 0.876 4 10,840 a4 0.723
6 0.860 6 0.820 & :0.768 6 0.599
8 0.833 8 0.778 8 !10.699 8 0.492
10 0.765 10 0.734 10 :0.8324 1 10 0.409
12 0.738 12 0.687 12 0,575 | 12 0.337
14 0.700 14 0,643 14 0.522 | 14 0.281
16 0.664 16 0.604 16  0.477 | 16 0.232
18 0.630 18 0.566 18  10.435 | 18 0.195
20 0,598 20 !0.532 g
131°¢ 150°¢
t £./f, it £./%,
(hours) Ahours) A
0.53 |0.542 L1 ]o0.153
0.67 |0.708 2 0.020
1.0 0.578 :
1.33 |0.,485

1.67 0.402 !

x Sample extracted in benzene for 24 hours
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TABLLY 133: Continuous Relaxotion of Adivnrene CII Samwnles cured wit:

Different Cressiiniz Donsitiss in Awbient LAir at

105,.5°9¢C
1.,0% Dicumyl Peroxide 1.5% 2. 0% i
Dicunyl Dicunyl }
Peroxide Peroxzide §
% £./f t f./f % £./f % £i/fy
(nours) w o (nours) o/ ° Nnours) t/%0 (hours) s/%o ‘
2 0.912 2 0.925 .2 0.973 2 0.944
4 0.826 4 0.862 - 4 0.916 4 0.899
6 0.744 6 0.807 () 0.892 6 0.860
8 0.662 8 0.749 8 0.E556 8 0.825
10 0.584 10 0.696 10 0..820 10 0.782
12 0.508 12 0.538 12 0.783 12 0.744
14 0.439 14 0.583 14 0.748 14 0.706
16 0.376 1B 0.529 16 0.712 16 0.669
18 0.320 18 0.489 18 0.677 18 0.629
20 0.269 20 0.442 20 0.643 20 0.592
22 0.400 22 0.617
24 0.357
-~ . 2. 0% 2.5%
¢ Dicumyl Dicunyl
) Peroxide Peroxide
t fi/f t £, /f
(nours) o/ %o (hours) v oo
2 0.986 2 0.954
4 0.945 4 0.914
6 0,906 6 0.877
8 0,866 8 0.838
10 0.841 10 0.794
12 0.790 12 0.754
14 0.748 14 0.714
16 0,708 16 0.673
18 0.637
.20 0.611
, 5 =2
4% Dicumyl Peroxide| € = 10 Im
. 1
1.0 Se41]
1.5 4,65
2.0 5,35
2.5 6.25
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on of Adinrene ClI curecd

TABLE 143B: Continuvous Stross Relnxanti
with 2.0% Dicumsl Peroxide in Iitro~en
5 -2
(¢ =5.1 % 10 1m )
1
68°0C 88°¢C 100%¢ 108°¢
t L t £/, t £/, % £./%,
(hours) (hours) . {{hours) (nours)
10 1.000 5 0.998 2 0.976 2 0.983
20 0.995 10 0.980 4 0.961 4 0.954
30 0.991 15 0.975 6 0.950 6 0,949
40 0,984 20 .989 8 0.939 8 0,933
50 0.979 25 0.963 10 0,932 10 0.910
60 0.975 30 0.954 i2 0.924 12 0.567
70 0.970 35 0.949 14 0.916 14 0.8¢E9
80 0.967 40 0.945 16 0.910 16 0.850
- 90 0,967 50 0,934 18 0.902
100 0.962 60 0.920 20 0.896
128°¢C 126°¢
t ft/fo t £./1,
(hours) (nours)
e 0.927 2 0.869
4 0,854 4 -
6 0.782 6 0.649
8 0.723 8 0.556
10 0.666 10 0.478
12 0.620 i3 0.407
14 0.567 14 0.352
16 0.525
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TABLE 153 Continuogs Stross aloxation of Adinreneg QL ecured
with 2.8% Jicumrl Peroide in Iitrccan
5 -2
(C =6.3 x 10 Im )
1
80°G 90°¢ 100°%¢ 110°C
t £i/f, t £./%, t £./%, t £/%,
{(hours) (hours) (hours) (hours)
10 0.994 10 0,989 10 0.986 10 0.967
20 0.990 20 0,983 20 0.974 20 0.935
30 0.987 30 0.977 30 0.965 30 0.912
40 0.,98b 40 0.974 40 0.903 40 0.884
50 0.984 50 0.969 50 0.945 50 0.8561
60 0.982 60 0.964 60 0.935 60 0.839
70 0.979 70 0.958 70 0.926 70 0.618
80 0.977 80 0.954 80 0.918 80 0.796
90 0.975 90 0.950 90 0.910 90 0.778
100 0.975 100 0.946 100 0.901 100 0.761
110 0.973 110 0.944 110 0.892 110 0.742
120 0.972 120 0.941 120 0.884 120 0.723
130 0.971 130 0.937 130 0.878 130 0.708
150 ! 0.969 150 0.925 150 20.862 150 0.677
120°¢C 130°¢
% ft/fo % £./1,
(hours) (rovrs)
5 0.964 2 0.958
10 0.931 4 0.921
15 0,898 6 0.885H
20 0.871 8 0.852
25 0.844 10 0.818
30 0.819 12 0.790
35 0.790 14 0.759
40 0.7686 16 0.733
45 0.738 18 0.705
50 0,717 20 0.678




