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ABSTRACT  

The chemical stress relaxation behaviour of a 

polyester urethan-- rubber, Genthane S, and a polyether 

urethane rubber, Adiprene CM, has been studied in air and 

nitrogen and under conditions of high humidity. To 

facilitate the interpretation of these results the materials 

were thoroughly characterised to determine their chemical 

compositions, crosslink densities etc. 

The chemical stress relaxation measurements showed 

that both Adiprene CM and Genthane S underwent scission and 

crosslinking reactions. Adiprene CM in air degraded with an 
-1 

activation energy of 130.5 kJ mole 	due to the oxidation of 

the crosslinks. Adiprene CM in nitrogen and Genthane S in 

air or nitrogen underwent second order scission and crosslinking 

reactions that were attributed to the thermal dissociation of 

the urethane link. The activation energies for scission and 

crosslinking were res-oectively 110.6 and 95.7 kJ mole-1 for 

Adiprene CH and 94.6 and 107.9 kJ mole-1  for Genthane S. The 

rate of scission was unaffected by high humidity conditions..  

A mechanism consistent with the experimental evidence 

was proposed to explain the various degradation processes; this 

involved the participation of a hydrogen bonded intermediate. 

This is reasonable since hydrogen bonding was shown to exist 

in Adiprene CM and Genthane S. 

The characterisation work included the study of the infra-

red and n.m.r. spectra of the polymers, the determination of 

molecular weights by osmometry and gel permeation chromatography 
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and the investigation of the stress-strain properties and the 

swelling behaviour of the elastomers. 

This thesis includes descriptions of the apparatus used 

and reviews of the elastic properties of networks, the theory 

of chemical stress relaxation, the application of chemical 

stress relaxation to the study of elastomers and the relevant 

physics and chemistry of urethane rubbers. 
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CHAPTER 1  

IITTRODUCTIOH 

(1.1) 	I.1TTRODUCTIOIT  

Polyurethane elastomers are often used where high 

abrasion resistance, resilience, tensile strength, hardness and 
1.-C 

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 

properties to meet particular specifications. 	This leads, 

at one extreme, to enhanced properties relative to other 

elastomers. However, in common with other elastomers their 

range of applications is 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 AHD PROPERTIES OF ELASTMERS 

The term "elastomer" is reserved for a polymeric 

network above its glass transition temperature, T . For 

example, vulcanised natural rubber has a Tg  of about -70°C 

and the terms "rubber" and "elastomer" are used interchangeably. 

A polymeric network is built 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 initially distinct polymer molecules into 

one giant molecule. The number of crosslinks required per 
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primary polymer molecule must be greater than one, so that 

each of the primary molecules is subdivided into several 

shorter chains, termed "network chains". 

(1.2.1) The Elastic and Viscoelastic Properties of Elastomers' 

When a sample of uncrosslinked polymer gum is subjected 

to an applied stress there are two contributions to the 

deformation. These are an elastic component which is 

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 is 

removed and the resultant network can be deformed reversibly. 

(1.2.2) The Elastic Properties of Elastomers  

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 

uniatial elongation or compression at constant volume 

= M(1 - X) 
	 (1.1) 

where a* is the applied stress with reference to the undeformed 

cross-sectional area, X is the deformed length of the sample 

divided by its undeformed length and H is the elastic modulus. 

This equation is not obeyed by elastomers since M is not a 

constant but a function OfX.In technological usage the elastic 

behaviour of rubbers is characterised by their moduli, but 

in recognition of its dependence on X, the percentage 

elongation at which the modulus was obtained is also quoted. 

The equilibrium elastic behaviour of rubbers is more 
10,11 

accurately described by the kinetic or statistical theory 
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expression, 

a- 	= G(x - X-2) 	 (1.2) 

G is a constant, related to molecular parameters 

G = A V kT/V 	 (1.3) 

where V is the number of network chains in the sample, k is 

the Boltzmann constant, T is the absolute temperature, V is 

the volume of the sample and A is a constant. 

Equation (1.2) is a much better fit than equation 

(1.1) to the stress-strain properties of rubbers in the range 

of X values close to unity, an even better fit is given by the 
10,11 

Mooney-Rivlin equation 	which is derived from phenomenological 

considerations and for uniaxial elongation or compression at 

constant volume takes the form, 

Cr 	= 2(01  + C2/X)(X - X -2 ) 	 (1.4) 

where C1 and C2 are constant. A comparison of the coefficients 

of equations (1.2) and (1.4) has led to the identification of 

C1  with-.1G; attempts to describe C2  in molecular terms have 
10,11 

not proved to be so successful. 

(1.2.3) The Interaction of Elastomers with Solvents  

The 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 depending 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 degree of swelling is determined by the 

free energy required to elastically deform the network and the 

free energy of mixing of network chains and solvent. 

Equilibrium swelling is attained.when these two free energies 

are eaual. 
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- 1/ 	 12 
Using the kinetic theory and the Flory—Huggins equation 

respectively for the free energies of deformation and mixing, 

the following equation results for the equilibrium degree of 
11,12 

swelling. 
1/3 

A.» p2 LV 
— in( 1 — /32) — X1132 02 (1.5) 

where L is Avogadro's constant, /32 is the volume fraction of 

rubber in the swollen sample (often denoted Vi.) and)Ci is 
12 

the Flory—Huggins constant that describes the polymer—solvent 

interaction and depends on the affinity of the solvent for the 

polymer. 

(1.2.4) The Elastic Properties of Swollen Elastomers  

For uniaxial compression or elongation of a swollen 
11 

sample at constant volume, kinetic theory yields 

0 	= AVM2  oi-1/3IX — X-2) 	 (1.6) 
P2 	' 

area of the sample but X is measured relative to the swollen 

dimensions of the sample. 

This equation has been shown experimentally to be a 
11 

very good fit for swollen networks in many cases. 

(1.2.5) Cohesive Enerp777 Densities of Elastomers  

The interaction between liquids and rubbers is often 

characterised by the cohesive energy 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 solvent. 

61 = 
(
E
1
/V1)

2 
 
 (1.7) 

where 81 is the cohesive energy density, E1 is the molar 

cohesive energy and V1  is the molar volume of the solvent. 

The molar cohesive energy is given by 

El  =LVI1 	HT 
	 (1.8) 

V 
where o is measured relative to the unswollen cross—sectional 
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where 6H1 is the molar heat of evaporation and R is the 

gas constant; 0H1  may be evaluated experimentally or 
14 

evaluated from the boiling point so that 

2 82
1 
 = (23.7Tb 	0.020Tb  — 3542)/V1 	(1.9) 

where Tb 
is the boiling point of the solvent. 

The cohesive energy density of the 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) THE CHEMICAL STRESS RELAXATIO11 OF ELASTOMERS  

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

volume and temperature 

M v 	 (1.10) 

When chemical reactions take place, changes in .1.) 

arising from scission of network chains or crosslinks and 

the introduction of new crosslinks may occur, accordingly 
15 

the stress supported by the sample will change. 

M f
t 
a Vt 	 (1.11) 

where the subscript t refers to conditions as they exist at 

time t, and f is the force exerted by the sample. 

So 

f
t
if

o 
= t/2, 	 (1.12) 

where the sample initially contains ))0  network chains and 

exerts a force fo
. 
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Suppose the network is subject to both a scission 

and a crosslinking reaction so, that of the original 1.)1(0) 

network chains only1)1(t) remain at time t. In addition a 

further )2(t) network chains are formed as a result of the 

crosslinking reaction. The total number of network chains 

present at time t is 

)3 t = 	)3.(t) 
	

2( t) 

and since 

).) 0 = 	(0) 

ft/f0 --P)1(t) +1-)2( -01/ 2)1(0 ) 
By performing two different experiments independent 

estimates of 11(t) and 2(t) may be obtained. 

(1.3.1) Continuous Stress Relaxation 

The sample is stretched to some elongation A at which 

it is maintained for the duration of the experiment. Under 
15 

these conditions it is postulated 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 that 

f
t 1)  -) 

   

f 	1-)  (0) 	 (1.16) 
oic 	1 

where the subscript, c, refers to the continuous experiment. 

The validity of this assumption has been questioned and will 

be discussed later. 

(1.3.2) Intermittent Strus Relaxation  

The sample is maintained in the unstretched state; 

at certain time intervals it is stretched to some extension 

A and the force measured as quickly as possible. The sample 



0k 	, 0 
\fo   li ) 

— (f
t 	

= ))2(t) 
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is then returned to the unstretched state. Ideally the length 

of time the sample is stretched is negligible compared with 

the time spent in the unstretched state. 

In this case the force is supported by all the 
15 

crosslinks and 

( f
t
\ 	= 1-)1(t) 4.1)2(0 

(o ) (1.17) 
where the subscript, i, refers to the intermittent experiment. 

Combining equations (1.16) and (1.17) 

(1.16) 

so that both I)1(t) and L)2(t) may be obtained. 

(1.3.3) The Advantages of Chemical Stress Relaxation over Ot7,1er 

Methods 

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 elastomers. 

(iv) Interpretation of the results in terms of molecular 

parameters is comparatively straightforward. 

The sensitivity of the method is such that when 1040 of 

the network chains have been cut, the relative stress supported 

by the sample will have fallen by 10,40. lletwork chains have 

fairly high molecular weights and may contain ten, one hundred 



or more reactive groups; scission will occur when one of these 

has reacted, so that when 100 of the chains are cut, the 

change in reactive group concentration need only be 1,40 or 

less. Few chemical methods can match this sensitivity. 

In sections (1.3.1) and (1.3.2) it was shown that both 

1..)1(t) andl(t) may be estimated. Although the theoretical 

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 particularly important 

since the crosslinks may affect the stability of the backbone 

polymer or it may be the stability of the crosslinks that 

determine the overall stability of the network. 

Lastly the measured auantities can be easily related 

to molecular parameters; this is not always as straightforward 

as it appears from sections (1.3), (1.3.1) and (1.3.2) as 

will be discussed further in Chanter 3..  

The chief disadvantage of chemical stress relaxation is 

that although it can distinguish between scission and crosslinkin 

processes, it does not yield, directly, to information on the 

chemical reaction responsible. 

(1.4) THE DEGRADATIOI OF ELAST077ERS  

In section (1.3.3) it was shown that the modulus of 

an elastomer is reduced by 50.0 when 50 of the network chains 

are cut. Although 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 sample retain its deformed dimensions. If scission 

is also taking place the forces favouring the elastic recovery 

of the sample will be reduced. These two opposing effects 
15 

lead to the phenomenon of chemical permanent set which is 

often just as unwelcome as cleavage reactions alone, 

particularly in sealing applications. 

Since very little chemical reaction need take place 

for the properties of the rubber to be substantially altered 

very sensitive methods for studying degradation reactions 

are needed. 

(1.5) DEGRADATION REACTIONS IN URETHANE ELASTO=S  

LIethods of studying degradation in polyurethane 

elastomers, other than chemical stress relaxation, normally 

involve a much larger amount of reaction at relatively higher 
1,2,3 

temperatures. 	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 temperatures, 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 etc. 

Several investigations, using chemical stress relaxation, 
16-20 

have been made on polyurethane elastomers. 	The earliest 

of these were made using poorly characterised samples that 

contained a variety of cleavable links such as amide, 

disubstituted urea, biuret and allophanate linkages as well as 
16,17 

urethane and ester or ether links. 	Assuming that scission 

took place at the nitrogen containing links it was concluded 
15 

that the order of thermal stability was 

ester or ether > urethane ) disubstituted urea > biuret, 
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No conclusions were drawn regarding the stability of amide 

or allophanate links. 

In more recent studies attempts were made to identify, 
18,19,20 

more rigorously, the site of scission 	which would seem 

to be associated with the urethane group. The role of weak 

linkages, other than the urethane group, is not fully 

understood and the kinetic model used to interpret the results 

is open to criticism. 

(1.6) THE OBJECTIVES OP THE PRESENT INVESTIGATION 

To interpret chemical stress relaxation data in a 

meaningful way it is important to know as much as possible 

about the chemical and physical structure and properties of 
15,16,17 

the elastomer. In the past many studies 	have failed to 

recognise this, with 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 investigation 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 weal: 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 crosslinking 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 to assess the relative importance of these 

types of degradation processes. liost 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 oxidation has received little attention 

although it may be important, and there is some evidence that 
2 

oxidative attack of the urethane group does occur. The role 

of hydrolytic processes has been the subject of a considerable 
1,2,3 

amount of controversy 	which will be discussed further in 

Chapter 5. 



22 

CHAPTER 2 

THE ELASTIC PROPERTIES OF NET:IORKS  

(2.11 INTRODUCTION 

The interpretation of chemical stress relaxation 

measurements necessitates the description of the elastic 

properties 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 although this does not generally 

fit experimental data very well, a better fit being given 
10,11 

by the Looney-Rivlin equation. 	When the Mooney-Rivlin 

equation is used, the interpretation of the stress-strain 
'11 

properties in terms of molecular parameters is more difficult; 

especially the second constant, C2. 

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 THERMODYNAnICS OF RUBBER ELASTICITY 

When 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 
10 

second laws of thermodynamics give: 

dU = TdS 	fdl - PdV 	 (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 dV is the volume change. 

To a good approximation a rubber network is incompressible 

and dV = O. 

• dU = TdS fdl 	 (2.2) . . 
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• f = (dU/d1) 
	

T(dS/d1) 	 (2.3) 
T,V 	T,V 

10 
The Helmholz free energy of deformation is: 

dP = fdl 	Sdt 	 (2.4) 

• (dF/d1) 	= f 	 (2.5) 
T,V 

	

(dF/dT) 	S 	 (2.6) 
1,V 

Since d/dl(dF/dT) 	= d/dT(dF/dl) 	 (2.7) 

	

*1,1T 	T,V 

• (dS/dl) 	= -(df/dT) 	 (2.8) 
T,V 	1,V 

Substitution into equation (2.3) gives: 

	

f = (dU/d/) 	T(df/dT) 
T,V 	1,V 

	

Hence (dU/di) 	and (dS/d1) 	can be evaluated by 
T,V 	T,V 

studying the temperature dependence of f at constant 1. It 

is clear from figure 2.1 that the entropy term makes the 

major contribution to f. 

By analogy to gases an ideal rubber may be defined 

as one for which (dU/d1) 	= 0 and: 
T, V 

= 	2(dS/d1) 	= (dF/d1) 
	

(2.10 ) 
T,V 	T,V 

It is convenient to characterise the deformation by a 

principal extension ratio A defined as: 

A = 1/1 	 (2.11) 
0 

where 1 and 1 are respectively the final and initial lengths 
0 

of the sample in the direction of f. 



figure 2-1 : Thermoelastic Properties of Etastomers (data from Standen,ref.21) 
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Since dN = d1/1
o 	

(2.12) 

equation (2.10) becomes: 

f = - T/10(dS/dX) 	= (1/10)(dP/dX) 	(2.13) 
T,V 	T,V 

Most theories of rubber elasticity seek to evaluate 

either (dS/dX) 	or (dP/dX) 	by applying the methods of 
T,V 	T,V 

statistical mechanics. 

(2,3) STATISTICAL MECH=CS OP  SI:TGLE CHAFITS  

As a general rule, the starting point for a theory of 

rubber elasticity is the statistical mechanical description of 

a single polymer chain. Once the characteristics of the 

single chain have been established it is possible to consider 

the elastic properties of a network formed from such chains. 

The statistical properties of single chains can be 

characterised by the probability distribution of the vectors 

joining the ends of the chains. The evaluation of this for a 
22..24 

real chain is a complex problem 	and does not lead to a 

simple analytical expression except in the limit of chains of 

infinite length when the distribution has the Gaussian 
10,11,22,23,24 

form: 

P(il = 	.3  [ 

	

	3/2  ox.p [ - 3r2/2( r 2 ) 

2w <r 2  ) o 

(2.14) 

where r is the end-to-end vector and 4(r2>
o 

is the mean square 

unperturbed end-to-end vector for the chain. 

Although the Gaussian expression is valid only for 

infinite chains, it has been shown to be a good approximation 

for chains that are long but finite, provided rn1 where 

n is the number of links of length 1 that comprise the chain. 

This requirement is specified because the Gaussian equation 

predicts that there is a finite probability that r can be 
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larger than the contour length of the chain nl. 

The inverse Langevin distribution function is more 

realistic when r 4 nl as it vanishes when r > nl, although it 

has been shown that it is a worse approximation when r 	n122  

The inverse Langevin distribution has the form: 

t1 = A'L(in) 	L(r/n)ih 	(inlfln xp[L-1(in1). 1 

, 
-1 	 r/,' 

rl
2 

(2.15) 

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

constant. 

(2.4) RUBBER ELASTIC THEORY: NETWORKS OF GAUSSIAN CHAINS  

(2..1) The Kinetic or Statistical Theory  

The theory predicts that when a piece of rubber is 

deformed such that a point with coordinates (x0,y0,z0) before 

the deformation has coordinates (Xxx,,X

°  

y_,X z ) after the _ 

11,25 	 z ° 

deformation: 

2 	0 A, 
AP ,/kT =(AV/2)(X

x

2 
 + X + AZ  - 3) - B1)1nX 

x 
 X X 	(2.16) 

net 	 Y 	 y z 

AP
net 

is the free energy of deformation, k is the Boltzmann 

constant, V 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 assumptions made. The most rigorous method is that 

26,27 	 30,31 

of James and Guth 	in which the elastic network 	is 

treated as an assemblage of Gaussian chains terminated by 

crosslinks (or junction points) at which these network chains 

are bonded to one another. The number of chains that met at 

a junction point was not specified and could assume values 

2; this meant that any link junction could be considered as 

a junction point. 
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The junction points were divided into "fixed points", 

at which the network was immobilised by external constraints 

and exerted forces on the external system, and other junction 

points, which exhibit Brownian motion compatible with the 

constraints in the network. If r r 	 describe the 

positions of fixed points ag f3 ...; r.,r. .... describe the 

positions of free junction points i,j 	; and rz  

describe the positions of junction points 	, .1) .... whether 

they be fixed or free: tho total number of configurations 

available to the network consistent with the given positions 
27,31 

of the fixed points is: 

Q(rar(  ....) = fdViSdV0 	 IT Tr 13( 	1) 	(2.17) 
7.:>0 

where .71!ro  is the vector joining junction points'e and ))  . The 

most probable position of a given free junction point can be 

evaluated by choosing the coordinates that maximise equation 

(2.17): 

X = 	X 
a oa a 

Yoi = 
ja a 

• . 2:0 z 
00 a ja 

(2.18) 

where C. is a constant depending on the number of links 
Oa 

comprising the chains, nT,, that make up the network: the 

mean position of the junction j depends only on the known 

positions of the fixed points. 

When the sample is deformed the coordinates of the fixed 

points will be changed by the same extension ratios as the 

external dimensions of the sample; if these are X„,X ,X 
y 

equation (2.18) gives the new mean position of junction j: 
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x l . = A 	 = X x 
m Om a 	X of 

with similar equations for y and z components. 

(2.19) 

This proves that the mean position of the network 

junctions undergo an affine deformation when the network as 

a whole is deformed; thus the mean positions of the 

junctions are displaced according to the same principal 

extension ratios that define the change in the initial 

macroscopic shape of the sample. 
27,31 

Integration of equation (2.17) gives: 

Q(ra'   r3  ...) = K1exp [-(3 21-)EZ xOt 	x )2 +   
y 	y )2 

( zoT 	°op ) 

when the network is deformed: 

	

(ra,r5  ...) = Klexp [- (X x  x
2 	

X Y y 
A2 	x 

	

x 	z z 
(2.21) 

where Xx  = (3/212) X X(x 	- x0.1)  )2 	with similar equations 1) 

for Ky  and Kz. Assuming the material to be isotropic 

K2  = Xx  = Ky = Kz  where 

OD 

(Z 0C ■ Zop )1 

(2.22) 

Q(Xx,Xy,Xz) = Kiezp I- X2(X; + 	+ x2)] 	(2.23) 

Kl  can be equated with 	[3/(27r < 1•2  > 0) ] 3/2  of equation (2.14) 

although James and Guth, unconvinced of the equivalence of 

these two quantities, preferred to leave it unspecified. 

LSFnetik2  = -in [0.,(Xx,Xyd,z)/Q(1,1,1)] 	(2.24) 

(2.25) 

K2  = (1/212) 	(1/1-1—e1) ) [(XOZ 	XOD 	 Y0T 	Y 	
%2 ,2 , , 

-2->1) 
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James and Guth showed that if crosslinking could be 

considered as the instantaneous 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 K2  would be 1)/2; so that A = 1 and B = 0. 

James and Guth32 regarded this as an unreasonable model of the 
26 

curing process and Guth 	suggested that as an alternative 

assumption all nv., were equal: 

K2  = 	V/2 (r(2))/ 
('r2> 0 
	(2.26) 

where 6.g) 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 a system of unconstrained, 

unperturbed, Gaussian chains. In this case A = (r2) /(r2  o  

and B = 0. 
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 approach proferred by Flory, Wall and 
. 28,29,34,36,37 

Hermans 	was much simpler: the total number of 

configurations available to the network under a deformation 
11 

lx,Xydtz, at constant temperature was: 

OAX 9  y9 X- ) = V  [)
!/7C1. ) 11

] 
 TT ( r 1 q (2.27) 

where q() was the probability that a chain had an end-to-end 

vector F'i  r - ad)).1  was the number of such network chains. The 

summation extended over all possible sets of 1) i  values, 

provided 	= 1) 	the total number of chains, and the 

permutation term resulted from their indistinguishability. 
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The maximum term Q 
max 

 (X 
 x  X  y 

 X ) was evaluated and 
z 

assumed to be the dominant term in the summation so that: 

LF01/kT = In [Qmax(Xx,Xy,Xz)/Qmax(1,1,1,)] 	(2.28) 

In Qma(1,1,1,) the distribution q(r1) is assumed to be 

Gaussian and the mean square components of the end-to-end 

vectors are assumed to be affinely deformed: 

AF01/kT = (1)/2)(X 	X; + 	- 3) - 1)1nXxXyXz  .(2.29) 

This model derives the elastic free energy from the 

probability that the uncrosslinked polymer will occur in 

configurations consistent with the formation of a deformed or 

an undeformed network respectively and necessarily assumes 

that there is no difference between the free energies of 

crosslinking in the deformed and undeformed states respectively. 
11,38,39 

Flory 	argues otherwise such that if V and Vo are 

the volumes of the deformed and the undeformed network 

respectively, then the difference between the respective 

free energies of crosslinking will be: 

FcrikT  = (I) - 21)/ft ) lnXxXyX2 
	(2;30) • 

&FnetAT = (iNFel 	LFcr  )/kT =1)/2(X2 	A2 + X2  - 3) 

- (2V/ft) 121X- 4 
x y

X 
 z- 

(2.31) 

where f' is the functionality of the crosslinks. 

The two main differences between the James and. Guth 

and the Hermans, Flory, Wall anproaches are: 

(i) The presence of a logarithmic term in the HFW 

treatment; this discrepancy is not very important as the 

elastic deformation of a niece of rubber is usually very close 

to being a constant volume process where A7AyAZ  = 1 
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and the logarithmic term vanishes. An exception to this 

is the case of the swelling of rubbers in fluids which will 

be considered later. 

2 (ii) The coefficient of kT(Xx2 	Xy 	Xz
2  
 3) is 

)/2 in the NFW treatment and undefined or equal to A)/4 

in the JG treatment. If the same assumptions about the 

curing process are made, the JG treatment gives the same 

result as the HFW method; the controversy is that James and 

Guth regard these assumptions as unrealistic. 

Accepting the general form for the network free 
11 

energy as: 

AFnet
/kT = A))/2)(X2  + X2  + X2  - 3) - 131)1nX X X 

x 	Y 	z 	x y z 

(2.32) 

The case of uniaxial compression or tension where: 

XxXyXzVo  = V, Xx  = A and A y  = Az  

gives 

6rnetikr2 =(AV/2) (X2  + 2111Vo). - 3) - B ln (V/Vo )  
(2.33) 

f  = Wld(aArnet/a  A) T V =(AdkT/1)(X V/V0X
2
) 

(2.34) 

If the deformation is a constant volume process 

f =(Al)kTild(X - X-2) 

/ 
C = f/2

o

2  
 =kAVkr2/1T,XX — A ) 

where o is the stress exerted by the sample. 

The principle extension ratios in equations (2.32) - 

(2.36) are defined with respect to a reference state in which 

the mean square end-to-end vector of the network chains is 

(2.35) 

(2.36) 
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identical with that of a system of equivalent unperturbed 
11 

free chains. 	As the crosslinking process may influence 

the chain dimensions, the reference state and the state of 
40-44 

the undeformed network may be different. 	If < r2>  od 
and <1.2 > are the mean square end-to-end vectors of the 

reference state and the state of the undeformed network 

respectively: 

i/ Fnet/k2 	(A/2)k r2> ( 6. 	 r2> od] (Ax + AY ÷ Az 	3) 

- B1) lnAx  Xy  A 

= (A)..)kT/V)[<r2›. 1 	> ed.] (A  - A-2) 

(2.37) 

(2.38) 

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

the undeformed network. This correction term was first 
42-44 	40,41 

proposed by Tobolsky 	and James and Guth. 

(2.4.2) The Elasticity 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 swelling, the nature of the diluent, etc. 
11,12 

The free energy of swelling is given 

AFSW/kT = (3A1)/2)
/ 2\ 

(r2)isi<r2>os <r2)i iod 

- (31J/2) In[{ 	r(r2>is/( 2) 42\  /cid 	os 

(2.39) 

where <r2/is and /..2)(2,5  are respectively the values of 

(r2>. and (r2) od that occur in swollen samples. 

The HPW theory gives the free energy of crosslinking 

a swollen network as: 

Z\Fer/kT 	( 	- B/nin 02 	 (2.4.0 ) 

where 2 is the volume fraction rubber in the swollen, 

undeformed network. 
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Pinally the Gibbs free energy of mixing is obtained from the 
12 

Flory—Huggins equation: 

T = 1111n(1 	02) 	X 
mix/:k 
	.111A 	(2.41) 

where IT1  is the number of diluent molecules and X1  is a 

constant describing the polymer/solvent interaction. 

The total•free energy change on swelling a rubber 
11 

network is 

AG/kT = SWAT 	/kT 	LS,Gmix /kT 	(2.42) 

	

= (3AV/2) [ 	 os(r2) 11<r2 ) 	[

cr

022/3  — (r2  > os/ <r2  
 od] 

+ 1)131452 	ln i< 2  r  > osi <1'2)  od
3/2  

	

n- 	( 1 - 02 ) 	X 1lTifi2 	 (2.43) 

If the network is swollen in pure diluent the difference 

in the chemical potential of the solvent inside and outside of 

the network is: 

Li 111  = ( 	6 G/ 	) (2.44) 
T,V 

At equilibrium LsAll  = 0 and: 

—2/3 0(-1/3 A )) V1qo 	r2 	[ln(1 — 132) 	(1 — BV*71)0 

2/3 
where qo  

x,12]
2  2 	

(2.45) 

<1'2> osi <r
2 

> i , V1  is the Partial molar volume 

of the diluent and I)*  is the number of moles of network 

chains ner unit volume of rubber. 

If the freely swollen network is deformed, then for the 
11 

case of uniaxial compression or tension: 

= (A 2'111)0-1/2  c1-2/ 3 (X 	Od  / X20 ) 
2 (2.46) 

where 6 is defined with respect to the dimensions of the 

dry undeformed network, whilst A is defined with respect to 

the swollen but undeformed network; 0c, is the volume fraction 
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of rubber in the swollen deformed network. For a constant 

volume deformation Od = 0, so: 
= (AAT)21/3 -2/0 

(X - X-2) (2.47) 

A swollen network is characterised by A,B,)(1,/)and 

go; the possible values of A and B have been discussed. qo  

is often assumed to be unity which implies that <1.2)od = VIVos 11 
although this has not been theoretically justified. 	A 

*- may be obtained from stress-strain measurements, so if BV V
1 

is assumed to be much smaller than unity (B is assumed to be 

zero by James and Guth) then Xi  may be obtained from equation 

(2.45). Introducing the assumptions that B is zero and qo  

is unity gives: 

Alrv,A21/2  = 	[1n(1  - 162) 	02 	2614)] 	(2.48) 

and: T = (Al ieRT)4/3(X X-2) 	 (2.49) 

which are the more commonly encountered forms of these equations. 

(2.4.3) The Swelling of Elastomers: Cohesive Energy Densities 

of Polymers. 
12 

The Flory-Huggins constant 'X i, is a free energy of 

mixing comprising an enthalpy of mixing and a non-combinational 

contribution to the entropy of the system: 

X 1 = 'CH 
	 (2.50) 

)(H  = ['12  - *(Wal W24/kT 
	

(2.51) 

where W12 W11 and  W22 are the energies associated with 

solvent/polymer, solvent/solvent and polymer/polymer contacts 

respectively and Z is the number of nearest neighbour contacts. 

If the system is free from specific interactions then to a good 
45 

approximation: 
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1 
V I 
'12 	17111W22r

2 
 

1 
:. 26-H = -2(7111 	W2i)/2"  

45,46 	1 
or 	= 	kEliVi)2  - (E2/V20 I 

(2.52) 

(2.53) 

(2.54) 

El and E2 are respectively the molar cohesive energies of 

solvent and polymer (i.e. F1  = -Z 1711/2 and E2  = -7J157 9/2 where 

LI is the number of polymer segments per chain) and V1  and V2  

are respectively the molar volumes of solvent and polymer. 

Equation (2.54) gives: 

= V1AT(81.  - 	 (2.55) 

where 81  = (E1/V1)2  and 82 = (E2/V2)2  are respectively the 

cohesive energy densities or solubility parameters of solvent 

and polymer. 

It follows from the Flory-Huggins equation that a 

polymer will be soluble in a diluent over the entire range 

of composition, 1> 02> 0, if x1 is less than 0.5. Many workers 

have found empirically that /.s  has a value of 0.3-0.4 so for 

Xi  to be less than 0.5,X.H  must be very small; as the smaller 

the better the solvent, the best solvent will have a zero 

value and: 

81 = 62 
	

(2.56) 

This relation provides the method for evaluating 82  

by swelling the rubber in a series of solvents, plotting the 

degree of swelling against 81, values of which are tabulated, 

and interpolating to obtain the 82  value corresponding to the 
47,A-6,49 

maximum swell. 	As systems devoid of specific inter- 

actions are a rare occurence the solvents used to determine 

82 should all be of the same chemical type (i.e. all esters, 

hetones, ethers, alcohols etc.), and preferably similar 
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to the rubber, so specific interactions would all have 

approximately the same magnitude and non-sPecific interactions 

would be dominant in determining degrees of swelling. In this 

case the method may be applied to systems with specific 

interactions although it is clearly not highly accurate and 

should only be regarded as of semi-quantitative or aualitative 

value. 

The method may be improved by splitting the overall 81  

value for a solvent into components describing the various 
14,50,51,52 

types of interaction 

	

	including specific interactions 
14 

such as hydrogen bonding etc. 

8
2 	9 

S
2 	

S
2 

I- 8 	 (2.57) 

where II is the hydrogen bonding contribution and includes 

other similar types of weak intermolecular bonds; 8p  is the 

contribution from polarisation forces due to dipole inter-

actions etc., and 8D  is the contribution from dispersion 

forces. 

(2.5) RUBBER ELASTIC THEORY: DEVIATIOrS FROM KII-,3TIC THEORY 

Kany dry samples do not obey the kinetic theory; a 

better fit to the data is generally given by the two 
10 

parameter Mooney-Rivlin equation, proposed on purely 

phenomenological grounds (see figure 2.2). 

A large number of attempts have been made to improve on 

the kinetic theory expression and to describe the second 

Looney-Rivlin constant in molecular terms. 

(2.5.1) The PhD=^omenolo7:',eal Theor:-  of ::ee'_-_e7 and Rivlin 
53 

Rivlin 	showed that the free energy of deformation 

of a body, composed of a material that is isotropic in the 

undeformed state and in which any point (x0,y0,z0) in the 



1=o j=o 
The first non-zero term in this expansion is: 

def 
= C

10 
 (1
1 
 -3) (2.61) 

F  def 	0..(I1  -3)i(I2- 3)ri 10 	(2.60) 

37 

undeformed state undergoes an affine deformation having 

coordinates (Xxxo  ,Xy  yo,Xzzo) in the deformed state vas: 

.A.Fdef 
= 	cijk  (11  -3)i(12

-3)j(13-3)
k 

(2.56) 
i=o j=o 11-.0 

where= ax 	2 + X2  + X 

22 2 	2 12  = X . X + X.X + XxX
2 

x y 	y z 	z 

= 2X2X2  3 	y z 

Assuming that the material is imcompressible, when 13 
= 

(2.59) 

which has the same form as the kinetic theory equation. The 

sum of the first two terms is: 

Fdef = ClO(.il-3) 	C01(12-3) 	
(2.62) 

54 
which was first derived by Looney . For uniaxial tension or 

compression this gives: 

, 
a' = 2(C

1 
 + C2/X)(X - X

-2 
 ) 	 (2.63) 

where C1  = C
10

/17 and C7  = Co  /V. Equation (2.63) has been 
1 

shown o fit the stress-strain properties of dry elastomer- 

networks over a fairly wide range of X -values. 
21,55,56,57 

Other phenomenological equations 	have been 

proposed but none has been used as widely as .the Mooney-Rivlin 

equation. 

When applied to the case of swollen networks the 

Looney-Rivlin equation takes the form: 

= 2(0
1 

+ C
2
/X)iS

2
1/3

(X - X
-2
) 
	(2.64 ) 

The two coefficients Ci  and C2  cannot be internreted 

in molecular terms from the Loone7)-Rivlin theory but comparing 
11 

coefficients with the kinetic theory gives : 

2C1  = (AD kT/V) (r2>i/4,2)04  for dry networks 	(2.65) 
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-2/3 
and 	2C

1 
 = (Al)kT/V)qo 	for swollen networks 

If <r2,)iAr2> .0d  and q0  are assumed to be unity: 

2C1  = (Al)kT/V) for both dry and swollen networks 

(2.66) 

(2.67) 

C2 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 Kinetic Theory  

(2.5.2.1) Iron-Gaussian Sin-le Chain Statistics  

The Gaussian approximation is only valid when the end-

to-end vector of a network chain is small compared with its 

contour length; when this is not so the inverse Langevin 
26 

distribution is a better approximation. Guth used a series 

expansion approximation of the inverse Langevin distribution 

and showed by the JG method that 

1 	1 3 
Q' = D1(X 	X-2) 	2/3D2

1 
 (1 - X-3 D2 (X-

-3
) 

( 2. 68) 

where D1  = K2kT,D21  =T and D211 	D1 ' • Ki  has the same 
2 2 	58 

characteristics as L2. Smith, Ciferri and Hermans used a 

similar series expansion but employed the HFW method to obtain 

an equation identical to equation (2.68) but with 

D
1 

= (AvkT/1/) 	-n-1), Di
2 
 = (3AkT/5nV) and 

D2 = (3AkT/lOnV) 
	

(2.69) 

Equation (2.68) contains a term with the same form as 

the second term of the Mooney-Rivlin equation, in addition 
26 

to a term in (A3  - A-3). However, Guth 	suggests that 

when inter and intramolecular interaction effects are taken 

into account there may be a partial cancellation of this 

term, as will be shown later. 
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10 
Treloar 	has used the inverse Langevin distribution 

in conjunction with the regular cubic three chain and the 

regular tetrahedral four chain model, such as has been used 
34,35 

by Flory and Rohner 	, which gives 

cr = 0)kT/3) 	[ 17-1(xini) - 5,312 	-L-1(x 	(2.70) 

for the three chain model and 

2 	-1 	1 
= 0)kT/4(m-0/3)2-(X - A ) 1 	+ 2/AP(3/m"Z)IF 

(2.71) 

for the four chain model. In both cases ml is the contour 

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 1) and m but this, like that obtained using 

the nooney-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 inclusion of a 

term that corresponds to a small attractive force resisting 

extension of the chain. This gives the stress-strain 

equation: 

= C 	A-2)+ re- [3/20%3 	(A2 + 2) tan-10.3  - 1)2  

(A
3 
- 1)

3/2 

where C = (AVkT/V) <r2>i  /(r
2
)0d  and m*  is a constant. 

This equation gives a c IrsX curve that is very similar 
59 

to that predicted by the Mooney-Rivlin equation. 

(2.5.2.2) The Presence of Crosslinks and Network Connectivity  
60 

Gordon 	has proposed a stress-strain equation in 

which network connectivity was introduced via Dirac delta 

functions. 

(X 2  + 2/A) 
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For unia2ial compression or tension at constant volume 

this takes the form 

[ T 2/(11  - 3) 	D1  .1) 2 	
- 3) 	= D2 JJ2(I1  - 	

(2.73) 

where Di  and D2  are constants related to molecular parameters 

and I = (X2  + 2/)X). Rearrangement of this equation shows 

T 	to be proportional to .)-) as in all the other equations 

considered so far. This equation gives a good fit to the 
60 

data as does the Mooney-Rivlin equation. 

In the derivation of the kinetic theory expression it 

was implicitly assumed that the crosslinks were randomly 

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) Non-Ideal Network 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 ends 
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 	(page 55 ). 
12,61, 

Entanglements 	(figure 2.3.b) and loops (figure 2.3c) 

may also occur. Permanent entanglements cannot be unentangled 

without breaking network chains or crosslinks whilst temporary 

entanglements can be removed without network chain or crosslink 

cleavage. In general temporary entanglements will not affect 



where 2.)b is the number of bundles; this equation has the same 
63 

form as the ilooney-Rivlin equation. James and Guth 	have 
64 

also obtained a similar equation and Blockaand 	has derived 

42 

the equilbrium elastic properties of the network but may con- 

tribute to the approach to equilibrium as a viscoelastic 
25 

effect: 	on the other hand, permanent entanglements will 
61 

act as additional partial crosslinks. 

Loops will affect the elastic properties of the 

network in the same way as loose ends unless they inter-

penetrate other loops (figure 2.d) or are entangled 

(figure 2.3e) in these cases they will behave as permanent 
1 

entanglements. 

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 bundles of molecules, chains or 
11 

segments. 	Since these regions will tend to become 

preferentially orientated when the network is deformed they 

will give rise to an additional entropy contribution. 
62 

Volkenstein, Gotlib and Ptitsyn 	have treated this case 

and obtained: 

o-- 	(AkT/V)[ <1.2> ( ii )) 	r2)0 -j(A - A-2) 

(2.74) 

2 

(0.72/)bkT/V)(1 -X-3) 

a more complicated equation that is theoretically less 

satisfactory. A recent equation to describe networks of 

partially crystalline chains has been proposed by Yamamoto 
65 

and White 	and will be discussed in section (2.5.2.5) 
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(9.5.2.4) Volume Effects  

Implicit in the kinetic theory is the assumption that 

the polymer segments, which comprise the network chains, have 

zero volume; in reality polymer segments have a small but 

finite volume so that a region of space that is occupied by 

a polymer segment cannot be occupied 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 is less than that predicted by 

the Gaussian distribution. Several distribution functions 
67,66,69 

that include excluded volume effects have been proposed. 
66 

These have been reviewed by Shen, Hall and De Wames 	and give a 

stress-strain equation. 

= Al(X - X-  ) + A2 	(x) 
	

(2.75) 

where Al  and A2 are constants related to molecular parameters 

(both are proportional to 1)kT) and ci(X) is a complicated 

function of X having roughly the same dependence on X as 

(1 - X-3). Unfortunately!IPX) usually has the opposite sign 

to (1 - X-3) which makes it unlikely to be the only explanation 

for the deviations from kinetic theory. 
70 

Di Marzio 	suggested that neighbouring network chains 

would compete for the available space, reducing the number 

of configurations of a chain below the number predicted by the 

Gaussian distribution. This results in the appearance of a 

"packing entropy" giving the equation 

cr 	= (1)kT/V)(X - X-2) + (1)1.T/3V) [2X(l + 3X2/n)-1 	(2,76) 

+ 1/X2(1 + 3/nX)] ln 2(1 - az) 

1 + az 

where n is the number of segments per chain and 

az  = 1/3 + 2/4(1 + 3X2/n)2 - (1 + 3/mx)2 , 
	

(2.77) 
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This correction term does have the correct sign but is 

generally smaller than the second term in the Llooney-Rivlin 

equation. 