TADLY 163 Intermit@ent Stress Reloxaotion of Adinrene UM cured
with 2,05 Dicvnrl Peroxide in Amdient Air
3 i
(C =5,1x 10 Im )
1
o} (0]
-100-C 120 C
% £/, AN t £,/ N\
(hours) {hours)
5 0.996 0.075 2 0,899 0. 043
10 0.958 0,091 4 0.758 0.035
15 ‘0,921 0.099 6 0.630 0.031
20 0,883 0. 107 8 0.527 0. 035
25 0.847 0. 125 10 0,440 0.031
30 0.811 0,133 12 0.372 0. 035
35 0.775 0.137 14 0.318 0.037
40 0.740 0,139 16 - 0.287 0.053
45 0.713 0,150 18 0.241 0. 046
PABILE  173B: Intormititent Stress Relaxation of Adinrene CM cured

with 2.

0% Diecumvl Feroxide in Litroren ot 100°C

5 =2
(¢ =5,1x 10 Im )
1
t £/, A
{hours)
2 .1.000 0.087
4 0.997 0.147
6 1.000 0.197
8 1,002 0.235
.10 1.004 0.278
Pooag 1.008 0.321
f14 1.010 0.356
P16 1.013 0.391
18 1.015 0,425
20 1.015 0.454
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TABLE 183: Iatermittent Stress Relowation of Adinrene CI cured
with 2.55% Bicumvrl Powroxide in itrormen
5 -2
(¢ = 6.3 2 10 Im )
1
e0°¢ 100%¢ 120%¢
t |£./1, A t | £5/%, A t | £4/5, A
{(hrs) (hrs) (hrs)
10 1.013 [0.019 10 1.018 | 0.032 5 1.023 | 0.059
20 1.016 §0.026 20 1.027 | 0.0583 10 1.024 | 0.083
30 1.021 [0.034 30 1.035 | Q.070 15 1.083 | 0.135
40 1.025 {0,040 40 1.041 ¢ 0.088 20 1.037 | 0.1€¢
50 1.026 (0.042 50 1.048 | 0.103 25 1.041 ) 0..1G7
60 1.028 |0.046 60 1.054 ] 0.119 30 1.046 | 0.227
70 ;1.051 0.052 70 1.058 | 0.132 35 | 1.0563 -
80 1,034 | 0.057 80 1.064 | 0.146 40 1.056 | 0,253
90 {1.035 10.0860 90 1.068 | 0.158 45 1.064 | 0.326
100 1.036 {0,061 100 1.072 | Q.1771 50 1.068 | 0.351
110 1.038 {0.065 110 1.076 | 0.184 55 1.074 -
120 1.040 (0,068 120 1,081 7 0.197 60 1.075 § 0,401
130 1.041 {0,070 130 1.084 | 0.206 65 1.083 -
140 1.043 10,074 140 1.085 § 0.215 70 1.085 | Q,448
30°¢C 110°¢ 150°¢
IR ESWE t | £, /%, t | £./%
A b A ol A
(nrs) {hrs) (nrs)
10 1.020 10.031 10 |1.012 0.045 2 1.004 | 0,046
20 1.026 |0,043 20 11.022 0.087 4 1.012 } 0.091
30 1.028 (0.051 30 11.030 0.118 6 1.013 } 0.128
40 1.030 10.056 40 11.036 0.183 8 1.019 ¢ 0.157
50 51.034 0.065 50 |1.041 0.180 10 1.021 { 0.208
60 11.040 10.076 60 |1.046 0.207 12 1.019 : 0.229
70 i1.040 50.082 70 {1.055 0.236 14 1.025 | 0.266
80 §1.044 :0.090 80 §1.008 0.262 16 1.026 | 0.293
90 11,046 {0.096 90 ]1.063 0.285 18 1.029 | 0.324
100 §1.048 :0.102 | 100 {1.069 | 0.306 20 |1.032 ! 0.354
110 :1.046 10.204 | 110 |1.071 | 0.329




TLRLY 19B: Continvous Stress Relsxation of Adinrene €7 Sawmple
with Dirffareant Crosslinlis Densities in Titro~an
ot 10390
1.0% DCP 1.5¢, DCP 2.0 DCP 2,57 DCP
. ; » o
% ft/fo % §ft/fo t Lt/fo % .Lt/fo |
(rours) (hours)% (nours) (hours)
2 0.935 2 0.965 2 - 2 - i
4 0.877 4 0.936 4 0.980 4 0.990
6 0.823 | 6 0.301 6 0.962 6 0.985
8 0.787 | 8 0.877 8 0.956 8 0.975
10 0.746 | 10 0.855 10 0.947 | 10 0.971
12 0.704 : 12 0.826 12 1 0.938 12 10,962
14 0.669 14 0.800 14 0.917 | 14  {0.952
16 0,645 16 0.889 16 i0.943
18 0.873 18 10,938
20 0.8e58 20 10,935
22 0.851 22 {0,928
f
i
’ -2
< DCP ¢, x 10% im
1.0 3.41
105 4.65
2.0 5,35
2.5 6.25