(2.5.2.5) Deviations Due to the Deformation Process  
71 

Friss 	suggested that whilst end-to-end vectors were 

transformed affinely, the number of configurations available 

to the deformed network was reduced due to the fact that 

chains may not pass through other network chains. This 

gave an equation: 

a- 	= (A))kT/V) V
r2)i/V)od][(X 	x-2) 	m*  .i(x) 	(2.78) 

where <t(x) = X2/3(X3-4- X-1 	A(X3 	4)tan-1(X3  - 1 )2  

2(A - 1)
3/2 	(2.79) 

and m * is a constant. 
72 

Jackson, Shen and McQuarrie 	have also treated the 

case of molecular obstruction and obtained 

a- 	= (1)kT/V)(X 	X-2)- (2)kTq/3n(1-q)V)(2X3  - X-3  - 1) 

(2.80) 

where q is the fractional occupied space in the network. 

This equation was found to account for 20 - 60 5/0 of the C2  

term for several different rubbers. 
73 

Dobson and Gordon 	suggested that short chains and 

crosslinks (which are short chains) would follow the rotational 

part of the affine deformation but not the dilatational part 

giving an equation identical to equation (2.78) but with 

4(X) -43X-1/ 2(X3-1)1.- X-1 	3X2tan-37(A3  - 1)2  

2(X3  - 1)
3/2 	

(2.81) 
59 

Gordon, Love and Pugh 	showed that this resulted from 

ignoring the Brownian motion of crosslinks and that a proper 



derivation showed this effect to be negligible. Thirion and 
74 

Chasset 	combined an empirical equation expressing non.affine 

deformation with inverse Langevin statistics giving a 

complicated equation that simulated, fairly well, the general 

shape of the experimental data. 

(2.5.2.6) molecular 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 

,  cr 	= D1(x - X-2) 	D2(1 - X
-3 

 ) 	2D2(X
3 

- X 
3 
 ) 	(2.82) 

where D1  = LikT(w2), D2  = LI (w2)kT/5 [(5kT/Bz) + 1], LI is 

the number of segments per unit volume, <w2) is the mean-

square fractional extension of the network chains, B is a 

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 VIaals forces 

introduced into imperfect gas theory. Comparison of this 

equation with equation (2.66) shows that they have the same 

form; combination of the two equations gives 

-2x 	/ 11„ 	-31 	- a-  = D1(x - X 	(D2  + 2/3D2)t1 - X j 	(D
2
1 
 ..2D )(X

3 
 -X

3 
 ) 2 

(2.83) 

e',./ and if, at some particular temperature, D2 :2D
2 then the 

equation reduces to the :looney-Rivlin equation. Although an 

exact cancellation is unlikely it is possible that there 

might be a partial cancellation. 

An alternative approach has been proposed by Krigbaum 
75 

and raneko 	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 peri)endicular to the 
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plane formed by the previous two. Thus every third link 

is in the same direction (e.g. the:xdirection) and the only 

difference between two links lying in this direction is 

their sign (i.e. + or -). Consequently the system of 

cubic chains is regarded as comprising three sets of one 

dimensional chains, interactions being introduced by 

assigning different energies to successive pairs of bonds 

with like and unlike signs. Use of the JG method gives 

Cr 	( kT/V ) Vs/1T.-  )
1/3

(a - )■-2)Q . 	(2.84) 

where 

Q = 1 + 9N(Vs  V)
2/3

(30
2k 	

e
-2k

)(X
2 
 + 4/3)x) 	(2.95) 

Vsis the volume of the strained sample, K 
=AE/2kT, 

AE= E=unlike - 4Elike andeunlike and Elike are respectively 

the energies of pairs of bonds with unlike and like signs. 
42 	 76 

Tobolsky, Carlson and Indictor 	and Flory, Hoeve and Ciferri 

have treated the problem in a similar manner using one 

dimensional chains and have obtained equations with the same 

strain dependence as kinetic theory, only the front factor 

was modified. The Krigbaum and Kaneko equation fits the 

experimental data giving negative IC values that indicate that 

the stretching process is opposed by the internal energy 

effects in the sense that coiled configurations are energetically 

preferred over the more extended configurations. 
65 

A recent approach by Yamamoto and White 	has used 

a lattice model for networks with internal energy contributions 

that depend on the relative configurations of sequences of 

bonds (assuming bonds may be in either gauche or trans 

configurations). This

/

theory   gives 

/ 	P 
or = (Al)kT/V 

 

configurations).

/ 
	2(3[SbAo)(11-1)(x2+X-1)f(f-1) 

(A — X-2) 

(2.96) 
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where Li is the number of segments per polymer chain, Lb is 

the extended length of a chain, Al) = 1)2  - bG, Mbrp  and 

MbG  are respectively the extended lengths of polymer chains 

with all bonds in the trans or gauche configuration, 

f = [(z' - 2)X] / [1 + (z' - 2)X], X = expa-(EG  -ET ) 

+ (kTAbill 	
1

b)(X 2  - A-1) AT] , z' is the coordination number 

of the polymer chain sub-lattice and E G 	1 
and El  are 

respectively the energies associated with gauche and trans 

bonds. 

This theory has been extended to treat a network of 

partially crystalline chains giving 

a- 	- (A))kT/V) (1/1- X. ) [ (X - X-2 ) -iIbLb 7(.*  g(X)] ( 

where X is the fraction of the LI segments of a chain that 

are crystalline and g(X) is a complicated function of X. 

Equations (2.86) and (2.87) have been successfully applied 

to the prediction of crystallinity induced as a consequence 

of the deformation process. 

(2.5.3) The Molecular Basis of the Second Ilooney-Rivlin Constant  

The second iiooney-Rivlin constant, C2, which expresses 

the magnitude of the deviations from kinetic theory, is 

difficult to interpret in molecular terms. 

In section (2.5.2) the theoretical proposals that have 

been advanced to explain these deviations have been reviewed. 

Many of these treatments give equations that are either 

identical or give approximately the same dependence on X to 

the Mooney-Rivlin equation and consequently these equations 

fit the experimental data quite well. It would thus aPpear 

(2.87) 



that equations do exist which give molecular credibility to 

02  although it is impossible, from stress-strain measurements 

alone, to decide which of these equations aPply to a 

Particular rubber. 
25,77 

To add further to this confusion, it has been sugested 

that none of these equilibrium explanations is responsible 

for C2 which results from the failure of the network to reach 25,77 
eauilibrium. -Flory and Ciferri reported that the magnitude 

of C2  was influenced by the time scale of the experiment 

such that smaller C2 values were obtained when the time 

interval between successive loadings of the sample was 

increased. This implied that the observed 02 values arose, 

in part, from the failure to achieve equilibrium conditions 

when evaluation was based on stress-strain measurements 

where sufficient time was not allowed for the completion of 
25,77 

stress relaxation. It was suggested 	that under ideal 

equilibrium conditions C2 would become vanishingly small. 

Whilst there is evidence that 02  can be reduced there 

is also a considerable body of evidence that even under these 

conditions C2  still remains finite 	That part of C2  that 

depends on non-equilibrium effects will depend on the nature 

of the sample and will be reduced by swellinn: the sample 

in a diluent, which may also reduce the equilibrium part of 

C2, and by increasing the temperature. 0,, can sometimes be 

reduced to zero by swelling the samples in a diluent and 

mair,ing stress-strain measurements on the swollen samples. 

A feature of 02 apparent from the theoretical treatments 
78 

of section (2.5.2) and the experimental evidence is that C2  is 

proportional to 	; this is important to the interpretation 

of chemical stress relaxation measurements to be discussed in 

Chapter 3. 
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CHAPTER 3 

C=ICAL STRESS RELA:.:ATIOH: THEORETICAL 00::SIDERATIOS 

(3.i) IHTRODUCTIOIT 
15,79,80 

Chemical stress relaxation 	is a method for 

measuring the progress of chemical reactions that result in 

changes of the number of elastically effective network chains 

within a polymer network. Experimentally the technique 

comprises measuring the force exerted by a strip of rubber 

at constant strain and temperature. Under these conditions 

both Cl  and C2 are proportional to 1) 	(see Chapter 2) so 

f a )-) 	 (3.1) 

If C2  is primarily due to non-equilibrium effects 

there may be deviations from eouation (3.1), although chemical 

stress relaxation is conducted at higher temperatures than 

stress-strain measurements where viscoelastic relaxation 

will be fast. Thus non-equilibrium effects are likely to be 

small; their magnitude may be determined by comparing stress-

relaxation data with estimates of the changes in I) obtained 

from swelling measurements, 

If f
o 
and ft are respectively the forces exerted by the 

network initially and at time t and 1)0  and Ot  are respectively 

the network chain densities initially and at time t 

f
t
if

o 
= 	i)

o 
	(3.2) 

(3.2) C0172IITUOUS AITD IIITTERMITT= STRESS 1),ELAXAIPIO.:T:  

TWO ITET702r THEORY 

The chemical stress relaxation experiment may be done 
15,80,61 

in one of two ways: 
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(I) The sample is maintained continuously at constant 

strain and temperature 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 temperature and stretched 

intermittently to a fixed strain in order to measure the 

force exerted by it; 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 is an intermittent stress relaxation experiment. 
81 

Tobolsky, Andrews and 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 t, new crosslinks formed supporting zero stress. 

The sample behaves as if it comprises two interpenetrating, 

but independent 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 sample, contains the new crosslinks 

formed. 

Levi crosslinks formed are assumed to support zero 

stress because they are formed between chain segments that 

are close neighbours prior to crosslinking (see figure 3.1) 

The intermittent exoeriment gives a measure of the 

change in overall network chain density, whether this is due 

to cleavage or additional crosslinking. 
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r- 

so 	PS(t) = A3 	Al- 

((1)1(t)/2)2(t))A2. 

3 — 1 
	(3.7) 

100 , 	 3 	, 
where Al  = (1,410) —1, A2  = (1x/10) , A3  
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If the network chains of the first network are 1), 

whilst those of the second network are I)2 

( ft/20 ) c = ')1(0/1)1(0) 	 (3.3) 

(ft/1'0i 	1.)1(t) 	1-'2( 0  

I1(0 ) 
	 (3.4) 

so 	D = ( ft/fo ) i 	( ft/fo)c "j2(t)/Ij1(o) 	(3.5) 

where the subscripts c and i refer respectively to continuous 

and intermittent experiments (see figure 3.2). 

Since the second network, formed in a deformed sample 

due to crosslink formation, is relaxed, it will tend to resist 

the return of the sample to its original length when the force 

is removed; relaxation of the first network will be accompanied 

by deformation of the second. This means that the sample 

will retract until the forces exerted by the two networks are 

equal. If 10 and 1x are respectively the original and the 

extended length of the sample and ls(t) is its final length; 

the percentage "chemical permanent set" is 

Ps(t) = 13 (t) — 10  x 100 	 (3.6 ) 

lx  — 10  

(ix./10  — 1) 

) i 	( ftifo ) c ]-1  and lyt)/02(t) = (ft/fo)c  [(ft  
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Thus the percentare chemical Permanent set can be obtained from 

continuous and intermittant stress relaxation measurements. 

The "two network" hypothesis has been criticised by 
82,83,64,85 

several authors 	who argue that although new crosslinks 

are not under stress when formed they will take on a fractional 

stress as degradation of the first network proceeds. These 

criticisms will be discussed later. 

3.3 CLEAVAG2 R7ACTIOITS 	ELASTM:ER ITETWOR3:8  
15,86 

(3.3.1) Cleavar,e in or at the Crosslinks  

Suppose scission takes place in the crosslink (i.e. 

the bond joining two chains is cut). If there werel)(o) 

original network chains, that is 1)(o)/2 crosslinks, then 

after q cuts have been made, the number of crosslinks remaining 

is 

	

1.)(q)/2 = 1)(o)/2 q 	(3.8) 

( ft/fo )c = ())(t)/1) (0)) 
	

(1)(q)/1)(0)) 	= 1 — 2q(t)/L(o) 

(3.9) 

Another case is that in which the presence of a 

crosslink introduces a cleavage site into the main chain adjacent 

to the crosslink. If one site is introduced per network chain 

then after q cuts have been made 

	

1)(0 = 1)(o) —a 	(3.10) 

(ftifo)c  = ( L (q) /I) (0)) = (2) (0/ (o)) = 1 — q( -011) (0) 

(3.11) 

If two sites are introduced per network chain then the 

probability that a site has undergone scission in q/2.1)(o), 

the probability that a chain has not been cut is thus 

[1 — q/21)(o) 2  and 	P 
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f ti f o  ) 0 	= 	( t)/ 2) (o)) 	= 	)/)-) ( 0)) [1 - t 	21)( 0 ) 2  

at short times when q(t)/21)(o) 	is small 

( 3 . 12 ) 

(ft/fo)c R.4 	1 	q(0/0(0) (3 . 13 ) 

A comparison of equations 	(3.9), 	(3.11) and (3.12) is shown 

in figure 3.3. 

In equations (3.9), (3.11) and (3.12) qw will be 

proportional to)-'(o), this means that (ft/f0)0  will be 

independent ofl)(o). 

83.3.2) Cleavan,e Within 11.-3twork Chains  

The case of cleavage within network chains, 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 Watson 

considered scission of network chains that contained a large 

number of cleavage sites; Tobolsky assumed that all the 

network chains contained the same number of sites, whilst 

Berry and Watson assumed that cleavage sites were randomly 

distributed amongst the network chains. In either case the 

probability that one of the x sites of a chain has undergone 

cleavage when q cuts have been made in the network is 

q/z1"(o,z), where))(o,z) is the number of original network 

chains that contained z sites. The probability that a site 

has not been cleaved is (1 — q/x))(o,x)) and hence the 

probability that the chain has not been cut is (1 — q/x1)(o,z))x. 
15 

Tobolsky 	assumed that all the chains contained the 

same number of sites, m, so 

1, ( q)/1)(o) 	(1 - q/m.)(o))m 	(3.14) 
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in [1) (q)/1) ( o ) 	= m in [1 - qiml) ( o )1 	(3.15) 

q is usually much smaller than m:0(o) so to a good approximation 

in [1)(q)/1)(o)] 	= - q/ll (o) 	(3.16) 

• 	in (f tIf o ) c = 	q(t)/1)(0) 
	

(3.17) 

86,87 
Berry and Watson 	assumed that the number of chains 

12,86 
containing 1)(o,x) was given by the random distribution 

(o,x) = v(o)p(1 - p)x-1 	 (3.18) 

where p is the reciprocal of the average chain length. This 

gives 

1.)(q) 	1)(0)p(1-q/Ei1)(0)) 
(3.19) 

1) (o) 	p 	(q/20(0))( 1 — p) 

where R is the average number of cleavable units per chain. 

When 1/p is large, i.e. the chains are long, equation 

(3.19) reduces to 

q)/ 	= [q/v ( ) 	1 —1 	 (3.20) 

89 ( ftifo )c = (0) 
+ 1 ]-1 (3.21) 

Yu 	has also considered the case of scission where scission 

sites are randomly distributed, although his derivation 

contains the implicit assumpton that cleaved bonds undergo 
82 

regeneration . Yu's equation reduces to equation (3.21) 

when 1/p is large. 

These authors all treat the problem by introducing cuts 

into an initially perfect network (i.e. a network devoid of 

loose ends or other network defects); the network produced 

after n chains have been cut is the same as a network produced 

by the crosslinking of n primary molecules. This results 
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because n cut chains will give a network 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 
12 	90 

primary molecules has been considered by Flory, Scanlan, 
11,91,92,93 

and others. 
12 

Flory 	suggested that the number of effective network 

chains (i.e. chains terminated at each end by a crosslink) was 

I) ( q ) = 1)( o) 	2n 	 (3.22) 

where q cuts result in the scission of n chains. 

(ft/fo)c  = 1)(t)/L)(o) = 1 — 2n/1)(o) = 1 — 2q(t)/1)(o) 

(3.23) 
90 

Scanlan 	has corrected this result to include the effect of 

the presence of a sot fraction giving 

(ftifo)e = (1  — s1)3(1 	sl) 	(3.24) 

for a random distribution where s1 = 	[1/4 	(q( t ) /) ( o ) ) 
90 	91 	 92,93 

Scanlan, iiullins and Thomas, and Gordon and Dobson 
12 

have shown that Flory's treatment 	does not take proper 

account of the effectiveness of three functional crosslinks 

generated when one of the chains attached to a four functional 
92,93 

crosslink is cut. Gordon and Dobsons' 	theory is the most 
91 

general and gives the same result as the 	and Thomas 
90 

and Scanlan 	treatments in this cases  hence  

(ft/fo)c = (1  — s1)3(1 	251) 	(3.25) 

A comparison of the four a7,proaches is given in figure 3.4; 
15 	86,67 

equation (3.25) approaches the Tobolsky 	and Berry and Watson 
12 

equations at small q(t)h)(0) values and the Flory 	equation 
103 

at high q(0/1)(o) values. Shaw 	has considered mechanical 



59 

and electrical analogues and computer simulated networks which 

give a (ft  ifo  )c  dependence intermediate between the Flory and 

Tobolsky equations provided no sal fraction effects are 

included. 

These equations may also be used to correct the kinetic 

theory expression for network defects (see section 2.5.2.3) 

if q(t)/ v (o) is replaced by 1,inplc, where /In is the number 

average molecular weight of the primary molecules and r.c is 

the number average molecular weight between crosslinks. If 
90 

the Scanlan 	equation is used then (A.1)kT/V) of equation 

(2.30) becomes 	[11.1)(1 - s1)
3
(1 + 2s

1)kT/V]where 

(3.26) 

When applied to chemical stress relaxation measurements 

the theories nredict 

(ftifo )c 

where 
	

(x) is some function, the nature of which depends on 

which theory is adopted. q(t) will depend only on the number 

of cleavable bonds and will be independent of the crosslink 

density so that in networks identical in all respects except 

crosslink density, q(t) will be at the same and 

(fjfo  )c  = V(1)(0)-1) 	 (3.26) 

so if (f
t 
 if 

o  )c 
 is a function of 1/1)(o) cleavage takes place 

randomly within the network chains whilst if (ft/f0)0  is 

independent of 1/1.)(0) cleavage takes place in or at the 

crosslinks. 

If network chains contain a small number of specific 

cleavage sites these equations may be modified but (ft/fo)c  

will still be a function of 1/1)(o). 

(q(t)/1)(o)) (3.27) 

  



q(t)/))(0) 

figure 3.4 :Comparison of equations relating (felt L 
to q(t)/.1)(0) — (i)Flory;(ii)Scanlan;Dobson &Gordon; 

Mullins & Thomas;  (iii)Tobolsky;(iv)Berry & Watson 

co 
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(3.4) COSSIIITN=C 	EL: sTo= =2:7;02T7S 
15,81 

The use of the "two network theory" 	to internret 

the results of chemical stress relaxation experiments on 

networks undergoing simultaneous cleavage and crosslinking 

has been discussed in section 3.2. The central assumption 

of this theory was that new crosslinks formed in a strained 
82,83,84, E5 

sample supported zero stress. This has been questioned: 

whilst it is probably valid at the instant of crosslink formation, 

the crosslinks may take on a fractional stress as neighbouring 

first stage crosslinks are removed. 

The constraint imposed by a new crosslink is illustrated 

in figure 3.5: if there is no new crosslink, cleavage of 

chain ab frees crosslinks a and b so that they can take up 

new positions consistent only with the constraints afforded 

by the remaining three chains attached to each. If a new 

crosslink c has been formed, the freedom of b is restricted 

by its connection to c. Thus, on average, chains or crosslinks 

freed by cleavage of first stage chains or crosslinks will be 

partially constrained to the configuratiorsor regions of space 

available to them prior to cleavage. 

This problem is difficult to treat theoretically 

although several approaches have been made in specific cases. 

(3.4.1) Cross? ink Breakdown and Reformation: Reformed Crossl.in::s  

beinp Immune from Further Breakdown  
94 	83 

This was treated by Scanlan 	and Flory; 
	

Scanlan's 

treatment is the more rigorous. The original crosslinks undergb 

cleavage, they then reform to produce stable crosslinks that 

do not undergo further rupture; Scanlan considers the effect 

of this occurence in a strained network. 



6:1 

(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, containing 1)1/2 crosslinks, is deformed 

by X70,Xy0,Xzo, 1)2/2 further crosslinks introduced, followed 

by a further deformation to Xx,Xv,Xz, the entropy chance is 

AS = ki2 	+ 1)212 ] 
	

(3.29) 

where i = Xx
2   4. X2 	Xz - 3 

2 	2 	2 
and 12  = (Ax/X70) 	(Xy  /Xy  ) 	(Az/X,0) - 3 63 
These equations are derived in both theories except that Flory 

generalises eauation (3.29) by replacing I and 12  by the traces 

of deformation gradient matrices so that the two deformations 

can be defined with different principal axes. Eauation (3.29) 

can be extended to give the entropy of a network in which 

several sets of crosslinks have been introduced in different 

states of strain. 

=ii."/ 2 ) 	1.)1, 

where IT = (A A )2 	(x 	)2 	(x /A 	)
2 

-- 3 " 
xt 	y 	z 

(3.30) 

X ,X ,X represent the final deformed state and X ,X ,X x y 	p 	a 	
mv 	z-e 

the state in which the liz/2 crosslinks were introduced. 

The result expressed in equation (3.29) and (3.30) for the 

case of crosslink formation without cleavage is identical 

with that obtained from the two network theory and may be 

regarded as a:Proof of the two network theory under these 

conditions (an equally valid proof in this case has also been 
62 

given by Berry, Scanlan and Watson ). 

Scanlan's theory considered the average entropy of 

freeing a monomer unit by removal of a crosslink. The 

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

unbroken first stage crosslinks under a deformation Xz,Xy,X2 



pm(V1) = 3 
I3n  

n3/23.1. al'. al. 
170 Y3 20 

(3.31 ) 
oxp 

•••• 

n2'.2 	2  • 
`'Jr 	

..  

ayj azj 

6/1- 

36 
was assumed to be given by the Wall distribution. 	If one end 

of the chain under consideration is terminated by a crosslink 

that has broken and reformed its distribution of end-to-end 

vectors will not be given by the Wall distribution. 

Consider two neighbouring network chains derived from the same 

Primary molecule which are joined by a reformed crosslink and 

the other ends of which are terminated by undisturbed crosslinks. 

The probability distribution for one of these chains will 

depend on the distribution for the second chain immediately 

Prior to the scission, movement and reformation of the 

disturbed crosslink. If this second chain were terminated 

by a reformed crosslink its distribution function would 

depend on the distribution of the third chain derived from the 
• 

same primary molecule immediately prior to disturbance of this 

second reformed crosslink. This argument can be continued 

such that the distribution of chain vectors, for a network 

chain, depends on the number of neighbouring crosslinks along 

the same primary molecule that have been broken and reformed 

sequentially starting with the most distant. Scanlan has 

shown that the distribution function for a chain that terminates 

a run of j sequentially broken and reformed crosslinks is 

where -.= xj  = 1/3 { (2 	A
xo 
 ) -,-(2/i0(A

xo  
2 	1) 

equations for a 	and a
zj 

and 0n
2  

= 3/2<r2)o.  Yi 

with similar 

The average entropy change for the freeing of one 

monomer unit that separates a chain terminating a run of ji 
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sequentially broken and reformed crosslinks from a chain 

terminating a j
2 
run can be obtained, and multinlied by the 

probability of a 	andd a j2  run occuring. Summing over all 

possible j1  and j2  values gives the average entropy change 

of freeing and refiring a monomer unit as 

AS2 	= k/2 	3 — 2e
b/4 

 m1 	3) 	(20
b/4 

— 2)(12 	3)1' 

(3.32) 

where b = q/1)(0). 

Combining equations (3.29) and (3.32) gives - 

La
el = 6)(o)k/441(7 

	3b 	8e
b/4

)1 	(8e
b/4 	

3b — 8)1
2 

(3.33) 

83-1  
4'/fu 
	

= 7 -1- t3q(t)/)(o)}— 8exp(q(t)/4.2)(o)) 	(3.34) 

Flory's 	theory gives the approximate result 

q(0/)(o) = 	in(ft/fo)c 	Ei [— (ft/fo)c] 	(3.35) 

where Ei(x) is the exponential integral and 	is Eulers 

constant (o.5772...). Expansion of this equation gives 

q(t)/1) (o ) 	= 	— 1)1 	1 1 (f,u/f ) 0  

= 
• 

Figure 3.6 shows the close agreement between equations (3.34) 
83 

and (3.36); this serves to increase the confidence in Flory's 

more general theory. 

(3.4.2) CrosslInk Breakdown and Reformation: Reformed Crosson-:s  

be5.nrn Chenica217 Identical to those 	Present  

This case is" also one of the ramifications of Flory's 
83 

general theory . 

The network was considered to have been prepared by the 

introduction of 1
1
t/2 crosslinks in the unstrained state, the 

introduction of L)2/2 croaslinks in the state Al  and the removal 

(3.36) 



( o or o 0 or x 

C 77 

0 0-2 0.4 06 0.8 PD 
q(t.)/2) (0) 

figure 3- 6:Chemical stress relaxation of a sample undergoing 

crosslink rupture and reformation — (i) two network theory; 

(ii) Scanlan's theory;  (iii) points : Flory's theory 

figure 3. 7 Definition of parameters 	and 7). — 0 residual 

first stage crosslink ; 0 unit from which a first stage crosslink has 

been removed ; x second stage crosslink. 

= number of chain links between x terminating a 

chain and the next o or 0 ; X = number of links in a o1  c chain;  

= nuMber of links between o terminating a 	' chain and the 
next o or x. 
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of 1.)°/2 of the first state crosslinks. Since the consequences 

of removing first stage crosslinks must be independent of the 

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

at the final state of strain X. After the introduction of 

1)2/2 crosslinks in the state A1, the network was deformed 

further to a final state A, before removal of the first stage 

crosslinks. The X's are in this case deformation gradient 

matrices such that: 

A = A1. A 2 	 (3.37) 

where Al  and X2  are matrices with elements Xijo.  and Xii;2, 

= x,y,z and 

Xxx;1 = dx'/dx 	Xzyo.  = dx'/dy 

Xxx;2 = dx"/dx'  )+y  x;2  = dx"/dyt etc  

where a 'point x,y,z in the unstrained state has coordinates 

x',y',z' in state X1 and coordinates x",y",z" in state A. 

At the end of the cresslinking and scission processes, 

when the network was in state A, it contained network chains 

terminated by residual first stage crosslinks, second stage 

crosslinks, or units from which first stage crosslinks had 

been removed. Flory considered the possible combinations of 

such chain terminations and showed that they resulted in 

different contributions to the overall network elastic free 

energy; every first stage crosslink contributed 1-Tr(5a), 

every second stage crosslinh, Ji.Tr(̂K2Xb and every chain 

terminated by a second stage crosslink and a unit from which 

a first stage crosslink had been removed. 

[12/(12 + 	( 	+ ) ]Tr(oo, 	3,2A2). l j ,`,2 ,7c 	are definedin 

figure 3.7, Tr(X) is the trace of matrix X and Y is the trans-

pose Liatrix of Yo- 
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The elastic free energy is given by 

Pelik2  = 	[( 1)  1 + 	1)2 ) I  + 1) 	l'2) 12-1  

where I = IN2 ....3and1= -3 and 
ij 	2 ij lj;2 

(3.38) 

;7N 	+x)( yJ +-KC! 
where 11 

1( 	
is 	the number of junction segments 

by the subscripts. 	If all the network chains 

length this summation can be evaluated as 

(3.39) 

characterised 

are the same 

41. = (2//2) [1 + (1 - /2)/E1  1/1(1 	/2)][1 + (1 - 

1 
/o 	 , 

whore p1 =L.)1  /(1) 	
L.) and /2 =9240, +1)2). 

/1W(Iirl 

— 0c3).)] 
(3.4.) 

Flory generalised these results to treat the case of 

simultaneous formation and rupture of crosslinks. If the 

number of first stage crosslinks i.emoved, 	V1/2, is a 

vanishingly small number, it follows from equation (3.40) that 

dI)10/d1)1 = (1 - /2)/;11n(1 - /2) 

d2)2eid 7 = _ 1 - (1 - /2)3111n(1 - 

d1)1e/d1)2  = 0, d1)2e/d1)2  = 1 

where 1)le 
= 1 + '2 and 1) 	I 

20 
= L.) - 

2 	
,L) 
2 

If it is assumed that the effects of differential 

changes.in the numbers of first and second stage crosslinks 

depend only on the effective numbers 1)10  and /),e  of the 

two sets of chains then eauations (3.41), (3.42) and (3.43) 

become 

- (al) le/111) ) d  = L)20  1)-1( I) -)-1  
 111( 	le/j)  ) 

( 3 4 4 ) 
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- ...(c12)
2e/d v )(3. = 	1 - ).)le

2 	1 ).) 	vle )
-1 
 in( 2i le/1) ) 

(3.45) 

for changes in).) 	and)) 	with dissociation of the total 
le 	20 

number, 1)/2, of crosslinks and 

(d2)le  /d/)) 
f  = o, 	2eAL))f = 1 	(3.46) 

for changes due to formation of crosslinks. 

These differential equations are quite general and 

the rates of change of L310  and1)2e  are obtained by feeding 

in the appropriate 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 Present crosslinks 

and the overall number of crosslinks remains constant. The 

rates of dissociation and formation Of crosslinks are eoual 

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

(d23/dt)d  = (d13/dt)f  = 102) 	 (3.47) 

where k' is a rate constant. Equations (3.44) and (3.45) 

give 

2 d1)leidt = k' 1)  le ( li  - 1)  le ) 
—1 
 in( )) leh)  ) 	(3.48) 

which upon integration and application of the boundary 

conditions 1) le  = Dat t = o gives 

kit=E.[- ln(L)le/V)] - in 	ln( 
1)1e/ L)  )] 	("49)  

= w + w2/2 x 2! 	+ w3/3 x 31 .... 	(3.50) 

where w = 	In( /3 /).) ) = - 1n(ft/f0)c  
le 

A comparison of this result with that Predicted by 

two network theory is shown in figure 3.8. 

(3.4.3) Generalised_ Cros-.1:n' 7orlation Accomran7inp: Scission  

Apart from the results of sections (3.4.1) and (3.4.2), 
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figure 3.8,  Chemical stress relaxation of a sample undergoing 

crosslink interchange — (i) two network theorY;(ii)Flory's theory. 
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theoretical treatments of generalised crosslinking and 

scission reactions are not available. In principle the 

case of crosslink formation and cleavage in the crosslinits 

may be treated using the appropriate 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 (see section 3.3.2). 

In qualitative terms deviations from two network 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 

network theory are much larger at small (ft/f0)c  values than 

at values near to unity and the deviations may be sufficiently 

small when (ft/f0)c  approaches unity for two network theory 

to be a reasonable approximation. 

There is experimental evidence for deviations from 

the two network theory, particularly in the case discussed 
64 	 15 

in section (3.4.1), but in the main it is a good approximation. 

(3.5) THE KInTICS OF rETWO2K REACTIOITS  

The possible reaction kinetics for the reactions taking 

place in polymeric networks are as varied as in non-polymeric 

materials. Once the kinetics responsible for the crosslinking 

or scission reactions in an elastomer are known they may be 

combined with the equations introduced in the first part of 

this chapter to give an equation that will account for the 

chemical stress relaxation behaviour of the network. 
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(3.5.1) A Resume of Basic rinetic Laws  

The basic kinetic equations for simple cases are well 

known and their derivations given in elementary text books; 
95 

hence only the results will be summarised here. 

(i) zero order kinetics: 	c(o) 	c(t) = kt 
	

(3.51) 

(ii) first order kinetics: c(t)/c(o) = oxp(—kt) (3.52) 

(iii) second order kinetics (bimolecular combination): 

c(o)/c(t) — 1 = c(o)kt 

(3.53) 

The chemical reaction represented by these equations is 

k 
	) products 

where n is the order of reaction, c(o) and c(t) are 

respectively the reactant concentrations at time zero and 

time t. More complicated kinetic equations can be derived for 

particular reaction mechanisms; the methods of deriving these 
95 

equations are described elsewhere. 

An important equation in chemical kinetics is the 

Arrhenius equation that describes the temperature dependence 

of the rate constant 

k' = Aexp(—QH/RT) 	 (3.54) 

where All is the activation energy, A is a constant, T is 

the absolute temperature and R is the gas constant. 

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

eouation 

k' = RT/Lh exp( 	/P.) exp( L1H*  AT) 	(3.55) 

where X, is Avogadro's number, h is Planks constant and AS*  

and LSH*  are respectively the entropy and enthalpy of 

activation. 
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For a liquid or solid phase reaction 

= Ae RT 	 (3.56) 

and as RT is much smaller than 	A H  

AH •4.•;Z1114k 	 (3,57) 

The additional RT dePendence of equation (3.55) over 

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

be in close agreement with A = RT/Lh exp( PS*  /R) allowin 

evaluation of the activation entropy. 

(3.5.2) The Kinetic Inter-n-etation of Chemical Stress Pelax-:t2 n:: 

Data: Cloavae Reactions  

The simplest case is that of cleavage in or at the 

.crosslink. 

Suppose the reaction is first order and cleavage of t'rle 

crosslink occurs. 	Initially there were 	1)(o)/2 crosslinks, 

when q(t) 	cuts have been made the number of crosslinks remaining 

is 

1)(0/2 	= 	1)(0)/2 	- q(t) 	 (3.58) 

and for a first order reaction 

v(t)/2 	= 	1)(0)/2 	exp(— kit) (3.59) 

so 	q(t) 	= 	V(o)/2 	[1 - exp(- kit)] (3.60) 

Substitution into equation 	(3.9) 	gives 

(ft/fo)c 	= exp(-kit) (3.61) 

ln(ft/fo)c  = -k1t (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  = -kit for one site per chain and 	(3.63) 

) = - 2k1t for two sites per chain 	(3.64) 0 c 



Similar equations can be 'derived in the same wa-; for 

other orders of reaction. 

Treatment of random main chain cleavage is more difficult 

because of the numerous equations relating (ft/fo)c  to 

q(t)/ 1)(o), (see section 3.3.2). For a first order reaction 

m(t) = m(o) exn(— k1t) 	 (3.65) 

where m(o) and m(t) are resnectively the concentrations of 

reactive sites per unit volume at time zero and time t. 

If E is the average number of reactive sites per 
15 

network chain then use of Tobolsky's equation (equation (3.17)) 

gives 

(ftifo)c  = ( 1)(0/1)(0)) = exe(— kiEt) 	(3.66) 

ln(ft/f0)c  = 	kiEt 	 (3.67) 
86,87 

Using Berry and Watson's 	equation (equation (3.21)) 

gives 

(fo/foc 	1 =rim [1._ exp(— k1t)] 	(3.68) 

which for sma22 kit reduces to 

(foift)c 	1 = Mkt 

or 
ln(ftifo)c  = 	mkt 

12 
The Flory 	eauation (equation (3.23)) gives 

(ft/fo)c  — 1 = 2E [1 — exp(—kit)] 

which reduces for small k1t to 

(f,/f o c ) — 1 = 2Mkt 

(3.69) 

(3.70) 

(3.71) 

(3.72) 

These difficulties can be avoided by restricting measurements 
90 

to small (ft/fo)c  values where (see figure 3.'i) the Scanlan, 
lb 	86,87 

Tobolsky 	and Berry and Watson 	equations converge to the 

same (ftifo)c vs q(t)/1)(o) deeendence when the Tobolsky 

or Berry and Watson equations may be used. The Flory equation 
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has been shown to be inaccurate at small (f /f 0  )C  values. rhe 

applicability of any of these equations can be tested by 

looking at the dependence of (ft/fo)c  on 1/V(o). 

Similar equations may be derived for other kinetic 

equations so that for second order kinetics Tobolsky gives 

(fo/ft)c  = (1 	M))(o)kit)ifl 
	

(3.73) 

which for small El :V(o)k
1 reduces to 

(fo/ft)c  — 1 = el)(o)klt 	 (3.74) 

whilst Berry and Watson give 

Dfo/foc - 1 ]- 1 	1/1.1i + 1/1712  (0)k1(1/t) 
	

(3.75) 

which for small))(o)Mk
/t reduces to 

(fo/ft)c 	1  = Mklt 
	

(3.76) 

Apart from this classical molecular approach the 

kinetics of removal of elastically effective chains could be 

considered. Assuming a pseudo chemical reaction causing 

scission as 

	 products 

the following equations may be derived.: 

(ft  if 0  )c  = 1 — k*  t/ y (o) for a zero order reaction 

(3.77) 

ln(ftifo)c = — k t for a first order reaction 	(3.76) 

(f0  ift  )c 	1 = v(o)k"v(o)k"t for a second order reaction 

(3.75) 

These equations can give good fits to the data and have 

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

Tobolsky and others 	have found that good fits to the data 

can be obtained using an empirical equation 

(ft/fo)c = 	A—exT;( :fit) 
J 

(3.80) 

j=1 
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n 
where 	2. 	A. = 1. This equation was first used to internret 

i ' i 	J 
the viscoelastic flow of uncrosslinhed systems and has since 

been used to interpret chemical stress relaxation curves. 

It is usually applied to cases where the ln(f,
G
/f 

0 
)
c 
 vs t 

curve becomes approximately linear at long times, the slope of 

this linear portion is k1  and the intercept is Al. A plot is 

then made of in 	(f 
6
df 

0 C 
) 	A 1I  exp(-k l"  t)] 	vs t which 

will also have a linear region giving k2  and A2. The process 

is repeated until the whole curve has been resolved although 

only two or, at most, three terms are usually required. 

The equation has been given molecular significance for 

a system with m cleavable sites per chain of which, a small 

fraction, a are more readily cut than the others. This 
100,101,102 

model gives: 

(fi/fo  )c  = 	C. (1 - a) exp[Htk(ii 	1) 	kwil t 

= o 
(3.81 ) 

, 
where 

EC1 = flil./(rn.--.:.);i1 for :5. -2 or :7 and 

r7 
Cl  = C 	= 1 

The various terms account for relaxation due to cleavage of 

chains with 0,1,2,3„,E weak links; neglecting the few chains 

with more than one weak link: 

(ft/fo)c  = (1 - c)M  exp(- kit) 	:7(1 - a)r7  - 1  a exp[_{k(m - 1) 

+ kw  t] 

(3.82) 

(3.5.3) Tho Kinetic Interpotation of Chemical Stress Re]axation 

Data: Crosslinkinp Reactions  

The kinetics discussed in section 3.5.1 may also be 

applied to interpretation of the crosslinking process. Consider 
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a simple bimolecular combination reaction where the concentration 

of crosslinking sites is v(o) initially and the reaction is 

kp 
2v 	> ))2/2 (crosslinks) 

so that 

[v(o)/v(t)]- 1 = v(o)1L2t 	 (3.83) 

the number of crosslinks formed is 1)2(t)/2 = qv(o) 	v(t)1 

so 	1)2(t)/L)1(o) = v(o)/1)1(o) [1 - (1 	v(o)kt)-1 

(3.84) 

(3.85) 

(3.86) 

(3.67) 

.•. D1(0)/1.) 2 (t) =[01(0)/v(0)2ki(1/t) +1)1( 0 )/v( 0 ) 

Since 	= ( it./20 ) i 	( t/f0 )0 = 1)2(t )/L)1( 0 ) 

t =[v(0)h.) 1(0 ) .1(t/&) — 1/v (o)k2  

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

More complicated kinetics may be encountered and treated by 
95 

the methods of chemical kinetics; a case of Particular interest 

is that of crosslink or bond interchange such as has been 
83 

considered by Flory 	(section 3.4.2) 

(3.5.4) The Kinetic Interprejation of Chemical Stress Relaxation 

Data: The Time-Temperature Superposition Method 
15 

The time-temperature superposition principle 	is 

commonly used to interpret the viscoelastic properties of 

polymers, although it may also be applied to the chemical stress 

relaxation properties of rubbers. The method may be applied to 

a relaxing system in which the relaxation behaviour may be 

described by a function of a series of relaxation times, 1.1 

(ft/1'o)  =i 	
( thi ) 	 (3.88) 

 = 1 

for stress relaxation an appropriate formof this function is 

0 (t/T:i) = 	Aiexp(ttri) 	(3.09 

i = 1 	i = 
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where Ai  is a constant. If, when the temperature is changed 

from Tl  to T2, 	= mT 	ifi(T2) for all 	where 
1 2 

aT1-4T2 is a constant, the relaxation curves at T1 and T2 may 

he superimposed by plottinc,  (ft/fo) vs log t and sliding one 

of them along the log t axis as is illustrated in figure (3.9). 

The constant aT1.÷T2  is usually written at aT  and the 

temperature dependenceof aT  will be characteristic of the 

relaxation process. 

If relaxation results from a single chemical Process 

the relaxation curve may be described by a single relaxation 

time , -eh' 
fall to lie of its initial value; for a first order reaction 

1='ch = 1/k1. 

It is not always convenient to use -ech  to characterise 

chemical stress relaxation since its determination requires the 

experiment to be continued until gross degradation has occured, 

in factT 	IA ,the time taken for the stress to fall to 
(ftifo' 

some arbitrarily chosen value, (ftifo) , or a2  measured with 

respect to an arbitrarily chosen temperature, may be used to 

characterise the relaxation behaviour. A plot of log aT, 

log(iir ci,) or log(itn,t/f r) vs i/T will give a straight line o   

with a slope of AH/R (see fig. 3.9). This is a simple means of 

representing the relative rates of relaxation of elastomeric 

materials and determining some kinetic parameters. Unfortunately 

it does not allow the evaluation of pro-exponential factors. 

which is defined as the time taken for ft/f0  to 
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C. 

A 7::7177: OF TH2 C=IOAL ST=3S RELAKA7q0IT- OF  

ELAS=ER SYST=S  

(4.1) 1=0D7JC"T017  

The method of chemical stress relaxation has been used 

to study the degradation of a wide range of elastomers under a 

variety of environmental conditions. In this chapter 

applications of this method will be briefly reviewed. 

(4.2) CH::.:ICAL ST =SS RELAXATIOE 	HYDROCARBO: ELASTO=PS  

The relaxation behaviour of an elastomer depends upon 

the constitution and structure of the backbone Polymer and the 

crosslink. The effect of the crosslinks is particularly 

prominent in the relaxation of hydrocarbon elastomers which 

may be cured in several ways, giving crosslinks with different 

structures. The principle curing systems are: 

Those using free sulphur with or without catalysts, 
104,106 

accelerators and other compounding ingredients. 	This 

system resulted in vulcanizates containing the structures showni 

in figure 4.1 and also caused some main chain scission. 

Unaccelerated sulphur cures give a high proportion of Poly— 

sulphide crosslinks and cyclic monosulPhides whilst accelerators 

(LIST, CBS etc. see figure 4.2) increase the rate of crosslinking 

and decrease the numbers of vicinal Polysulphide crosslinks, 

cyclic monosulphides, main chain scissions and the length of 

the sulphur chains in the polysulphide crosslinks. 
104 

(ii) Those using sulphur donors but without free sulphur. 

The vulcanisates Produced in this way contain mainly monosulphiae 

crosslinks, with small numbers of disulphide and polysulphide 

links that can be almost eliminated if the cure time is 
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sufficiently long. Also produced are Pendant groups whose 

structure depends on the cure time as is shown in figure 4.3. 

The structure shown in figure 4.3a is unstable and leads to 

further crosslinking during ageing and ultimately gives that 

shown in figure 4.3b. 
104 

(iii) Those using organic peroxides or 	Zr-radiation.. 

These vulcanizates contain crosslinks that are carbon-carbon 

bonds although there is often some main chain scission and some 

extra unsaturation introduced into the main chain; cure proceeds 

via a free radical process. 

(iv) Those using organic peroxides in combination with 
105 

free sulphur. 	This system gives carbon-carbon crosslinks in 

addition to di and polysulphide crosslinks and a greater amount 

of main chain scission than process (iii). It is used to 

produce vulcanizates of saturated hydrocarbons that are broadly 

similar to sulphur cured olefinic rubbers. 

(4.2.1) The Oxidation of Thrdrocarbon Elastorlers  

(4.2.1.1) Chemical Stress Relaxation of Peroxide or Radiation 

Vulcanizates  

The relaxation behaviour of these vulcanizates has been 

widely studied because they have the simplest structure and 

should be the easiest to interpret. Natural rubber has been 

most extensively studied providing insight into the mechanism 
86 

of the oxidation of hydrocarbon rubbers. It was soon established 

that, provided natural antioxidants were removed, the continuous 

stress relaxation of natural rubber could be described by the 
15,86,107..111 

autoxidative mechanism proposed by Boiland, Bateman and others. 

Initiation: 280011 	>Radicals (e.0.202,a0°,11',Hq etc) 
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Propagation: R' 	02  -->20; 

R0,7, 	RH 	>R. 	ROOH 

Termination: 2R' --> R 	R 

RO; R• -->R02R 

2R02--i> 2R0' + 02 
RO'-'›Carbonyl 

86,112 
Stress relaxation data obeyed the following equation 

ft/(fo- ft)  = a/t 	b 	(4.1) 

where a and b were constants (see figure 4.4). This is a 

second order kinetic 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 

apparently took place in the main chain. 

Equation (4.1) was only obeyed if highly purified, 

denroteinised rubber was used, otherwise natural antioxidants 

(i.e. proteins) inhibited the reaction, so that autocatalytic 

degradation was proceeded by an induction period or relaxation 
86,113 

was not autocatalytic at all. 	The effect of natural and 

artificial antioxidants explained the earlier results of 
15 	66 

Toboisky. Dunn and Scanlan suggested that termination was 

likely to be due to reaction of free radicals with traces of 

natural antioxidants rather than the processes suggested in 

the autoxidative mechanism, even when highly pure rubber was 

used. 
114 

Thirion and Chasset showed that equation (4.1) could 

be expanded to give 
/ . ft  /fo 

 = 1 - t/a - (b - 1)(t/a)2 
 

(4.2) 

which reduced to 

ft/fo = 1  - t/a 	 (4.3) 
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for slow rates of reaction. This 1Dseudo zero order behaviour 
11 

has been observed by both Thirion and Chasset 	and Scheele and 
115-117 

Hillmer- 	(see figure 4.5). Since 1/a has the character 

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

4.6). 

a = aoexp( VRT ) 	 (4.4) 

The activation energy, AH, obtained by Thirion and 
114 	-1 

Chasset 	was 105hJ mole ; this compares with 125kJ mole 
15 

from Tobolsky 	and 84 to- 107kJ mole-1  from Scheele and 
115-117 

Hillmer. 

The same mechanism operates for u.v. light initiated 
86,118 

oxidation 	except that the initiation step becomes 
u.v. light 

ROOH 	3 RO' 	OH 

The stress relaxation data now obeys the equation 

fo  if, = 1 - a 	a exp(kt t) 
	

(4.5) 

which gives excellent agreement for u.v. light of wavelength 
119 

365 mil,  at 25°C. Morand showed that similar behaviour took 

place at wavelengths between 500 and 369 nip, the rate being 

greatest at the lowest wavelengths. At wavelengths lower than 
118 

these deviations were observed, and Dunn, Scanlan and Watson 
119 

observed non-oxidative relaxation at 313 mil; Llorand suggested 

that direct photolysis of carbon-carbon bonds might be 

Measurements have been made to evaluate the relative 

effectiveness of antioxidants since small amounts of these can 
86 

reduce severely the rate of relaxation. Antioxidants can be 

classified into groups; those that suppress the propagation 

step and those that suDy:ress initiation. 
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The first group contains the conventional phenolic and 

amine antioxidants both of which give rise to a prolonged 

induction period, where relaxation is slow, prior to auto-
66,120-122 

catalytic decay; 	in some cases relaxation did not become 

autocatalytic at all. 
123,124 

Dunn 	studied the effect of substituted P-phenylene 

diamines on the rate of u:v. initiated oxidation. These 

behaved in the expected manner, with the exception of diphenyl 

ethylene diamine; additional protection was probably Provided 

by the reduced transmittance caused by the intense colour 

developed by the samples during the slow period. 
122  

Scheele and Hillmer showed 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-f3-naphthylamine and IT-phenyl-H-cyclohexyl- 

n-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, their behaviour depended on 

substitution patterns; good antioxidants are those with blocked 

ortho positions. The presence of a u.v. absorber prolonged 
12,124 

the active life of phenolic antioxidants. in photochemical 

oxidation. 

Apart from phenolic and amine antioxidants, metal salts 

of dialkyldithiocarbamates, dialkyldithiophosphates and 

dialkylzanthates are good antioxidants. Their efficiency 
86,1:26,226 

depends on the identity of the metal ion (see figure 4.7) 

and they are thought to decompose hydroperoxides giving non-

radical products, interfering with the initiation steps. 
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127 
Some examples of synergism have been observed by 

combining antioxidants from the two groups; that is a 

hydroDeroxide decomposer with a free radical scavanger. 

The intermittent and continuous relaxation curves were 

almost identical for peroxide cured natural rubber, indicating 
86 

very little crosslinking. The radiation vulcanizates showed 
120 

a little more crosslinking, prcbably due to vinylidene grouns 
128 

introduced during cure. Maisey and Scanlan showed that, 

like scission, crosslinkinr. was a free radical process since 

it was inhibited by amine and phenolic antioxidants. 

Other hydrocarbon rubbers behave similarly to natural 

rubber, the relative relaxation rates depending on the amount 
15 

of main chain unsaturation: the greater the amount of 

unsaturation, the higher the rate. Completely saturated 

hydrocarbons, such as ethylene-propylene rubber, are the most 

stable whilst the olefinic hydrocarbons, such as natural 

rubber, polybutadiene, butyl rubber and styrene-butadiene 

rubber, are the least stable. Materials such as ethylene-

propylene terpolymers with pendant unsaturation are marginally 

less stable than the saturated rubbers. 

The continuous stress relaxation of synthetic Poly-

isoprene, polybutadiene and styrene-butadiene rubber is very 

similar to that of natural rubber but is generally accomanied 
15,86,129,130 

by a more pronounced crosslinking reaction. 

Recent interest has been concentrated on the stress 

relaxation of the low unsaturation rubbers, since these could 

provide high temperature hydrocarbon rubbers. The continuous 
131 	132-134 

stress relaxation of ethylene-propylene co- and terpolymer 

rubbers comprised an initial period of slow relaxation followed 
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by a Period of autocatalytic decay. Relaxation during the 

slow period was first order (i.e. the relaxation curves 

could be described by the equation In ft/fo  = 	kt)for both 

EP and EPT rubbers. The duration of the slow period was reduced 

by increasing temperature. 

In EPT cleavage took place in the crosslinks, since the 

rate of relaxation was independent of crosslink density; this was 

to be expected since crosslinking takes place in the vicinity 

of the pendant double bonds. In EP rubber there was evidence 

of cleavage both in the main chain and at the crosslinks. 

The behaviour of these rubbers can be described in terms 

of the autoxidative mechanism already discussed, but with the 

inclusion of an induction period where the concentration of 

• hydroperoxide and free radicals builds up, until they can 
131 

support the autocatalytic period. Thomas 	obtained an 

activation energy of 155 kJ mole-1  for the relaxation of EP 
134 

rubber whilst Imoto et al obtained a value of 130 kJ mole-1  

for EPT. 
134 

Imoto.et al studied the relaxation of EPT cured with 

peroxide in the presence of 	- (m-phenylene)-bismaleimide, 

diallylphtbalate or I;,N'-methylene bisacrylamide giving C-R-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 crosslinking took place in either the EPT 
131 

or EP 	rubbers although measurements on the EP rubber were 

difficult to interpret because of physical relaxation during 

the intermittent experiment. This lack of crosslinking is at 
135,136 

odds with the results, obtained by 1Tar2cis and 2obolsky, 

for low density polyethylene where there tus a high rate of 
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crosslinking that was further increased in the Presence of 

carbon black. 
111,137 

Tobolsky 	has sti:.died the relaxation of hydrocarbon 

rubbers where initiation is caused by the decomposition of an 

added organic peroxide so that the rate of initiation is 

known. For EP, EPT, polypropylene, SBR and natural rubber 

the initial rate of scission was found to be proportional to 

the initial initiator concentration and the scission efficiency 

(i.e. the initial rate of scission divided by the initial rate 

of initiation) was between 0.6 and 0.7. In the case of an 

externally initiated autoxidation reaction, the scheme already 

presented must be modified by the replacement of the initiation 

steps by 

Init 	 21.  

I.  4. RH 	> .11°' 	III 

These results led Tobolshy to suggest that cleavage 

took Place during initiation or termination, although this 

may be a consequence of the abnormally high free radical 

concentration present in these extremely initiated systems. 

(A.2.1.2) Chemical .Stress Relaxation of Sulphur Donor 7u/canizates  

These vulcanizates (i.e. TMD: cured .Tamales) of 

natural rubber give autocatalytic decay similar to that for the 

peroxide cured samples Provided that they have been well cured 
86 

and extracted. If undercured, relaxation is slower than 

autocatalytic and accompanied by a considerable amount of 

crosslinking; unextracted samples also give a reduced rate of 

relaxation. This is because undercured samples contain a pendant 

bound structure (figure 4.3a), that causes further crosslinking 
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and reacts with zinc oxide, also present, to give zinc 

dimethyldithiocarbarate, a good antioxidant; this antioxidant 

is always produced during cure and is, hence, present in well 

cured unextracted samples. 

When autoxidative degradation does occur, cleavage 

takes place in the main chain with activation. energies of 124 and 
116,117,138 

117 kJ mole-1 respectively for T.:TD and TETD vulcanizatos; 

these are in good agreement with the values obtained for 

peroxide cures. 

EPT may be cured by TIITD and the continuous stress 

relaxation of these vulcanizates has been studied by several 
132,133 

workers. Tobolsky 	found that after an induction period 

the rate approached that of the peroxide cured samples. 
139.140 

Tamura and lIurakami's 	results were in general agreement 
132,133 

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

samples, scission took place at the crosslinks. 
134 

The results of Imoto el al did not agree with those 
132,133 	 139,140 

of Tobolsky 	and Tamura and Lurakami 	as relaxation 

-was slower and reduced on extraction. The activation energy 

obtained was 121 kJ mole-1 and relaxation was accompanied 

by a substantial crosslinking reaction suggesting that the 

samples might have been undorcured. 

(A.2.1.3) Chemical Stress :,:)/axation of Sulphur Vulcanizates  

Unaccelerated or accelnrated sulphur cured natural 

rubber vulcanizates contain polysulphido crosslinks which are 

thermally and rheologically labile; that is, they undergo 
15,86 

interchange reactions when heated or stressed. 
heated or 

P.St1 7301: 	R ScSdR 	> RSaSdR 	R S SbR 
stressed 
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This type of reactioni which will be discussed later, 

has a considerable effect on the relaxation of a rubber 

network, but can be distinguished from the oxidative reactions 

since it will occur in a vacuum. In sulphur cured rubber the 

interchange reaction includes the production of free sulphur 

and di and monosulphide crosslinks. The concentration of 

polysulPhide crosslinks and, hence, the amount of non-oxidative 

relaxation can be reduced by extending the cure time, using 

Precisely the optimum concentratiomofcuring ingredients, or 

an extensive nostcure. Since polysulphide interchange takes 
86 

place in air and vacuum (or nitrogen) it may be subtracted 

from the overall relaxation curve in air. Scheele, Hillmer 
138 

and Bruderman 	have suggested another approach, applicable 

when the polysulrhide interchange is the only reaction leading 

to the formation of crosslinks. They did intermittent stress 

relaxation in which the time that the sample was stretched, 

td, and the time that it was unstretched, t11, were varied until 

the sample showed no relaxation in nitrogen. An experiment 

was then done in air using the same td and to  values; the 

curve obtained could be attributed solely to cleavage reactions, 

other than the interchange reaction. This method is difficult 

to auply, required a large number of experiments to be done 

and is not arp/icable in cases where there are additional 

crosslinking reactions. 

The oxidative relaxation cf both accelerated and 

unaccelerated sulphur cured natural rubber vulcanizates is 
86 

not, in general, autocatalytic. It has been shown that the 

structure of :BT and CBS natural rubber vulcanizates are 

critically dependant on the relative concentrations of curing 
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inredients and the temperature and time of cure. If these 

variables are carefully chosenl vulcanisates that are almost 

polysulphide and cyclic monosulphide free, can be prepared; 

these give similar, and autocatalytic intermittent and 

continuous stress relaxation curves. 

Other sulphur cured natural rubber vulcanizates generally 

behave like peroxide or TLITD vulcanizates that contain mild 
66 

antioxidants. It was suggested that the dialkenyl and 

dialkyl polysulphides and free sulphur,present function as 

antioxidants and react with free radicals; alkenyl-t-alkyl 

sulphides also behave as antioxidants and these are present 

in unaccelerated 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 polysulphide interchange. Metal dialkyl 

dithiocarbamates increase the rate of relaxation by catalysing 

the polysulPhide interchange reaction. 
119 

llorand has studied the photodegradation of natural 

rubber; at 250C the rate of relaxation depends critically on 

wavelength and vulcanising ingredients. 
141 

Bauman and Bom investigated the 1-radiation induced 

relaxation of sulphur cured natural rubber in air and nitrogen 

and in particular the effect of antioxidants; the antioxidants 

reduced the rate of relaxation by reacting with R0f, and P,* 

free radicals. 

Cis - 1, 4-polybutadiene can also be vulcanised with 

sulPhlir, with or without accelerators, although rather less 
86 

sulphur is required. 	Polysulphide interchange gives rise to 

continuous relaxation under vacuum as for natural rubber but 
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autocatal:Ttic oxidative degradation is observed unless 

excessive amounts of sulphur are deliberately included, when 

the behaviour mirrors that of natural rubber. The structure of 

the polysulnhide crosslinks appears to be different in the low 

sulphur samplesfrom the high sulphur samples since only in the 

latter is the interchange catalysed by metal dithiocarbamates 

S 
and)Ero the crosslinks act as antioxidants. In general terms 

the rate of relaxation of sulphur cured elastomers is increased 

by increased unsaturation in the material in the same way as 
142 

peroxide cured samples so that, in order of stability: 

Butyl rubber > SBR > ilatural Rubber 

Recently sulphur cured EFT has been studied, its 
133,143 

relaxation behaviour 	includes polysulphide interchange and 

oxidative degradation taking Place in the vicinity of the 

double bonds. The reduced amount of unsaturation minimises 

cyclic monosulnhide formation and main chain modification. As 

with natural rubber the nolysulphide crosslinks behave as 

antioxidants. 

EP rubbers cannot be cared by accelerated or unaccelerated 

sulphur systems out 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 depends upon the concentration of sulphur 

used; 0.75 to 2.5 pnh of sulphur must be used to give an 

appreciable concentration of polysulphide crosslinks. When 

high sulphur concentrations are used there is a non-oxidative 

nolysulphide interchange reaction as well as an oxidation 

reaction. The rate of oxidation, for high sulphur samples, 
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was concentration dePendent and slower than for low sulphur 

samples. Free sull3hur inhibited the oxidative relaxation of 

peroxide cured EP rubber for a period, after which the rate 

increased until it was the same as that in the absence of 
105 

sulphur. Dunn proposed that inhibition in the high sulphur 

vulcanizates was due to free sulphur liberated during 

polysuiphide interchange although it could also be due to the 

antioxidant nature of the Polysulphide crosslinks. 

(4.2.2) The Effect of ITon-Hydrocarbon .Elements on the Oxidation 

of Hydrocarbon Elastomers  

(4.2.2.1) The Presence of Sulphur  

The effect of sulphur on hydrocarbon oxidation has been 

discussed in section (4.2.1.3). Polysulphide crosslinks and 
105 

free sulphur inhibit the oxidation of the elastomer; Dunn 

proposed that free sulphur is most important and as this will 

be liberated during the nolysul-ohide interchange reaction the 

polysulphide crosslinks act as a resevoir for free sulphur. 

There was no evidence that sulphur crosslinks were oxidised to 

any appreciable extent. 

Sulphur can also be present as part of a pendant group 

as in adduct rubber; this is a polybutadiene that has most of 

its double bonds saturated with methyl mercaptan, and has the 

structure 

"./CH2  - CH - (CH9)3.- CH - (CH2)3  - CH = CH - (CH2)3  - CHeNd 

1 	 1 
CH3 	CH3 	 CH3 

Peroxide cured adduct rubber was found to be highly resistant 
15 

to oxidation whilst an accelerated sulphur cured sample was 

less stable. 1!eyer has shown that a consequence of the accelerate 



97 

133 
sulphur cure is the following reaction: 

CH2-CH-CH2-0112  + accelerator  he-lt",CH2-CH = CH-CH2,-'a 
,7 SH ZnO 	 CP io   

1 	stearic. 
CH3 	acid 

so that the decreased stability was probably due to the 

increased unsaturation introduced during cure. 

Sulphur can also be present in the main chain, and 
153 

Tobolsky 	has studied the chemical stress relaxation of an 

ethylene sulphide-propylene sulphide terpolymer (ESPST) cured 

with an accelerated sulphur system or a dithiocarbamate salt; 

the latter leads to a vulcanizate with monosulphide crosslinks 

only. The dithiocarbamate cured sample was much more resistant 

than that cured with sulphur, where there was a high rate of 

scission and crosslinking in both air and nitrogen; the rate in 
133 

nitrogen was greater than that in air. Toboisky 	proposed 

that this fast rate of non-oxidative degradation resulted from 

a reaction involving both polysulphide crosslinks and the main 

chain. 
CH3  ■, r 

.-.J0H2CH2S-CH2-C-S-,,v 4-R-S 	-R VLT 

 

CH3  
heat 
	>071.  C-7 	.-0̂ .1  2 TT  -250 2-C-Se  

 

+RS-x114-1/cr 
 scission 

0113  

CH2CH2S.+CH2  = CHSeNJ 

The intermediate free radical could react with oxygen, when 

present, to give 	 CH3 
1 

e■./NrCH2  - CH, - S - CH2  - C 
1 
0; 

when degradation would occur via the normal autozidative 

mechanism. 
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(A.2.2.2) The prase ice of Oxypen  

The polyethers, polyesters and Polyacrylates contain 

both hydrocarbon segments and oxygen atoms; the oxygen may be 

either in the main chain or in pendant groups. 
111,144 

Toboisky 	has studied the chemical stress relaxation 

of a series of peroxide cured ethyl acrylate/methyl methacrylate 

copolymers; methyl methacrylate was found to be quite stable at 

160°C whilst ethyl acrylate relaxed rapidly and autocatalytical:: 

The rate of relaxation of the copolymers increased as the 

ethyl acrylate concentration was increased. Dicumyl peroxide, 

present in the samples, led to scission in methyl methacrylate 

under nitrogen but not in air, whilst ethyl acrylate underwent 

scission in air and crosslinking in nitrogen. Tobolshy 

concluded that ethyl acrylate oxidation was due to autoxidative 

degradation. Methyl methacrylate was assumed to react with 

dicumyl peroxide to give a free radical, which reacted as 

follows 
COOCH3 

2wCF -C - CH
2 	

2 /\f 'CH.  

0000113 	in IT 

2".icH -c-cH2fv 2 / 

'CH 	in Air 	COOCHa 	COOCHa 	COOCH3 
2 

%.'‘.: 	
\ 	t., _____), N ., 	2  \ 

a,cH -a-CH"... ryCH, -C...CIP‘'+CH .-C-OH2,../ 

2/ 2  - / 	
2 	2 1  

/ 
CH,0*.  2 	

CHO 	CH2OH 

The fast termination reaction in air was thought to take place 
111 

because of the known instability of Primary hydroperoxide 

radicals. 
144 

Experiments on ethyl acrylate/methyl methacrylate and 

ethyl acr::late/methyl-a-chloroacrylate copolymers showed that 
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substitution retarded oxidative cleavage more than chlorine 
111 

substitution. The externally initiated relaxation 	of these 

copolymers and of a series of n-alkyl acrylate elaStomers 

indicated the same behaviour as in the pure hydrocarbon 

rubbers. In the n-alkyl acrylate rubbers the relaxation rate 

decreased as the length of the n-alkyl chain increased due, 

presumably, to increased scission in the alkyl side chain. 

The high rate of oxidation of ethyl acrylate elastomers 

was undoubtedly due to the tertiary hydrogen formed as a 

consequence of the acrylic substitution. When this hydrogen 

was replaced by a methyl group or a chlorine atom the rate 

of oxidation was considerably reduced. 
145 

Singh and Weissbein 	studied the effect of fillers, 

antioxidants and different curing systems on acrylate elastomers. 

A =A cure gave the most stable vulcanizates which were 

further stabilised by the presence of amine antioxidants. 

In the Polyether rubbers, polypropylene oxide for 

example, the oxygen is frequently present in the main chain, 

although it can be in a pendant croup as in poly (methylvinyl 
133 

e-ther). Tobolsky 	showed that a poly(Propylene oxide) 

copolymer containing a few mole percent unsaturation underwent 

a very rapid rate of continuous stress relaxation in both air 

and nitrogen when cured with peroxide. This cleavage reaction 

was believed to be due to the decomposition of hydroperoxide 

groups formed during cure. An accelerated sulphur cured 

vulcanizate cave a continuous relaxation curve typical of an 

inhibited oxidation reaction in addition to a polysulphide 

interchange reaction. 
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14G 
The externally initiated oxidation 	of poly(propylene 

oxide) and poly(methylvinyl ether) gay-•: linear relationships 

between the initial scission rate and the initiator 

concentration as did the hydrocarbon and acrylic rubbers. In 

• the case of poly(methylvinyl ether) the scission efficiency was 

slightly reduced because the ether group could react to give 

inert products without scission. 

Polyester rubbers, where the ester group is in the main 
15,130 

chain, were shown to be very inert to oxidation 	when cured 

with peroxide. When cured with sulphur they relaxed slowly 

due to crosslink scission but the polymer backbone was still 

extremely resistant to oxidation. 

(4.2.2.3) Miscellaneous Substituents  

(i) Chlorsulphonated Polyethylene 
147 

Haaf and Johnson studied the chemical stress relaxation 

of chlorsulphonated polyethylene cured by divalent metal oxide/ 

sulphur accelerator or m-phenylene-bis-maleimide systems. 

The metal oxide/sulphur accelerator cure gives a vulcanizate 

with metal sulphonate and Polysulphide crosslinks whilst 

m-phenylene-bis-maleimide gives covalent C-R-C type links. 

The maleimide vulcanizates underwent first order, oxidative 

continuous stress relaxation (i.e. log ft/f0  = 	kit) with an 

activation energy of 130 kJ mole ; cleavage took place in the 

main chain. The metal oxide/accelerator vulcanizate relaxed due 

to non-oxidative polysulPhide and metal sulPhonate interchange 

reactions, in addition to an oxidative main chain scission 

_1 
process with an activation energy of 125 kJ mole . The 

response to antioxidants was much the same as for natural 

rubber with Ri-dibutyldithiocar'zmate decreasing oxidation but 
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catalysin the interchange reactions. Phenolic and nhosnhite 

antioxidants decreased scission but gave increased crosslinhing. 

Oxidation of these rubbers is similar to that of the hydrocarbon 

rubbers, being largely unaffected by the chlorsulphonic acid 

side groups and chlorine substitution. 

("iI) Nitro-or and Chlorine Substituents  
146 

Tobolsky 	studied the stress relaxation of butadiene/ 

dichlorostyrene and butadiene/vinylpyridine copolymers and of a 

butadiene/styrene/vinyl pyridine terpo•l;;mer. The vinylpyridine 

rubbers were less stable than the dichlorostyrene rubber but 

all were more stable than an isoprene/styrene copolymer. 

(4.2.3) The Thermal Der.:raOation of Hydrocarbon Elastoners  

The thermal degradation of hydrocarbon elastomers 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. Recently, 

technioues have been developed that have led to the production 

of polymers with low hydro-ooroxide concentrations; hydro-

peroxides can also be removed by heating the samples under 

vacuum. Most studies were made on polyethylene, BP and EPT 

rubbers at temperatures in excess of 25000. 
149 

Tobolsky and Shaw 	studied the continuous stress 

relaxation of peroxide and radiation cured polyethylene and 

EPT vulcanizates in the range 300-35000. The overall thermal 

stability was in the order 

peroxide cured EPT> Peroxide cured low density polyethylene>. 

Peroxide cured high density polyethylene> radiation cured high 

density polyethylene. 
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This order of stability is the reverse of what would 

be exPected on the basis of increasing branching and unsaturation 

and is attributed to weak links introduced during cure. The 

kinetics of relaxation are slower than first order, except for 
149,150 

EPT, and the activation energies are given in Table 4-1 below 

TABLE 4.1  

Material Cure H kJmole-1 

high density polyethylene radiation 238 

high density polyethylene peroxide 230 

low density polyethylene peroxide 217 

The relaxation of EPT was found to be almost first order 

in agreement with the previous work of lee, Sperling and 
151 - 

Tobolsky, who obtained activation energies of 222 kJmole-1  

above 200°C and 38 kJmole-1  below 200°C. Ho explanation of 

the low temperature process was offered; its activation energy 

is considerably lower than that for oxidative degradation. 
152 

Yu and Wall 	studied the thermal relaxation of an EP 

rubber and a polyethylene under vacuum at 260-320°C and obtained 

activation energies of 176 and 305 kJmole-1 respectively. They 

suggested that degradation was due to the random scission of 

backbone C-C bonds. 
153 

Tobolsky and Takahashi 	recently studied the thermal 

degradation of natural rubber cured with dicumyl peroxide or 

TMTD at 100-250°C. The activation energies obtained were 266 

and 230 kJmole-1 respectively and scission occured in the main 

chain for the peroxide vulcanizate and at the crosslink for the 

TMTD vulcanizate. These activation energies suggest that the 
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presence of unsatllration has li 	effect on thermal stability 
_1 

since the value of 268 kJmole 	is comparable with the values 

obtained for EPT,EP and the crosslinked polyethylenes. 

(4.2.4) The Radiolytic Stabilit:7 of Hydrocarbon Elastomers  
141 	 154 

Bauman and Bom and Evans, Morgan and Stapleton 

studied the '--radiation induced scission of radiation and 

accelerated sulphur cured natural rubber. Continuous stress 

relaxation was slower than first order and the presence of free 

radical scavengers reduced the relaxation rate further, 

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

Yu and Wall 	showed that EP rubber also underwent 

r-radiation induced main chain cleavage although no general 

mechanism was Proposed to explain their observations. 

(4.2.5) The Mechanical Der-pRdation of Hydrocarbon Elastomers  
157 

Kusano, Suzuki and Murakame studied the recombination 

of free radicals, Produced in the mechanical deformation of 

natural rubber below its glass transition temperature, by 

intermittent stress relaxation. The study highlighted the 

. relatively high stability of the free radicals; complete re-

combination taking up to 200 minutes at 65°C. 

(4.3) THE CHE=CAL STRESS RELAXATIOI: OP EIAST=ERS CO:TTAI:=  

LABILE LI=S  

The relaxation _behaviour of networks containinc: labile 

links is particularly interesting; these links are chemical 

bonds that break and reform so that there is no net chemical 

change in the network. 

- If the interchange reactions are taking place in an 

elastomer, the method of chemical stress relaxation may be used, 

since the intermittent and continuous exteriments will give 
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the rates of bond formation and cleavage. 

(A.3.1) Polysulnhide Rubbers  
150 

Polysulphide elastomers can be prepared by the 

condensation polymerisation of a dichloroalkane and sodium 

polysulphide. 

n Cl-R-C1 + n ra,S --* 4.R-Sa4. + 2n rCl 

Crosslinks can be introduced using a mixture of 

dichloroalkane and polychioroalkane. The polymer is then 

treated with sodium sulphite and sodium mercaptan which 

reduces the polysulphide links to disulphide and thiol groups. 

The product is a liquid branched polymer containing disulphide 

links and thiol terminated chains that can be oxidised with 
15,102,150 

.metal oxides to give a send elastomer 

iv SH + n02 + HS^v 	- S ti +
n0 + H20 

if Pb02 is used this reaction is accompanied by mercaptide 

formation 

ry SH + Pb 0 + HS ••J--4rN./ SPb S rk-/ + H2O 

which may be decomposed in two ways: 

ry SPb S'N.J + S 

 

>  r., S- S ti+ P. b S 

 

heat 
ti S Pb S \-/ 

 

Pb S 

 

(prolonged) 
15,102,158 

Another curing agent is paraquinone dioxime 

6 A/SH 	 ITCH 

or an organic neroxide 

1.112  + 2H20 + 3>vS - 

C H 
I 3 	

H3 

2.■-■•• SH -i- Ph - 0 - 0011 ---- 	"‘" S - se,..i÷ Ph - C - OH + H2O 
I 	. 	 I 
CH- 	 CH o 	 3 
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or an isocyanate 	0 	0 
H 	V II 

2"./SH OCU R -NCO -3 	C 	- R - N - C - 

The relaxation behaviour of these polymers was first 
159 	 160 

studied by Stern and Tobolsky and Mochulsky and Tobolsky 

who made the following observations: 

(i) The intermittent stress relaxation data showed that 

(ftifo)i was equal to unit:: at all times indicating that the 

overall network chain density did not change with time (see 

figure 4.8) 

(ii) Continuous stress relaxation curves were 

approximately first order (i.e. ln(ft/fo)c  = - kt) (see figure 

4.8 )• 

(iii) If residual thiol groups were-Present, relaxation 

appeared to be due to an exchange reaction involving terminal 

thiol groups and disulphide links. 

R'SH R SS R R'--SS-R RSH 

This reaction was catalysed by acids or bases. 

(iv) If terminal thiol groups were excluded, relaxation 

took place due to a nolysulphide/polysulphide interchange 

reaction. The rate of relaxation was reduced by chloro - 2,4 - 

dinitrobenzene and chloro 	2,4 	dinitronaphthalene which 

are radical terminators indicating that the interchange 

reaction was a free radical process. 
102,161 

Owen, IlacIfnight and To 	studied a series of 

isocyanate terminated polzester-urethane rubbers cured with 

1,2,6 hexanetriol, 1,2,6 hexaretriol and dithioglycol, and 

1,2,6 21exanetriol and tetrathioglycol respectively, such that 

the networks were identical except that one contained no 

sulphide links, one contain-Jd some disulphide links and the 

third contained some tetras-clPhjde links. The continuous stress 
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figure 4. 8 :Stress relaxation of polysulphide rubber (ref.159) 
(a) relaxation at 60°C - o  continuous, • intermittent 
(b) relaxation curves and Arrhenius plot at 40-100•C 
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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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relaxation data showed that there was little difference between 

the stabilities of the elastomers containinn,  no sulphide links 

and disulphide links, but the network containing tetrasulphide 

links was much less stable (see figure 4.9). Also the specific 

rate constant for tetrasulphide breakdown in the urethane/ 

tetrasulphide rubber was very similar to that obtained by 
99,162 

Tobolsky, Beevers and Owen 	for a polyethylene tetrasulphide 

rubber. The activation energy obtained for cleavage of the 
102,161 

urethane/tetrasulphide elastomer 	was 102 kJ mole 1 which 

compares favourable with the value of 100 kJ mole
1 
obtained 

159 
by Stern and Tobolsky for a polysulphide rubber and 108 kJ mole-1  

99,162 
obtained by Tobolsky, Beevers and Owen 	for polyethylene 

tetrasulphide. 

The close agreement between these results indicates 

that the same mechanism is operating. Gee, Fairbrother and 
163 

Merrall have suggested that this involves a three electron 

bond as follows: 

R — S4  — R 	3 2RS 	S 	2RS. . . S 

On the basis of these results Tobolsky, llacKnight and 
16 

Takahashi suggested that the high rate of relaxation mmetimes 

observed in disulphide rubbers resulted from the presence of 

a small number of higher sulphides. 

Sulphur swollen into disulphide rubbers increased the 
160,164,165 

rate of relaxation 	and a mechanism to explain this was 
164 

proposed 

68(ring) 

'S.  + RS SR 	 

If this mechanism operates then 

(1/Tic h ) = 	m ± (0/ 	,7j ).) 0 )}  
0 

S6  (diradial chain) 

RS.  + RS. 
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whore T ch  is the observed relaxation time, k is the secific 

rate constant for tetrasulphide interchange, m is the number 

of disulphide links per network chain, [Sa] is the sul-.:hur 

concentration and 1)
o 

is the initial network chain density. 

The observed Pe 	values agreed well with values calculated ch 64 
from this equation. 

The disulphide interchange reaction was slow unless 
102,160,161 

sulphur or thio1 groups were present; 	a reasonably 

high rate of relaxation was observed, however, when the rubber 

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 mercaptides. 

These observations and conclusions were confirmed by Bertozzi, 
166 

Davis and Fettes. 

The polysulphide interchange in sulphur cured hydrocarbon 
86 

rubber may also be rationalised in terms of the mechanisms 

discussed. 

F. - S 	- 	Sy 	- S•  X-1-y 

R - .6* 	R - S°
x 	

_N 71 	S -,x+- 8--R 	8 'S' (diradical chain) 

.3.  (diradical chain) 	S8  (ring) 8  

(4.3.2) Chemical Stress Relaxation of. Wool and Allied Fibres  

Wool 'is a polymeric solid comprising, in essence, a 

helical Protein chain derived from a wide variety of amino 
167,168 

acids. 	One such amino acid, cysteine, gives rise to 
167,168 

disulphide crosslinks as follows: 
t 	 I 	 I 
C=0 	C=0 	0=C 
I . 	 I 	I 

2 CH-CH2  -SH ----> CH-CH2-S-S-CH2-0H I 	 I 	 I 
rH 	ITH 	1TH 
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169 
If this is reacted with NCI; it gives a lanthionine 

crosslink: 
I 	 1 
C=0 	0=0 

CH - CH2 	S 	CH
2 
 - CH 

NH 	NH 
I 	 I 

Liaterials containing such disulphide and monosulPhide 

crosslinks and thinl groups may undergo interchange reactions 
169-172 

that can be studied by chemical stress relaxation 	(see 

section 4.3.1). The experimental conditions used to study 

wool and other fibres are rather different from those generally 

used for elastomers; the relaxation of woollen fibres being 

conducted under conditions of high humidity or under water. This 

is done because woollen goods are usually pressed under steam 

during laundering and it is of interest to see how stress 

relaxation under these conditions leads to the setting of the 

graments (i.e. a process analogous to the permanent set of 
170 

rubbers) . Setting of woollen garments generally only lasts until 

the garments are laundered again, although chemical treatment 
170 

can lead to the permanent set of the fibres. 	Two theories 

were proposed to explain the stress relaxation of woollen 
173 

fibres under these conditions, the theory of Speakman 	and 
15,102,169-172 

the thio.//disulphide interchange theory. 
173 

Speakman's theory involves the hydrolysis of the 

distil :hide bond followed by reaction with other amino acid 

redidues to give a variety of new crosslinks; this theory has 
174 

been severely criticised and has very little experimental 
171 

support. 

The thiolidisulphide interc:lange reaction is essentially 
15,102 

that proposed by To*Jolsky 	(see section 4,3.1) although it is 

complicated when chemical setting agents, such as alkalis or 
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170 
bisulDhites, are present. 	This explanation has been preferred 

in the description of the chemical stress relaxation of wool. 

The most comprehensive study of the chemical stress 

relaxation of wool was made by Weigmann, 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 kJ mole-1, which was 

attributed to the cleavage of H-bonds, salt links and Van der 

Waals interactions. The second process was a slow, long term 

one which was attributed to the thiol/disulphide interchange 

reaction; this had an activation energy of 96 kJ mole-1  which 

compares favourably with the values of about 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 1T-ethylmaleimide or divinylsulphone both of 

which block thiols, preventing their participation in the 

interchange reaction. 
169,175 

Miyanchi et al 
	

have shown that the same type of 

relaxation behaviour takes place in 11-mercaptomethyl poly-

canryolactam fibres and that relaxation of this and wool is 

reduced after treatment with X0 T, as the monosulphide 

crosslinks nroduced cannot undergo interchange. 

(4.3.3) Rubbers Co: tai 	Salt Links  

Rubbers containing pendant carboxylic acid groups may be 

cured by divalent metal oxides to give vulcanizates containing 
176 

crosslinks with the structl:re shown in figure 4.10a. 

It was suggested that these might undergo interchange 
176 

by breaking and remaking ionic bonds (see figure 4.10b). 
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(a) a salt linkage 

1 cfcv  
_ //c\ 0 0 0 o 0 F 	0 9-  o 9-  

1112.1 	 deformeg,  

o O o & 0 6- 
V V C C 	C 

(b) deformation of a network containing salt links 

figure 4.10: Networks of salt links 
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177 
Tarasova and Dogadkin reported that the stress 

relaxation of such networks co-old be explained by such a 
176 

mechanism, although Ward and Tobolsky found that the behaviour 

was not this simple; relaxation being due to both interchange 

and viscous flow. 

11-,Zj TH2 CHT=CAL STR:DSS RELAXATICKT OF HIGH T=PE:ATIT:212,  

ELASTO=S  

In recent years the demand for elastomers that can be 

used at elevated temperatures has increased; in particular 

the aero-space industry requires materials that will withstand 

temneratures in excess of 120°C. Few materials will withstand 

these temperatures, the -principal ones being the silicones 

and the fluoro-elastomers. 