TA3BLE 203: Continvoug Streass IHelerotion of Adinrene €5 cured
with 2.0% Dicum=—? Peroxide in Air ot 1209C —
Contoinin~ Antioxidont (Fleetol )

5 -2

(¢ = 5,35 x 10 Im )

1
6.12% FH 3.,06% FH 2.24% FH 1.53% FH
t £4/%, % £i/%, t £/, % £5/%,
(hours) (nhours) (hours) {hours)

2 0.888 2 0.897 2 0.913 2 0.904
4 0.806 4 0.827 4 0.850 4 0.£49
6 0.733 6 0,769 6 0.603 6 0.800
8 0.670 8 0.71¢ 8 0.765 8 0.759
10 0.614 10 0.676 10 0.7R6 10 0.727
12 0.566 12 0.837 12 0.687 1 12 0.696
14 0.525 14 0.599 14 0.654 14 0.667
16 0.487 16 0.622 16 0.641
18 0.454 18 0.590 18 0.621
20 0.430 20 0.561 20 0.595
22 0.576
24 0.562

TAZLE 213 Intormittent Stress Telaxation of Adinrene CI cured
with 2.0% Dicurmwl Sororide in Air ai 1200C -
Containine Anticxidant (Flectol H)

5 -2
{c =5.35 x 10 Im )
1
2.2¢% FH.
|-
t £¢/%, A
(hours)
2 1.000 0.087
4 0.997 0.14T7
6 1.000 0.197
& 1.002 0.295
10 1.004 278
12 1.008 0.3221
14 1.010 0.356
16 1.013 0.391
186 1.018 0.425
20 1.015 0.454
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TABLE 223R: Continuous Relawntion of Adiwrene CII cured with
2,55 Dicunrl Poworide in Titroren at 120°C0:
Effeci of Fregiment with laphinvl Isocvansia

5 e
(¢ =6.8 x 10 I¥m )
1
without vwiith
isocyanate | isocyanate
6 Aft/fo :f‘t/fo
(hours)
2 0.979 0.983
4 0.955 0.966
6 0.936 0.95¢0C
8 0.914 0.929
10 0.893 0.913
12 0.670 0.896
14 0.849 0.878
16 0.831 - 0.862
18 0.814 0.842
20 - 0.798 0.829
22 0.768 0.804
24 0.7567 0.792
26 Q.740 0.776
28 0.720 0.761
30 0.699 0.745
32 0.682 © 0.738
34 0.665 0.728
i 36 0.658 0.716
i 38 0.643 0.704
; 40 0.633 0.691
42 0.620 0.6862
44 0.5606 0.672
46 0.587 0.663
48 0.579 0.652
50 0.571 0.644
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APPETDIX C:

(C 1) A Comwuter Procromme Ho Anolyse the Resvlis of Stress—

Strain lleasurements
The programme enableg the data to be fitted to the
Mooney-Rivlin egquation or to the Kinetic Theory edquation., A
weighted least squares fitting procedure is used, the weighting
process used allows for the fact that an error in the undeformed
dimensions of the samnle has & disprovortionate effect on the
noints with A values that are close to unity.

The standard deviation of fﬁ;/é/B(A—A‘B) is given by:

2 _ 2
o, = lag/a )" oy

2

2
B ¥ (dy/dl)oi

1/3 - :
where y = fdg/ /2 (x= 2), 1 is the undeformed length of the

o

sampnle etec. The weighting factors for a warticular point is the

recinrocal of the square of its standard deviation.
Assuming that 21l the variables except lp are error free

then

2

- 2
0& (ay/d1 )

o 2
0 1O

01 is unknovm but is constant for all the points for a particular
o}

experiment so that

2 -2
1/0& o 1/(d3/d10) wheres:
- 1/3_2 3,.5 5, =1
(dy/dlo) = fﬁg 1% 1+ 31,(1° - 17)
3 3
(1° - 17)

~Accenting the fact that 10 was in error the programme
then allowed 1y to vary slightly and determined the 1, . value

34

that gave rise to be best fit to the recguired equation. In



tensicn exneriments the 1, was never less than 3 cm long, the
maximum amount this was allowed to vary was 0.1 c¢m, thet is
5% of the length.

In a comprcssion exveriment the undeformed heifght of the
samnle, lo’ was never less than 0.7 cm, the naximum amount this
was allowed to vary was 0.01 ecm, that is 1.5% of the heizght.

The best value of 1, was, hence, always close to the
extrapolated value.

Bad points were rejected in the calculation but this was
only done when their residuals were‘more than 3.5 times the
standard deviation, points whose residuals were between 2.0 and
3.5 times the standard deviation were marked £ and rejected
roints were marked x . Thus no points were rejected without
informing the user and at most only two voints were rejected
in 2ny block of data.