(A.4.1 ) The Chemical Stress Relaxation of Silicone Rubbers  

(4.4.1.1.) The Chemical Stress Relaxation of Pol7di?.leth71  

Siln:mne  

Polydimethyl siloxane can be cured by organic Peroxides 

or radiation; vinyl groups are often substituted for a few of 
179 

the methyl groups to facilitate crosslinking. 	The cross links 

produced are simple carbon-carbon bonds as in the hydrocarbon 

rubbers. 

Polydimethyl siloxane has the structure 

so that the polymer backbone contains only Si  - 0 bonds. 

The chemical stress relaxation behaviour of pdms was 
160 

first studied by Osthoff, Bueche and Grubb who found that 
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an extracted, radiation cured pdms vulcanizate underwent 

continuous stress relaxation at 150-260°C in anhydrous argon 

with an activation energy of 95 kJ mole-1; the rate of 

relaxation in argon or nitrogen was not increased by the 

presence of moisture. The continuous stress relaxation of 

benzoyl peroxide cured samples containing potassium hydroxide 

and acid residues relaxed at a faster rate than the radiation 

cured sample in dry nitrogen, with an activation energy of 

only 21 kJ mole-1; the rate was increased still further in 
181 

air, CO2  and moist nitrogen at 130oC. Turner and Lewis's 

results, where comparable, were in broad agreement with those 
100 	181 

	

of Osthoff, Beuche and Grubb. Turner and Lewis 	showed that 

the rates of both intermittent and continuous relaxation were 

higher under moist conditions and indicated that simultaneous 

scission and crosslinhing was taking place. 

It was concluded, from the results of Osthoff, Beuche 

and Grubb and Turner and Lewis, that stress relaxation resulted 

from two chemical nrocesses: 

(i) •Siloxane bond interchange 

CH_ 
1 4) 	

Cr H  

I 

CH3 	CH3  
1 
3  

-0-Si 	Si-0- 	-0-Si 	Si-0- 

LI\ 	//LI 	CH, o 	CY 
I 	i 

3\
0 0 	\  3  

Cy\\  CTT 
I 	

I .-3 	
\ 

CH, 	N\  CH 
-0-Si 	Si-0- 	1 	\1 3 

1 	I 	-0-Si 	Si-0- 
CH3 	CH3 	1 	I 

CH3 	CH3 

that took place under anhydrous conditions and was catalysed 
179 

by the presence of acids or bases; it was thought that this 
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reaction might also have been catalysed or co-catalysed by 

water. 

(ii) Siloxane bond hydrolysis via silol formation. 

CH,6 	CH 	9H3 	CH3 
I 	 I 

3 
i 	I 	I 	I 

0 Si— 0 —Si -0- 	 -0-Si--0H+HO-Si-0- 
1 	1 	I 	1 
CH3 	CH3 	CH3 	CH3 

The equilibrium position of this reaction would be pushed to 

the right hand side as the concentration of water increased; 

the rate of scission being proportional to the concentration 

of water. 
182 

Tobolsky, McLoughlin and Johnson 	prepared a series 

of pdms films containing an acid catalyst which underwent 

rapid relaxation at 600C under anhydrous conditions. The 

rate of continuous relaxation of these vulcanizates was reduced . 

by increased humidity; this stabilising effect of water was 

reversible, permanent stabilisation being brought about by 

soaking in pyridine. Since the effect of water was opposite 

to that expected if siloxane hydrolysis were taking Place, 
15 

Tobolsky suggested that siloxane bond interchange was 

occurring, catalysed by the acid, which was stabilised by 

water, and neutralised by pyridine. As these results are 

different from those of all the other workers they must be 

due to the unique structure of the vulcanizates. 

Several workers studied the relaxation of pdms where 

some of the methyl groups were replaced by vinyl groups. 
151 	179,183,184 

Lee, Sperling and Tobolsky and Thomas 	investigated 

the relaxation of peroxide cured samples. Continuous stress 

relaxation was very slow at 25000 in a vacuum and in dry 
150 

very Pure nitrogen with acti7c,tioLl energies of 217 	and 
151 -1 

146 	kJ mole 
	
respectively, 
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179,183,184 
Thomas 	showed that relaxation in dry air was 

faster than the vacuum rate and could be reduced by the 

incorporation of an antioxidant (see figure 4.11), partially 

polymerised trimethyldihydroquinone (TLIDHQ), indicating that 

some of the relaxation was due to oxidative scission of the 

crosslinks. The rate of continuous stress relaxation was 

further increased in moist air and became first order (see 

figure 4.11); this first order reaction had an activation 

energy of 61 kJ mole-1, was unaffected-by extraction 

except at high temperatures, and was apparently 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 relaxation rate to be 
185 

increased, but 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 hydrolysis and interchange reactions already 
179 

discussed. Thomas concluded that siloxane bond interchange 

was not imPortant because of the very slow rate of relaxation 

in a vacuum. He suggested that relaxation under moist 

conditions was due to siloxane bond hydrolysis although it 

could be due to water catalysed siloxane bond interchange. 

(4.4.1.2) The Chemical Stress Relaxation of Modified Silicone  

Rubl,ers  

To produce higher stability elastomers several attempts 

have been made to modify Ddms, by substitution both of pendant 

methyl grouts and within the main chain. 
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The flurosilicones are an example of methyl group 

substitution in which some of them are replaced by trifluoro- 
186 	185 

propyl groups. Thomas 	and Tobolsky and Shaw have shown 

that the fluorosilicone elastomers were considerably 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 order 

of vulcanizate stability was 

Dichlorobenzoyl peroxide> 2,5 dimethyl -2, 5-ditertiary butyl 

peroxyhexane) Benzoyl peroxide > Dicumyl Peroxide. 

This was explained in terms of the neutralisation of 

basic residues from the polymerisation of the base polymer, 

by residues resulting from the crosslinking system. These 

conclusions were supported by experiments on samples that 

had been deliberately doped with dichlorobenzoic acid or 
185 

acidic silica fillers. Tobolsky and Shaw showed that the 

presence of iron oxide led to a considerable stabilisation of 

the vulcanizates. 

The m-carborane/Pdms rubbers are examples of in chain 

modified silicone rubbers; these involve replacement of 

oxygen atoms with m-carborane units either in a regular or a 
187 

random manner. Zaganiaris, Sperling and Tobolsky 	and 
188 

Sperling, Cooper and Tobolsky 	studied several peroxide 

cured m-carborane/pdms rub1-)ers including SiB 	1 with the 

structure 

- CB,H10 	- C - Si 	01- , it  

167,188 
SiB - 2 	with the strcture 

Si - CB H 0-  C 10 1 Si - 0 - Si - 04. 
21 

and SiB - 1.5, a 50:50 copolymer of these two. The relative 

stabilities of these were characterised by a "maximum 
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temperature", defined as the maximum temperature at which the 

samples maintained (f/f ) values of at least 1/e(0.366) or u 0 0 	 /87 
did not undergo "excessive" crosslinking for 24 hours 	(see 

Table 4.2 ). 

TABLE  

Sample Useful Maximum TemPerature °C 

In Air In 1T2 

SIB - 2 260 325 

SiB - 1.5 275 - 

SiB - / 285 - 

pdms 

SiB - 2 filled 

, 

with fume 

230 260 

silica 300 416 

In the SiB rubbers there were very high rates of crosslinking 

at higher temperatures than those listed in Table 4.2. 
185 

Tobolsky and Shaw studied the continuous relaxation of 

a random SiB - 2 rubber in nitrogen; in common with the other 

m-carborane/pdms rubbers, relaxation was slower than first 

order and was interpreted by the multi-exponential procedure 

described in section 3.5.2 in terms of two first order 

processes. It is interesting that the short time process had 

an activation energy of 217 kJ mole-1 whilst the long term 

process had a smaller activation energy of 175 kJ mole-1; 

both these processes were associated with crosslink scission 
165 

and Tobolsky and Shaw 	proposed that they were due to the 

thermal decomposition of two different types of crosslinks. 

Since the nitrogen relaxation was due to cleavage of 
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the crosslinks then the oxidation of the crosslinks and 

pendant hydrocarbon segments was probably the cause of the 

scission and crosslinking that occurs in air. The differences 

between the relaxation of the elastomers containing different 

amounts of m-carborane is then due to differences in 

simultaneous siloxane bond interchange. The stabilising effect 

of silica (see Table 4.1) may be due to its neutralisation 

of basic Polymerisation residues as in the fluroelastomers. 

The SiB polymers can be cured without peroxides, so 

that cure proceeds by displacing methyl groups resulting in 

the production of networks without SiCSi or SiCCS1 bonds; 
185 

these networks are more stable than the peroxide cured 

vulcanizates. 

Other modifications of the methyl substitution type 

have involved replacement of some methyl groups by phenyl 
165 

groups or by vinyl-o-carborane groups.. Pendant phenyl 

groups 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 groups as crosslinking sites 

has a detrimental effect on thermal stability. 

(4.4.2) The Chemical Stress Relaxation of Fluoro-Elastomers  

The f/uoro-e/astomers or "vitons" are copolymers of 

vinylidene fluoride and hexafluropropylene having the 

structure 

-CH2-CF2--(CH 

Cv3 

F )
s
(CP

2 
 -0)--CH

2  -CP,)- t  

F 

which is cured commercia117 by diamines such as hezamethylene 
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189 
diamine carbamate ( HIIDC) in conjunction with magnesium 

oxide. This gives crosslinks with the structure 

I 
CH7  
I - 	-2 

C = 	(0112)6 	IT=C 

CH 
1 2 	

CH2 
 

Viton can also be cured by exposure to X-radiation; this 

gives C-C crosslinks and introduces some main chain unsaturation 

into the polymer. 
189-193 

Thomas 	studied the continuous stress relaxation of 

HIIDC/viton vulcanizates which at 250°C underwent a rapid 

oxidative cleavage reaction in the vicinity of the crosslinks. 

The rate of relaxation was unaffected 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 energy for the 

oxidation reaction was 97 kJ mole
1
. 

The continuous relaxation b,yhaviour of dicinnamylidene 

1,8 - hexanediamine (DCHD)/viton vulcanizates was identical 

with that of the HMDC vulcanizates, giving points that fitted 

on the same Arrhenius plot. 

The intermittent relaxation of both HLIDC and DCHD 

vulcanizates showed that there was a high rate of crosslinking; 

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

introduced by crosslinking (see figure /1.12). Thus the original 

or "first" network was replaced, during oxidative ageinr:, by 

a "second" network. 

The continuous stress relaxation of p-phenylenediamine 

(PPD) vulcanizates took place at a slower rate than was the 

case for 11::DC or DCHD cured samples although it was also 
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accompanied by an efficient crosslinking reaction. Thomas 

concluded that in =DC or Den cured samples scission took 

place both in and at the crosslinks but that scission in the 

crosslinks was prevented in P?D vulcanizates by the higher 

oxidative stability of the aromatic ring. 

A prolonged post cure in air at 250°C resulted in 

the complete replacement of the first network, by the second 

network; the stability of the second network was much greater 

than the first (see figure 4.13) and was the same whatever 

amine was used for the orin.inal cure. The second network 

underwent a first order main chain scission reaction with an 

activation energy of 115 kJ mole-1; these results were 

essentially the same as those obtained for radiation cured 

samples where the activation energy was 117 kJ mole
-1
, 

although a higher rate of relaxation was observed because of 

the main chain unsaturation present. 

The presence of 2 - 3,1 of an antioxidant, 1421DHQ, 

improved the stabilities of both first and second networks 

although 0.55 of polymerised phenylene diamine was better, 

since this maintained a constant network chain density for 

10 times longer than E.:DHQ at 250°C. 
194 

Yoshida, Florin and Wall studied the radiation induced 

oxidation of Viton and Ke1-F(3700), a copolymer of vinylidene 

fluoride and chlorotrifluromethylene. Both of these were 

cured with '-radiation and relaxed at 25°C in air and nitrogen. 

under dose rates of 0.3 - 2.7 	hr-1; physical relaxation 

effects were factored out and linear f°/ft  vs t curves 

observed. 

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

absorbed) obtained are given in Table 4.3. 
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TAB L7:] A.a  

Sample 

Orosslinking 
Dose 
(lir) 

G factor at stated Dose Rate 

0.31 lir/hr 0.6 17.r/hr 2.7 ::r/hr 

Air R2  Air 11.2  Air R2 

4 13.2 4.6 8.9 7.1 12.5 7.7 

Viten A 8 12.5 5.2 e.,:, 7.3 15.2 7.0 

16 12.2 5.6 10.2 7.9 - 6.9 

4 6.2 4.1 3.6 4.1 - - 

Kel-F-3700 8 4.6 1.9 - 2.4 - - 

16 3.7 2.1 - 4.6 - - 

For Viten A; the G values in air are generally greater-

than those in 1;2, although there is a considerable amount 

of difference between the results at different dose rates. 

The indenendence of the G factors on the crosslinking dose 

indicates that scission takes place at the crosslinks. Ro 

intermittent data was obtained and so it was not possible 

to consider the effect of simultaneous crosslinking reactions 

that must have been taking place at an appreciable rate, 

especially at the higher dose rates. 

The scission reaction in Kel-P was not aPpreciably 

different in nitrogen from that in air and Yoshida, Florin 

and :;all suggested that this was a result of the low 

permeability of Yel-F to ex:igen. 

(4.A.3) r_The ClIenical Stress Relaxation of Ilitroso :Rubber  

'Titres° rubbers are copolymers of polytetrafluroethylene 

and trifluronitrosomethane that is reputed to be curable 

with a mixture of triethylene tetramine (TETA) and =DC. 
195 

Thomas found that continuous stress relaxation curves 

of a TETA/HI:DC vulcanizate were first order, after an initial 
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period of fast relaxation, in the temperature range 22 - 150°C. 

The linear portion was unaffected by changing the concentrations 

of Ti TA and HZDC, or by changing the atmosphere from air to 

nitrogen; the activation energy was 27 kJ mole 1 	Intermittent• 

stress relaxation indicated an initial period of cross linking. 

It was concluded that TETA/HI:DC was a largely ineffective 

curing system, and the relaxation behaviour resulted from 

viscous flow with some TETA and ?EDO induced scission and chain 

branching superimposed upon it. 

(A.5) THE CHET:ICAL STRESS RELAZLTIOIT 0F POLY=THArE ELASTO=78  

The polyurethane elastomers do not fit into any of the 

previous three groups of rubbers although a discussion of their 

stability will include some aspects of hydrocarbon oxidation 

and labile bond reactions. However, their properties are, in 

general, quite different. 

Polyurethane elastomers comprise glycol terminated 

polymer chains (typically polyethers or polyesters) and 

diisocyanates; these basic ingredients are reacted together 

to give a polyurethane which has the structure 
0 	0 
II 	I 	H 
C - - R 	C - 0 - R - 

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

Polyether. 

The first studies of stress relaxation were made by 
16 	 17 

Offnbach and Tobolsky and Colodny and Tobolsky and are 

suYn,larised in Table A 
	

Soaking sample i in water did not 

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

polyethylene glycol reduced 	eh at 110oC from 19 to 6.6 

hours. The intermittent stress relaxation of all the samples 



TABU 4.a  

Polyol Other Reactants Constituent Links 1:c8. at 
120 C 
(hours) 

all 	..., 
kJ mole 

Sample 
7o. 

diphenyl methane diisocyanate 
and water 

ester, 	urethane, 
disubstituted urea, A 
biuret 3.3 125 1 

naphthalene-l,5-diisocyanate ester, 	urethane  
and butan-1,4-diol 6.9 146 2 

ethylene/ toluene-2,4-diisocyanate ester, urethane 
propylene 
adipato 
polyester 

and an aromatic diamine disubstituted urea, 
biuret 

4 
4.9 142 3 

methyl triphenyl tri- ester, 	urethane 

. 

isocyanato 

reacted with 1,2,6 

14 116 4 

toluene 
dissocyanate 
to 	give 
isocyanate 
terminated 
polymer 

hexanetriol 

water 

ester, 	urethane 

ester, 	urethane 
disubstituted urea, 
biuret 

9.7 

1.6 

119 

122 

5 

6 

Commercial ether, 	urethane 4- 
polother other links 2.1 127 7 
(Adiprene 	B)  

approxima:o values obtained from £.ij 	4 of rof.16 

Ref. 

16 

26 

16 

17 

17 

17 

16 
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indicated that a substantial bond reformation or crosslinking 

reaction was taking place. 

The results sum.-arised in Table 4.3 indicate that 

vu/canizates containing disubstituted urea and biuret links 

are less stable 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 all of them. 
196 

Tobolsky and Peterson evaluated the specific rate 

constant for urethane cleavage in sample 4 (Table 4.3) which 

contains two urethane links; they obtained 

kl = 1/2 tjch = 2.5 x 10
10 

exp - 116000/RT 

To investigate further the stability and mechanism of 
20 

urethane cleavage, Tobolsky, Yu and Thach studied two sulphur 

cured urethane rubbers; one prepared from ethylene diamine 

and the other prepared from piperazine. The structures of 

these elastomers were: 

	

0 H 	H 0 

	

11 	I 	 11 
-4.7 	R 	0 - C 	II 	CF2  - CH2 - IT - 	- '  

0 	0 
II 	7-----\ 	II 

40 - P. - 0- C- 11" 	II - C -j-- 
\______/ 

The continuous stress relaxation curves for these two 

rubbers are shown in figure 4.15; the much greater stability 

of the piperazine network was attributed to the fact that it 

cannot undergo dissociation by the reaction 

0 
P 	0 	C 	ITH2 	- 1?1  - OH + 0 = C = iT - R2 

and 

n 
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These early results of Tobolsk,r et al showed that 

the continuous stress relaxation of polyurethane elastomers 

was not, in general, first order and it was demonstrated 
18.19 	 197 

by Weissbein and Singh 	and Tobolsky, Johnson and Lachnight 

that the curves could be analysed using the multi-exponential 

equation discussed in section (3.5.2). The curves could be 

described quite well using; two terms (see Figure 4.14). 
197 

Using this a-oProach Tobolsky, Johnson and ::acKnight 

analysed the data for a triol cured, -isocyanate terminated 

polyester prepolymer and obtained activation energies of 

195 and 172 kJ mole
-1 

for the slow and fast processes 

res-9ectively. The intermittent modulus remained unchanged 

with time indicating that a new chain was produced for every 

one broken; this could have resulted from cleaved bonds 

regenerating. 
18,19 

Weissbein and Singh 	also analysed their results in 

this way and obtained good fits for a number of polyurethanes. 

They prepared samples from an isocyanate terminated Prepolymer 

that was cured with 1,2,6 hexanetriol, trimethylolpropane 

or mixtures of trimethylo17)ropane and butanediol. The use of 

mixtures of butanediol and trimethylolpropane enabled the 

number of urethane groups Per chain to be varied in a 

systematic manner; the continuous relaxation rate increased as 

the number of urethane grolns per network chain increased. 

These results confirmed further the association of cleavage 

with the urethane group in networks where more readily cleaved 

bonds (i.e. biuret etc.,) were absent. The presence of ferric 

acetyl acetonate, a catalyst that increases urethane breakdown, 

considerably increased the rate of relaxation; but the 



ft / fo 
and 

ft /f0 - Bexp(tPtaa) 
0.2 

01 

1.0 
08 
06 

0-4 

1.00 

08-  

ft  
06- 

fo 
0.4- 	0-368 

I 	I  
1 	10 
TIME (hours) 

102  103 

126 

0 
	

1 	2 	3 	4 

Time (hours) 

figure 4.'14 Multi -exponential analysis of a triol cured 
polyurethane elastomer relaxed at 160°C 
(ref. 197) 

figure 4.15:Relaxation of piperazine (0) and ethylenediamine ( 0  ) 

extended urethane elastomers at 120°C (ref. 20 ) 
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relaxation curve could now only be adequately described by 

a three term exponential' equation. 

A number of model polyurethanes were prepared by 
19 

7eissbein and Singh with the structure: 

Cyr 	
0 	 0 

H 	 Ii 	CH_ 

0011 

C 	0 - polyester - 0 - C 

ITC() 

the only difference between the model Polymers was the 

number average molecular weight of the Polyester which was 

varied in the range 1000 - 4000. This isocyanate terminated 

prepolyt:ler was cured with trimethylolpropane to give elastomers 

with exactly four urethane links per chain. 

The continuous relaxation curves were resolved using 

the two term exponential equation (see page 76  ); the slowest 

process gave the same activation energy of 124 kJ mole
1 

and aPproximately the same rate; irresective of polyester 

molecular weight. The faster process did not give identical 

rates, except at 1500C, and the activation energies for the 

samples varied between 80 and 121 kJ mole-1. The slow 

Process was attributed to urethane cleavage whilst the fast 

Process was attributed to the cleavage of undefined weal: 

links as had been proposed by Tobolaky et al. 
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CHAPTER 5  

THE PHYSICAL AID CH=ICAL PROP:RTI:28 0P POLYU272HA=S 

(5.1) 	IITTRODUCTIOTJ 

The work described in this thesis is concerned with 
1-8,198,199 

solid polyurethane elastomers, 	in particular, those 
2,3 

that can be handled on a rubber mill. 	The millable poly- 

urethanes are not, however, the only type of urethane 

elastomers, but are chemically similar to many of the other 

types, which include castable, thermoplastic, cellular, 

sprayable andporomeric polyurethanes and spandex fibres. 

In addition the chemical similarities extend to the flexible 
1,7 

and rigid foams, coatings and adhesives. 

The physical pronerties, on the other hand, are quite 

different from the other urethane elastomers, except for the 
1 

castable urethanes, and the other polyurethane materials. 

The characteristic component of polyurethane polymers 
1,3,7,0,199 

is the urethane group, which has the structure: 
0 

R 	ITH — 8 - 0 _ 11/ 

although this group is by no means the major component of 

the polymer. 

The polymer comprises glycol terminated polymer 

molecules with fairly low molecular weights, that are reacted 

with diisocyanates to give polyurethanes. The molecular 

weight of the glycol would generally be 3000 or less and is 

usually a polyether or a polyester, although more recently 

glycol tipped polybutadienee or polydimethylsiloxanes have 
3 

been used. 

(5.2) 	TH.T.,' -P-P.7-PAI.),ATT077 AITD 0117: OF URETHAHE ELASTO=RS 

The exact method of nreparation depends upon the 

required product, but it can be visualised as comprising two 
1,3 

stages which may sometimes be combined into one: 
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(1) Prepolymer preparation comprises the reaction of 

an excess of diisocyanate with a glycol terminated polyether 

or polyester; the product is an isocyanate terminated Pre- 

polymer. 	 0 	0 
it 

HO 	20CIT-R-iTC0-->0=-1?H-C-0"...N.,,,-0-C-UH-R:C0 

(ii) Chain extension comprises the reaction of this 

prepolymer with an active hydrogen compound such as water, 

amines or a glycol. If the glycol terminated polyet'her or polyestz 

isused, the product is a simple linear polyurethane with the 

structure: 	

"[.... 0, 0-C-ITH-R-ITH-C1 
 II 	IIIT 

0 

'n 

ThiS may be hydroxyl or isocyanate terminated depending 

on which reactant was present in excess; hydroxyl terminated 

polymers are the most stable. 

If an amine chain extender or water were used the 

product would contain disubstitnted urea linkages in addition 

to urethanes. Several other chain extenders such as amino 

alcohols, hydrogen sulphide or dicarboxylic acids have been 

used but are not commercially important. 
1-3 

The crosslimking of urethane polymers can be accomplished 

in several ways. Perhaps the most obvious method is the use 

of triol or triamine chain extenders giving urethane or urea 

linkages. Crosslink 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 groups 

can react with urethane or urea groups in the chain to give 

allophanate or biuret crosslinks, or with other isocyanate 

groups to produce isocyanate diners or trimers. This means 

that polymers containing terminal isocyanates or added di-

isoc-,:anate in addition to urethane or urea groups can be 
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crosslinked simply by heating to 1200-1500C. The hydroxyl 

terminated urethanes may be cured in this way by addition 

of diisocyanate, when the crosslinks will be allophanates, 

biurets and isocyanate trimors; alternatively a triisocyanate 

can be used when there will be predominantly urethane 

crosslinks. 

The structures of these types of crosslinks are shown 

in figure 5.1. 

Other systems include the peroxide or sulphur cure of 
200 

suitably modified polyurethanes.. 	Peroxide cures can be 

used whenever the polymer contains some hydrocarbon segments, 

since the cure involves abstraction of hydrogen and combination 

of the free radicals so formed. Hydrogen can be most readily 

abstracted from a CH group followed by CH2  and CH3, the ease 
201 

of abstraction being approximately 17:6:1. However, terminal 

CH2  groups or CH2  groups that are m to a double bond are more 

highly reactive. 

The free radicals formed do not have to combine to give 
10A 

a crosslink 	but can result in main chain scission or the 

production of double bonds by a disproPortionation reaction; 

these wasteful side reactions are more important in fully 

saturated hydrocarbons than in olefins. 

peroxide 

-(0112)4 -   -CH26T1-(C21 ),- 
combination 

-01T„-m-(CH, 2- 
-C12-CH-(CH2)- 

   

scission 

 

disproportionation -CH -CH CH2 2  

+ -CH2 

-(CH2) A- 

 

-CH2-CH = CH-CH2 
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0 

c\r\f\--N-9C-Nid-Ar\--/ r\-f\-fLN-C- 0  

0= C NH-rk-r\-f\-) 	0=C-NH  

biuret 	 allophanate 

,9 
RCN 	 /C\ Nj N 	j\JV\.N N  

I 	I 	
\

C
/ 

	

0=C C=0 	 0 
NN/  

	

isocyanate trimer 	isocyanate dimer 

0 
NH-C-OPNI\Jr\-f\O-CI-Ii-CH-CH27-0-n-Ar\-) 

NH-R 	 0 
I 	I 	 I 

0=C NH-C-of\f‘P  CH.fCH-CH-CH-CH=CHA, 

0 
	II 	 i 

	

0 	 , 0 

r\-n-A-0-C1-1F,CH-CHT,-0 

	

urethane 	glycerine monoallyl ether / 
peroxide c.rosslink 

figure 5.1 : Crosslinks in urethane elastomers 
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Small amounts of unsaturatIon are often included in the polymer 

to aid peroxide curing and to enable the materials to be 

sulphur cured; this is frequently done by the addition of 
1-3,6 

glycerine monoallyl ether - which gives the structure 

• 2 . 1 
0 
1 
CH2

-CH = CH2 

(5.3) HYDROGEN BONDING IN POZYURETHAn ELASTOLIERS  

The primary chemical structure of polyurethane elastomers 

was discussed in section (5.2), apart from this there is 

evidence of an extensive secondary bonded structure resulting 
1,3,202,203,204 

from hydrogen bonding. 

The hydrogen bonds formed are usually assumed to be 

similar to those in amides so that they will have the following 
1,202 

structure: 

0 
fl 

- C - 

I 

0 

6,16,1,-,,,ey 0 - C ■ T 
1

Tr 
 

A recent study, using ultrasonic methods, has suggested 

that in simple urethanes a dieter is formed which has the 
202 

structure: 
H__ 0 

\' ORt 

1 

/-  0--H 
P.' 0 
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This has an activation energy for dissociation of 
-1 

16 kJ mole 	per bond. The same tochnicue was used to show 

that in polyester and polyether solvents there was both 

urethane urethane and urethane/solvent hydrogen bending. The 

urethane/solvent bonds would presumably have the structures: 

Rt 

\H-H---0 = C 
I 	' 

	

0 = C 
	

0 	for the polyester 

	

1 
	RH, 

0 

and R" 

R-N-H----0 

0 = C 	Rut 

1 

OR' 

for the polyether 

The ester/urethane and urethane/urethane bonds will form 

preferentially with the carbonyl oxygen rather than the other 

oxygen as carbonyl groups are known to form strong hydrogen 
204 

bonds. 

All these bonds are likely to be formed in polyurethane 

elastomars and the hydrogen bonded structure of the polymers 

undoubtedly affects their stress relaxation at low temperatures 
1,2,3 

and their compression set behaviour. 

(5.4) THE =VIRO=EITTAL STABILITY OF POLYURETHAn ELASTO=S 
1-3,198 

Several studies have been made 	to determine the 
205,206 	207,208 	205 	207,208 

thermal, photolytic, thermooxidative, photooxidative, 
3 

hydrolytic and fungal or bacteriological stability of 

urethane elastomers. All of these factors were known to 
3 

reduce the service life of polyurethane elastomers although 

most interest has been concentrated on the thermal, thermooxi-

dative and hydroyltic stability of the elastomers. 
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(5.4.1) The Thermal Stabil'Lt7 of Polyurethane Elastomers  

(5.4.1.1) The Urethane Link 
1,198 

Thermal dissociation of the urethane link 	would 

seem to follow three pathways. Firstly, degradation can lead 

to the production of an isocyanate and an alcohol; this will 

be a reversible reaction: 

RNHCOOR' 	=CO R' OH 

Secondly, an olefin and a primary amine can be formed: 

RITHCOOCH2CH2R' RITd2 IrCH = CH2  4- CO2  
209 

this may proceed via a cylie intermediate. 

	

0 	 0 -2) 

	

I I 	 I (--• 

	

c 	+ %.-C.N. \ C 
/ .. 

R - NH 	-..,0 --. R - NH 	9 	----> RITH2  + R' CH = CH24-0O2  

	

(4; 	
\....1 	1 

	

H 	CH 	H 
\,----N,  2 ...,„ CH2 

	

CH 	CH 
• / 	1 

	

R' 	R' 

Thirdly, decomposition may lead to the production of a 
1,198,209 

secondary amine: 

RRHC00H2'   RNH CH,R' 4- CO2 
209 

which may also involve a cyclic intermediate: 

In(1' 	÷ 
R-NH-C = 0 ---->. R-NH-C-0-  
•. 	1 	I 	II rd Co 	 CH2 0 
CH2 	1 
1 	R! 

RI 

 

	 RNHCH2RI + CO2  

 

This reaction involves no net scission of the polymer chain in 

which it takes Place. 

The most common of these decomposition pathways seems 

to be the first. The hydrogen atom plays an'important role in 
210 	20 

the decomposition process since Beachell and others have 

shown that the rate of decor:!r)osition is reduced when this 
210 

hydrogen atom is removed. Boachell and Ngoc Son showed that 
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an H substituted urethane, where the hydrogen atom-was 

replaced by a methyl group was more stable than an 
20 

unsubstituted urethane. Tobolsky, Yu and Tiiach showed that 

the continuous stress relaxation of a piperazine extended 

polyether with the structure 

0 	0 
H f--A 

R 	0 -•C -II 	U-C- 0 - R 

was much slower than that of an ethylene diamine extended 

polyether (see figure 4.15) which has the structure: 

0 	 0 

R -0-C- HH - CH2  - CH2 -- ITH -C-0- R 

This again indicates the importance of the urethane hydrogen. 

When gross degradation occurs many different products 

are formed; however, most of these result from the reaction 

of the simple products, already mentioned, with themselves or 

with other groups present in the polymer. The most complicated 
205,206,211-216 

reaction products 	appear 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 

processes that are measured by chemical stress relaxation 

(see section 1.4) 

(5.4.1.2) 	Other Hitrec-on Cr,ntalninr: Links  

In general, the ther:Ial decomposition of the other 

nitrogen - containing links present in urethane elastomers leads 

to the production of the materials from which the links were 
1,2,196 

formed. 	Substituted areas revert to an isocyanate and an 

amine, biurets to a substituted urea and an isocyanate, 

allophanates to urethane and an isocyanate, and isocyanate 

dimers to isocyanates. 
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1,198 
Biurets and allophanat s are both rather unstable, 

the biuret being the slightly more stable, isocyanate dieters 

are moderately stable, although catalysts can bring about 

rapid degradation at low temperatures. 
1,2,198 

Substituted urea links are fairly stable 	requiring 

temperatures of about 17000 to get an appropriate rate of 

dissociation. Isocyanate trimers are very stable to both 

heat and chemicals although they do decompose above 3000C 

giving a carbodiimide. 

(5.4.1.3) Polyester and Pol7ether Segments  

The thermal stability of the ester group is extremely 

high except at very high temperatures, in excess of 3000C, 
1,198 

where some cracking to unsaturated compounds occurs. 

0 	 0 

R 	C - 0 -(CH2)2  - RI 	R - C - OH 	R - CH = CH2  

The formation of cyclic esters of lovi molecular 
1 

weight has also been reported; this may require the participation 

of terminal hydroxyl groups most of which will have been 

converted to urethane groups in this case. 

Polyethors are much loss stable than polyesters, 

they dissociate to give low molecular weight hydrocarbons, 
1,198,217,218 

ketones, aldehydes and ethers. 	The first step in this 
217,218 

Process is the scission of the C-0 bond. 

R 	CH, - 0 - .0112 	R 	RCII, - 
(5.4.2) The T^_ernoo:.idative Stabilit7 of Pol7furethane Elastomers  

(5.4.2.1) the  Urethane Lin 4 

Urethane links are very stable to oxidation although 
2,219,220 

Schollenberger 	showed that in urethanes roared from 4,4' 

diphenylmethane dissocyanate (=I), oxidation in the presence of 

u.v. light led to the production of a auinone-imide structure 
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0 
II 

-0-C-1TH 

 

0 
II 

N C-0- CH2 :TII-C 	0 C ITII 

0 	1[0] 	0 

R -C-0- 

This reaction presumably involves production of a 

free radical, RITC0010 followed by a rearrangement to form 

the stable structure shown above; because of this it is 

probably limited to materials that can undergo a stabilising 

rearrangement of this type. 

. This reaction does not result in scission but it may 

interfere with the thermal decomposition of the urethane 

group discussed in section (5.4.1.1). 

(5./1.2.2) Other Nitro7en Containin Links  

Substituted urea, allophanate, biuret and isocyanate 

dimer and trimer links aro not oxidatively unstable although 

some of the products of their thermal decomposition may 
1 

under ;o oxidation. 

(5.4.2.3) Polyether and Pol7ester Segments  

Polyethers are subject to fairly fast. oxidation; the 
1-3,196,217,218 

C-0 bond undergoes cleavage by the following mechanism 

R' 02 02 
RCH2-0-CH R 	> 26HOCH2R 	 RCHOCH2R 

02 

R-C11 	RCH204 ‹E.-----ROCH,R 
II 
0 	• 	0.  

This oxidation of the ether linkage is considerably 
217 

reduced when antioxidants are present. 



140 

142 
Polyesters are very stable to oxidation 	unless 

unsaturated groups are present and the oxidation of polyethers 

is also increased when unsaturated. When the elastomer contains 

glycerine monoallyl ether (see section 5.2 	), the unsaturated 

nature of this group will result in an increased rate of 

oxidation. A peroxide cured sample will contain crosslinks 

with the structure 

0 

CH2=CH-CH-CH-CF_r-CH2 
- 

0.  

so that oxidation can lead to cleavage of the crosslink. 

Antioxidants will reduce the rate of oxidation of these 

unsaturated groups. 

(5.4.3) The H7drolytIc Stability of Pol7urethane Elastomers  

(5.4.3.1) The Urethane Link 
1,3,190 

The urethane group is subject to hydrolytic cleavage 

which is catalysed by both acids and bases. Saunders and Frisch 

concluded that urethane hydrolysis took place less readily than 
221 

ester hydrolysis. J.h/m • s agreed with the work of Athoy, who 

showed that the tensile strength of a polyester-urethane fell 

much more rapidly than that of a polyether-urethane when both 

were immersed in water at 50-70°C. The cure system used did 

not affect the rate of hydrolysis 

However, the urethane link does undergo hydrolytic 

cleavage giving an amine and an alcohol under basic conditions 

and a mixture of products, such as al:lines, ureas, etc., under 

acid conditions. 

(5.4.3.21_ Other Nitro,-en ContaZninr Links  

There 0 very little data on the hydrolysis of urea, 
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allophanate, biuret and isoc7anate direr and trimor links; 
3 

the available exnerimental evidence is contradictory. An 

early study indicated that biuret links were less stable 
221 

than urethane. Athey 	has shown that an amine cured 

polyether-urethane is less stable than a glycol cured 

materials-indicating that the urea and biuret links are less 
222 

stable than urethane. However, 1;agnus 	has reported that 

amine cured polether-urethanes are more stable than glycol 

cured ones. 

In any event, urea hydrolysis is known to be catalysed 

by both acids and bases. 

Isocyanate trimers are fairly stable to hydrolysis but 
198 

will react slowly to give a biuret linkage 

0 
11 
C 	 0 R. 0 

R-771 \H-R 	KOH 	• 	It 1 It 

	

I 	+ H20 	 R-1711-0-1T-C-ITH-R+CO2 

	

C C 	30°C 
0' \ 

ii 

Isocyanate dieters react slowly with alcohols to give 

allophanates and- if the 'same reaction occurs with water, a 

disubstituted urea will be formed. 

Polster and Pol-nnor Se'ments  

The polyether chain is resistant to hydrolysis and, 

in general, polyether-urethanes are much more resistant to 

hydrolysis than polyester-urethanes; this has prompted Athey 

and others to propose that the ester group is more susceptible 

to hydrolysis than the urethane group. 
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Ester hydrolysis is a very well known reaction that 
1,3,196 

proceeds according to the following equation:: 
0 
11 	 0 

R C OR' 	H2O N RC 	R' OH 

This reaction is catalysed by both acids and bases. 

In the case of an acid catalysed reaction the carboxz:lic 

acid Produced 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 - 

neutralising the acid produced. 

  

  

= C = ITR 	R' C 00H RITH0 = 
I 
OCR' 

II 

0 

  

   

0 

RITHC = IIHR 

0-CR' 
Ii 

•  It 

R'000' RITHOITHR 

R'COCR' 
It 	II 
0 0 0 

  

Carbodiimides have not been entirely successful and have 

failed in long term weathering tests over water under ambient 

conditions whore they acted as accelerators of degradation. 

This behaviour was thought to be due to the fungal attack of 
3 

the samples where the carbodiimide was acting as =a nutrient 

and hence aided fungal growth. When fungal attack was 

excluded the carbodiimides reduced the rate of hydrolysis. 

+ + 	÷ 

OH 
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CHAPT7'2 6  

THE OY/71OT-171ISATIOIT OF ADIrRE= 	11:7D GE:7THA:71]  

(6.1) IITTRODUCTIO:T 

To develop meaningful interpretations of the chemical 

stress relaxation data, it is important to characterise, fully, 

the materials under study. 

It is apparent from section (3.3) that the network chain 

densities of the samples must be known in order to distinguish 

between cross/ink and main chain cleavage. Apart from this, 

it is important to know the chemical composition and structure 

of the elastomers in order to identify likely sites for 

crosslinking or cleavage, and then to design experiments to 

establish which of these sites are responsible for the stress 

relaxation. 

The results presented in this chapter are concerned with 

the characterisation both of the backbone polymer and the cured 

elastomer. 

(6.2) THE MATERIALS USED  

The two polymers used were commercially available materials 

that were supplied and cured by the Materials Department, Royal 

Aircraft Establishment, Farnborough, Hampshire. They were: 

(i) Adiprene CM (E.I. du Pont de iremours and Co.), a 

polyether based urethane Prepared from poly (oxybutylene)glycol 

and a 2,4.and 2,6 isomer mixture of tolylene diisocyanate (TDI).  
1,2,6 

plus about 5 to 10;; of glycerine monoallyl ether. 

(ii) Genthane S (General Tyre and Rubber Co.), a 

polyester based urethane Prepared from a glycol terminated 

80_:20 poly (ethylene/propylene adipate) and methylene-p, 
1,2,6 

P-diPhenyl diisocyanate 
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In both cases excess polyol was used to give a hydroxyl 

terminated polyurethane. 

The two polymers were cured with dicumyl peroxide; four 

different peroxide concentrations were used; 1.0, 1.5, 2.0 and 

2.5 pph gum. The samples wore milled and then press cured for 

30 minutes at 160°C. 

(6.3) OHAT'.ACT=ISATIOr OF THE UrCUR2D POL=ER  

(6.3.1) The Chemical Composition  

(6.3.1.1) ruclear Mar-:netic Resona,Ice aTtectra  

Deuterech/oroform solutions of the two polymers were 

prepared and proton magnetic resonance spectra obtained using 

a Varian A 60, 60 MHz n.m.r. spectrometer. The spectra were 

obtained at ambient temperature (,..,30°C) and an internal 

reference compound, tetramethyl silane, was used to give a 

peak at S =-0 (e= 10); the spectra were electronically 

integrated. 

The spectra and integrals are shown in figure (6.1) 

The spectra could be interpreted in terms of the reported 

compositions (see section 6.2) of the polymer, except that 

the glycerine monoallyl ether, present in small amounts, could 

not be detected since it was mashed by other peaks; the Peak 

assignments are given in table (6.1). 

The integrals (fig 6.1) were used to determine the 

relative molar concentrations of the various groups present; 

this is possible because the intensity of a peak is directly 

pr000rtional to the number of Protons responsible for it. The 

results of this calculation are shown in table (6.2). 
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TABLE 6.1 	146 

GENTHANE S 

STRUCTURE 	 GROUP &(PPM) 
0 	0 

(a) (b) 
-OC CH2CH2CH2CH2CO- 

0 	0 
-COCH2CH20C- 

CH2(a) 2-3 

CH2(b) 1.6 

CH2 4-2 

CI? 	
0 

 
-COCHCH20C- 

CH3  
C H3 	1.3 

CH2 	4-2 

CH 	4.7 

0 
-OCNH 	CH 

    

NHCO- CH2  
CH 

3.9 
7.1 & 7.3 

     

ADIPRENE CM 

STRUCTURE 	GROUP 	8 (PPM) 

(a) (b) 
-OCH2CH2CH2CH20- 	CH2(a) 

CH2(b) 	1.6 

-OCNH 
0 

C H3  
CH 

2.1 
7.1 & 7.3 



147 

(6.3.1.2) Infra-rted SPectra 

The infra-red sPectra of chloroform solutions, and of 

films cast from chloroform solutions, were obtained for both 

polymers using a Perkin Elmer 157G spectrometer, a Perkin 

Elmer 457, a Perkin Elmer 257 and a Unlearn. SP200 were also 

used during this study. 

The chloroform solution spectra were obtained in the 

usual way , using two matched cells, one containing the 

solution and the other containing pure solvent; the spectrometer 

then subtracted the solvent spectrum from the solution spectrum 

leaving the spectrum of the polymer. The chloroform had been 

distilled and dried over a molecular sieve type 4A; it was, 

hence, water and ethanol free as was confirmed by the absence 

of an OH peak in its infra red spectrum. 

The film spectra used films, cast from chloroform 

solutions, on salt plates mounted in small 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, mounted in the teflon collars 

could be heat aged and the spectrum of the same film taken 

repeatedly after different times of ageing. 

The spectra are shown in figs. 6.2 and 6.3 ., they 
1,2,6,223 

. confirmed the publisho'd structures of the Polymers, 	the 
1,2,3,198 

assignments of the principal peaks being given in table (6.3) 

It is clear from a comParison of the solution and film 

spectra for each polymer that the 1TH peak at 3 microns changes. 

In the film this appears as a broad peak centred on 3 microns 

with a small shoulder at 2.9 microns. The solution spectra 

were slightly different; the ITH band comprised a narrow, sharp 



Table 6.2 

Chemical Composition of Urethane Polymers 

Genthane S  

9 
—C NH H 

9 
NHCO- to -CHCH20- to 

CH3 

9 	0 
—CH2CH2O— to —c(CH2)4C0— is18to 65 to 118 to 165 

Adiprene CM  

0 Il 
—C NH 

9_ 
NHu0- to —(CHJO— is 26 to 192 

CH3 

Table 6.3  

Infra Red Band Assignments for Polyurethanes  

Microns 	Functional Group 

2.94-313 	-NH stretch (H-bonded) 
2.86-2.94- 	- NH stretch (free) 
3.3-3.7 	-CH stretch 
575-588 	-C=0 stretch (urethane) 
5-71-5.83 	r.9 stretch (ester) 

6.20 	C=C skeletal stretch of benzene ring 

6-41- 658 	-NH deformation (Amide H band) 
2%8-2 	C=0-C stretch of ester or urethane 

-C-O-C stretch of aliphatic ether 
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peak centred on 2.9 microns and a broad humo centred on 

3 microns. This shift to higher frequency accompanied by 

peak sharpening on going from a film to a solution is typical 

of a system in which there is hydrogen bonding and indicates 

that hydrogen bonds involving the —ITH group are present in 

these two polyurethanes. This observation is in agreement 
1,3,202,203,204 

with the published work concerning polyurethanes. 

(6.3.2) Physical Characterisation  

(6.3.2.1) '_lumber Averae Molecular 1:eio7ht  

Samples of Genthane S and Adiprene CM were sent to 

the "Polymer Supply and Characterisation" centre at Skiawbury, 

Shrewsbury, (RAPA) for analysis by membrane osmometry. The 

Osmometer used was a Yelabs; tetrahydrofuran solutions of 
1 

the polymers were used, the most concentrated being 5g1 . 

Measurements were made at 200C using a regenerated cellulose 

membrane (V.A. Howe Hygrocella 11539). 

Measurements were also made by J.H. Sexton, Polymer 

Characterisation Laborotory, Imperial College using a 

Llechrolab 502 membrane osmometer. Chloroform solutions of 
—1 

the two Polymers-were used, the most concentrated being 10g1 . 

0.8 cellulose acetate membranes were used at 2500, these 

membranes have been reported as suitable for use with 

chloroform, but were found to swell on prolonged immersion in 

chloroform, so that they had to be cut down to fit the 

osmometer. 

The number average molecular weights obtained from these 

two studies are given in table (6.4); there is a considerable 

amount of difference between those obtained by RAPRA and these 

obtained at Imperial College. 
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TABLE 

Humber Avorar.e Molecular 7e1.,--hts of Genthane S and. Adiprone CM 

Orip;in of Data Genthane S Adiprene CM 

.n 

n 

from Mecrolab 

from Melabs (x 

10 
-3 

10 

921,  

- 	31 

5 230 

140 

30 
4 
I 4 
i 

1 

The Imperial College results were based on four 

experiments for Adiprene Cld and two experiments for Genthane S 

and were fairly reproducible as indicated by the sbread of 

results. The large differences between the sets of results are 

difficult to explain, but it should be noted that RAP2A have 
22 

reported that their osmometer has consistently given good 

agreement with instruments in other laboratories, whilst the 

Imperial College instrument has been unreliable giving 
225 

consistent, but inaccurate results for polystyrene standards. 

In view of the difficulties regarding the membrane and 

osmometer used at Imperial College and the satisfactory nature 

of the RAPRA instrument, the results obtained by RA?PLA would 

seem to be favoured. 

(6.3.2.2) Molecular WeiPrnt Distribution 

Samples of the two Polymers were sent to the "Polymer 

Supply and Characterisation Centre" for analysis by 

Gel Permeation Chromatography. 

The Method of Gel Permeation Chromatc;-raPhY  

Gel Permeation Chromatography is a method that 
226-933 

separates molecules on the basis of their molecular size. 

It utilises aPParatus similar to that used for liquid 

chromatogra-)hy except that the columns are filled with solvent 

swollen, erosslini=ed, polystyrene beads. The material under 

investigation is dissolved in a suitable solvent and introduced 

into the top of the column. An:: molecules that are larger 
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than the maximum pore size of the nolystyrene beads elute 

through the column via the interstitial volume. The remainder 

of the molecules will diffuse into the beads, the smallest 

penetrating furthest so that they elute last. 

By using a-oprorriate columns or combinations of 

columns rolymers can be studied and a fairly accurate 
234 

determination of their molecular size distributions obtained. 

For linear polymers these will be equal to their chain 

length distributions and hence to their molecular weight 

distributions. 

(ii) Calibration for Gel Permeation Chromatoranh7 
229,230 

The measured quantities 	are the elution volume 

(i.e. the volume of solvent passing through the column 

between sample injection and elution) and the concentration 

of the eluting solution. In order to obtain chain length 

distributions the columns must be calibrated with well 

characterised and Preferably monodisperse saples of the 

polymer under investigation (monodisperse samples are not 

usually available, so narrow molecular distribution samples 
235 

are used ). 

As this would severely limit the analytical use of. 
230,234,235 

GPC it has been suggested 	that the columns should be 

calibrated for polystyrene (as narrow molecular weight • 

distribution samples are readily available). A calibration 

curve of the extended lend t ''., in angstroms, of the polystyrene 

molecules against elution volume can then be constructed. 

If it is assumed that this calibration curve is universally u 
 

correct, chain length distributions ma be determined. 
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A -iso, if the molecular weirrht per angstrom length of 

polymer is known, the molecular weight distribution can be 

calculated from the chain length distribution. 

(iii) Evaluation of the Molecular eir-ht per Anr;'stron 

Lenrrth of Poll—,. r  

The molecular weight per angstrom length of polymer 

is usually denoted Q. 

The number, weight and z average chain lent the and 

molecular weights are re spective/y An, Mn, Aw, Ew, Az and 

17z (An, An and Az can be obtained from the chain length 
236 

distribution) 

By definition: 

= QAn 

= 

Ez = aA  

Q may be determined in several ways: 

(a) By direct evaluation, based on a knowledge of the 

composition of the polymer and on known bond lengths and 
234,236,237 

angles. 

(b) By the determination of the repeat distance of 

the Polymer by 7.-ray diffraction analysis of crystalline 
236 

samples. 

(c) By determining one or more of the molecular weight 
236 

averages by another physical method (e.g. light scattering, 

osmometry, viscometry etc.) whence: 

Q 

where i = n, w, z etc. 

(iv) Gel Permeation A--a17si.s of Adinrono CM and Genthane  

The apparatus used was supplied by Waters Associates 

and 0.25 solutions of Adirrene Cu and Genthane S in tetrahydro- 
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furan were used. The column arrays were: 
6 	0 A0 

Column A: 1 x 4', 100-350A; 700-2000A; 5 x 10 - 1.5 x 10-A; 

5 	60  
7 x 10 - 5 x 106A 

A0 
Column B: 1 x 41 , 700-2000A; 1.5 x 104 - 5 x 10-A; 

°  7 x 105 - 5 x 106A; 5 x 106 - 10
7 
 A 

These mean that each array comprised four columns in 

series, each one being four feet long. The range of chain 

lengths, in angstroms, resolved by each column is given by the 

four sets of figures. 

The average chain lengths obtained and the ratios 

An:Aw:Az are given in table (6.5); three sets of results were 

obtained. 

Set 1: Results not entirely satisfactory because the 

peaks were rather small. 

Set 2: Results were quite good for Genthane S but the 

sharp cut off on the high molecular weight side made the 

Adi-orene Cil results rather unsatisfactory. 

Set 3: Different solutions were used and the 

exPeririents were done at least 6 weeks after those for sets 

1 and 2. The Genthane S resalts were quite good but the 

Adiprene CL: did not seem to be entirely soluble and some gel 

was filtered off. 

Genthane S: 	best value probably lies .between 

those of sets2 and 3 but nearer to set 2. 

Adiprene 	The best value probably lies between 

sets 1 and 2 but nearer to set 1. 

It should be noted that 

: Mw : 	= An : Aw : Az 

To obtain ffn, Ew and fz it 	necessary to evaluate 

Q; 
	

the methoas outlined earlier, methods (a) and (c) were used. 
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The evaluation of Q by method (a) utilised the 

chemical comPositions of the polymers obtained from the n.m.r. 

data (section 6.3.1.1), and bond lengths and angles obtained 

from reference 237 
	

The calculation of the extended 

lengths of the various groups that comprise the polymers is 

illustrated in figure 6.P, and the Q values obtained are given 

in table (6.6). 

The Q values determined by method (c) were obtained from 

the number average molecular :•eight evaluated by osmemetry; 

these Q values are also given in table (6.6). 

The average chain lengths and the An : Aw : Az values 

are given in table (6.5). The molecular weight averages other 

than the number average were calculated using the Q values 

calculated by method (c); these are given in table (6.7). 

It is clear from tables (6.5) and (6.7) that reasonably 

Consistent results were obtained. The discrepancy between 

the Q values obtained by methods (a) and (c) shows that 

the urethane polymers behave differently in solution from 

polystyrene; the state of coiling is probably different 

because of the strongly polar nature of the urethanes. 

The An : Aw : Az values (table 6.5) indicate that 

the molecular weight distributions of both polymers are 

broad, Adiprene 	hating a broader distribution,than Genthane S. 
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Extended Length Calculation  

a=1.46A b=1.54 A c =1-52A d =1.36A e =1.33A f= 2.8A 

alb= 113°  ac = cd =1140  d1=118.5°  a=124°  ff=119°  

Adiprene CM  

o 	 y 
CH2  cH.-, 
 cx. 

	

 
CH2  CH2  0 	ob=6-23A 

1 	 I 
1 	 1 mol.wt.= 72 I 	 I 
LE 	 

ob 
0 ' NH 	0 

\O kN f 	td =9.55A C Ph  
II  
0 	\ / \ mol. wt.= 192 

NH Q 

td 

Genthane S  

0, 
! \-4  /b 

F6  
`-\ 	et=3-73A 

CH2 Q 
 

et 	
mol. wt.= 44 

CH2 	pr = 3-73A 
a\ lb \

0 	pr* = 4.98 (see pg. 	) CH  
CI H 	mot. wt.= 58 3 

pr 	0 
0 CH2  CH2  6 N 	\

H 
 \ 

C 
\ 	ad= 8.59A' 

C C 2  H2  Q 
0 	 mot. wt.= 128 

ad 

NH  
/e 	/

NH 
 \ / 1

Q  

C Ph Ph C 
\ / 	II 

0 CH2 0 

iso =14.5A 

mol.wt= 268 

iso 
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TABLE 6.5  

G.P.C. Results for Adiprene CY, and Genthane S 

Average Chain Lengths 

x 10-0 etc. 

Genthane S Adiprene 	CI.: Column 

Array 

Set 

An 1.69 2.20 
Aw 3.99 10.2 B 1 
Az 12.6 35.0 

An:Aw:Az 1:2.36:7.46 1:4.64:15.91 

An 1.34 2.34 
Aw 3,22 20.2 A 2 
Az 7.72 937 

An:Aw: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 .ComparisoTi of 	Values Calculated by Different Methods  

Polymer Q estimated from 
bond angles and  
lengths 

Q estimated from Melabs :In 

Genthane S

Adiprene CM 

, 	14.8 
(2-  = 14.3) 

13.02 

18.34 

63.6 

' 	23.13 

59.3 

29.52 

44.0 

prl:  and Q" were calculated for a 1,3 propylene glycol as it 

was suggested that pendant methyl groups behave like in-chain 

methylene groups. • 



'231:2 6.7  

liolocular Weip:ht'Averap.'es Calculated from G.P.O. Data  

Average 
ilolecular ;;eight 

Genthane S Adiprene CY. Set 

y. 10
-3 

7Fn 

Iv 

1z 

33t 

73 

231 

140 

653 

1240 

1 

:gin 

Ilv/ 

Liz 

31
*  

74 

178 

140  

1192 

56400
t 

2 

En 

Mw 

liz 

31*  

86  

177 

1401  

880 

1276 

3 

Values obtained from osmometry 

t 	probably incorrect because of column array used 

159 
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(6.3.2.3) Glass Transition Tenlperatl7res and Densities  

A Du Pont differential thermal analyser was used to 

determine the glass transition temperatures of the two Polymers. 

which were - 57.5°C for Adi-:rene CM and - 460C for Genthane S. 

The reference thermocouple was immersed in glass beads and a 

heating rate of 10°Cimin was 'used. 

The densities of the polymers were found to be 

0.973 g cm
-3 

for Adiprene CM and 1.143 g cm-3 for Genthane S. 

(6.3.2.4) Solubility  

Several of the experiments described in the previous 

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 screened by placing small pieces of polymer 

in a few ml of solvent in a stoppered bottle. The polymer 

was left for several days at ambient temperature to dissolve 

and then checked several times at intervals of about 24 hours. 

The solvents were then classified into one of the four 

following groups: 

A = Complete dissolution of polymer in solvent 

B = . Partial dissolution; the Polymer was swollen by 

the solvent which became coloured by the polymer 

or slightly more viscous indicating ,that some 

material had dissolved. 

The polymer was swollen moderately by the solvent 

but the dissolution of material was not apparent. 

D = Little or no swelling occured 

The results of these ex.-,leri:nents are presented in tables 

(6.0 and (6.9). 
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TABLE 6.0  

Solatilit7 of Adinrone CM 

A B C D 

Tetrahydro- Toluene Carbon Tetra- 2,3,0- 	Tri- 
furan chloride methyl-pentane 

Dioxan Benzene I_ethyl ntromethane 
Formate 

Pronrio- 
nhenone 

Ethyl Acetate Tetrachloro- 
ethylene 

Cyclohexane 

Ilesityl 	Oxide Styrene Dimethyl Water 
Sulphoxide 

Bromobenzene Methyl ileth- 
acrylate 

Vinyl Acetate Glycerol 

Dichloro- 
methane  

Acetone n-Propanol i-Propanol 

Chloroform Chloro- 
benzene 

n-Butanol n-Hentane 

Pyridine n-Propyl n-Pentanol sec-Butanol 
Formate 

Chloral 1,1,1 	tri- 
chloro- 
ethane 

ITapthyl- 
Isocyanate 

Cyclohezanol 

Ethyl I:ethyl 
re tone 

Dimethyl 
Formamide 

Ritrobenzene Butyl Phthalate 

ct-Lethyl 
Benzylamine 

Cyclopenta- 
none 

i-Butano1 

Butryophenone i-Propyl Phenyl 
Acetate Acetate 

n-Butylamine 

n-Octylamine 

Cyclohexano Tetrachloro- 
ethane 
Tricresyl- 
phosphate 

Divinyl Piperidine 
Benzene 

Dichloro- 
ethane 
1,2 epoxypro- 
nano 

Acetic acid 

- 
Aniline 

n-Propyl 
Chloride 

m-Cresol 
Trichloro- 

ethylene  
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TABLE 6.9  

Solubilit7 of Gent-pane S  

A B C D 

-..:.ethyl Acetate n-Butyl Acetate n-Amyl Acetate Cunene 
Ethyl Acetate Benzene Toluene n-Hexadecane 
n-Propyl Dimethyl- Ethyl Benzene 2,2,4-trimethy1- 
Acetate sulphoxide pentane 

::.ethyl Formate Styrene Xylene Water 
Ethyl Formate Acetic Acid Divinyl Ethanol 

Benzene 
Ethyl Acrylate Phenyl Acetate Carbon Tetra- 

chloride 
-,.:ethanol 

Bromobenzene Aniline 1,4-Divinyl- 
oxy butane 

Carbon di-
sulphide 

Dichloromethane Chlorobenzene Napthyl Iso- 
cyanate 

Diethyl ether -,, 

Nitromethane Nitrobenzene Tricresyl 
Phosphate 

n-Octyalde-
hyde 

Ethyl Methyl 
Ketone 

Piperidine m-Cresol Didecyl-
phthalate 

Chloral 1,1,1-tri- 
chloroethane 

Cyclohexane n-hentane 

a-Liethyl i-Propyl Amyl alcohol 
Bonzylamine Acetate 

1:esityl 	Oxide n-Prooyl n-Butanol 

Butryophenone 
Propriophenone 

Chloride 
i-Pronanol 
n-Propanol 

2-Ilethoxy- 
ethanol 

n-Butylamine 

Glycerol 

sec-Butanol 
Acetone 

Vinyl Acetate 

Tetrachioro-
ethylene 
iso-Butanol 

Methyl Cyclohexanol 
Lethacrylate 

Dime thyl Butylphthalate 
Formamide 
1,2-epoxy-
propane 

1,2-dichloro- 

n-Pronyl 
ethane  

. 
Formate 
Trichloro-
ethylene 

Cyclonentanone 
Chloroform 
Tetrahydro-
furan 
Dioxan 
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Whilst these ezperiments were done to find solvents 

for the polymer, the results can' be interpreted in terms 

of the solubility parameters of solvent and polymer. The 

data can be plotted in the way proposed by Beerbower and 
14 

Dickey when the solubility parameter is split into three 

components 	 and 8D. 

The maximum solubility will occur when the three 

com9onent solubility parameters of the solvent are equal 

to those of the polymer. To determine the required 

information a four dimensional plot must be made involving 

8D, 82, SH  and solubility; this can be reduced to a three 

dimensional plot by classifying solvents into a number of 
14 

groups, each group representing a range of solubilities, as 

has been done in this study. If each group is represented by 

a different symbol and the data plotted as three projections 

of 8D, 8p, 8H  space, then there will be regions in the three 

resultant plots (i.e. 8D  vs 82, 82  vs SA and:  8D  vs sa) in which 

the majority of the good solvents lie. Plots have been 

constructed for both Adiprene CM and Genthane S and regions 

containing solvents. in which the polymer is soluble can be 

discerned in the 8D vs 8F  and 8H  vs 8p plots; this cannot 

however be done in the 	vs 8D plots. The regions identified 

in the E
D  vs 8H  anann. H  8 vs 8

P  plots are centred on a point 

(8D  = 9.0, 811  = 3.0, 82 	A = 3.0) for dirrene ea and 

(8D = 9.5, 8H = 3.9, 8p = 3,2) for Genthane S, this implies 

that the overall S values will be 10.0(cal cm 3  ) for 
- 1 

Adi'prene CM and 10.9 (cal cm-̀)P-  for Genthane S. Although 

these values are of Qualitative interest only, the Plots 

(figs. 6.5 and 6.6) are quite uz:eful since any solvent that 
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falls v,ithin the dotted region in the 8D vs5/1  and 3:0s51, 

plots is very likely to be a good solvent for the polymer, 

so that, were further solvents required, the search for them 

could be eased by restricting attention to those that lie 

within these regions. 

In addition the H 
values obtained for the two polymers 

are quite large as would be expected for a system in which 

there is hydrogen bonding. 

(6.4) CHARACTE:ISATIOIT OF THE COPED ELYkSTO.'.IER  

56.4. 	The Swellino,  of the Elasto,ners in Solvents  

Swelling measurements were made on the elastomers in a 

more quantitative manner than that used to investigate the 

solubility of the polymers (section 6.3.3.4). 

Small pieces of thin rubber sheet weighing about 0.1 g 

were accurately weighed and placed in sto,)pered bottles 

containing enough solvent to immerse the sample. The betties 

were placed in a thermostatically controlled water bath at 

25°C. The samples were left for several days to equilibrate 

and then removed from the bottles, surface dried and quickly 

weighed. Several weighings were made on each sample, 24 hours 

being allowed between each and the procedure continued until 

constant weights were obtained; this ensured that eauilibrium 

had been reached. 

The sample was then placed in a glass vessel which was 

evacuated to remove the solvent, the sample was removed and 

weighed again. This final weight was generally very close to 

the initial weight of the sample before it had been swollen 

as the sam-lles had all been extracted with a benzeneicycleheY.ane 



167 

TABLE 6.10 

The Swellin.,,  of Genthane S in Various Solvents  

Volume Fraction of Rubber in Swollen 
Sample, 02 

Solvent 
, 

2.* DOP 
in cure 

2.0 	DCP 
in cure 

1.5
A
p DCP 

in cure 
1.0: DCP 
in cure 

::_ethyl Acetate 0.23 - - - 
Eth-J1 Acetate 0.35 0.31 0.28 0.19 
n-Propyl Acetate 0.40 - - - 
n-But--1 Acetate 0.48 - - - 
n-Ayl Acetate 0.55 - - - 
:.:ethyl 	Formate 0.33 - - - 
Ethyl Formate 0.30 - - 
Cyclohe:zane 0.88 0.88 0.85 0.83 
Toluene 0.49 - - - 
Ilethanol 0.81 - - - 
Ethanol 0.83 - - - 
Propan-l-ol 0.62 - _ - 
Propan-2-ol 0.84 - - - 
Butan-l-ol 0.86 - - - 
Pentan-l-ol 0.87 - - 
Glycerol 0.98 - - - 
Water 0.96 - - - 
Chloroform 0.13 0.12 0.09 0.07 

TABLE 6.11  

The SyTellinr! of Adiprene CT.I in Various Solvents 
• 

Volume Fraction of Rubber in Swollen 
Sample, 02  

Solvent 2.5 	DCP 
in cure 

2.0;; DCP 
in cure 

1.* DCP 
in cure 

1.0 	DOP 
' 	in cure 

Toluene 0.35 0.32 

0
 	

0
 	

0
 0

 0
 0
 0
 0
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 0
 0
 7
  C

)  

- 
Benzene 0.34 0.29 0.26 
Oyciohe;:ane -  0.71 0.66 0.64 
Carbon Tetrachloride 0.38 0.33 0.25 
Chloroform 0.21 0.21 0.17 
Carbon Disulphide 0.40 0.37 0.32 
Acetone 	' 0.47 0.43 0.40 
Ethyl :ethyl :Ketone 0.38 0.24 
Pyridine - 0.18 - 
Tetrahydrofuran - 0.22 0.17 
Dio:::an - 0.22 - 
i:oth:1 Formate 0.58 - - 
1:_ethyl Acetate 0.46 - - 
Eth -1 Formate 0.35 - - 
Ethyl Acetate 0.42 - - 
n-Propyl Acetate 0.51 - 
n-Butyl Acetate 0.39 - - 
n-^m:1 Acetate 0.36 - - 
_:,1,nanol 0.59 0.57 0.54 
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mixture in a soxlet extractor to remove residual cure ingredients J 

 any low molecular weight material not joined to the network. 

The swelling of the elastomers  was characterised by the 

volume fraction of rubber in the swollen sample, 02, and the 

results are summarised in tables (6.10) and (6.11). 

The swelling data can also be used to investigate the 

solubility parameters of the elastomers; there was insufficient 
14 

data to apply the method of Beerbower and Dickey and so the 

more usual method of plotting the degree of swelling against 
47,46,49 

the overall 8 values of the solvents was employed. 	These 

plots are shown in figs. (6.7) and (6.8); the 8 values obtained 

-3 -0 
were 9.2 (cal cm ) for Adiorene 	and 9.6 (cal cm-3)2  for 

Genthane S which 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 reasonable agreement 

between the two sets of values and in both cases the Genthane S 

value is greater than that of Adiprene C1.1. 

(6.4.2) The Stress-Strain Properties of the Elastomers in  

Simple Elon:-ation  

(6.4.2.1) An A--;paratus for Measurin.,: the Tensile Properties of 

Dry and Swollen Elastomer SanPles  

The apparatus is illustrated in fig. 6.9, it consists 

essentially of a force measuring unit and a means of extending 

the rubber sample which is in the form of a long thin strip. 

The force measuring unit or transducer and spring assembly is 

shown in more detail in fig. 6.10. 

The sample is held at one end by the bottom clamp (15), 

the other end is held in a similar clamP that slots into the 
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block (21) of the transducer and spring assembl:j. Extension 

of the sample is accomplished by moving the whole transd.acer 

and spring assembly in a slot formed by the main spars of the 

apparatus, (11) and (22). 

'.iovement of the transducer and spring is achieved by 

rotating a threaded rod (25); as the hole in the transducer 

and spring assembly, through which this rod Passes, is 

threaded, rotation of the rod raises or lowers the transducer 

and spring assembly. The threaded rod is turned by rotating 

the knob (1) at the top end of it. 

The length of the sample is obtained by measuring the 

distance between indian ink marks on the rubber with a 

travelling microscope. 

The transducer and s -r)ring assembly contains a flat 

cross shaPed phospher-bronze spring (29) that is tightly clamped 

at the four ends of the cross. The force is applied to the 

centre of the spring via the rod (32), this causes the centre 

of the spring to be displaced by an amount that depends on 

the size of the force. This displacement is measured by an 

electrical transducer capable of measuring displacements of 

up to = 0.010 inch. The transducer is a linear variable 

differential transformer (1,7DT), Schaevitz type 010 US-LT, 

which gives an a.c. output and requires a low voltage, high 

frequency a.c. input (e.g. 3 volts at 1 kHz); the a.c. 

excitation and the conversion of the a.c. out-,,ut to a d.c. 

output was effected by a Sal:camo C52 transducer meter. The 

d.c. output was measured on a voltmeter incorporated into the 

transducer meter. 

The output of the transducer can be "backed off" to 

zero using the controls on the transducer meter, provided the 

transducer is near to its mechanical zero. Uechanical zero is 
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achieved when the core of the transducer is Positioned inside 

it so as to give zero electrical output; the core is attached 

to the top of rod (32). To allow the transducer to be 

mechanically zeroed there is a Micrometer adjustment (30) which 

allows the body of the transducer to be moved up and down 

without affecting the position of the core. When a force is 

applied the spring is displaced, this causes movement of the 

core away from its zero position resulting in an electrical 

signal, whose magnitude depends on the'distance moved by the 

core. 

The apparatus is used with a load of about 120g (20) 

permanently on the spring. Overdisplacement of the spring, li:cely 

to cause damage can be prevented by two guard rings, (31) and 

(35), that can be set with the aid of a travelling microscope. 

The transducer and string assembly was calibrated by 

placing weights in a small load pan suspended from the top 

sample 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 calibration curves can 

be cf two types, either convex with respect to the load axis 

or 3 shaped. This is because it is very difficult to get the 

spring into its holder so that it is perfectly flat; it will 

generally be slightly bowed as shown in fig. 6.12. If bowed 

as in fig. 6.12(a) an S shared curve will be obtained whilst if 

bowed as in fig. 6.12(b) a worve that is convex with respect 

to the load axis results. 

The entire apparatus fits inside a glass jachet, (9) 

and (14), shown in fig. 6.13. The glass jaclzet has a side-arm 



fig.6-9:TENSILE STRESS-STRAIN APPARATUS 



fig. 6-10: 

DETAILS OF TRANSDUCER AND SPRING 

ASSEMBLY 
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1:O7 to Fir,-,Ires 3.9 ana C.10  

	

1 	Drive shaft knob 

	

2 	Metal/glass lead outs for electrical connections 

	

3 	Chimney mount for 2 

	

4 	0-ring vacuum seal 

	

5 	Threaded studs 

	

6 	0-ring 

	

7 	Top plate of apparatus 

	

8 	Rubber seat 

	

9 	Ground lip of glass jacket 

	

10 	Ring to ,allow glass jacket to be clamped in place 

	

11 	Main spars of apparatus that form the slot in which 
the transducer and spring assembly moves 

	

12 	Transducer and spring assembly 

	

13 	Supporting spars 

	

14 	Glass jacket 

	

15 	Bottom sample clamn (sandwich type) 

	

16 	End of square section spars 11 

	

17 	Circular section sup2:orting spars 

	

18 	Bottom plate of apparatus 

	

19 	Knobs that wind the guard rings, (31) up and down 

	

20 	Starting load on spring (about 120 g) 

	

21 	Block that holds ton sample clamp 

	

22 	Main spars of apparatus (no. 11 in fig. 6.9) 

	

23 	Line to indicate Position of 30 

	

24 	Transducer holder 

	

25 	Threaded rod on which whole assembly moves 

	

26 	Back _plate 

	

27 	Block on which sprin!,  is mounted 

	

28 	Top retaiaing ring for spring 

	

29 	Phosphor bronze spring 

	

30 	Knob for micrometer transducer adjustment 

	

31 	Guard rings to p:event overstraining of snring 

	

32 	Pull rod, connects sample through to the spring 

	

33 	Transducer holder mount 

	

34 	Bracket holding transducer adjuster 

	

35 	Stop, used. with 31 to prevent overstraining of spring 

	

36 	Spring 



1 7 6 

200 

applied 
load 100 

(grams ) 

00 	 50 	 100 
reading on transducer meter 

figure 6.11: 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 	 177 

sidearm to admit solvents etc. 
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through which solvents can be admitted so that experiments can 

be done on samples that are swollen and immersed in a solvent. 

When doing these experiments highly decreasing solvents should 

be avoided whenever possible. 

The assembled apparatus, complete with glass jacket, is 

placed in a glass sided, thermostatically controlled water 

bath ready for use. It is important that the apparatus 

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 spirit level, the 

device being connected to the apparatus by two steel rods 

screwed into the top plate (7). 

(6.4.2.2) The Tensile Properties of Adirrene CL and Genthane S 

Stress-strain measurements in simple elongation were 

made on both elastomers in the dry state or swollen in a 

suitable solvent. For Adiprene 0:: two sets of experiments 

were made on dry samples. In the first set the sample was 

extended and the force exerted by the sample and the sample 

length measured. The sample was then extended further and the 

process repeated. This procedure was repeated until sufficient 

points were obtained; in this exl:eriment the sample was 

continuously loaded. 

In the second set of experiments the sample was extended 

and the force and length measured, the sample was then retracted 

and allowed to recover for 10 minutes. The procedure was then 

repeated using different extensions until sufficient points 

were obtained; in this experiment the sample was intermittently 

loaded. 
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Since the elastic behaviour of dry rubber net; or7,:s is 
106 

time dependent, see section (2.5.3), it is standard practice 

to wait for the same length of time between extending a 

sample and measuring its force; in all these experiments a time 

interval of 5 minutes was used. 

To interpret these measurements in terms of any of the 

equations discussed in Chapter 2, the extension ratio , X, is 

required which means that both 1 and 10, the deformed and 

undeformed lengths of the sample, must be known. 1 was measured 

with a travelling microscope during the stress-strain 

experiment and 10  was obtained by extrapolating the 1 vs force 

curve to zero force. 

It can be shown that a small error in 10 has a profound 

effect on (X - a-2) ) that is most Pronounced at A values close 

to unity; errors may well arise in the evaluation of 10  simply 

because it does involve extrapolation. Because of these 

difficulties a computer programme was written in which 10  was 

allowed to vary by a small amount on either side of the 

extrapolated value. The programme then selected the 10  value 

that gave the best fix to either the Yinetic Theory or the 

looney-Rivlin Equation; this 10  value was always very close 

to the extrapolated value. Since an error in 10  has a larger 

effect on (X - X-2) as X approaches unity, a werighUng scheme 

was used that gave the greatest weighting to X values further 

removed from unity. The computer Programme is presented in 

Appendix C. 

The other parameters required were the volume fraction 

of rubber in the swollen sample (unity for a dry sample), the 

width and thickness of the sa:.:Ple. The volume fraction was 

measured in the way described in section 6.4.1, the width was 
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measured with a travelling microsco-pe and the thickness was 

measured with a micrometer. 

The results of the continuous and intermittent loading 

experiments are shown in figs. 6.14 and 6.15 plotted according 

to the Mooney-Rivlin equation; it is evident that the data are 

fairly well described by this equation giving Ci and C2 

constants shown in table (6.12) below. 

TABLE 6.12  

C
1 
and C

2 
Constants for Tension of Dry Adinrene Cl 

,40 DCP 

in cure 

Continuous Loading Intermittent Loading 

C
a 
 x 10

5 

Nm
-2 

C
2 
x 105  

Nm

.... 2 

C1/C2 Ci x 10
5 

Nm
-2 

C
1 
x 10

5 

Nm
-2 

C
1
/C
2 

1.0 
1.5 

2.0 

2.5 

1.66 
2.41 

3.23 

4.56 

1.39 
1.53 

1.71 

2.00 

1.19 
1.57 

1.89 

2.28 

2.45 

2.90 

3.25 

3.69 

0.90 

0.90 

1.50 

1.54 

2.72 

3.22 

3.62 

3.94 

Tension experiments were alwo conducted on Adinrene CLI 

samples that were swollen to equilibrium in ethanol, the 

results are shown in fig. 6.16 plotted according to the r:ooney-

Rivlin equation. In this case intermittent and continuous 

loading gave the same results which were independent of the 

time interval between loading and measuring. It is clear from 

fig. 6.16 that C
2 
was zero; the C

1 
values obtained are shown 

in table (6.13) below: 

TABLE 6.13  

C1 Values for Tension of Ethanol Swollen Adiprene CM 

DCP in cure 

_ 

x 	10- 	ilm-'-'
0  

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 cure). 
Continuous loading experiment. 
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figure 6.15 : Tension experiments on dry Adiprene CM plotted according to the Mooney- Rivlin 
equation (numbers on lines are percentages of dicumyl peroxide in cure),Intermittent 
loading experiment 
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In the case of Genthane S only .continuous loading 

ex-periments were conducted on the dry samples; it was not 

possible to conduct an experiment on the sample cured with 

1.0% dicumyl peroxide since this underwent rapid stress 

relaxation for more than 24 hours; this did not occur in any 

of the other samples where stress relaxation was undetectable. 

The results for the other samples are shown in fig. 6.17 and 

table (6.14) 

TABLE 6.14  

and C2 Constants for Tension of Dry Genthane S 

% DPC 

in cure 

C
I.  x 

	10
5 

rm-2 

C2 x 10
5 

DM-2 

C
1
/0
2 

1.5 0.95 0.92 1.03 
2.0 1.40 1.15 1.22 
2.5 1.91 1.44 1.33 

Measurements were also made on Genthane S samples swollen 

to eauilfbrium in ethyl acetate; C2  was zero (see fig. 6.18) 

and the C1  values obtained are shown in table (6.15). 

TABLE 6.15  

C1 ' V^lues for Tension of Ethyl Acetate Swollen Genthane S 

DOP in cure CI  z 10
5 
rm

2 

1-0 0.68 
1.5 1.22 
2.0 2.26 
2.5 3.05 

(6.4.3) The Stress-Strain Properties of the Elastomers in, 

UniaxIal Compression  

(6.4.3.11 Apparatus and ExDorimental :lethod• 

The apparatus used for making the compression measure- 

ments was essentially 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 cylindrical buttons. 

These buttons were swollen to equilibrium in solvent and placed 

in a small beaker with an omtically flat bottom so that the 

anvil of a sensitive 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" measuring to 0.002 mm. Weights were 

placed on the load pan of the dial gauge and the gauge used 

to measure the height of the buttons. The gauge itself, 

which is virtually friction free, exerts a load of 58 g on the 

button. 

Swelling the buttons had to be done gradually when high 

degrees of swelling were anticinated. If the buttons were 

simply immersed in the required solvent they frequently 

underwent mechanical degradation; to prevent thiS mixtures of 

the required solvent and a solvent that did not swell the 

material very much were used. The poor solvent used was 

generally cyclohexane so that if the required solvent was 

chloroform the sample would first be swollen in cyclohexane. 

It would then be swollen in turn in cyclohexane/chloroform 

mixtures containing increasing Proportions of chloroform and would 

be fiinaly transferred to pure chloroform. 

As for the tension experiments it is necessary to know 

the zero load height of the sample in order to evaluate X. 

This was obtained in the same way as in the tension experiments 

and the results optimised using the computer programme in 

Appendix C. 

The volume fraction of rubber in the swollen vulcanizate 

was obtained as described in soction 6.4.1 and the radii of the 

buttons were determined with a travelling microscope. 



Anvil Solvent 

Sample 

1SS 

__________--Load 

Load Pan 

Beaker with 
optically flat base 

figure 6.19: Dial gauge set up for compression experiment 

on a swollen sample 
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(6.4.3.2) Conroression of Adi-orene 	anq Genthane S  

Uniaxial compression experiments were conducted on 

Adiprene CM samples swollen to equilibrium in cyclohexane, 

benzene, chloroform and ethanol and the results, plotted 

according to the Mooney-Rivlin equation, are shown in figs. 

6.20, 6.21, 6.22 and 6.23. C2  is zero in all cases and the 

01  values obtained are shown in table (6.16) below. 

TABLE 6.16  

Crl Valves from the Compression of Adinrere CM Samples Swollen 
to Eauilibrium in Various Solvents  

Solvent Cs x 10
5 Um-2 

1.0% DCP 1.5% DCP 2.0% DCP 2.5% DCP 

Cyclohexane 3.55 - 5.50 6.25 

Benzene 3.50 4.70 5.45 6.10 

Chloroform 3.15 4.65 5.20 5.95 

Ethanol 3.45 4.75 5.30 6.65 

Average Values 3.41 4.70 5.35 6.25 

Compression measurements were made on Genthane S samples 

swollen to equilibrium in cyclohexane, chloroform and ethyl 

acetate and the results are shown in figs. 6.24, 6.25 and 6.26. 

C2  was zero and the CI values obtained are shown in table (6.17) 

TABLE 6.17  

C Ir-)luos from the Corrresslo:-) of Genthane S SaLyoles Swollen 
to Ecr,:i?ibrIlln in Th-i,o1)s Sol`-ants  

Solvent C.1 x 	10 	_:m--2  

1.0% DCP 1.5": DCP 2.0;: DCP 2.5% DC?  

Cyclohexane 1.29 2.02 2.92 3.56 

Chloroform 0.45 0.95 2.10 - 

Ethyl Acetate 0.33 1.20 1.82 2.95 
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figure 6.20 :Compression experiments on Adiprene CM 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 6.21 : 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 in cure) 
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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 dicumyl 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 6.26: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) DISOTTSSIO:7 OF TZESULTS  

(6.5.7) The Comresition and Structure of the Polymers  

The infra-red and n.m.r. spectra of the polymers 

confirmed that their chemical structure is as reported in the 

literature (see section 6.3.1). However, the n.re.r. data also 

allow the calculation of the relative concentrations of the 

various groups, that comprise the polymer molecules; of 

particular interest is the urethane group concentration given 

in table (6.18) below. 