Checks were built into the prograomme that informed the

te

Hv

user whenever points were rejected or trivial or indefin
results were obtained.

The programme is given on pages 327 +to 337 inclusiveg
it is written in A.S5.A., TFortran and was used on the University
of London CDC 6600/6400 installation and the Imperial College

CDC 6400 computer.



OO0

641

2999
2888
2777

o RS Ne Ny Nl

5555

OO0

2000

200
2001
671

oo

PROG®AM STRECH(INPUT,0UTPUT, TAPES=INPUT,TAPEG=0UTPUT)

PROGRAM EVALUATLS STRESS-STRAIN DATA FOR SWOLLEN OR DRY RUBBER
SAMPLES IN UNITAXIAL TENSTON OR COMPRESSION
DIMENSION WT(500),ZL(500),IT(16),X(500)

CIMCNSION D(8)

DATA COM,TEN, TEST/6HCOMPRS,, BHTENSUN,1H /

THE FIRST TWO DATA CARDS CONTAIN ANY PEQUIRED ALPHANUMERIC
INFORMATION THAT MAY Bf REQUIRED.«IT IS OUTPUTED AT THE HEAD
OF THE BLCCK OF DATA 70 WHICH IT REFERS

READ(5,2999) (IT(I) ,I=1,16)

WRITE(H,2888)

HRITE(0,2777) (IT(I)yI=1,156)

FORMAT(8AL10)

FORMAT (1H1)

FORMAT(1X,8A10)

THE SECOND DATA CARD CONTAIN WATSIT AND IWATeecessece

WATSIT COMPRS IF THZ DATA REFERS TO COMPRESSION

HWATSIT TENSUN IF THE DATA REFERS TOTENSION

IWAT = 1 IF A KINETIC THEORY FIT IS REQUIRED , LEFT BLANK
IF A MOONEY RIVLIM FIT IS REQUIRED

READ(595555)HATSIT, IWAT
IF(IWAT.EQ.TEST)INAT=0

IF(WATSIT.EQR.COMIGO TO 994

FORMAT(AG,1X,T1)

FEAD ON TENSION DATA, .o W=SAMPLE WIDTH,T=SAMPLE THICKNESS,Z=ZERQO LOAD

LENGTH, V=VOLUME FRACTION OF RUBBER,N=NUMBER OF DATA POINTS,
ZL=LENGTH OF SAMPLE,WT=APPLIZD LOAD IN GRAMS

READ(£,2N00)Wy TyZyV,N

FORMAT (4 (F5.3,2X) ,12)

IFLAG = 0

DO 200 J=1,N
READ(5,2004) ZL(J) ,WT(D)

FORMAT (F6eh4yFSa1)

CALL TEMNSUN(WyT,ZyVyZL, NT,N,IFLAG,Q,INAT,WATSIT,COM)

NOGO TELLES PROGRAM WHAT IS REQUIREZN.ssessIF 1 READS AN AMMENDED Z AND
RECOMPUTES,IF 2 RECOMPUTES WITH VARIABLE 7 AND FINDS BIST VALUE,
ANYTHIMG ELSE EXCEPT 0 STARTS PROGRAM AGAIN WITH NEW DATA BLOCK.. s
seeseeel THNS PROGRAM

L3g



9641

v RoXe]

994

5001
5002
5003

985

51

651
9642

681

PCAD(5,9641)N0GO
FORMAT (I 1)
GO TO €61
READ ON GCOMPRESSION DATA .4ees VARIABLES AS BEFORE BUTeesacees
WS=INITIAL STARTING LOAD TO BE ADDED TO APPLIED LOAD 7O
GIVE TOTAL APPLIED LOAD...HS=ANALOGOUS HEIGHT OQUANTITY
READ(5,5001)WS,HSyZyN,yV
Z = Z*10.0
D=0IAMETER OF SAMPLE .¢e«GIVE 8 VALUES «.+sAVERAGE COMPUTED
READ(5,5002) (D(I),1=1,8)
READ(5,50C03) (ZL () WT(J),J 1,
FODMAT(FM 1,2X, 2(F6 Ly2X)9yI3,2X,4F6. L)
FORMAT (B (FBe by 4X))
FORMAT (L(FB4b4y4X,FHady4X))
SUM = 0.0
CO 985 JI=14N
ADJUST HEIGHT AND LOAD TO GIVE OVERALL VALUES AND MULTIPLY HETGHT RY 10 TO
ALLOW USE OF SAME ITERATIVE PROCFOURE FOR TENSION AND COMPRESSION
ZL (JI) ZL(JI) + HS -
2L (JI) ZL(JI)*10.0

WT(JT) = WT(JI) + NS
D0 51 JK=1,8

COMPUTE AVERAGE DIAMETER

SUM = SUM + (D(JK)/2.0)

W = SUM/8,0
W = W*W

T = 3.14159
GO TO 671

READ AMMENDED Z VALUE FOR FURTHER CALCULATION

READ(5,9642)2

FORMAT (F5, 3)