TABLE 6.18  

The Urethane Group Concentration in Aainrene CI.T. and  

Genthane S 

Adiprene 021 Genthane*S 

Weight fraction of 

40-C
R 
 -1TH.). R 9 0.265 0.138 

Mole fraction of 

4.0-LITH4.2R 0.120 0.049 

Mole fraction of 

urethane groups 0.-240 

., 

0.098 

Molecular weight . 

per urethane group 362 970 

The urethane group concentration is greater in 

Adinreno CLI than in Gonthane S by a factor of two to three, 

the mole per cent of diisocyanate used to prepare the polymers 

is fairly small, 12 in Adiprene CM and 5 in Genthane S, as 

was stated in section 5.1 

(6.5.2) The Stress-Strain Prelperties of the 71astorlers  

Several facts emerge from the stress-strain results 

described in sections 6..2 and 6.4.3: 
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(i) C, 
	

p is zero for swollen_ samples of Adinrene CLI and 

Genthane S for both tension and compression measurements 

(ii) There is good agreement between the CI  values 

for the compression of Adiprone ea and Genthane S swollen in 

various solvents except in the case of cyclohexane swollen 

Genthane S. 

(iii) The C values obtained in tension and compression 

of samples swollen in the same solvent for both Genthane S 

and Adiprene CH show reasonable agreement with one another. 

( iv ) The Ca  values for dry Genthane S and Adinrene cm 

in tension were smaller than the values for swollen samples 

and the C2  values were not zero. For AdiDrene CL! the Ci  

and C2 values depended on the way the experiment was done. 

These facts indicate that tension experiments on dry 

samples are a poor way of characterising networks since the 

Ci  and C2  values depend on the way the experiment is done and 

the Cr  values do not agree with those obtained for swollen 

samples where C, is zero, ana the data can be described by the 

simple kinetic theory. The variable and method dePenC.ent CI  

and 02 values presumably resn t from the viscoelastic 

properties of the materials which are probably dependent on 

the hydrogen-bonding present in these materials. This may 

also be the cause of the abnormally high Ci  values obtained 

for cyclohexane swollen Genthane S. 

The good agreement 'between the CI  values for the swollen 

samples and the zero 02 	suggests that viscoelastic 

effects are unimportant and that the CI  values obtained are 

a true measure of the equilibrium elastic properties of the 

network. Since C2 is zero the data can be described by the 
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simple kinetic theorc equ.atIon so that Cl  can be identified 
—2/3 

with 1A 	RT go 	where 1)'*  is the number of moles of 

crosslinks nor unit volume of rubber. Assuming that go  is 

unity, (see section 2.4.2 ), and A is unity, (see section 2-1) 

/)*can be calculated. 

The number average molecular weight of the network 

chains is given by 

= p/1)*  

where p is the density of the rubber. 

These parameters are listed in table (6.19). 

TABLE 6.19  

3Tetwork Parameters for Gentllane S and Adirrone.C11 

Gentliane S 

% DCP in 

cure 

i  x 105  
... 

Em 

— 
2)
x 
 x 10 

—3 moles cm 

no 

1.0 0.48 3.88 30700 
1.5 1.15 9.29 12800 
2.0 2.06 16.63 7160 
2.5 3.00 24.21 4920 

Adinrone CM 

DCP in 

cure 

* 
CI  x 105  

9 
Um—  

 —5 
2-1 	x 	10 

moles cm
-3 

— __ . 1,c 

1.0 
1.5 
2.0 
2.5 

3.41 
4.65 
5.35 
6.25 

.21.83 
37.50 
A3.05 
50.47 

3540 
2590 
2260 
1930 

• C values averaged over acceptable sets of data. 

The molecular weight between crosslinks for the 

Genthane S sample cured with 1.0% dicumyl peroxide is very 

large and almost the same as the number average molecular 

weight of the primary polymer molecules, (see section 6.3.2.1). 
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This means that the number of crosslinks ner primary polymer 

molecule will be small and hence explains the fast stress 

relaxation observed when attempting to conduct stress-strain 

measurements on the dry sample. The network will be able 

to relax quite considerably before being constrained by the 

small number of crosslinks present. 

It has been pointed out, (see sections 2.5.2.3 and 3.3.2), 

that the network chain density derived from stress-strain 

measurements is the elastically effective network chain density 

and does not include loose ends. This means that Lc as 

calculated from the elastically effective network chain density 

will be in error if there are a large number of loose ends. 

Flory and others, (section 3.3.2 ), have proposed corrections 

for this; use of Flory's equation, which has been shown to be 

reasonably correct when there are a lot of loose ends, gives: 
, 

1/Mc = 1/(21c)
e 

-I- 2/1 n 

where Mc is the true number average molecular weight of network 

chains, (1.1c)e  is the value calculated from the number of 

elastically effective network chains and given in table (6.19), 

and an is the number average molecular weight between crosslinks. 
IN& 

Once the true ne values have been evaluated, the number of 

urethane groups per network chain can be calculated. These 

parameters are given in table (6.20). 

It is clear that this correction is very much more 

important in Genthane S than in Adiprene ca. 

+ 
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TABLE 5.20 

ITetworl!: Parameters for Gent:hano S and Adiprone 021 Correetod 
for Leese Enis  

Genthane S 

c4  DCP in t; 
cure 

(Mc)e Mc urethane 	,c2roups 
Per network 

chain 

1.0 30700 10300 10.6 
1.5 12800 6990 7.2 
2.0 7160 4910 5.1 
2.5 4920 3750 3.9 

Adi -nrere C7:1 

DCP in 
cure 

_ 
(Mc)e 

— 
luc urethane groups 

per 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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CHA.PT= 7  

=ICA', STRESS RELAXA2= 	ADIP22ITE CY, U_ :D GEITTITA'TE  

(7.1).. APPARATUS  

The results presented here were obtained using two 

different sets of apparatus. One set is in use at the 

Materials Division, Royal Aircraft Establishment, 

Farnborough, Hampshire whilst the other set was designed and 

built at Imperial College as part of this study. Approximately 

half the results-were obtained on each set of apparatus, 

both gave identical -results. 
2z.1,%40  

The E.A.E. apparatus has been described fully elsewhere 

and the I.C. apparatus will be fully described in this 

chapter. 

(7.1.1) The Relaxometer  

The most important part of the apparatus is the 

relaxometer which is shown in figure 7.1. 

The relaxometer was a developed version of the tensometer 

described in section (6.4.%.1), the force being measured 

by an almost identical spring and transducer assembly. As 

in the tensometer, this assembly could be moved up and down 

by means of a threaded rod, however, this was not done to 

extend the sample but to accommodate samples of different 

lengths. It was used to take up the "slack" in long samples 

or to "slacken off" short ones. 

The sample was held between the clamps, (1.1 and(15). 

Extension was effected by rotating the cam, (26), through 

18000 so that the carriage, (16), was moved from its 

uppermost to its lowest position. 2he distance between 

these positions could be varied by adjusting the position of 
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the pivot (25), at the bottom end of the connecting rod (21), 

in the slot in which it was fixed. A further rotation of 
0 

180 returred the sample to its original, undeformed state 

by returning the carriage (16) to its uppermost position. 

This extension method allowed both continuous and 

intermittent stress relaxation measurements-(see Chapter 3 

to be made. In a continuous experiment the sample was 

extended at the beginning of the experiment and remained in 

this state for the duration of the experiment. In an 

intermittent experiment the sample was maintained in the 

undeformed state and at regular intervals, usually one hour, 

was stretched, the force measured, and the sample retracted. 

The cam rotation method ensured that the sample was always 

extended by exactly the same amount. 

The relaxometer was mounted on a frame and was slid 

up into a furnace (see section 7.1.2) when is use. When 

in position in the furnace the relaxometer and furnace were 

vacuum tight as the connections between the furnace and 

the relaxometer and between the demountable parts of the 

relaxometer were sealed with 0-rings. The 0-ring in contact 

with the furnace was cooled by water circulating through 

holes drilled in the block (19) at the bottom of the 

relaxometer. The drive shaft for the cam (37) and the 

bottom end of the rod (27), used to adjust the position of 

the spring and transducer assembly, left the apparatus via 

vacuum seals. The electrical leads to the transducer, the 

resistance bulb thermometer (see section 7.1.2) and the 

thermocouple used to measu2e the temPerature close to the 

sample, were passed out of the aPParatus via glass/metal 

vacuum seals. 	The sealed nature of the apparatus allowed 
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(a) 
figure 7.1: 
STRESS RELAXOMETER : can reversed in Ca) to show details of travel adjustment. 

(b) 
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KEY TO FIGURE 7.1 

1. To Plate 
2. Threaded. Rod to allow the transducer and spring assembly 

to be moved uP and down 
3. :licrometer adjustment of transducer 
4. Transducer holder 
5. Spring support 
6. Zero load weight (as in tensometer fig. 6.10) 
T. Block for mounting rod connecting top sample cl= to 

spring 
8. Centre Plate 
9. Rod connecting top sample clamp to sPring 
10. lain frame of anparatus 
11. Hook for supporting top sample clamp 
12. Supporting spars 
13. Top sample clamp 
14. Bottom sample clamp 
15. bount for bottom sample clamp 
16. Carriage on which bottom sample clamp travels 
17. Bottom Plate 
18. Recess for 0-ring 
19. Water cooled block 
20. 0-ring seal 
21. Connecting rod 
22. Millimeter scale on cam 
23. Casing of bottom end of relanometer 
24. Scribe line to mark travel of cam 
25. Pivot 
26. Cam 
27. Bottom of threaded rod (2) 
28. Bottom Plate 
29. Vacuum seal 
30. 0-ring seal 
31. Knob to turn threaded rod (2) 
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figure 7. 2 :Calibration curves for transducer and spring assembly at different temperatures 
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experiments to be conducted either in a vacuum or in a 

controlkad atmosphere. 

The cam used to extend the sample was driven round by 

an electric motor mounted outside the relaxometer, the 

motor was geared down to provide a final drive speed of 

5 r.n.7. so that rotation of the cam through 160°  took 

6 seconds. A double ended cam was mounted on the motor 

shaft outside the relaxometer; this opened a microswitch 

and stopped the motor after it had driven through precisely 

1800. In the original design an electromagnetic brake was 

included to ensure that the motor stopped dead as soon as 

the power was cut off; in practice this was found to be 

unnecessary as the microswitch could be adjusted so that 

the high friction in the system caused the motor to step 

at the same position every time. The motor was started by 

momentarily shorting out the microswitch used to stop it; 

this allowed the cam to move sufficiently so that the 

microswitch closed and restored power to the motor. 

The spring and transducer assembly was almost identical 

to that described earlier (see section 6.4.2.1) but gave a 

linear load vs transducer out':ut curve (see fig. 7.2) unlike 

the tensometer. This was probably because in the relaxometer 

the spring was clamped into position when the assembly was at 

a higher temperature than that at which measurements were 

made. This meant that the spring was under tension at the 

operating temperature as it had contracted slightly; the 

spring was, thus, perfectly flat. 

(7.1.2) The Furnace  

The furnace (see fig, 7.3) was a thin walled stainless 

steel tube with a main winding over the whole length of it 
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figure 7.3 :Cross-section of furnace 
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figure 7.4 : Temperature Control Circuit 
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and booster coils wound over the main winding at each end 

to compensate for end losses. In practice it was possible 

to keep the temperature constant over the whole length of 

the sample using just the main and bottom booster windings. 

The temperature 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 dependent. 

The furnace control circuit is shown in figure 7.4; 

the temperature controller was an Ether Digi 1971/1 which 

is a relay based proportional controller. A platinum 

resistance thermometer was used to measure the temperature, 

this formed one of the arms of a Theatstone bridge in the 

controller; the resistance thermometer was mounted on the 

main frame of the relazometer, adjacent to the sample. 

The applied voltage was supplied by the variac, and 

could be varied from 0- 270 volts. This voltage was 

applied to a 170 ohm resistor from which a voltage that was 

80 - 90% of the applied voltage was tapped off. This reduced 

voltage was supplied continuously to the main coil of the 

furnace. The apPlied voltage was adjusted so that the reduced 

voltage caused the furnace to heat up to a temperature that 

was about 500 -lower than the required temperature. Control 

vas effected by switching on and off the small voltage that 

was the difference between that supplied by the variac and 

that fed continuously to the main coil. A fraction of the 

voltage supplied to the main coil was fed to the booster 

winding via a 200 ohm resistor. 
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The overall stability of the furnace and the temperature 

control circuit was good, the furnace was always within 0.5°C 

of the set temperature. 

(7.1.3) The Vacuum System 

A standard glass vacuum system containing ground glass, 

greased taps was used (see fig. 7.5). Connections to the 

furnaces were made via B19 cones and sockets; the covers at the 

top of the furnaces were kept cool by cold water circulating 

in copper tanks mounted just below the cones. (see fig. 7.3) 

The vacuum line allowed the furnaces to be evacuated to 

outgas the samples or to do experiments in a vacuum (i.e. 
—5 

10 	cm Hg). The incorporated gas handling line allowed 

experiments to be done in controlled atmospheres. 

(7.1.41 The Control and q.easurinrr Systems  

The measuring system is illustrated schematically in 

figure 7.6, it comprises the two transducers (one for each 

relaxometer) which are connected, in turn, to the transducer 

meter via the Iedex switch. The output from the transducer 

meter is attenuated by the "resistive network" and then passed 

into a Honeywell Electronik 15, 4 point, potentiometric recorder. 

The Ledex switch is an electromagnetic rotary stepping 

switch, that steps on one position on receipt of a 24 volt 

pulse. 

The "resistive network" is shown in figure 7.8; it allows 

the output from the transd-ccer meter (0 to 1 volt) to be 

attenuated to give a signal of 0 — 10 mV for the Honeywell 

recorder. It also adjusts impedances as the transducer meter 

has an output impedance of about 2500 ohms whilst the Honeywell 

recorder has an input impedance of only 400 ohms. 
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The Honeywell recorder has been slightly modified so that 

printing can be controlled externally, that is the. recorder 

prints one point when an external contact is made; the recorder 

can also be operated continuously in the usual way. 

The overall control centre of the apparatus is the 

"sequence programmer". This is an electric motor with a speed 

of 1/3 r.p.m.; on the drive shaft of the motor are 18 plastic, 

adjustable cams which depress a set of microswitches as the 

shaft rotates. By setting the cams correctly the unit can be 

made to depress the microswitches in a desired order and for 

desired intervals of time. These units can thus be used to 

control any process comprising a sequence of different 

operations; they are used commercially in vending and automatic 

washing machines. In this instance the unit is used to 

operate the motors used to extend the samples in the relazometers  

to actuate the Ledex switch so that the required transducer is 

connected to the transducer meter, to control the printing 

mechanism of the Honeywell recorder and to pulse two electro-

magnetic counters which record the number of experimental 

points taken. One complete revolution of the programmer 

re-cresents a complete run through the measuring sequence of 

the apparatus. The sequence programmer is started by a 

pulse from another motor and microswitch assembly that acts as 

a timer (this second assembly has a speed of 1/60 r.p.m.), 

when the programmer has completed one revolution it switches 

itself off, the measuring sequence being restarted on receipt 

of another pulse from the timer. The timer and sequence 

programmer are shown in figure 7.10. 
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The control circuit for the Ledex switch is shown in 

fig. 7.7, the switch may be operated in two ways. If pulsed 

directly the switch moves on one Position, 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 still 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 Iedex 

switch is used to provide oontact 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 connected to the transducer meter. 

Pulsing of the Lade= switch in either mode of operation 

can be done manually or by the sequence programmer. 

The control circuit for the motors used to extend the 

rubber samples in the relaxometer is shown in fig. 7.9. The 

switches allow the motors to be operated automatically, by 

the sequence programmer, or manually, by depression of the 

"pulse" switch. The Lanpulse/off/autopulse switch is 

switched to "autonulse" for automatic operation and to "manpulse" 

for manual operation. The Autostop/manstop switch allows the 

motor to run until stopped by the cam mounted on the drive 

shaft (see section 7.1.1), when the switch is at "autostop", 

or until the pulse ends, when the switch is at "manston". 

This second option allows the extension in a continuous 

experiment to be set manually by depressing the "pulse" switch 

until the desired extension is obtained. 

In a continuous experiment the "manpulse" option is 

used and the sample extended either to the preset value 
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determined by the cam (26) of the relaxometor by using the 

"autostop" option, or to any desired extension using the 

manstop" option described above. Once extended the manpulse/ 

off/autopulse switch is set to "off" and the sample retained 

in the stretched condition for the duration of the exneriment. 

In an intermittent experiment the switches are set to 

"autopulse" and "autostop" respectively and so the sample is 

stretched and retracted at regular intervals to the same 

preset extension as required for the .experlment, these actions 

being controlled by the sequence programmer. The interval 

used for intermittent experiments was one hour although there 

are sufficient microswitches on the timer to use intervals 

of 15 or 30 minutes if required. 

The sequence programmer and control circuits etc, cause 

the following sequence of operations to take place. 

I) 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 furnace 1. 

3) Switch Ledex on one position so that transducer 2 is 

connected to the transducer meter. 

4) Reneat sten 2 for transducer 2 and furnace 2. 

5) Close the microswitch that will start the extension 

motor in relaxometer. 1 provided the motor control circuit is 

set for an intermittent ex7)eriment; if this is the case, the 

rubber sample will be extended. 

6) Reheat step 1. 

7) Repeat step 2. 
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8) Repeat step 5, if an intermittent exf:eriment is 

being done this will cause the retraction of the rubber sample 

in relaxometer 1. 

9) Repeat sten 3. 

10) Repeat step 5 for relaxometer 2. 

11) ePeat step 4. 

12) Repeat step 8 for relaxometer 2. 

13) Switch the Ledex on one position, there is now 

no transducer connected to the transducer meter but the 

terminals are shorted out so that zero output is fed to the 

transducer meter. 

14) Pulse Counters 

15) Stop sequence programmer. 

This measuring Sequence will be repeated when the 

sequence programmer is pulsed again by the timer after an 

interval of one hour. 

The output obtained on the recorder gives one point and 

a zero check (i.e. the output obtained from the transducer 

when the sample is in the relaxed state) every hour for an 

intermittent experiment and two points per hour for a continuous 

experiment (see figs. 7.11(c) and 7.11(a) respectively). 

If only one relaxometer is being operated continuously 

the timer and seauence Prof:rammer can be switched off, the 

correct transducer connected to the transducer meter using 

the manual controls for the Ledex switch, and the Honeywell 

recorder operated in the usual, continuous mode. A continuous 

force vs time Plot will be obtained such as is shown in 

figure 7.11 (b). 
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figure 7.11(c); Intermittent relaxation of Genthane S 
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Figure 7.11 shows that the system as a whole gave quite 

acceptable relaxation curves in the sense that there was ver-: 

little scatter of Points even in the intermittent relaxation 

experiments. 

(7.2) CHELTICAL ST2ESS RELAXATIOr OP ADIP=2, 	AID 	s  

(7.2.1) Continuous and Intermittent Stress Relaxation of  

Gentllane S in Air  

Continuous stress relaxation measurements on Genthane S 

in air were made at temperatures of 60-150°C. The results 

are shown in fig. 7.12 as a first order plot (i.e. In 	/fn  vs 
/5,19.197 

In common with previous results 	the first order plots are 
197 

curved; Toboisky has treated this type of result using a 

multi-exponential equation (eqn. 3.50, section 3.5.2) and a 

plot using Tobolsky's procedure is shown in fig. 7.13. A 

two term equation gave good straight lines over the range 

BO - 15000. 

Figure 7.14 shows the data plotted according to the 

second order equation (eqn. 3.79, section 3.5:2), excellent 

straight lines are again obtained except for a small amount 

of curvature at short times. 

Figures 7.15 and .7.15 show the Arrhenius plots obtained 

from the multi-exponential and second order analyses. The 

points for the short time or weak bond relaxation are widely 

scattered and the best line through these points is parallel 

to the line through the points for the long time or strong 

bond relaxation. The second order analysis leads to a good 

straight line in the Arrhenius plot, the slope of which is 

different from the slopes of thti lines obtained from the 

Toboisky analysis. According to the Tobolsky analysis, 

relaxation is due to the scission of two types of bond, each 
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of which give the same activation energy (see table 7.2) so 

that the differences in the cleavage rates lie in the different 

Pre-exponential factors. The second order analysis shows 

that the whole relaxation curve can be described in terms of 

a single rate constant which gives an activation energy that 

is different to that obtained from Tobolsky's analysis. 

The data can be analysed in a third manner, using the 

time-temperature superposition method (section 3.5.4.--); the 

relaxation curves superposed to give a master curve (fig. 7.17) 

and the shift factors, MT, gave a good Arrhenius plot (fig. 7.lE) 

The activation energy obtained was the same as that obtained 

from the second order analysis indicating that this approach 

is correct whilst that employed by 2obolsky is not. The 

activation energy obtained from the time-temperature super-

position analysis is given in table (7.2). 

Continuous relaxation measurements on Genthane S in air 

were conducted on samples with different initial crosslink 

densities at 90
0 
and130oC to determine whether scission 

took place in the main chain or at the crosslink. A linear 

relationship between the rate of relaxation and the reciprocal 

of the crosslink density was obtained (figs. 7.19 and 7.20) 

indicating that cleavage took place in the main chain (see 

sections 3.3.1 and 3.3.2). 

Intermittent stress relaxation experiments were conducted 

on Genthane S in air at 80 - 150°C, these were analysed 

according to the two network theory (section 3.2) andplots of 

A vs log t obtained (fig. 7.21). These curves superposed 

to give a master curve 	7.12). Points inter-oolated from 

the master curve gave a good straight line when plotted 
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TABLE 7.1  

Rate Constants for Continuous Relaxation of Gonthane S 

o 1 
Tobolsky's rrocedure x 

TC 1/T weak bond strong bond 
3 

10 A k x 102 B k x /0
3 
k x 10 ai 

1 (Ii- 	) 
, 	 1, 
(hrs 	; 

-1 (hrs 	) (hrs-1) 

80 2.83 - - 0.95 1.31 1.44 0.200 
90 2.75 - - 0.94 3.01 3.62 0.425 
95.5 2.72 - - - - 5.61 - 

100 2.68 0.14 4.34 0.82 3.53 6.55 1.00 
110 2.61 0.29 5.50 0.67 5.45 13.5 2.38 
130 2.48 0.26 35.9 0.74 34.1 59.4 11.8 
140 2.42 - - - - 134 25.0 
150 2.36 0.34 38.5 0.44 69.7 311 55.5 
151.5 2.35 - - - - 380 - 

TABLE 7.2  

Activation Ener'ies for Scission and Crosslinkinr7 of 
Genthano S  

Process Method of Analysis H kJ mole
-1 

weak bond 77.5 
Tobolsky strong 

1 bond 77,5 
Scission Reaction 

Second Order Plot 94.,6 

Time-temnerature 
super pos'n 94.6 

Crosslinking Time-tem-oerature 
Reaction super pos'n 107.9 
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TABLE 7.3 

Rate Data from Two Iretwork Anal7sis of Continuous and 
Intermittent Results  

T°C 1/T 

x 10
3 

-1 

Time for 

A to 

reach 0.35 

(hours) 

80 2.83 560 
100 2.68 92 
110 2.61 35 	• 
130 2.48 7.4 
140 2.42 3.2 
150 2.36 1.6 

-TABLE 7.4 

Continuous and Intermittent Results on Genthane S Samples  
with Different Cro,slinkin= Densities  

Continuous Intermittent 

C
1 x 10

5 1/C
1  ok at ok at A at stated time 

1TM
..9  
'' x 10

-5 0 
130 C 

0 
90°C 1 hr 5 hrs 10 hrs 

-1 2 
N 	m 

0.48 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 0.0035 0.11 0031 0.42 
3.00 0.33 0.065 0.0028 0.09 0.24 0.34 

TABLE 7.5  

Continuous Stress Relaxation of Genthane S Samples Containinr4' 
Stabaxol PCD  

,,10 by weight of 
-Stabaxol PCD 

y k o 

0.00 0.123 
0.46 0.140 
0.87 0.085. 
1.25 0.046' 
1.70 0.039 
3.40 0.036 
10.38 0.039 
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according, to equation (3.87) for a second order crosslinking 

reaction (fig. 7.23) encept for a small amount of curvature at 

short times. The two network data were characterised by the 

time taken for A to reach 0.35.. This is equivalent to 

Y
0.35 

(section 3.2). An Arrhenius plot of these times gave 

a good straight line (fig. 7.24) from which the activation 

energy for the process was obtained (table 7.2). 

Intermittent stress relaxation experiments on samples 

with different initial crosslink densities (fig. 7.25) showed 

that the reaction leading to the formation of new network. 

chains was independent of the original crosslink density 

since 	was inversely pro -)ortional to V i(o). 

(7.2.2) Further Ex,per;rentq on Gentane S and the Effect of  

Additivos  

The results presented in section (7.2.1) showed that the 

reactions taking place in Genthane S in air led to a removal 

of network chains due to scission and to the formation of new 

network chains; for every 100 chains removed, 60 new chains 

were formed. Experiments were conducted to investigate the 

nature of these reactions. 

Continuous stress relaxation on samples that had been 

soxiet extracted with hot benzene for 48 hours showed the 

same relaxation rate as unextracted samples implying that 

extractable material had no effect on the relaxation rate. 

Continuous and Intermittent stress relaxation in 

nitrogen showed that at 130
o
C the rate of scission and 

network chain formation was slightly faster than in air (see 

figs. 7.26 and 7.27) 
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The results described in section (7.2.1) indicated that 

0 
if the rubber were heated at 150 C for 25 hours in air, all 

the original network chains would have been cut and replaced 

by new chains. Samples were postcured in this way after which 

continuous and intermittent stress relaxation exreriments 

were conducted on them. Figures 7.26 and 7.27 show that the 

rate of scission and network chain formation was slightly 

increased over the rates obtained for unnostcured samples, 

however, these increased rates resulted solely-from the 

decreased initial crosslink density of the samples. These 

results indicate that the network is unchanged on ageing 

except that the network chain density is slightly reduced 

suggesting that most of the cleaved chains regenerate to give 

a second network that is chemically identical to the first. 

The results in nitroen suggested that the cleavage and 

network chain formation reactions were largely non—oxidative 

but that there was a small amount of oxidative inhibition. 

To investigate further, the effect of oxygen, continuous 

and intermittent stress relaxation experiments were conducted 

in air on Genthane S samnles containing an antioxidant, an 

antioxidant and cisnolyisonrene or cispolyisonrene on its own. 

The cispolyisoprene was included as an oxidisable material 

that would act as a convenient source of free radicals and the 

antioxidant used was a quinoline based material, Flectol H 

(Lionsanto). 

The rates of scission and network chain formation were 

unaffected by the presence of polyisoprene but they increased 

slightly when Flectol H was present, whether in the presence 

of polyisoprene or not (see figs. 7.2C and 7.29). 



  

figure 7.28: Stress relaxation of Genthane S samples containing 
Flectol H in air at 130°C (0 with FH, 0 without FH ) 
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These experiments indicated that the oxidative 

inhibition was probably a free radical process since its rate 

was reduced when an antioxidant was Present. Curiously it 

was not affected when a high concentration of free radicals 

was present, resulting from the oxidation of poly isoprene. 

Apart from the comparatively minor oxidative inhibition 

discussed above, there are largely non-oxidative scission and 

network chain formation reactions taking Place. With respect 

to these reactions, carbodiimides have been reported to gite 

enhanced stability to hydrolytic attack (section 5.4.3.3), and 

it is possible that the non-oxidative reactions involve trace 

amounts of water present in the materials. Ala), isocyanates 
210 

have been reported to give enhanced stability to thermal 

degradation. To investigate these effects experiments were 

done on samples containing a carbodiimide, Stabaxol P.C.D. 

(Bayer), and on samples that had been treated with phenyl 

isocyanate. 

Treatment with isocyanate comprised swelling the rubber 

in phenyl isocyanate, heating the swollen sample at 130oC for 

1 hour, extracting with benzene for 48 hours and removing 

the benzene by evacuation. Experiments were also conducted on 

samples treated in this way with Stabaxol P.C.D., figure 7.30 

shows that a sample treated with carbodiimide in this way 

gave an identical relaxation curve to that containing 

carbodiimide 'out untreated. 

Figures 7.30 and 7.31 show that both carbodiimide and 

treatment with phenyl isocyanate led to reduced rates of 

scission and network chain formation, phenyl isocyanate giving 

the more significant reduction. 
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The carbodiimide used was an isocyanate ter: nated 

material and so it probabl7 acted simply as an isocyanate. 

Figure 7.32 shows the effect of changing the concentration 

of carbodiimide on the rate of continuous stress relaxation. 

The Flectol H, Stabaxol PCD and polyisoprene were 

introduced into the samples by swelling them in chloroform 

solutions 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 sample could be 

determined, the amount of additive in the sample could be 

calculated assuming that only the solvent was removed when 

the sample was evacuated. 

The urethanes are believed to be susceptible to 

hydrolytic decay (see section 5.4.3.3) and it is possible that 

hydrolysis in the main chain is responsible for the non- 
9,13 

oxidative degradation of Genthane S. However Thomas showed 

that the rate 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 is faster in dry nitrogen than in 

ambient air. These results suggest that hydrolysis is not 

responsible for the degradation since the rate of relaxation 

would 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 shown in fig. 7.33; after a 

short period of fast relaxation the rate decreased until it *as 

approximately the same as that for a dry sample in air. 
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figure 7-33:Effect of water on the relaxation of Genthane S 

at 95-5°C. (0 - relaxation in air, 13- relaxation in water ) 
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TABLE 7.6 

Rate Constants for the First Order Continuous Relaxation of 
Adinrene 	in Air  

T°C 1/T 

x 10
-3 

K-1 

z 
 k x 10 
, (hours-1  ) 

60 3.03 2.58 	' 
70 2.92 4.17 
80 2.83 6.79 
100 2.68 55.5 
105.5 2.64 108 	:k.12 
110 2.61 197 	• 
120 2.55 374 
131 2.48 2430 
150 2.36 8300 

* Average value, using points at different crosslink densities 
in Table 7.7 below 

TABLE 7.7  

Rate Constants for the First Order Contin:ous Relaxation of 
Adinrene CH Samples with Difforent Initial Crosslink Densities  

in Air at 105.5°C  

,4a DCP in 

cure 

Cl  x 105  

Nm-2 
1/C1  

x 10-6  

(Nm
-2,-1  

k x 102 

1.0 3.41 2.93 1,64 
1.52 

unextracted 

1,5 4,65 2.15 1.02 unextracted 

2.0 5.10 1.96 1.13 extracted in 
benzene 

1.21 unextracted 

2.0 5.35 1.87 1.11 l- 
unextracted 

• 1.01 

2.5  6.25 1.60 "1.05 unextracted 
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The sample was pre-swollen in water at 4000 but since 

swelling is, temperature dependent the fast initial rate of 

relz,,,xationv./a•s probably due to dimensional changes in the 

sample brought about by the 55.50C increase in temperature. 

(7.2.3) Continuous and Intermittent Relaxation of Adinrene  

in Air and Nitroc-en  

Continuous stress relaxation experiments On Ad.iprene cm 

in air were conducted at 60 - 150
o
C.- The results are shown 

in figure 7.34; it is clear that there is a linear log (ft/f0)0  

vs t relationship except at the lowest temperatures where 

there is some curvature at short times. The rate constants 

obtained from the slopes of these lines (see 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-1. 

Experiments were conducted on samples 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 crosslink density indicating that 

cleavage occurred in or at the crosslink. 

Intermittent stress relaxation experiments showed that 

there was little or no crosslinking reaction (see fig. 7.36). 

Continuous and Intermittent stress relaxation ex-oeriments 

on Adiprene CI in nitrogen or in air in the presence of an 

antioxidant showed that there was both a much reduced rate of 

scission and a high rate of crosslinking or network chain 

formation (see figs. 7.36 and 7.37). These results indicate 

that the continuous relaxation of Adiprene O. in air is due to 

an oxidation reaction and that the oxidation reaction or the 
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presence of ox;:gen severely inhibits the rate of network 

chain formation. 

The continuous relaxation of Adiprene CI: in nitroE;en was 

not first order but obeyed the same kinetics as the cleavage 

reaction in Genthane S and gave good straight lines when 

analysed according to second order kinetics (see figs. 7.38 

and 7.39). The rate constants obtained are presented in 

table (7.8), they gave good Arrhenius plots (fig. 7.40) and 

an activation energy of 110.6 kJ mole
-1
. Experiments on 

samples with different initial crosslink densities showed 

that the relaxation rate was linearly dependent on the 

reciprocal of the initial crosslink density (figs. 7.41 and 

7.42) which was indicative of a main chain cleavage reaction. 

The intermittent relaxation results were internreted 

using the two network theory and nlots of Q vs log t shown 

in fig. 7.43. These curves could.be supernosed to give a 

master curve (fig. 7.44) and points interpolated from the 

master curve gave a good straight line when plotted according 

to equation 3.67 except for a small amount of curvature at 

short times as can be seen from fig. 7.4-5. This behaviour 

is identical with that of Genthane S except that here 136  

new chains are formed for every 100 lost due to cleavage. 

An Arrhenius plot of the time taken for A. to roach 

0.25, that is re0.25, gave a good straight line (fig. 7.46) 

and an activation energy of 95.7 kJ mole
-1 

The activation energies obtained are given in table (7.11); 

the value obtained for the oxidation reaction corr.:ares 

favourably with those obtained for the oxidation of hydrocarbons 

(see chanter 4) whilst those obtained for the non-oxidative 
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TABLE 7.8 

Rate Constants for the Second Order Continuous Relaxation of 
Adinrene CM in ritror-en  

C1 = 6.3 X 105  ilm-2  01  = 5.1 x 105 Km..2 

toe 1/T it x 10 	- 
A 

T°C 1/T It x 	10.-4  

x 10-3 K-1  (hours-1) x - 103 	-1 K - (hours
-1
) 

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 2.48 206 128 2.43 438 

TABLE 7,9  

Rate Constants for the Second Order Continuous Relaxation of 
A&inrene 

	

	SamD3es with Different Initial Crosslink Densities  
in ritror-en at 103°C 

DCP 

in cure 

01 x 105  

Um-2 

1/01  

x 10-6 
k 

1 

a lours-1) 

(ilill'.2) 1  x 102  

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.  3.4/ 2.93 3.44 

TABLE 7.10 

Rate Data from Two retwork Anal7sis of Continuous and 
Intermittent Relaxation of Adi -oreno CE in ITitroen  

T°C 1/T 

x 10-3  

K-1 

Time for 

4 	to 

reach 0.25 
hours 

80 2.83 12.7 
90 2.76 32.5 
100 2.68 73.8 
110 2.61 164 
120 2.55 315 
130 2.48 750 
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TABLE 7.11 

Activation Enerrries for ScisElton and Crosslinkinp.. in 
Adinrone CH 

Process Reaction AH kJ mole-1  

Oxidation(first 
Scission Reaction order) 130.5 

Kon-oxidative 
'(second 

order) 110.8 

Crosslinking 
Reaction Non-oxidative 

(second 
order) 95.7 
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figure 7.38 :Adiprene CM-Second order analysis of continuous data for relaxation in nitrogen (Ci= x105Nrri-2 ) 
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figure 7.44: Adiprene CM- Master curve for network chain formation 
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scission and network chain formation reactions compare 

favourably with those obtained for Genthane S. 

(7.2.4 Further Exnerinents on Adinrene C-1 and the Effect  

of Additives  

The effect of an antioxidant on the rate of continuous 

stress relaxation was mentioned in section 7.2.3; further 

experiments were conducted to investigate the effect of 

different concentrations of antioxidant (see fig. 7.47). 

As for Genthane S, the rate of .co- inuous relaxation 

was reduced by treatment with an isocyanate (fig. 7.48). 
243 

Thomas showed (fig. 7.49) that the rate of continuous 

relaxation was unaffected by high humidity except for the 

high rate of relaxation just after the high humidity was 

introduced due to dimensional changes in the sample. 

(7.3) Discussior Cr RESULTS  

[7.3.1) ITet7:rr37 Reactlons in Gonthane S  

The continuous and intermittent stress relaxation data 

for Genthane S show that there are chemical reactions taking 

place that lead to both tho removal of network chains and 

the formation of new ones. The reaction leading to the 

removal of network chains involves the el:lava:7..0 of the 

main chain. 

The rates of scission and network chain formation are 

inhibited when the sales have been heated with phenyl 

isocyanate or an isocyanate terminated carbodiimide. Since 

this inhibition is still observed after the samples have 

been extracted with benzene the additives must become 

attached to the polymer chains or must modify them, making 

them. less susceptible to reaction. 
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fig . 7-47 ADI PRE NE CM: Effect of Antioxidant on Relaxation in Air at 1200C 
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figure 7.48 : ( right) Effect of humidity on the relaxationl:° 
. of Adiprene CM in air (humidity =95% at 100°C ) 

figure 7.4 9 : (below) Effect of isocyanate on the 	0.9 
relaxation of Adiprene CM in nitrogen at 120°C 
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Fortunately the reactions of isocyanates are well-
1,2,3 

known, 	and are limited to reactions with groups that 

contain active hydrogen. In Genthane S the only sources of 

active hydrogen are the hydroxl groups that terminate the 

primary polymer molecules and the urethane linkages; there are 

about 16 urethane links for every hydroxl group. 

Reaction of the isocyanate with a hydroxl group will 

lead to a urethane 
0 
it 

R' OH 	=CO 	> RUH - C - OR' 	7.1 

whilst reaction with a urethane will lead to an allophanate. 

0 

	

tt 	 II 

	

R' - RH - C 	OR" 	RITCO 	R 	R - C - OR" 
1 

0 = C 	1TH 	R 

Reaction 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 known to occur 
244 

between 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 participation is unlikely. First the stress relaxation 

of Adirrene C:1 under nitrogen indicates that this elastomer 

behaves in the same way as Genthane S, although some 

differences might be expected in Adiprene 01 where ester/ 

hydroxyl interchange is excluded. This suggests that if 

urethane/hydroxyl intercharF-e does take place it is not 

C 

7.2 
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accompanied by ester/hydroxyl interchange. Secondly, it 

will be shown later that the kinetics of the cleavage 

reaction are indicative of a bimolecular reaction and 

urethane/hydroxyl interchange, though second order, will 

not be a bimolecular or a Pseudo bimolecular reaction since 

the initial concentrations of hydroxyl and urethane groups 

are very different. 

It can thus be concluded that the cleavage and network 

chain formation reactions are probably associated with the 

urethane croup with the remote possibility of hydroxyl 

groups also being involved in the reaction. 

The inhibition of urethane dissociation when the 

urethane hydrogen is removed (as in equation 7.2) is in 
20,210 

agreement with published work. 

Having indicated that the reactions leading to network 

breakdown is associated with the urethane link, the kinetics 

of the reaction can be considered in more detail. Clearly 

the most satisfactory inter7.1retation of the continuous 

stress relaxation data is that using equation (3.79), which 

states 

foift — 1 = 
	2) 1(0) kt 	7.3, 

This type of equation could result from either a first 

or a second order reaction derending on which equation is 

selected to relate q(t), the number of cuts, to Vi(o), the 

initial crosslinh density (see section 3.5.2). Figure 7.20 

shows that V  1(o) k is inversely proportional to 11 1(o) 

at short times or small amounts of dissociation; unfortunately 

this type of dependence can be predicted by all the equations 

discussed in section 3.0.2, and cannot be used to determine 



273 

which equation'relating q(t) to 1)1(0) is applicable here. 

This means that the dependence of relaxation rate on 

crosslink density cannot be used to distinguish between 

the first and second order kinetic equation. 

If the equation is first order then according to 

eauation 3.69 

V 
1
(o) k = »a kut 	 7.4 

where E is the number of urethane groups per network chain 

and ku is the specific rate constant for cleavage of the 

urethane link. One of the assumptions required to derive 

equation 3.69 is that E is large, in this case iii is never 

greater than about 10 (see table 6.19) and so this assumption 

will not be valid and the first order equation will not 

take on the•form of equation 7.3. 

The derivation based on second order kinetics makes no 

assumptions about the magnitude of M (see sections 3.3.2 and 

3.5.2) and requires only that 271)1(o) kt is small. This 

assumption is perfectly valid under the conditions of the 

experiments described. It should be noted that the lineality 

of the plots was rather better than would be expected from 

equation 3.74; good straight lines were obtained up to 

f ift  - 1 = 3.0 where the derivation of equation 3.74 suggests 

that a 25 	deViation should be observed; this deviation 

reduces to 14'a at foift  - 1 = 2.0 and to 8'; at fo/ft 	1.=1.0. 

The fact that the activation energy obtained from the 

second order rate constants is in agreement with that obtained 

by the time-temperature superposition principle indicates 

that they are genuine rate constants and that the theoretically 

predicted deviations are not important. 
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The reaction leadin'; to the formation of new network 

chains can also be described by a second order bimolecular 

reaction since excellent fits are obtained when equation 3.67 

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
-1 

respectively). 

The experiments on postcured samples (figs. 7.26 and 

7.27) and the fact that the infra red spectra of aged samples 

were the same as those of unaged samples indicate that the 

chemical structure is 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 broken. Assuming that these 

bonds are the urethane links, the network reactions could be 

explained by the regeneration of a proportion of the bonds 

broken, according to the following type of mechanism. 
0 
0 

 2 PITH - C - 0 - R --= 'Intermediate Products 	. Inert Products 
kf  

7.5 

In a strained sample, urethane groups that dissoCiate 

in chains under stress reform to give chains that are not 

under stress, so that: 
0 

2 3_:?_- C - 0 - 	
ku 	

m Interediate Pro 
strained. 

0 kf  

2 [..R::}7. - C - 0 - Rj 

  

  

unstrained 
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If kf  is much greater than ku, that is the reformation reaction 

is much faster than the dissociation reaction, the dissociation 

reaction will be rate determining and would explain the 

almost identical activation energies. 

The reaction leading to inert products is included to 

account for the fact that not all the chains broken are 

replaced by new chains. 

The number of urethane links per network chain has been 

calculated from the n.m.r. data (section 6.5.1) and the 

network chain density has been calculated from the stress-

strain data (section 6.5.2). It is then fairly easy to 

calculate the specific rate of urethane cleavage from the 

continuous stress relaxation data. 

k = 2.-65 x 10
13 	

OxP(- 94600/RT) 	7.7 

, where ku  is in cm
3 

mole-1  hours-l. 

The rate, of continuous stress relaxation is given by: 

(0)k = 2.66 x 107  Mc exp(-. 94600/RT) 
	

.7.8 

where ))1(o)k is in hours-1. 

The reaction leading to network chains formation can 

now be considered in terms of a recombination reaction that 

is not 100 efficient. Let the fraction of the cut chains 

that regenerate be m, so that if 	Pl(o) - 2-)1(td chains 

are removed, 1  (o) / new chains will be formed. 

Equation (3.79) states that:- 

foift  - 1 = 1(0)11(0 - 1 = Pi(o)k 
so 	)) 1(t) 	= 1)1(0) (1+ 1)1(0)kt) 1  

Li 1(0) -1)1(t) = /21(06 - (1 01(o )kt)-19 
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So that the number of new ohains formed is given by 

p2(t) = c,),(0) 	1 — (1.+1) 1(0)-„t)—fl 	 7.12 

4/m = 	 12(0/al)1(0) = 1 - (1 +V (o)kt)-1 
	

7.-13 

t = cc(t/6) 	1/1)1(0)k 	 7.14 

This equation has the correct form to describe the experimental 

results (i.e. it has the same form as equation 3.67), m is 

found to be 0.59. However, ))1(o )kcalculated from this 

equation is larger than that obtained from the continuous 

stress relaxation data (i.e. 1.7 x 10
-2 

compared with 

6.55 x 10-3 at 100o0). Since the activation energies for 

network chain formation and cleavage are almost the same, it 

is clear that these rate differences are due to different 

pre-exponential factors. If the rate constant obtained 

from the two network data is denoted kC and the specific rate 

constant for urethane reaction is ku then 

ice  = 4.61 x 10
15 
 exp(_ 107900/nT) 
	

7.15 

where ku is in cm
3 mole-1 hours-1. 

Applying the theory of absolute reaCtion rates (see 

section 3.5.1) leads to the interpretation of the pre- 

exponential factors in terms of activation entropies so that: 

ku  = RT/Lh exp(- 57.6/R )exp(- 94600/3T) 
	

7.16 

and 

ku = 	ezp(- 15.0/R ) exp(- 107900/RT) 
	

7.17 

where the activation energies are -57.6 J mole 1 
for cleavage 

and -15.0 J mole-1 for network chain formation 

The reasons for. the different pre-exponential factors 

for network chain formation and cleavage probably lie in the 
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fact that the back reaction characterised by hf  in equation 

7.5 may play a part in the overall kinetic scheme. Whilst 

the rate of cleavage is probably far more im-)ortant, the 

participation of the back reaction could lead to these 

different pre-exponential factors. 

(7.3.2) Iletwork Reactions 311 Adi-nrene  

In nitrogen the behaviour of Adiprene is broadly the 

same as that of Genthane S, the scission reaction is second 

order and is inhibited by treatment with napthyl isocyanate 

indicating that scission takes Place at the urethane link. 

The relaxation behaviour can be explained by equation 7.5 

except that the "inert products" must be different 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 calculate the specific rate constant for 

urethane cleavage. 
14 

ku = 3.16 x 10 	ozp(- 110800/r T) 

so that the rate of relaxation is given by 

(o)k = 2.51 x 108  17c exp(- 110800/RT) 

where ku  is in cm3 mole
-1 

hours, and V1 	- (o)1:-. is in hours-1. 

As for Genthane S, the network chain formation reaction 

could be described by equation 7.1/1 where m = 1.36 although 

here the V
1
(o)2 value obtained for the formation reaction was 

approximately the same as that obtained for the cleavage 

reaction (1.31 x 10-3 compared with 1.25 x 10-3 at 100oC) and 

the activation energies were again very similar (i.e. 110.8 

kJ mole-1 for cleavage and 95.7 kJ mole-1 for formation). 
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The s-27ecific rate constant for urethane reaction was 

ku = 1.95 x 10
12 

exp(- 95700/RT) 

c is i where ku s n cm3 mole
-1 

hours-1. 

Interpreting the pre-exponential factors as activation 

entropies gives: 

ku = RT/Lh exp(- 37.2/R) exp(- 110800/RT) 

ke  = RT/Lh exp(- 95.5/R) exp(- 95700/RT) 

The main difference here is that in Genthane S the 

activation entropy for cleavage was smaller than that for 

formation whereas the opposite is true here. However, these 

differences should not obscure the similarities between 

Genthane S and Adiprene CE.since pre-exponential factors are 

rather Poorly understood and_ seem to be dependent on structural 

and stereochemical factors and a large number of other 

variables. 

Apart from the non-oxidative reactions, Adiprene 0:1 

undergoes an oxidative reaction that results in the cleavage 

of the crosslinks. This reaction obeys first order kinetics, 

the rate constant being given by 

k = 1.07 x 10
16 
 exp(- 130500/RT) 

or 

k = RT/Lh exo(- 8.0/R) exp(- 130.5/2T) 

so that the entropy of activation is - 8.0 J mole-1 and the 

activation energy -is 130.5 kJ mole
-1
. 

(7.3.3) The :loci-anls' of Th-,?. -nlane Donradation 

The results show that there are marked similarities 

between the mechanisms of non-oxidative degradation operating 

in Adiprene CI: and Genthane S. They both undergo a second 

order cleavage reaction involving the urethane group in 
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addition to a reaction leading to the regeneration of the 

urethane links that have undergone rupture. The results can 

be rationalised in terms of equation 7.5 which states: 

2 Er e t han 	 kd 
nterrnediatel 	 Inert Products 

This mechanism proposes a bimolecular decomr)osition 

nrocess involving two urethane links and it is interesting 

that a hydrogen bonded, dimeric structure is believed to 

exist in urethane systems (see section 5.3). It is proposed 

that this dimer has the following structure: 

R,_ 	H.......0 	OR' 
/ Nrr  

	

I 	f 

	

C 	- H 

	

/ 	1 

0---H 

Assuming that this structure dons exist, it is easy 

to see how a bimolecular dissociation could take nlace to 

produce an isocyanate and an alcohol. 
H_ 
A\O" - LI  

RN.  H---0, oR, 	R 	0:i `l .
IT 

■
C /1 

IL- 	1 	11 	ii ----Hi2.-C7C0 + 22.1 0H 
C Cr 	C r 

RI 0/  ;-'-' 	/ R 	R' - 0 
	
'0 

N14. 

0---H 	 ., 

Since isocyanates and alcohols react together very 

readily these two residues can combine to regenerate urethane 

links. 

nrco R' OH 

 

0 
11 

R.11- 	C — OR' 

  

If this recombination reaction is fast compared with the 

cleavage reaction then the kinetics will be largel:7 determined 

by the kinetics of cleavage. 
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Clearly the hydrogen bound dimer will be very 

unstable since the activation energy for dissociation is 

_1 
only 16 kJ mole 	per bond and will be a transient sll,ecies 

• 

in dynamic equilibrium with the unbo und urethane links, 

so that: 

0 	R., /H---0 /YR' 
II 	1T 	C 

2R — 171I — c — 010 „ ----- 	t 	I 
0 	11' i 

RI O'  'NO---H' \.-a 

where the equilibrium lies on the left hand side. However, 

this is all that is required for the reaction to proceed by 

the bimolecular mechanism proposed. 

Other mechanisms of the same type can be proposed but 

none of these utilise or exploit the phenomenon of hydrogen 

bonding as well as this one, which would seem to be the 

most likely candidate in view of the hydrogen bonding that 

is known to occur (see section 6.3.1.2). In addition, the 

Products of decomposition are an isocyanate and an alcohol 

which are the most commonly observed products of urethane 

degradation under these conditions (see section 5.4.1.1). 

The mechanism emphasises the role of the urethane 

hydrogen which must be transferred if dissociation is to 

occur and it also explains the Production of the inert 

products which can result from the reaction of the isocyanate 

with groups other than the hydroxyl group. It could react 

with urethane groups, other isocyanate groups or water fro:A 

the atmosphere to produce allophanate links, isocyanate 

diners or trimers and amines. 

This third possibility is particularly interesting; the 

reaction of an isocyanate with water produces an unstable 



281 

intermediate, carbamic acid, which deco poses to i3iTC an 

amine as follows: 

=CO + H2O 	[71:THCOO]: -->21:112 + CO2  

This reaction explains some of the more unusual features of 

the observed behaviour. 

In Adirrene CM in air, degradation was largely the 

result of oxidative cleavage of the crosslinks; this occurred 

at a much faster rate than urethane cleavage and was 

res-ponsible for the majority of the stress decay. However, 

the network chain formation reaction observed in nitrogen 
245 

was reduced almost to zero in air. Thomas has suggested 

that this occurs because water liberated, as a consequence 

of the crosslink oxidation, reacts with the isocyanate 

groups, resulting from the thermal dissociation of urethane 

groups, to produce amines and thus prevent the regeneration 

of urethane links. In Genthane S this does not occur 

although the percentage of chains cut that are replaced by 

new chains is greater in dry nitrogen than in ambient air; 

this could be due to the reaction of the isocyanates with 

atmospheric moisture. An attempt to simulate the behaviour 

of Adirrene CI: in Genthane S by swelling cispolyisonrene 

into it was unsuccessful, but is not conclusive evidence 

against this mechanism since the oxidation mechanism tends 

to vary slightly from rubber to rubber and it is Quite 

possible that the mechanisms of oxidation are. different in 

poly isoprene and Adinrene 

The behaviour in the presence of antioxidants can also 

be exnlained; in Adirrene CM there is a substantial formation 



CH9 	 CH 

0 	C=0 0 
II -C 
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reaction when samp3es co:Itaining Plectol H are rola::oil in 

air; this nrobably occurs because the antioxidant reduces 

oxidative cleavage and, hence, the amount of water produced. 

If less water is Produced then there is loss available for 

reaction with isocyanate and so isocyanate groups are free 

to participate in reactions leading to the regeneration of 

urethane groups. 

It is interesting that Plectol H has a similar, though 

much less significant effect on Genthane S and it is possible 

that this elastomer does contain a small number of groups 

that are susceptible to oxidation; tyPicall7 these might be 

unsaturation introduced during cure. 

In Genthane S another interesting observation was 

made; it was apparent that the rate of continuous stress 

relaxation was slightly faster in nitrogen or in air when 

Plectol H was present than in air when no additive was 

present. This type of behaviour can be described in terms 

of a free radical oxidative attac::: on the urethane group, 

as follows: 

0 	 0 	0 
11 	 c 	II 	Co] 	II 

......"."Ne.0-0 -NH 

219,220 
Schollenberger 	has suggested that this ouinone-imide 

structure is formed during the Photochemical oxidation of 

urethanes containing 	Formation of this would lead to 

a reduced rate of urethane cleavar'e since this structure is 

devoid of urethane hudrogens and cannot undergo dissociation 

by the method suggested. earlier. 
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It might have been expected that the increased free 

radical population brought about by the nresence of 

cispolyisoprene would have caused an increase in the amount 

of this quinone-imide structure formed and a further decreased 

rate of oxidation. Unfortunately the presence of 

cispolyisoprene had no effect on the rate of continuous stress 

relaxation although again this is not a conclusive test of 

the postulated mechanism since the conditions for the 

formation of the above structure are not known. 

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 cannot be expected 

in Adiprene CU. 

To summarise the mechanics of urethane 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 bonding character-

istics of the materials. 

The mechanism explains most of the observed behaviour 

although it is necessary to include the production of quinone-

imide structures 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 proposed to explain the urethane dissociation. 
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(7.3.4) Conclusions and Su-f-estions for Further Work  

The principal conclusion to be drawn from the results 

is that the non-oxidative network reactions observed in 

Genthane S and Adiprene CH are broadly similar and purely 

thermal in nature. A second order, bimolecular, thermal 

dissociation mechanism exploiting the phenomenon of hydrogen 

bonding in these urethane elastomers is capable of explaining 

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 S or Adinrene C. 

It is possible that the mechanism of hydrolysis involved the 

thermal dissociation of the urethane group followed by the 

reaction of water with the isocyanate group produced. 

To investigate the effect of high humidity on the 

urethane regeneration reaction, further experiments should be 

done. These experiments could be either intermittent stress 

relaxation experiments or oven ageing followed by swelling in 

a suitable solvent; if the latter are done a calibration curve 

of 112  against C1 
	1 
or V 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 at room teuperature, the 

continuous relaxation experiments in water and at high 

humidity reported here were done on the tensometer described 

in Chapter 6 and a small continuous relazometer built at the 
241 

R.A.E.; neither of these instruments are suitable for doing 

intermittent stress relaxation experiments. 
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Experiments of the oven ageing type are being undertaken 
245 

at the R.A.E. using a humidity cabinet. 

A feature of particular practical interest is the 

inhibition of the dissociation reactions; if hydrolysis does 

Proceed via reaction with residues from 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 enchanted when 

the urethane hydrogen is removed. Removal by an isocyanate 

leading to an allophanate, as used here, is clearly not the 

most satisfactory method of doing this, because of the limited 

stability of the allophanate link produced (see section 5.4.1.2). 

A more satisfactory procedure would probably be the production 

of N-alkyl urethanes but these are, unfortunately, difficult 

and expensive to produce. Clearly then, some work should be 

done both to assess the relative stabilities of different 

TT-substituted urethanes and to develop practical ways of 

preparing them. 

Apart from these studies on urethane elastomers, a study 

of the mechanism of urethane degradation using simple, monomeric 

urethanes would be interesting. It should be possible 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 separated 

chromatographically. Further studies along these lines might 

use tracers to look in more detail at asnects of the mechanism. 

Clearly there are a number of further experiments that 

could be done; however, the ex-oeriments done and the results 

obtained in this study have led to a mechanism that is 

consistent with the majority of them. 
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APP: l:DIX Af Stress-Strain Data 

TAP= 1A: Tension of Dr:7 Arai-Irene 	Sa=les (Coalti=ous Loadiy17-) 

1.0;u Dicumy1 Peroxide 1.5 	Dicumul Peroide 
1/3 	-2 -1 1/3 	-2 -1 

fig 	/2(X-X ) X f/ 	- /2(XX ) X 
2 	5 	-2 2 	5 	-2 
x 10 	Um x 10 	Um 

2.96 0.909 3.91 0.966 
2.86 0.889 3.71 0.946 
2.63 0.858 3.83 0.924 
2.80 0.824 3.77 0.898 
2.77 0.790 3.74 0.673 
2.70 0.752 3.74 0.649 
2.68 0.719 3.72 0.825 
2.59 0.680 3.65 0.798 
2.56 0.646 3.60 0.771 
2.52 0.612 3.59 0.746 
2.46 0.576 3.54 0.719 
2,42 0.544 3.46 0.691 
2.37 0.512 3.34 0.612 
2.33 0.461 3.29 0.588 
2.29 0.454 3.27 0.566 

3.23 0.541 
3.19 0.519 
3.18 0.499 
3.16 0.480 
3.14 0.462 

2.01:, Dieum-,1 
r, 

f 	/2(X-X 
2 	5 	-2 
x lo 	irm 

Peroxide

X 

L'' 2.- 	D - a 	leumy4. Peroxide 

f/ 	/2(X-X 	) 	X 
2 	5 	-a 
x 10 	Urn 

1.65 0.946 6.41 0.970 
4.83 0.936 6.42 0.965 
4.73 0.917 6.22 0.954 
4.79 0.899 6.29 0.934 
4.69 0.678 6.20 0.912 
4.72 0.879 7.06  0.905 
4.81 0.662 7.78 0.696 
4.69 0.840 6.20 0.850 
4.66 0.820 6.19 0.628 
4.62 0.800 6.15 0.606 
4.60 0.780 6.0S 0.784 
4.54 0.759 6.03 0.762 
4.47 0.719 5.98 0.741 
4.45 0.700 5.98 0.721 
4.47 0.683 5.61 0.694 
4.38 0.659 5.96 0.662 
4.37 0.658 5.92 0.661 
4.34 0.636 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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Tension of Dry AaITIrene 	Samr,les ( Intermittent  
Loadinr,)  

- 1.0 ,p Dioum7 
1/o 	-4.  

f//2(X-X 
2 	5 	-2 
x 	10 	T.'m 

1 Peroxide 

. 

1.5"-J 	Di c:um i1 Peroxide 
✓i f--7 v 	-2 

' 	/2(X-X 	) 
2 	5 	-2 
x 10 	rm 

-. 
X 

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 3.47 0.974 
3.19 0.959 3.35 0.968 
3.25 0.952 3.43 0.962 
3.32 0.949  3.53 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 0.841 3.64 0.902 
3.12 0.820 3.64 0.865 
3.12 0.796 3.82 0.851 
3.06 0.774 3.60 0.830 
3.09 0.745 3.60 0.615 
3.02 0.710 3.70 0.805 
3.00 0.673 3.55 0.777 
2.95 0.613 3.52 0.760 
2.93 0.540 3.41 0.735 ' 

3.47  0.71/ 
3.4A 0.663 

2.0;, Dicum71 Peroxide . 2.55 	Dicumyl - ./' Peroxide 
1/3 	-2 .-.1 1/3 	...9 -1 

fic 	/2(X-X 	) X i 	/2(X-X 	) 	i X 
2 	5 	-2 2 	5 	-2 
x 10 	Ell x 10 	rm 

4.30 0.995 5.69 0.996 
4.23 0.979 6.23 0.991 
4.32 0.967 7.26 0.990 

. 	.4.33 0.955 5.01 0.974 
4.53 0.943 6.69 0.971 
4.59 0.945 6.00 0.956 
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 0.900 
4.18 0.872 5.66 0.889 
4.40 0.659 5.89 0.879 
4.40 0.824 5.78 0.863 
4.40 0.808 5.66 0.846 
4.41 0.791 5.86 0.870 
4.30 0.770 5.82 0.857 
4.58 0.750 5.78 0.843 

5.69 0.824 
5.69 0.611 
5.59 0.794 
5.53 0.775 
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. TA3IE 3A: Tensl_on Ex-ooriments on Ethanol Swollen Aai7prene  

Sa=cles  

. 
1.0-J Dicu,.1 -T1 	Peroxide 

 , 	- 	.---- 
1.5', Dicilr -1 	Pe-rOxide L_ 	- 	. 

1 3 	2 
/2(X-X 	) 

2 	5 	-2 
x 10 	I'm 

-1 
X 

0,, - 
J41 	/2(x-A-  ) 
2 	5 	-2 
x 10 	rm 

-1 
X 

2.95 0.982 4.91 0.991 
2.79 0.971 4.93 0.979 
2.79 0.961 4.55 0.973 
2.71 0.954 4.49 0.967 
2.78 0.947 4.63 Q.963 
2.81 0.940 4.69 0.959 
2.75 0.931 4.50 0.953 
2.83 0.926 4.58 0.952 
2.69 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 4.71 0.814 
2.79 0.758 4.59 0.792 
2.82 0.714 4.54 0.768 
2.63 0.665 4.56 0.747 

L,(2., Dicum71 Peroxide 2.5=.; Dicum71 Peroxide 
VS -- 	-2 

.-4 ( 	/2(X-X 	) 
2 	5 	-2 
x 10 	it 

-1 
X 

1 3 	-2 
ic f 	/2(X-X 	) 
2 	5 	-.2 
x 10 	rm 

-1 
X 

5.44 0.979 5.84 0.983 
4.75 0.971 5.84 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 5.9S 0.966 
5.22 0.947 6.19 0.965 
5.36 0.944 5.76 0.961 
5.45 0.939 5.68 0.960 
5.52 .0.933 5.97 0.957 
5.38 0.926 5.94 0.952 
5.33 0.918 5.92 0.946 
5.31 0.911 6.35 0.944 
5.57 0.910 6.01 0.937 
5.57 0.903 6.13 0.936 
5.52 0.897 5.99 0.930 
5.63 0.893 5.90 0.924 
5.62 0.886 6.05 0,920 
5.58 0.680 6.25 0.917 
5.74 0.864 6.05 0.907 
5.64 0.837 6.12 0.901 
5.67 0.763 6.32 0.696 
5.-24 0.697 6.15 0.677 

. 6.24 0.674 
6.06 0.664 
6.12 0.860 
6.11 0.652 
6.13 0.636 
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TABLE 4A: Tension of dry Genthane S. (Continuous Loadinc!)  
, 	...._ 

1.5',  Dicumy1 Peroxide 2.0;; Dicun:1 Peroxide 
1/3 	-2 -1 1/3 	...:2 ....1 

a 	/2(A_X 	) A a 	/2 ( X-X 	) A 
2 	5 	-2 2 	5 	-2 
Y. 	10 	7.-rm x 10 	rm 

1.80 0.913 2.70 0.893 
1.79 0.866 2.25 0.626 
1.74 0.855 2.28 0.781 
1.69 0.824 2.25  0.706 
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 1.7.5 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 0.266 
1.23 0.269 

2.5;; Dicumyl Peroxide 
1/3 

f/ 	/2(x-X 
-1 

A 
2 5 -2 
c 10 iTm 

3.18 0.866 
3.13 0.633 
3.11 0.601 
3.05 0.766 
2.96 0.730 
2.96 0.700 
2.91 0.666 
2.86 0.633 
2.79 0.598 
2.73 0.565 
2.67 0.532 
2.55 0.506 
2.61 0.478 
2.57 0.453 
2.53 i 0.429 
2.50 0.407 
2.49 0.386 
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TABLE  5A: Tension of Genthane S Swollen to Eo-Jilibrium in  

Et3171 Acetato  
. 

1.0-J Dicm-171 	Peroxide , 	, 1.55 	Dicumyl Peroxide 
1/3 	-2 I. 	-1 1/3 •-•2 -I 

a 	/2(X.-X ): A fcl 	/2(A-A ) X 
2 	5 	-2 2 	5 -,. 
x 10 	Um x 10 	rm 

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 0.866 2.35 0.671 
0.62 0.862 2.31 0.841 
0.67 0.845 2.23 0.808 
0.63 0.824 2.24 0.775 
0.61 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 2.22 0.642 
0.70 0.738 2.21 0.627 
0.67 0.709 2.22 0.612 
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 

7.0:', Dicul Peroxide 2.5 n, Dicum7-1 	Peroxide 
1 

fi‘ 
3 	-2 
/2(X-X 	) 

-1 
A 

1 
f52( 

3 
/2(A-A 

-2 
) 

-1 
X 

2 5 -2 2 5 -2 
x 10 rm x 10 	rm 

2.17 0.951 3.00 0.967 
2.19 0.930 2.87. 0.935 
2.44 0.915 2.94 0.907 
2.17 0.885 2.89 0.693 
2.25 0.865 2.84 0.674 
2.26 0.847 2.89 0.863 
2.14 0.627 2.91 0.652 
2.17 0.806 2.90 0.832 
2.18 - 0.793 2.95 0.821 
2.20 0.781 2.96 0.798 
2.19 0.764 2.91 0.782 
2.26 0.760 2.83 0.762 
2.22 0.735 2.61 0.736 
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 3.12 0.679 
2.20 0.641 3.12 0.671 
2.19 0.628 3.13 0.662 
2.26 0.627 3.12 0.668 
2.28 0.613 3.17 0.653 
2.29 0.602 3.17 0.645 
2.28 0'.592 3.15 0.636 
2.33 0.562 3.18 0.632 
2.35 0.572 3.14 0.617 

3.23 0.613 
3.19 0.592 
3.18 0.576 
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TABLE 6A: Comnression of Adinrene CM Swollen to Ecrailibrir.m in 

Cyclohex=e  

1.0(, Dicun71 Peroxide 2.0'"; D'cun-1 	Peroxide 
1/3 	_40,, 

f/ 	/2(X-X 	) 
 _1 

1 	A 
1/3 	...9 

f/ 	/ 	2(),-)■ 	) 
-1 

A 
2 5 -2 2 5 	-2 
x 10 rm x 10 	iTm 

3.07 1.0032 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 1.0052 
3.34 1.0077 5.25 1.0058 
3.30 1.0062 5.27 1.0063 
3.27 1.0092 5.28 1.0069 
3.42 1.0102 5.28 1.0080 
3.43 1.0106 5.13 1.0094 
3.43 1.0115 5.2.7 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 100167 
3.48 1.0175 5.34 1.0190 
3.48 1.0191 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 1.0289 5.55 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, , Dicur.:,1 	Peroxide --  2.5 	Dicu1 Peroxide 
7173-' 
fp 	/2(X-A 	) 
2 	5 	-2 
x 	10 	urn 

-1 
A 

1 3 	-7  
f/ 2 
	5 	-2 
/2(X-X 	) 

x 10 	rm 

-1 
A 

6.48 1.00.5 
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 0
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 to  co  

Cry  
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 al at 	
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1  
Cr)
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•
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•
 
•
 
•
 
•
 

• 
t
o
 tO

 to
 tO

 tD
 c
0
 

C
O

 t0
  tO

 tO
 CO

 to
 

1.0242 

 

1.0131 
5.77 1.0022 1.0141 
5.85 1.0048 1.0152 
5.95 1.0052 1.0162 
6.20 1.0055 1.01E1 
6.41 1.0058 1.0202 
6.50 1.0066 1.0222 
6.45 1.0076 
6.38 1.0066 1.0260 
6.40 1.0096 1.0277 
6.47 1.0104 1.0300 
6.43 1.0114 1.0313 
6.50 1.0121 

ntd) 
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TABLE 7A: Compression of Adirrene 	Swollen to Enuilibrium in 

Benzene  

1.0`., Dicum71 Peroxide 1.5 	Dicuw-1 Peroxide 
1/3 	-2 -1 1/3 	-2 -1 

f' 	/2(X-X ) X T/ 	/2(X-X ) X 
2 	5 	-2 2 	5 	-2 
x 	10 	urn x 10 	Urn 

3.60 1.0037 4.84 1.0015 
3.54 1.0042 4.90 1.0019 
3.41 1.0051 5.12 1.0022 
3.22 1.0060 4.60 1.0030 
3.26 1.0067 4.81 1.0033 
3.34 1.0070 4.71 1.0008 
3.27 1.0079 4.74 1.0043 
3.26 1.0085 4.77 1.0047 
3.72 1.0091 • 4.60 1.0051 
3.35 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 4.62 1.0081 
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 1.0139 
3.56 1.0362 4.79 1.0147 
3.51 1.0394 4.60 1.0162 
3.49 1.0417 4.69 1.0177 
3.47 1.0446 4.82 1.0190 
3.50 1.0465 4.63 1.0217 
3.55 1.0482 4.70 1.0233 

4.71 1.0250 
4.57 1.0277 
4.78 1.0283 
4.70 1.0306 
4.79 1.0319 

2.0 	Dicum71 Peroxide 2.5 	Dicum71 Peroxide 
1/3 	-2 

i' 	/2(X-X 	) 
2 	5 	. 	-2 
x 10 	Thn . 

-1 
X 

1/3 	-2 	* 
fi 	/2(X-X 	) 
*2 	5 	-2 
x 10 	rm 

-1 
X 

6.78 1.0021 5.41 1.0017 
7.46 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 1.0056 
5.62 1.0065 6.50 1.0062 
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TABLE 7A: (eontd)  

2.0 	Die-  amyl Peroxide 2.5 	Dicur:,-/ Peroxide 

1/3 	-2 

a 	/2(X-X 	) 

2 	5 	-2 

x 10 	Um 

-1 

X 

11.3 	...9 

frd 	/2(X-X 	) 

2 	5 	-2 

x 10 	Um 

-1 

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 
5.4-8 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 CA: Cbmr)rossion of A0111rone 0L Swoi3om to EollUil3rium 'n  
Chloroform 

. 
1.0' 	Dicum' 	Peroxide 

, 
1.5,0 	Dicur::::1 	P,=roxidr,  

1 
f 
2 

3 	-2 
/2(X-X 	) 
5 	-2 

-1 
A 

1 
a 
2 

3 	-2 
/2(X-X 	) 
5 	-2 

-1 
A 

x 10 	Irra x 10 	ITm 

3.53 1.0025 5.30 1.0021 
3.64 1.0029 5.14 1.0029 
3.1/ 1.0040 4.88 1.0046 
3.16 1.0045 ' 4.63 1.0065 
3.15 1.0051 4.63 1.0081 
3.38 1.0062 4.64 1.0096 
3.01 1.0065 4.67 1.0113 
3.09 1.0069. 4.60 1.0101 
3.09 1.0075 4.60 1.0148 
2.91 1.0086 4.67 1.0161 
3.06 1.0088 4.76 1.0174 
3.0.0 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 4.65 1.0259 
3.06 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 1.0452 ' 
3.17 1.0475 

. 
2.0;0 Dicun71 Peroxide 2.5 	Dicum71 Peroxide 

1/3 	-2 
a 	/2(X-A 	) 
2 	5 	-2 
X 10 	ITm 

-1 
A 

]-/3 	-,.. -2 
a 	/2(A-A 	) 
2 	5 	-2 

x 10 	ITm 

 -1 
A 

C>  c
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 to
 CD
 to
 r.-1
 tr)
 

i
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 CD
  
C>
 
C)
 

C
D
 

u
l
 
i
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i
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 CQ
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u
)
 
n
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u
l
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1.0049 5.28 1.0017 
1.0061 5.04 1.0022 
1.0076 5.40 1.0028 
1.0091 5.53 1.0031 
1.0109 5.97 1.0032 
1.0123 5.86 1.0036 
1.0134 5.67 1.0040 
1.0150 5.81 1.0046 
1.0166 5.81 1.0052 
1.0193 5.81 1.0066 
1.0312 5.96 1.0077 
1.0236 5.67 1.0091 
1.0284 5.97 1.0103 
1.0314 5.99 1.0115 

5.84 1.0131 
5.87 1.0144 
6.08 1.0164 
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TABLE 9A: 	Compression of AdiDrene C1.1 Swollen to Eoui1ibrl_ur. in  

Lt 	o1  

1.0; 	D'c-;my Peroxide 

	

1.5 	Dlcu=1 
1/3 	-,f, 

fp 	/2(X-X 	) 
2 	5 	-2 
x 10 	rm 

Peroxide  
-1 

X 
1/3 	-2 

f/ 	/2(X-X 
2 	5 	-2 
x 10 	iTm 

-1 
X 

5.42 1.0016 5.63 1.0040 
4.36 1.0026 4.80 1.0059 
4.34 1.0033 4.77 1.0071 
3.62 1.0047 4.60 1.0085 
3.74 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 
3.40 1.0159 4.72 1.0244 
3.38 1.0176 4.92 1.0257 
3.43 1.0204 5.05 1.0272 
3.64 1.0234 4.81 1.0331 
3.45 1.0265 4.60 1.0377 
3.50 1.0291 4.61 1.0422 
3.49 1.0323 4.72  1.0475 
3.04 1.0358 4.82 1.0579 
3.46 1.0387  
3.41 1.0424 
3.41 1.0455 
3.39 1.0468 
3.51 1.0502 

2.0(,: Dieum7:1 Peroxide 2.50 Die-al-v:1 
1/3 	-2 

f/ 	/2(x-A 	) 
2 	5 	-2 
x 10 	Um 

Peroxide 
-1 

A 	. 
1/3 	-2 
a 	/2(X-X 	) 
2 	5 	-2 
x 10 	Em 

-1 
A 

5.40 1.0052 6.01 1.0019 
5.36 1.0063 6.27 1.0027 
5.15 1.0076 6.66 1.0033 
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 7.06 1.0061 
5.01 1.0144 6.78 1.0071 
5.23 1.0159 7.81 1.0069 
4.92 1.0191 7.00 1.0084 
5.19 1.0202 6.96 1.0099 
5.38 1.0215 6.73 1.0119 
5.47 1.0232 6.55 1.0138 
5.52 1.0249 6.68 1.0151 
5.50 1.0270 6.68 1.0167 
5.52 1.0289 6.65 1.0164 
5.46 1.0311 6.39 1.0207 
5.53 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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TABLE 10A: Corroressioll of Gonthane S Swollcm to Ecuilibri= in  

Cyc]ohonano  
? 

1.0, Dic:=171 Peroxide 1.5=:, i 	=7.-1 	_ 	roxide 
1/3 	-2 

f/ 	/2(X-X 	) 
-1 

X 
1/3 	.. 

f/ 	/2(X-X 	) 
...1 
X 

2 	5 	-2 2 5 -2 
x 10 Um x 10 	Um 

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 1.0260 	. 2.24 1.0145 
1.31 1.0309 2.10 1.0164 
1.27 1.0369 1.96 1,0229 
1.25 1.0426 2.06. 1.0279 
1.23 1.0487 1.97 1.0356 
1.25 1.0535 2.05 1.0402 
1.26 1.0572 2.07 1.0459 
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 1.0648 
1.30 1.1264 1.99 1.0916 
1.27 1.1494 1.97 1.0989 
1.31 1.1649 2.01 1.1032 

2.04 1.1075 
2.04 1.1139 

2.0_,': Dicumi1 Peroxide 2.5;'_ Dic=1 Peroxdo 
1/3 	-2 -1 1/3 	-2 -1 

f/ 	/2(X-X ) X f/ 	/2(X-X ) X 
2 	5 	-2 2 	5 	-2 
x 10 	Um x 10 	Um 

3.15 1.0044 3.63 

• 

trj
 co
 c
o
 tr)
 

.r.J1  .41  Ca
 C.-
 L.C)
 

1.
0
 to
 
C
D
 CQ
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•
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•
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2.90 1.0070 3.58 
2.65 1.0101 3.62 
2.77 1.0119 3.58 
2.60 1.0152 3.61 
2.17 1.0172 3.54 
2.60 1.0210 3.62 
2.76 1.0256 3.56 
2,87 1.0294 3.55 
2.90 1.0336 3.63 
2.96 1.0370 3.47 
2.95 1.0416 3.64 
3.04 1.0447 3.60 
2.69 1.0514 3.50 
2.93 1.0551 3.46 
2.95 1.0591 3.56 
2.94 1.0636 3.52 
2.90 1.0689 3.64 
2.98 1.0757 
2.79 1.0852 
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TABLE 12A: Comnression of Genthane S Swollen to Enuilibrium in 

Choloroform  

1.0;0 Dicnm: 	Peroxide ,r 

	

1.o 	Dicumyl 
1/5 	..2 

f/ 	/2 ( N.-X 	) 
2 	5 	...2 
x 10 	Um 

Peroxide 
-1 

A 
1/3 	-2 

f/ 	/2(X'-X 
2 	5 	-2 
X 	10 ITril 

-1 
x 

0.43 1.0162 0.96 1.0060 
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 
0.50 1.0261 0.93 1.0164 
0.50 1.0311 0.93 1.018/ 
0.50 1.0336 0.95 1.0194 
0.49 1.0402 0.95 1.0225 
0.49 1.0454 0.96 1.0255 
0.50 1.0510 0.96 1.0268 
0.49 1.0576 0.97 1.0314 
0.48 1.0644 0.94 1.0359 
0.48 1.0699 0.96 1.0364 
0.47 1.0783 0.95 1.0449 
0.47 1.0827 1.01 1.0483 
0.47 1.0696 0.98 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 
0.46 1.1443 1.01 1.0649 
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 1.1222 
0.45 1.2087 0.90 1.1296 
0.44 1.2249 0.90 1.1352 
0.43 1.2453 0.91 1.1399 

2.0'1 Dicuml Peroxide 2.0-;0 Dicum-1 	Peroxide 	(co 
-77-3 	._,9 

± 	/2(A-A 	) 
2 	5 	-2 
x 10 	Urn 

-1 
A 

1/3 	-2 

a 	/2(X-A 	) 
2 	5 	-2 
x 10 	Urn 

-1 
A 

2.01 1.0041 1.97 1.0199 
1.83 1.0054 2.06 1.0223 
2.02 1.0057 2.08 1.0253 
2.01 1.0065 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 
2.15 1.0122 2.09 1.0409 

. 	2.19 1.0135 2.06 1.0441 
2.23 1.0147 2.08 1.0474 
2.19 1.0165 2.09 1.0502 

ntcl) 
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TABLE 171!: Compression of GeRthane S Swo3len to Eolqillbri.= in  

Ete7:1Acetate 

2.0;0 Dieurn71 	Peroxide . 
,.., 

1.D_ Dicum :1 Peroxide 
1/3 	....) 

fn 	/2(X.- 	) 
2 	5 	-1 

x 10 	ism 

-1 

X 
/ 
173 
	

-' 

fp 	2(X-X 	) 

2 	5 	-1  

x 10 	Um 

-1 

A 

0.33 
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rA  
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  r
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i
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i
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r
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1.22 1.007 

0.36 1.29 1.008 

0.36 1.29 1.010 

0.35 1.29 1.012 

0.36 1.21 1.014 

0.35 1.20 1.016 

0.37 1.31 1.019 

0.37 	, 1.34 1.023 

0.35 1.29 1.027 

0.37 1.24 1.028 

0.34 1.38 1.032 

0.35 1.34 1.039 

0.36 1.30 1.048 

0.38 1.24 1.052 

0.37 1.30 1.061 

0.38 1.24 1.066 

0.35 1.28 1.073 

0.37 1.28 1.080 
0.35 1.27 1.089 

0.34 1.24 1.092 

0.34 1.28 1.096 

0.35 1.29 1.108 

0.35 1.25 1.114 

0.37 1.26 1.121 

0.37 1.33 1.126 

0.35 

0.36 

2.0p Dicun71 Peroxide 2.5 co Dicumy1 Peroxide 
1/3 	-2 -1 1/3 	-2 -1 

f/ 	/2(A..X ) A "r' /2(X-X 	) A 
2 	5 	-2 2 5 	-2 

x 10 	r, x 10 	Um 

1.80 1.005 2.82 1.003 
1.74 1.006 3.02 1.005 
1.77 1.007 2.96 1.006 
1.83 1.006 2.92 1.006 
1.81 1.010 2.87 1.010 
1.95 1.011 2.88 , 	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 1.023 

1.77 1.036 3.17 1.026 

1.78 1.041 3.12 1.032 

1.86 1.044 3.11 1.035 

1.84 1.049 2.93 1.041 
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TABLE 12A: (contd)  

9.0, Dieumyl Peroxide 2.5 	Dieurryl Peroxide 
' 1/3 	-2 

a 	/2(X-X 
2 	5 	-2 
x 10 	rm 

-1 
X 

1/3 	-2 
/ 	/2(X-X 	) 
2 	5 	-2 
x 10 	Nm • 

-I 
X 

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 
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APP7ZDIX B: Cholcal Stross Rel=ation  

(I) CH=ICAL STR2SS RELAXATIO:7 OP GE:TTTIA:TE S 

TABLT!: 13: 	Gerthano S: 	Oortinuot 7:e2axation of R7111cs  
Cured with 2. 	 7oroxide in 1 7Ibiert Air  

(01 
	3.03 x 105  Fm '̀ 

80°C 9000 95.5°C 100°C 

t 
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f of t 
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ft t G 
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f if ti 	0 

	

C
1 	

r- -7.11  r-3
C,)
c
7
ON

 
N7

C*)
c
0
 c
 r-1 

G
I
 
C
D
 CD
 C
O
 C)
  ti  

C
  C-
 Cr
  
C
-
 LO 

•
 

•
 
•
 
•
 

•
 	
•
 
•
 
•
 

e
.
  