GO TO 671

IFLAG=1,. .4+ SUPRESSES PRINTING DURTING TTEQATIVE BEST FIT PROCFDURE
IFLAG = 1

PEGIN ITERATIVE BEST FIT PROCCUDURE WITH VARYING Z

Z =7 - 0.100

82¢
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. 6581

661

DO 691 IX = 1,200

CALL TENSUN(W,T,ZyVyZLyHTyNyIFLAGyP,THAT,WATSIT,COM)

Z =2 + 0.001

X(IX) IS THE STANDARD DEVIATION FOR A PARTICULAR Z VALUE

X(IX) =P

CONT INUE

ZPUT = X(1)+999.9

TEST STANCARD DEVIATIONS OF VARIOUS Z VALUES TO TEST WHICH IS
BEST VALUE :

D0 692 IY = 1,200

IF (X(IY) .LTLZPUT)GO TO 993

GO 7O 692

ZPUT = X (1Y)

NUM3 = TY

CONTINUE

RECOMPUTE MITH BEST Z VALUER

Z =2« 0,201 + (0, 001*FLOAT(NUMB))

IFLAG = 0

GO T0 671

TEST VALUE OF HNOGO

IF (NOGOLEQ,1)GO TO 651

IF (NOGO.EC.2)GO TO 681

IF (NOGO.NE,0)GO TO 641

STOP

END

SUBROQUTINE WT(H,FyWFIGHT, HO)
SUBROUTINE CALCULATES RELEVANT WEIGHTING FACTORS FOR STRESS-STRAIN
DATA

SIGi = (H**3)=(HO¥**3)
SI161=1,0/SIG1

SIG2=F*(H**2)

STG3=1,0+(3.,0*% (HO**3)*SIG1)
SIG=SIG1*¥SIG2*SIG3

WS IGHT=SIG*SIG

WE TGHT =14 0/WEIGHT

PETURN

END

g



c

C

C

G

c

SUBROUTINE TENSUN(WIDE, THICKyZLONG4VFPACT yZONGyWAYT4NGy IFL, P, THAT,
1WATSIT,COV)
SUBROUTINE CALCULATES THE STRESS=-STRAIN PARAMETERS OF THE DATA
DIMENSTON ZONG(50) yWAYT(50) yFORCE(S5N0) s ZLAMDA(S0) ,FUNCTN(50)
DIMENSION ENDVAL (S0),7LOMDA(S0)
DIMENSION FUDGE(100)
OATA CHARGE/+1.0E-15/
WETONE = 1,0 / 3.0
ND=NG
IF(IFL.EQ.1)GO TO 141
AVOID WRITING WPOMNMG ZERO LENGTH VALUE IF COMPRESSION DATA
IF(WATSIT.ER.COMYGO TO 755
WRITE ZERO LEMGTH OF SAMPLE
WRITE(G,3524)ZLONG :
3524 FORMAT (AX////771X316HSAMPLE LENGTH = 4F5,333HCMS)
756 WRITE{(6,3523)
3523 FORMAT (LX////7/1Xy5X5HFORCE 3 11X,y 17HLAMDA-LAMDA (*¥=2) 49 X, SHLAMDA, 14X
1,1 1HLAMNA(*%«=1) y 2X 4 25HFORCE/(LAMDA-LANMDA (F¥=2)))
COMPUTE STRESS-STRAIN PARAMETFRS ‘
141 I=10
CO 140 J = 14ND
CHECK TO SEE IF LAMDA IS EQUAL TO 1
IF C(ZONG(J)=ZLONG) +GE+ (-1, 05-10),AND, WATSIT.EQ.COM)GO TO 591
IF (CZONG(J) ~ZLONG) o LE« (+#1. 0E-10) s AND, WATSITNELCOM)GO TO 591
I=I+1 :
ZLAMDA(I) = ZONG(J)/ZLONG
FORCE(TI) WAYT(J) * (VFRACT ** (WETONE ))/(WIDE¥THICK)
FORCEI(I) FORCE(I) ¥ 981,10 '
FUNCTN(T) = ZLAMDA(I) - (1.0/(ZLAMDBA(CI) *ZLAMDA(I)))
ENDVAL(TI) = FORCE(I)/FUNCTN(I)
ZLOMDA(I) 1. 0/ZLAMDA(T)
CALL ROUTINE TO CALCULATE WEIGHTING FACTORS FOR LEAST SQUARES DATA FIT
CALL WT(ZONG(TI) ,FORCE(I)yFUNGE(I),ZLONG)
IF(IFL.EQ.1)GO TO 14n
WRITE(6y1400)FORCE (I)yFUNCTN(I) yZLAMDA(I) 3 ZLOMDA(I) ,ENDVAL(T)
1400 FORMAT(1X,5(1PE16.6,5X))
GO TO 140



591

6631
140

753
754
755

3522

360

380

IF(IFLe EQ.1)GO TO 140

WP ITE(S,56631)

FORMAT ¢(1X,*POINT REJECTED AS GIVES RISE TO INDEFINITE RESULT*)
CONTINUF

ND=T

IF (IWAT,LER.1)GO TO 753

FIT DATA TO MCONEY RIVLIN EQUATION

CALL LEAST (ZLOMDA, ENDVAL,FUDGE,y SyAyPyY3ZyNDyby IFL)
GO TO 754

FIT DATA TO KINETIC THEORY EQUATION

CALL KINET(ENDVAL,FUDGE,ND,ZLOMDA,IFL,SLyP,6)

RE TURN

ZLX = ZLONG/10.0

WRITE ZERO LENGTH FOR COMPRESSION DATA

WP ITE(6,3522) ZLX

FORMAT (1X/////71X9*SAMPLE LENGTH = *,F6. 4y *CMS*)

G0 TO 756

END

SUBROUTINE KINET(XyWyND,Y,IFLG,AVX,ERP,MOUT)

SUBROUTINE FITS STRESS-STRAIN DATA TO KINETIC THEORY DATA
CIMENSTON X(NDY,Y(ND),W(ND)

DIMENSION XA(400) yYA(L100) WA (L100),RES(100)yINDEX(100)
DATA IND1,INDZ2,IND3/1H ,1H*,1HE/

NUMBER OF DATA POINTS IS INITIALLY TOTAL NUMBER PRESENTED
NA = ND

D0 360 I=1,4NA

COPY WORKING PARAMETERS TO AVOID OVERWRITING THEM IN MAIN PROGRAM
XA(D)=X(I)

YA(I)=Y(TI)

HACT)=W(I)

SET SUMS TO ZERO

SUMX=0,0

SUMH=0,0

CALCULATE BEST FIT FOR PARAMETERS PRESENTED

0O 361 J=1,NA

W

-



361

362

371

372
363

379

364

SUMX =SUMX+ (XA(J)*HWA(J))
SUMW=SUMW+KWA (J)

AV X=SUMX/SUMH

SET SUMS TO ZERO
SUMR=0.0

CALCULATE STANDARD DEVIATION OF DATA
CO 362 L=1,NA
RES(L)I=AVX-XA (L)
RES(L)=RES (L) *RES (L)
SUMR=SUMR+RES (L)
FES(L)=SQRT(RES(L))
ERP=SUMR/FLOAT(NA-1)
ERP=SNRT (ERP)

CHECK NATA ¢e.e+BAD POINT MARKED * AND REJEPTED........POOQ POINTS

POINTS MARKEDF BUT KEPT IN CALCULATION
DO 363 M=1,NA

INDEX(M)=IND1

IF (RES (M) «GE, (3.5%ERPY) GO TO 371

IF (RES (M) 4 GEe (2, 0%ERPP))GO TO 372

GO TO 363

TN DEX (M) =TND2

GO TO 363

INDEX (M) =IND3

CONT INUF

UMLESS ITERATING PRINT QUT RESULTS
IF(IFLG.EC,1)GO TO 379

WP ITE (MOUT,3600)
WRITECMOUT,3700) CXA(HM) s YA(M) s RES(M) 3 INDEX (M), M=1y NA)
WP ITE (MOUT, 3800) AVXy ERP

NB=0

RESET ARRAYS FOR RECALCULATION WITHOUT REJECTED POINTS
D0 364 N=1,NA

IF (INDEX(N) JEQ.IND2)GO TO 364

N3 =ND+1

YA (NBY=YA (N)

XA (HBY =X A (N)

KA (1) =WA (H)

CONT INUFE

wl

R



c

367

366
365

3900
3600

3700
3800

200

245

IF ONLY ONE POINT LEFT INFORM USER ...RESULT TRIVIAL
IF (NB.EQs1)GO TO 365
CHECK NUMBER OF REJECTED POINTS IF 0 STOP RECALCULATIONS

IF (NOLEQLNA)GO TO 366

RPESET NUMBER OF POINTS AFTER POINT REJECTION AND RECOMPUTEZ RESULTS
NA=NA

GO TO 380

RE TURHN

WRITE(MOUT,3900)

RE TURN

FORMAT (1X,*TRIVIAL RESULT BASED ON ONE POINT ONLY ...HENCE BLOCK R

1EJECTEDesveessensnas®)

FORMAT (1H1 4% X Y RES*)
FORMAT (1X43(1PE16.6y4X) 4A1)
FOPMAT(iX////iX,*CLOPE OF KINETIC THEORY PLOT = ®,1PE16.6,1X/ /71X,

1*STANDARD DEVIATION = *,1PE16.6)

END

SUBROUTINE LEAST(X,Y,WyAyByERP,ERAZERB, NNy MOUT,IFLG)

SUBRQUTINE FITS DATA TO MOONEY RIVLIN EQUATION

DIMENSTION X{ND),Y(ND),yW(ND)

DIMENSION XA(iOU),YA(100),NA(100),QMOOTH(iﬂﬂ),RES(iOU),INO¢X(1UU)
CATA IND1,IND2,IND3I/1H ,iH*,1HL/

INITIAL NUMRER OF POINTS IS TOTAL NUMRER PRESENTED

NA=ND

DO 200 I = 1,NA :
COPY HORKING PARAMETERS TO PREVENT THEM BEING RESET IN MAIN PROGRAM

XA(I) = X(I)

YA(I) = Y(I)

WA(TI) = W(I) - a
SET SUMS TO ZERO el
SUMX = 0.0

sSuUMY = 0,0

SUMH = 0,0

SUMXP = 0.0



210

220

239

COMPUTE LEAST SQUARES FIT PARAMETERS
00 210 J = 1,NA
SUMXP = SUMXP + XA (J)

SUMX = SUMX + (XA(J) * HACY))
SUMY = SUMY + (YA(J) * HACJ))
SUMW = SUMW + WA(J)

AVXA = SUMX/SUMHW

AVYA = SUMY / SUMW

AVXAP = SUMXP/FLOAT(NA)
SET SUMS TO ZERO

SUM1 = 0.0
SuM2= 0.0
SUM3 = 0.0

DO 220 K = 414NA
EVALUATE SLOPE AND INTERCEPT

SUM1 = SUML + (WAC(K) * (XA(K) - AVXA) * (YA(K) - AVYA))
SUM2 = SUM2 +(WA(K) * (ABS(XA(K) - AYXA)*%2))
SUM3 = SUM3 + (WA(K) * (ABS(YA(K)= AVYA)**2))

A = SUM1/SUM2

B = AVYA - (A * AVXA)

SET SUMS TO ZERO

SUMR = 0.0

SUMXR = 0.0

COMPUTE STANDARD DEVIATIONS OF CALCULATED PARAMETERS .
DO 239 L = 14NA :

SMOOTH(L) = (A*XA(L))+B ,

RES(L) = YA(L) - SMOOTH(L?

RES(L) = RES(L)*RES(L)

SUMXR = SUMXR + ((XA(L)=-AVXAP)* (XA(L}=AVXAP))
SUMR = SUMR + RES (L)

PES(L) = SORT(RES(L))

ERP = SUMR/FLOAT(NA = 2)

ERA = ERP/SUMXR

EPB = ERPP¥((1,0/FLOAT (NA)) +(AVXAP/SUMXR))
ERP = SQRT(ERF)

ERA = SQRT(FRA)

ER3 = SORT(ERR)

COMP ARE DATA WITH STANDARD DEVIATIONse. MARK BAD POINTS ¥ AND REJECTeesves

e es oMAPK POOR POINTS £ BUT RECTATIN

heg
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231

232
230

221

24L0.

2h b

DO 230 M = 1,NA
INDEX (M) = IND{1

IF (RES(M) «GE« (3.,5%¥EPP)IGO TO 231
IF (RES (M) .GE. (2. 0%¥ERP))IGO TO 232

GO TO 230

INDEX (M) = INDZ
GO TO 230
INDEX(HM) = IND3
CONTINUE

IF (IFLG.EQG,1)GO0 TO 221

UNLESS ITERATING PRINT OUT RESULTS

WRITE(MOUT,2000)

WP ITE(MOUT,2001) (XA (M), YA ()3 SHOOTH (M), RES(M) , INDEX (M) 3 M=1, NA)
WRITE(MOUT,2002)A,8yERPHERALERB

NR =0

Do 240 M = 1,NA

IF (INDEX(N) ,EQ.IND2)GO TO 240

N = NB + 1

RESET APRAYS OF WORKING PARAMETERS FOR RECOVMPUTING WITHOUT REJECTED POINTS
XA (NB)= XA(N)

YA (HWRBY= YA (N)

WA (NB) = WA(N)

CONT INUE

CHECK IF NUMBER OF POINTS 1 GIVE UP AND INFORM USER

IF (NB,EN.1)G0 TO 241

CHECK IF WNUMBFER QF POINTS 2 INFORM USER RESULT TPIVIAL
IF (NB,EQ,2)G0 TO 242

CHECKsoo IF 0 POINTS REJECTED FIMNISH ITERATION

IF (NDLEQLNAYGD TO 243

NA = NB

GO TO 245

5¢¢



243 RETURN
242 WRITE(MOUT,2003)
GO TO 244
241 WRITE(MOUT,2004)
RETURN
2000 FORMAT (1H1,8X,1HX319X,1HY 316Xy 6HSMIOTH, 16X, 3HRES)
2001 FORMAT(1X,4{1PEL16.644X)4AL) = »
2002 FORMAT(1X////71Xs4HA = 41PE16.651X/ /71X, 4HB = 31PE1646y 1X//1X,7HERP
1= ,1PE16.€,1X/ /71Xy 7THERA = 4 1PE16,6,1X//1X,7HERB = ,1PE16.6)
2003 FORMAT(1X,*TRIVIAL RESULT BASED ON TWO POINTS ONLY?*)
2004 FORMAT (41X, *INDEFINATE RFSULT BASED ON ONE POINT .e.ss HENCE JOO £BO
1RTED™) :
END

w
w
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(¢ 2) A Computer Procranme to Caleulate the Best Arrheniuns

Plot and Caleulote Activation Encrsics and Pro-gzwnonsntial

Factors

This programme wvas a staandard leasi{ sguares programme
adapted so that the input parameters werec rate constants and
the temperatures, in degrees centigrade, at which they WVere
obtained.

After obtaining the slope and intercept, the activation
energy and pre-exponential factor were'calculated.

The yprogramme is given on pages 339 to 341 inclusive;
it is written in A.S.A. PFortran and was used on the Imperial
College CDC 6400 computer and the University'of London

CDC 6600/6400 installation.



999
6325

89938

211¢
2062

2111

S1
20ae

el
3udu

92
2403
99
3100

PROGRAM LSTSQT (INPUT,QUTPUT,TAPES=INPUT, TAPEB=QUTPUT)

DIl EHSION Y(L00) X (100)Z2(133),V(LU)yNAMEIT(16)
RLAD(S5,06328) (NAMOCIT(I),I = 1i,16)
FURHMAT(BALY)

WRITE(H,8998) (NAMEIT(I),I = 1,16)

FORHAT(LX 20X, sA1u,1X//1x,zox,8A1c,1x////1x)
READ(S,2140) INDEX, NUMBER

RLAD(S, 2005 (Y (1), X{I),I=1,NUMBER)
FOrMAT(213)

FORMAT(2(E3.0y1X))

IF(LiDEX.EC.u) GO TO 90

WRITCA(O,2011)

FORMAT(LAX 94X 92 HKy 11Xy SHLN(K) 48X, 4HT(C),9X,6H1/T(K))

D0 91 NO = 1,NUMBER

Z (MUY = ALCG(Y {NG))

VING) = 1,0/¢273.2 + X{NO))
WrITE(G,y2302)Y (NGY yZ (NU) 3 X {NO) 4V (NO)

FORMAT(LX,4{1Pi9.2,5X))

GC TO 99

WRITL(D,3Juu)

FOLMAT (LY 34X y1HY y 23X, 4HX)

D0 92 10 = L,WUMBER

ZUi0) = Y{(M0)

VIHO) = X (MO)

WRITZ (G, 24403)2Z (1M0) 4V (H0)

FORAAT (X2 (1PEY,2,55X))

WNR1lTE(Hy2ruill)

FORMAT(LX & X//ZL47777771X)

CALL LSQ(Z,V,D,CyNUMBER,STDC,STDD)

IF(INDLX.EQe)GU TO 93

OFLH = C % 8,314/4G04da408

PREX = D*8,314

ERD = STUC * B3.344/300040

LRP = STOD*8.314

OELH = -DELH

LRO = =¢RD

8¢cg



COaon

20ua

93

8o

87

WRITE(6,2)08)ULLH ERD,PREX,ERP

FURMAT(iX,Z&HACTlVATION ENERGY = 3FQ.4y8H + OR - ,F9¢l4,1Xy13HKILOJ
1OULES PER MULE,iX///1X324HAGTIVATION ENTROPY = ,Fil.4,8H + OR - sF
210, 491X, 15HJOULES PER MOLE)

LF(INDEXscGe1)G0 TO 999

ST10°P

END

SUBROUTINE LSQ(Y4XyDyCyN,STDC,STOD)

DIMENSTION Y(10u) X {10
2222222222¢2222222222222222222222222222222¢22222222222222222222222°2
SUSROUTINE PEQFURMS A LEAST SQUARES FIT GIVING D AS INTERCEPRT AND

SLOPE
2e2l222e22222222222222222282222222222222222222222°2222222
SUMLI = u.0 .

SUMZ2 = Jd. b

SUE3 = .8

90 36 IQ = 1,N

SUML = SUML + Y(IQ)

SUMZ2 = SUHMZ + (X(IQ)*Y(IQ))

SUM3 = SUM3 + X(IQ)

SsUtt = sUMy + IX(IM)**2,4) :

O = {((SUH3¥3UN2) = (SUML*SUMa) )/ ((SUM3I**2,0) ~ (N*SUML )}
C = (N * SUHZ) = ( SUML*SUM3) )/ (IN*SUML) = (SUM3I**2,0))
XMH =

SUM3/FLOAT (N) :
XHNS =y, :

LS = ©et

DU 37 IP = 1,4H

DIFF = X(IP) = XMN

£ST (C*X(IP)) + D , .
RN EST = Y(IP) T
XiNS = (DIFF * DIFF) & XMN @
SRS (LRP * £PR) + ERS
VAR = LiS/ZFLDAT(N=2)
VARS = VAR/XHNS



VAIRD = VAR* ((L.0/FLOAT(M)) + ((XHMN * XMN)I/XMNS))
ST0C = SART(VARC)
STOO = SARTVARD)
NU = -2
WRITE (6,1du0)C,D,STDCySTDDyNU
1060 FORVMAT(LX,8HSLOPE = ,1PE10.631X/ /71Xy L2HINTERCEPT = ,1PE1646,1X///

12Xy, SUHSTARNUDARS DEVIATION IN SLOPE = ;1PElo.6,1X///1X,34HSTANDARD D
2LVIATION IN INTERCEPT = JiPELH.O6,1X///1Xs11HNU = N=2 = ,1I3)
2222222222222222222222222222222222222222222222:22222¢82¢2222
RETURHN

£WNJ