•
 

C
D
  CD CD

  CD CD  CD  CD  
C
D
 CD
 C
D
 CD  

	

L_
_
_
 	

 

5 0.955 10 0.898 
10 0.989 10 0.919 20 0.634 
30 0.916 15 0.884 30 0.776 
40 0.904 20 0.056 40 0.737 
50 0.892 25 0.837 50 0.704 
60 0.889 30 0.820 60 0.671 
70 0.868 35 0.793 70 0.643 
80 0.857 40 0.781 80 0.617 
90 0.850 45 0.762 90 0.595 
100 0.820 50 0.750 100 0.569 
110 0.830 55 0.739 110 0.551 
120 0.823 60 0.720 
130 0.813 65 0.707 
140 0.800 

11000 130°C 150°C 151.5°C 

i. 	1 
G 

(hours): 
1 

t 
G 

(hours) -o 
t 
G 

(hours,1  ft 
t  

(hours) 
ftifo 

10 	i 0.805 2 0.822 2 0.540 2 0.525 
20 	, 0.699 4 0.711 4 0.399 4 0.365 
30 	0.628 6 0.633 6 0.320 6 0.286 
40 	: 0.575 8 0.574 6 0.270 8 0.244 
50 	10.530 10 	0.530 10 0.225 10 0.206 
60 	' 0.496 12 	0.493 12 0.190 12 0.172 
70 	0.467 14 	0.462 14 0.165 14 0.150 
80 	' 0.441 16 	0.432 16 0.143 16 0.135 
90 	i 0.410 16 0.404 18 0.126 18 0.119 
100 	I 0.396 20 0.365 20 0.109 20 0.109 
110 	I 0.377 q g,, 22 0.363 

I 

1400  C 

t 
, (hours) 

ft  if  

2 0.690 
4 0.555 
6 0.474 
6 0.420 
10 0.379 
12 0.344 
I4 C.314 
16 0.221 
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TABLE 2P: Gethano S: Intormittent Relal:aton of San17;los  
onrod win 2.5 Dicuml Poro:7.1.de in Ar.bient Air  

5 	-2 
(C = 3.03 x 10 Urn ) 

1 

8000 100 
0
0 110

0

0 

t 	
, 

(hours) 
ft/fo LS, t 

(hours) 
ftifo L' t 	)1 ft/fo 	ti  

(hours 

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 0.994 0.186 40 0.943 	0.366 
50 0.996 0.104 30 0.992 0.216 50 0.925 	0.395 
60 0.996 0.107 40 0.984 0.247 60 0.910 0.414 
70 0.993 0.125 50 0.976 0.272 70 0.897 0.430 
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 0.964 0.161 .100 0.934 0.365 
130 0.979 0.166 110 0.926 0.377 

130°C 140°C 150°C 

t 
(hours) 

ft/ If o L, t , 
(hours) 

f if t 	o L. t 	ft.if  o 
(hours) 

1 1.000 

0
0
0
0
  
0
0
0
0
0
0
0
0
  
0
0
0
0
0
0
0
  

•
 

•
  
•
  
•
 	

•
  
•
  
•
  
•
  
•
  
•
  
•
  
•
 	

•
  
•
  
•
  
•
  
•
  
•
  
•
  

C
)
 
CO
  
—
q
7
 	

0
1
 
0
1 

GA
  
W
 	
0
  
u
D
 	

r;
=.  
1-
4  
<0
 
01
  
GA
 —
A
 r
)
 

C
)
 0
  i
v  

t 
V 	

t
O
 C
D
 	
C
)
 C
r
l
 	

1N
a
  
t
o
  
01

 	
GA
  c
..3
  
cn

  c
,
 

 0
  
O
  
(7

1  

1 0.993 0.166 1 0.989 0.307 
2 1.000 2 0.973 0.283 2 0.947 0.407 
3 0.990 3 0.952 0.339 3 0.905 C.448 
4 0.976 4 0.937 0.382 4 0.861 0.462 
5 0.961 5 0.921 0.410 5 0.652 0.495 
6 0.952 6 0.912 0.438 6 0.835 0.515 
7 0.945 7 0.897 0.451 7 0.811 0.519 
8 6 0.886 0.468 8 0.792 0.522 
9 0.928 9 0.875 0.478 9 0.776 0.513 
10 0.922 10 0.867 0.488 10 0.763 	0.538 
11 0.917 11 0,852 0.500 11 0.752 	0.546 
12 0.910 12 0.849 0.505 12 0.736 	0.548 
13 0.903 13 0.839 0.510 13 0.727 	0.549 
14 0.898 14 0.834 0.520 14 0.721 	0.556 
15 0.896 15 0.826 0.526 15 0.710 	0.559 
16 0.884 16 0.022 0.531 16 0.700 0.557 
17 0.864 17 0.813 0.535 17 0.692 	0.558 
18 0.876 18 0.621 	0.555 
19 0.870 19 0.673 	0.556 
20 0.865 20 	0.667 	0.556 
21 0.860 
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TABLE 3B: Stress 2e2axation of Genthane S. Sar-mles of 

Different Cross1 7.n.lr Densities  

Cort:11111D1;s 7e1rlx_atien in Air at Y.50°C 

1.0 	Dicumyl 
Peroxide 

1.5 	Dicumyl 
Peroxide 

2.0 	Dicumyl 
Peroxide 

2.5 	Dicumyl 
Peroxide 

t 
(hours) 

ft/f0 t 	, 
(hours) 

/ 

 

ftis° t  
(hours) 

ft/fo t 
(hours) 

ft/f0 

2 0.641 2 0.737 2 0.820 2 0.843 
4 0.493 4 0.594 4 0.694 4 0.740 
6 0.386 6 0.502 6 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 0.353 12 0.452 12 0.530 
14 0.193 14 0.323 14 0.416 14 0.498 
16-  0.170 16 0.290 16 0.465 
18 0.149 18 0.274 18 0.444 

20 0.254 20 0.420 

Continuous Relaxation in Air at 9000  

1.010 Dicumyl 
Peroxide 

1. 5' Dicumyl 
Peroxide 

2.0 	Dicumyl 
Peroxide 

2.55 Dicumyl 
Peroxide 

t ftifo t , ftifo t /-`' f-4. 	' / 	0 t ft  if 0 
(hours) (hours) (hours) (hours) 

5 0.670 5 0.936 5 0.959 

t.0
  0

  
--I

 C
•
 01
  P

  C
A

 t%)
 I

-,
  

0
 0

 0
 0

  0
 0
 0

 0
 0

 

0.955 
10 0.820 10 0.905 10 0.935 0.920 
15 0.786 15 0.881 15 0.916 0.900 
20 0.752 20 0.859 20 0.897 0.876 
25 0.720 25 0.637 25 0.881 0.654 
30 0.695 30 0.820 30 0.667 0.631 
35 0.668 35 0.803 35 0.654 0.612 
40 0.647 40 0.785 40 0.840 0.796 

45 0.771 45 0.826 0.778 
50 0.750 
55 0.742 
60 0.730 
65 0.718 
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T' BTU?; 4B: 	Intormitent R07,,:7atIon in it at 130G C 

2.5 	Dicumyl Peroxide 1.5 	Dieumyl Peroxide 2.0 	Dicumyl Peroxide 

t it./fO 6 t ft/fo a t ft/fo 
L\ 

(hours) (hours) (hours) 

2 0.983 

0
0
0
0

0
0
0
0

0
0
  

• 

•  
•
  •

  
•
  
•
  •

  
•
  •

  
•
  

C.4
 ci a

 tV
 1■1

  

	

w
  0

  t
n 	

t\.1
  

	

cA
 0

 0
  o

 	
0
  

2 0.990 0.253 2 0.991 0.171 

4 0.964 4 0.969 0.375 4 0.970 0.276 
6 0.943 6 0.951 0.449 6 0.946 0.336 
8 0.926 8 0.932 0.490 8 0.928 0.362 
10 0.912 10 0.914 0.521 10 0.910 0.416 
12 0.898 12 0.698 0.545 12 0.895 0.4,2.3 
14 0.888 14 0.879 0.556 14 0.882 0.466 
16 0.876 16 0.869 0.571 
18 0.864 18 0.852 0.578 

20 0.053 20 0.845 0.591 

540 Dicumyl 

Peroxide 

5 	...2 

C 	x 10 	1Tm 
1 

1.0 0.48 

1.5 1.15 

2.0 2.06 

2.5 3.00 
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TABLE 5B: Stress RelaxatTnn of Genthane S cured with  

Dicu: c] Peroxide  
5 	9 

(0 = 3.03 x. 10 m ) 
1 

Continuous Relaxation 

Relaxation in Nitrogen Sample Postcured 
for 25 hours at 
150°C 
Relaxed in air 
at 130°C 90°C 130

oC 

t 
(hours) 

t 	- 0 t 	• , 
(hours) 

ft if 0 t 
(hours) 

ftifo 

5 0.962 2 0,792 2 0.774 
10 0.941 A 0.664 4 0:635 
15 0.925 6 0,572 6 0.572 
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 

i 	Relaxation in Nitrogen 
at 130°C 

- 
Sample Postcured 
for 25 hours at 
150°C 
Relaxed in air 
at 130°C 

t ft/f 2 t ft /f A 
(hours) o (hours) 

o 

2 1.034 

0
0
 0

 0
  0

 0
 0

 0
 0

0
  

• 

•  
•
  
•
  
•
  
•
  
•
  
•
  
.
  
•
  

-4
 -

.4
  C
l
 	

t n
  
C
l
 	

C
A

 L
.) 

-4
  0

  W
 1-

1 	
CJ

1 	
>

.  
0

0
1

 11=
'.

 5
-1

  
t.0

 	
Ft
•

 t%
 2 1.000 0.226 

4 1.028 4 0.998 0.363 
6 1.030 6 0.994 0.422 
8 1.022 8 0.992 0.481 
10 1.007 10 0.992 0.547 
12 1.000 12 0.986 0.568 
14 0.996 14 0.984 0.600 
16 0.989 16 0.973 0.619 
18 0.983 /8 0.968 0.637 
20 0.979 20 0.963 0.649 
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TABLi23 GB: Continuous and Intermittent Stress 2elaxation of 

Gennane S Samr,?es containin Plectol H In Air  
at  150°C 

5 	-2 
1.5 	Dicumyl Peroxide 	(0 	= 1.15 x 10 	Hut 	) 

1 

t 
(hours) (ft/fo)c LS. 

2 0.721 1.012 0.291 
4 0.580 1.004 0.424 
6 0.488 0.988 0.500 
8 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 0.658 

773: Continuous and Intermittent Stress Relaxation of 
Gentllane S Samn s containin Polvisonreno and  
Floctol H in  Air at 1ZO°C 

Sample Containing Polyisoprene Sample Containing Polyisoprene 
and Flectol H 

t (f,oi i f o  )c 1, (fiff
01  ). A t . (f 	0)c  /f (f..

4 	° 
A 

(hours) (hours) 1 

2 0.792 0.97b 2 0.740 0.970 
0
  0

  0
  0

  0
 0
 0
 0
 0
  0

 

•
 

•
 
•
 
•
 •  
•
  
•
  •

  
•
  •

  
C

l  
0

1  0
1 

r P
•  n

'‘ 
11

4 	
■f=

•  
C. ,4

  
0

1 
CA

  I
V

 t
O  

c0
 	

I—
' C

A
 CA

 
0
 

7̂
01

  O
B

I-
'-
 C

o
  0

0
0
 

4 0.689 0.968 4 0.615 0.945 
6 0.614 0.960 6 0.520 0.930 
8 0.588 0.955 8 0.465 0.913 
10 0.530 0.957 10 0.426 0.893 
12 0.491 0.948 0

  
•
  01
  

12 0.388 0.879 
14 0.461 0.920 14 0.361 0.857 
16 0.435 0.923 16 0.332 0.857 
18 0.411 0.916 18 0.309 0.846 
20 0.389 0.904 20 0.282 0.832 
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TABLE 6B: Continuous and Intermittent Stress :?elxati.on of 

Phon71 Isoc7anate Treated Ge-nt'lane S b Air at  
130°C  

5 	-2 
(2.5% Dicumyl Peroxide; C = 2.63 = 10 ITm ) 

1 

t 
(hours) 

( ftifo)c (ftifo)i 

1 

LLD
 4t
D
 C)
 

t
o
 Lo
 1-
1
 CO  rl  r

 1  C
 
d
l
  Ca o l

 c)
 

r
n
 1--1  CO

  t-
 	

C
I
 L
 UD  
<

4  ctt  ri  CD  CN  CO  
CI  CI  CO

  
C
D
 a)
 

CD 	
C-
  C- C-

 
C
-
 C
-
L

O
tD

 

•
 

•
 
•
 
.
 
.
 

•
 
•
 
•
 
•
 

•
 
s
 •  •

  
6

 
•

  

C
)
 
C
D
  
C)
  C
D
  
C
D
 
C)
 
C
D
  
C
D
 
C)
  C
D
  
CD
  C
D
  
C
D
  
C
D
  C
D
  

1.015 0.047 
2 0.979 0.065 
3 0.968 0.102 
4 0.997 0.127 
5 1.018 0.162 
6 1.026 0.211 
7 1.029 0.238 
8 1.035 0.257 
9 1.039 0.263 
10 1.044 0.300 
11 1.059 0.332 
12 1.068 0.344 
13 1.065 0.363 
14 1.070 0.378 
15 1.074 0.394 

TABLE 9B: Continuous Stres Relaxation of Genthane SSamnlos  
Containinr,- Sta17,a01 PCD and Cured wit17 2.5  

5 -2 
Dicumyl Peroxide (C = 2.63 c 10 ITm ) Relaxed 
	 1  

at 130°C  

% by weight of Stataxol POD in 	Sar.--)le 
it 0.0 0.46 0.87 1.25 1.70 3.4 10.38 3.4 

t 
(hours) rtifo ft/1'o fafo faro ft/f0 ft/f0  ft/f0 fafo 

2 0.763 0.769 0.320 0.862 0.885 0.870 0.820 0.882 
4 0.629 0.641 0.699 0.769 0.806 0.800 0.725 0.812 
6 0.546 0.549 0.621 0.709 0.756 0.763 0.676 0.758 
8 0.485 0.431 0.562 0.660 0.699 0.725 0.641 0.722 
10 0.418 0.510 0.654 0.667 0.665 0.610 0.695 
12 0.397 0.373 0.461 0.637 0.637 0.581 0.675 
14 0.356 0.341 0.442 0.614 0.610 0.559 0.661 
16 0.319 
18 0.301 
20 0.262 

Samples heated at 130°C for 1 hour then extracted for 
48 hours with benzene 
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TABLE 103: Intermittent  Stress  P.01.axation of Genthane.  S  

Coni;ai,tinc- 3./7 	of Sta .b.axe/ PCD and ellred  
5 

2.5% Dicumyl Peroxide (C = 2.63 x 10 2Tm ) 
1 

Relaxed at 13000 

t 
(hours) 

ft, if 0 
A 

2 1.020 0.138 
4 1.043 0.248 
6 1.065 0.329 
8 1.075 0.367 

10 1.088 0.593 
12 1.096 0.421 
14 1.112 0.451 

* Samples heated, at 1300C for 1 hour then extracted 
for 48 hours with benzene 

TABLE 11B: Continuous Stress Relaxation of Genthane S Cured 
5 —2 

with 2.5% Dicumyl Peroxide (C = 3.03 x 10 	) 
1 

Relaxed in water at 95.5°C 

t 
(hours) 

ft if o 

in
 0

  to
 0
 Lc)
 0
 to

 0
 in 

C\2 	
Ce)
 	

cif  

0.864 
0.851 
0.815 
0.791 
0.778 
0.874 
0.760 
0.726 
0.702 



t 

(hours) 

ft/fo 

0.153 
0.020 

1 
2 
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(II) CH=ICAL STRESS RELAXATIOIT OF AD1-DREIT  

TABLE 123: Continuous Relaxation of Adinrene C:7.! cured 
2.-eJ Dicumyl Peroxide in Ambient Air  

5 
(a = 5.1 x 10 ±ire^  ) 

with 

 

    

o 60 C 70°C o SO C 100°C 

t f tif  o t f t/f o t 	f t/f o 
.i. t f 

(hours) (hours) (hours) (hours)  

10 0.963 10 0.955 10 0.942 5 0.921 
20 0.953 20 0.943 20 0.920 10 0.667 
30 0.949 30 0.934 30 0.906 15 0.822 
40 0.942 40 0.923 40 0.690 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 0.645 35 0.638 
80 0.926 80 0.832 40 0.601 
90 0.920 90 0.818 45 0.563 

100 0.917 100 0.604 
110 0.916 110 0.789 
120 0.914 
130 0.912 

105.5o  Cx  105.5°C 110°C 120oC 

t 

(hours) 

fif t 	0 t 

(hours) 

f t/fo t 

(hours) 

f tif o t 

(hours) 

f if t 	0 

2 0.961 2 0.927 

FJ
 
N
 
N
 
F J
 
FJ
 

CO
 	

/
V
 
0
 CD
  
Cr

) 	
Vo
  

CD
  C
D
 CD
  
C
)
  
C
D
 
C
D
  
C
D
 CD
  
CD
  

•
 

•
  
•
  
•
  
•
  
•
  
•
  
•
  
•
  

,r,  
C
l
 
0 1
  
o
,
 
C
 
- Z
I
 c
 to

 
G
S 
-q
 Z
\ 
	

0.
1 

tO
  
C
N
 

C
n
 ..
.I
  L
% 
	
ci

i 	
t o
  
CO

  
0
  
41

.  2 0.856 
4 0.903 4 0.876 4 0.723 
6 0.860 6 0.820 6 0.599 
8 0.833 8 0.778 8 0.492 

10 0.765 10 0.734 10 0.409 
12 0.738 12 0.667 12 0.337 
14 0.700 14  0.643 14  0.281 
16 0.664 16 0.604 16 0.234 
18 0.630 18 0.566 18 0.195 
20 0.598 20 0.532 

131"C 
t 

(hours) 

0.33 0.842 
0.67 0.708 
1.0 0.578 
1.33 0.485 
1.67 0.402 

180°C 

x Sample extracted in benzene for 24 hours 



1.5% 
Dicumyl 
Peroxide 

2.0% 
Dicumy1 
Pero.Alide 

1.0% Dicumyl Peroxide 

	

, t/10 	It/lo 
(hours) 	(hours) 

	

2 	0.925 	.2 	0.973 

	

4 	0.862 	4 	0.916 

	

6 	0.007 	6 	0.892 

	

8 	0.749 	8 	0.855 

	

10 	0.696 	10 	0.820 

	

12 	0.658 	12 	0.783 

	

14 	0.583 	14 	0.748 

	

16 	0.529 	16 	0.712 

	

18 	0.489 	18 	0.677 

	

20 	0.442 	20 	0.643 

	

22 	0.400 	22 	0.617 

	

24 	0.357 

(hours) 
Itifo 

2 0.944 
4 0.899 
6 0.860 
a 0.825 

10 0.782 
12 0.744 
14 0.706 
16 0.669 
18 0.629 
20 0.592 

t 
(hours) 

/fo 

2 0.912 
4 0.826 
6 0.744 
8 0.662 

10 0.584 
12 0.508 
14 0.439 
16 0.376 
18 0.320 
20 0.269 

2. 0% 
Dicumyl 
Peroxide 

2.5% 
Dicumyl 
Peroxide 

t 
(hours) 

ft/fo 
hours) 

f
t
ifo 

	

2 	0.954 

	

4 	0.914 

	

6 	0.877 

	

8 	0.838 

	

10 	0.794 

	

12 	0.754 

	

14 	0.714 

	

16 	0.673 

	

18 	0.637 

	

20 	0.611 

2 
4 
6 
8 

10 
12 
14 
16 

0.986 
0.945 
0.906 
0.866 
0.841 
0.790 
0.748 
0.708 

5 -2 
% Dicuny1 Peroxide 	C x 10 P.m 

1 

	

1.0 	 3.41 

	

1.5 	 4.65 

	

2.0 	 5.35 

	

2.5 	 6.25 
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TABLE 13B: Continuous Relaxation of Add -orene CH Samles cured71: 
Different Cresslink Densit3Ds in A-:bient Air at  
105.5°C  
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TABLB 14B: Continuous Stress Relaxation of Adinrene 	cured 
win 	Dicrn-.1  Peroxide in 17itroren  

5 -2 
(0 = 5.1 x 10 Um ) 

1 

68°C 
 88oC 100°C 108oC 

t t ftifo t t ftifo 

(hours) (hours) (hours) (hours} 

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 0.969 8 0.939 8 0.933 
50 0.979 25 0.963 10 0.932 10 0.910 
60 0.975 30 0.954 12  0.924 12 0.687 
70 0.970 35 0.949 14 0.916 14 0.869 
80 0.967 40 0.945 16 0.910 16 0.850 
90 0.967 50 0.934 /8 0.902 
100 0.962 60 0.920 20 0.896 

128°C 126°C 

t t ftif.o 

(hours) (hours) 

2 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 12 0.407 
14 0.567 14 0.352 
16 0.525 
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TYLBLI 15B: Continuous Strons P.olo=tion of Adinrono 	Cured 
wit1;1 2.5 Diourn-r1 Pero7iae in :jitror,on  

5 -2 
(C = 6.3 2: 10 Am •) 

1 

8000 900C 100oC 110°C 

t 

(hours) 

ftifo 

(hours) 

ft/fo t 

(hours) 

ftifo t 

(hours) 

ft/fo 

10 0.994 10 0.989 10 0.986 

H
 H

 H
 H

  H
 H

  
tr z

.  W
  1

\)
 N

Q
  c

c•
 c

o 	
cr%

 	
1-4

 
0
0
0
0
0
0

0
0

o
o
0
0
0
0
0
  

0.967 
20 0.990 20 0.983 20 0.974 0.935 
30 0.987 30 0.977 30 0.965 0.912 
40 0.965 40 0.974 40 0.953 0.884 
50 0.984 50 0.969 50 0.945 0.861 
60 0.982 60 0.964 60 0.935 0.839 
70 0.979 70 0.958 70 0.926 0.818 
80 0.977 80 0.•954 80 0.918 0.796 
90 0.975 90 0.950 90 0.910 0.778 
100 0.975 100 0.946 100 0.90/ 0.761 
110 0.973 110 0.944 110 0.892 0.742 
120 0.972 120 0.941 120 0.884 0.723 
130 0.971 130 0.937 130 0.878 0.708 
140 0.969 140 0.933 140 0.870 0.694 
150 0.969 150 0.925 150 	0.862 0.677 

120°C 13000 

t ft/fo t ft/-fo 

(hours) (hours) 

5 0.964 2 0.958 
10 0.931 4 0.92/ 
15 0.898 6 0.885 
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 0.766 16 0.733 
45 0.738 18 0.705 
50 0.717 20 0.678 
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TABLE 163: Internittent Stress Relaxation of Adinrane 	Cared 
with 2.0 Dicun-71 Peroxide in Ambient Air  

5 -2 
(C = 5.1 x 10 Um ) 
1 

100°C 120
o
C 

t f 	fo A t ft/fo A 
(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 0.4A0 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 

TABLE 17B: Intermittent Stress Relaxation of Adil)rene n cured 
with 2.0 DicluTl.y1 Peroxide in lTitro.,7en at 1000  

5 -2 
(C = 5.1 x 10 Um ) 
1 

t 

(hours) 

f if t 	0 

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 
12 1.008 0.321 
14.  1.010 0.356 
16 1.013 0.391 
18 1.015 0.425 
20 1.015 0.454 
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TABLE 133: Internittent Stress Rela7mtion of Adi -orene  
with 2.5 Die-or71 Peroyide in :itroen 

5 	-2 
(C ".= 6.3 	10 rm ) 

1 

80°C 10000 12000 

t t f t/f o  Q  t t/fo 

(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 0.053 10 1.024 0.093 
30 1.021 0.034 30 1.035 0.070 15 1.033 0.135 
40 1.025 0.040 40 1.041 0.088 20 1.037 0.166 
50 1.026 0.042 50 1.048 0.103 25 1.041 0.197 
60 1.028 0.046 60 1.054 0.119 30 1.046 0.227 
70 	1.031 0.052 70 1.058 0.132 35 1.053 - 
80 	1.034 0.057 80 1.064 0.146 40 1.056 0.253 
90 	1.035 0.060 90 1.068 0.158 45 1.064 0.326 

100 	1.036 0.061 100 1.072 0.171 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 0.197 60 1.075 0.401 
130 	1.041 0.070 130 1.084 0.206 65 1.083 - 
140 	1.043 0.074 140 1.085 0.215 70 1.085 0.118 

90°C 110oC 130o C 

t f tif o  
A_ 

t f, t 1t/f a A 
(hrs) (hrs) (hrs) 

10 1.020 0.031 10 1.012 0.045 2 1.004 

C
D
 C
D
 C
D
 C
D
 C
D
 C
D
 C
D
 C
D
  
C
)
  
C
)
  

•
 

•
  
•
  
•
  
•
  
•
  
•
  
•
  
•
  
•
  

C
A
 C
A
 
r
D
  
r
0
 	

w
  
1-

3 	
c
)
  C
D
  

CP
  I

Q
  t
..
0
  
0
1
  
E
Q
  
0
  
C
I
 I
Q
 
u p
 1

1=
.  

itz
•  o

r'•
  
C

A
 CN
 
uD
  
C
A
 	

Co
 
1
-1

  
0r

)  

20 1.026 0.043 20 1.022 0.087 4 1.012 
30 1.028 0.051 30 1.030 0.118 6 1.013 
40 1.030 0.056 40 1.036 0.153 8 1.019 
50 	1.034 0.065 50 1.041 0.180 10 1.021 
60 	1.010 0.076 60 1.046 0.207 12 1.019 
70 	1.040 0.082 70 1.055 0.236 14 1.025 
80 	1.041 0.090 80 1.058 0.262 16 1.026 
90 	1.016 	0.096 90 1.063 0.205 18 1.029 

100 	1.048 	0.102 100 1.069 0.306 20 1.032 
110 	1.048 	0.104 	i 110 1.071 0.329 
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TABLE 20B: Cortinuons Strerz, 202aation of Aeinrene 	cllred 
win 2.0i Dicu--1  Pero7:lio in .A1%. at 12000 - 
Containin7 Antl=idant (Flectol H)  

5 -2 
(C = 5.35 x 10 Km ) 

1 

6.12 o FE 3.05,', 	PH 2.24 	PH 1.53 	PH 

t t ftifo t ft t f t  /f 0 

(hours) !(hours) (hours)! (hours) 

2 0.888 2 0.897 2 	0.913 

C  \I •s4  tO
  C

O
 0

  
C\

1
 .II  tO

  C
O

  0
  C

\ 2 
H

  H
 H

 H
  r-1

 a/
 C\.2  a

2  

0.904 
4 0.806 4 0.827 4 	0.850 0.81'9 
6 0.733 6 0.769 6 	0.803 0.800 
8 0.670 8 0.719 8 	0.765 0.759 
10 0.614 10 0.676 10 	0.726 0.727 
12 0.566 12 0.637 12 	0.687 0.696 
14 0.525 14 0.599 14 	0.654 0.667 
16 0.487 16 0.622 0.641 
18 0.454 18 0.590 0.621 
20 0.430 20 0.561 0.596 

0.578 
0.562 

TABLE 23B: Intermittent Stress Relaxation of Adinrene 0.11 cured 
with 2.0 Diclin-1 Peroxide in Air at 120°C - 
Contain Antiridant (Plectol H)  

5 -2 
= 5.35 x 10 Um ) 

1 

2.24% PH 

t 

(hours)  

ft/f0 

2 1.000 0.087 
4 0.997 0.147 
6 1.000 0.197 
6 1.002 0.235 
10 1.004 0.278 
12 1.008 0.321 
14 1.010 0.356 
16 1.013 0.391 
16 1.015 0.425 
20 1.015 0.454 
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TABLE 22B: 0ortinuons Rela:-ation of Adi-orene 01 erred with 
Dicu=1 Po-ozi0o in 	at 12000:  

Effect of 'Treat-21'A wit"?: 1:a-phth:71 Isoc7anate  
5 -2 

(0 = 6.5 lc 10 Um ) 
1 

without 

isooyanate 

with 

isoc-janate 

t f if t 	0 ft/fo 

(hours) 

2 0.979 0.983 
4 0.955 0.966 
6 0.936 0.950 
8 0.914 0,929 
10 0.893 0.913 
12 0.670 0.696 
14 0.649 0.878 
16 0.831 0.862 
18 0.814 0.842 
20 0.792 0.829 
22 0.766 0.804 
24 0.757 0.792 
26 0.740 0.776 
28 0.720 0.761 
30 0.699 0.745 
32 0.682 0.738 
34 0.665 0.728 
36 0.658 0.716 
38 0.643 0.'704 
40 0.633 0.691 
42 0.620 0.662 
44 0.606 0.672 
46 0.587 0.663 
48 0.579 0.652 
50 0.571 0.644 
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APP=DIX C: 

(C 1) A Com-nuter Pro,7ramme to Anal7se the Results of Stress-

Strain ITeasurements  

The proc;ramme enables the data to be fitted to the 

llooney-Rivlin equation or to the Kinetic Theory equation. 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 sample has a disproportionate effect on the 

points with), values that are close to unity. 

-. 
The standard deviation of al 	

2) is given by: 
2 

2 	 2 
= 	/a 	2 ) 	

lo 	
( y/ d ) cr 2  

/, 
where y = 4

2

1/3 
 /2(A-A

-2) 10  is the undeformed length of the 

. sample etc. The weighting factors for a particular point is the 

reciprocal of the square of its standard deViation. 

Assuming that all the variables except 10 are error free 

then 

0- 
2 

	

= ( d 	)2  0- 2  
Y 1 	1o 

2 
0 	is unknown but is constant for all the points for a particular Io 
experiment so that 

-2 

	

1/Cr 	a 	1/(dYA1 ) 	where: 
o 

	

yId1 
) =

/32 1 	310
3 
 (1

3 
 - 103  ) -1  

2 

	

3 	3 (1 - l0) 

Accepting the fact that 10  was in error the programme 

then allowed 10  to vary slightly and determined the 10.value 

that gave rise to be best fit to the reouired'ecuation. In 
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tension experiments the 10  was never less than 3 cm long, the 

maximum amount this was allowed to vary was 0.1 cm, that is 

3,40 of the length. 

In a compressionexperiment the undo formed height of the 

sample, 10, was never less than 0.7 cm, the maximum amount this 

was allowed to vary was 0.01 cm, that is 1.3,40 of the height. 

The best value of 10  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 

points were marked x . Thus no points were rejected without 

informing the user and at most only two Points were rejected 

in any block of data. 

Checks were built into the programme that informed the 

user whenever points were rejected or trivial or indefinite 

results were obtained. 

The programme is given on pages 327 to 337 inclusive; 

it is written in A.S.A. Fortran and was used on the University 

of London CDC 6600/6400 installation and the Imperial College 

CDC 6400 computer. 



PROGRAM STRECH(INPUTOUTPUT,TAPE5=INPUT,TAPE6=OUTPUT) 
C 	PROGRAM EVALUATES STRESS-STRAIN DATA FOR SWOLLEN OR DRY RUBBER 
C 	SAMPLES IN UNIAXIAL TENSION OR COMPRESSION 

DIMENSION WT(500),ZL(500),IT(16),X(500) 	• 
CIMENSION 0(8) 
DATA COM,TEN,TEST/6HCOMPRS,6HTENSUN,IH / 

C 	THE FIRST TWO DATA CARDS CONTAIN ANY REQUIRED ALPHANUMERIC 
C 	INFORMATION THAT MAY BE REQUIRED...IT IS OUTPUTED AT THE HEAD 
C 	OF THE BLCCK OF DATA TO WHICH IT REFERS 

641 READ(5,2999)(IT(I),I=1,16) 
WRITE(6,2888) 
WRITE(0,2777)(IT(I),I=1,16) 

2999 FORMAT(8A10) 
2888 FORMAT(1H1) 
2777 FORMAT(1X18A10) 

C 	THE SECOND DATA CARD CONTAIN WATSIT AND IWAT 	 
C 	 WATSIT = COMPRS IF THE DATA REFERS TO COMPRESSION 
C 	 WATSIT = TENSUN IF THE DATA REFERS TOTENSION 
C 	 IWAT = 1 IF A KINETIC THEORY .  FIT IS REQUIRED 	LEFT BLANK 
C 	 IF A MOONEY RIVLIN FIT IS REQUIRED 

PEAD(5,5555)WATSIT,IWAT 
IF (IWAT. EQ. TEST) IWAT=0 
IF(WATSIT.EQ.CON)G0 TO 994 

5555 FORMAT(A6,1X,I1) 
C 	READ ON TENSION DATA...W=SAMPLE WIDTW,T=SAMPLE THICKNESSI Z=ZERO LOAD 
C 	 LENGTH,V=VOLUME FRACTION OF RUBBFR I N=NUMBER OF DATA POINTS, 
C 	 ZL=LENGTH OF SAMPLEIWT=APPLIED LOAD IN GRAMS 

READ(5,2000)WIT,Z,V I N 
2000 FORMAT(4(F5.3,2X),I2) 

IFLAG = 0 
DO 200 J=10 

200 READ(5,2001)7L(J),WT(J) 
2001 FORMAT(F6.4,F5.1) 
671 CALL TENSUN(WIT,Z,V,ZL,WTIN,IFLAGO,IWATI WATSIT,COM) 

C 	NOGO TELLES PROGRAM WHAT IS REQUIRED 	IF 1 READS AN AMMENDED Z AND 
C 	RECOMPUTES,IF 2 RECOMPUTES WITH VARIABLE 7 AND FINDS BEST VALUE, 
C 	ANYTHING ELSE EXCEPT 0 STARTS PROGRAM AGAIN WITH NEW DATA BLOCK.... 
C   0 ENDS PROGRAM 



READ(5 1 9641)NOGO 
9641 FORMAT(I1) 

GO TO 661 

	

C 	READ ON COMPRESSION DATA 	 VARIABLES AS BEFORE BUT ***** 6.. 

	

C 	 WS=INITIAL STARTING LOAD TO BE ADDED TO APPLIED LOAD TO 

	

C 	GIVE TOTAL APPLIED LOAD...HS=ANALOGOUS HEIGHT QUANTITY 
994 READ(5,5001)WS,HS,Z,NO 

2 = Z*10.0 

	

C 	 0=DIAMETER OF SAMPLE ....GIVE 8 VALUES ....AVERAGE COMPUTED 
READ(5,5002)(D(I),I=1,8) 
READ(5,5003)(ZL(J)04T(J),J=1,N) 

5001 FORMAT(F4.1,2X,2(F6.472X),13,2X,F6.4) 
5002 FORMAT(8(F6.414X)) 
5003 FORIAT14(F6.414X,F6.174X)) 

SUM = 0.0 
CO 985 JI=1,N 

	

C 	ADJUST HEIGHT AND LOAD TO GIVE OVERALL VALUES AND MULTIPLY HEIGHT PY 10 TO 

	

C 	ALLOW USE OF SAME ITERATIVE PROCEDURE FOR TENSION AND COMPRESSION 
ZL(JI) = ZL(JI) + HS 
ZL(JI) = ZL(JI)*10.0 

985 K(JI) = WT(JI) + WS 
. DO 51 JK=1,8 

	

C 	COMPUTE AVERAGE DIAMETER 
51 SUM = SUM + (0(JK)/2.0) 

W = SUM/8.0 
W = W.114 
T = 3.14159 
GO TO 671 

	

C 	READ AMMENDED Z VALUE FOR FURTHER CALCULATION 
651 READ(519642)Z 

9642 FORMAT(F5.3) 
GO TO 671 	 w 

	

C 	IFLAG=1...SUPRESSES PRINTING DURING ITERATIVE BEST FIT PROCEDURE 	 0 

681 IFLAG = 1 

	

C 	BEGIN ITERATIVE BEST FIT PROCEDURE WITH VARYING Z 
Z = Z 	0.100 



DO 691 IX = 1,200 
CALL TENSUN(W I T,Z,V,ZL,WT,N,IFLAG,P,TWAT,WATSIT,COM) 
Z = Z + 0.001 

C 	X(IX) IS THE STANDARD DEVIATION FOR A PARTICULAR Z VALUE 
X(IX) = P 

691 CONTINUE 
ZPUT = X(1)+999.9 

C 	TEST STANCARD DEVIATIONS OF VARIOUS Z VALUES TO TEST WHICH IS 
C 	 BEST VALUE 

. 	DO 692 IY = 1,200 
IF(X(IY).LT.ZPUT)G0 TO 993 
GO TO 692 

993 ZPUT = X(IY) 
NUMB = IV 

692 CONTINUE 
C 	RECOMPUTE WITH BEST Z VALUE 

Z = Z 	0.201 + (0.001*FLOAT(NUMB)) 
IFLAG = 0 
GO TO 671 

C 	TEST VALUE OF NOGO 
661 IF(NOGO.E0.1)G0 TO 651 

IF(NOGO.EC.2)GO TO 681 
IF(NOGO.NE.0)GO TO 641 
STOP 
END 

SUBROUTINE WT(H,F,WFIGHT,HO) 
C 	SUBROUTINE CALCULATES RELEVANT WEIGHTING FACTORS FOR STRESS-STRAIN 

DATA 
SIGI = (H'-x.3) - (HO 3) 
SIG1=1.0/SIG1 
SIG2=F*(H**2) 
SIG3=100+(3.0*(H0**3)*SIG1) 
SIG=SIG1*SIG24SIG3 
WIGHT=SIG*SIG 
WE IGHT=1.0/WEIGHT 
PETUP,N 
END 



SUBROUTINE TENSUN(WIDE,THICK,ZLONG.VFPACT,ZONGIWAYTOG/TFL,P.IWAT, 
1WATSIT I CON) 

C 	SUBROUTINE CALCULATES THE STRESS-STRAIN PARAMETERS OF THE DATA 
DIMENSION ZONG(50).WAYT(50),FORCE(50),ZLAMDA(50),FUNCTN(50) 
DIMENSION ENDVAL(50),7LOMDA(50) 
DIMENSION FUOGE(100) 
DATA CHARGE/+1.0E.-15/ 
WE 	= 1.0 / 3.0 
NO=NG 
IF(IFL.E0.1)G0 TO 141 

C 	AVOID WRITING WPONG ZERO LENGTH VALUE IF COMPRESSION DATA 
IF(WATSIT.EQ.COM)GO TO 755 

C 	WRITE ZERO LENGTH OF SAMPLE 
WRITE(6,3524)ZLONG 

3524 FORMAT(iX/////1X,16HSAMPLE LENGTH = ,F5.3,3HCMS) 
756 WRITE(6,3523) 
3523 FORMAT(1X/////1X,5X5HFORDE111X,17HLAMOALAMDA(**2)19X,5HLAMDA,14X 

1 2 11HLAMPA(*1),2X.25HFORCE/(LAMDA.-LAMDA(4*-2))) 
COMPUTE STRESS-STRAIN PARAMETERS 

141 I=0 
CO 140 J = 100 

C 	CHECK TO SEE IF LAMDA IS EQUAL TO 1 
IF((ZONG(J)-ZLONG).GE.(1.0E-10).AND.WATSIT.EQ.COM)G0 TO 591 
IF((ZONC(J)-.ZLONG).LE.(+1.0E•10).AND.WATSIT.NE.COM)G0 TO 591 
I=I+1 
ZLAMDA(I) = ZONG(J)/ZLONG 
FORCE(I) = WAYT(J) * (VFRACT ** (WETONE ))/(WIDE*THICK) 
FORCE(I) = FORCE(I) * 981.0 
FUNCTN(I) = ZLAMDA(I) 	(i.0/(ZLAMDA(I) *ZLAMDA(I))) 
ENDVAL(I) = FOPOE(I)/FUNCTN(I) 
ZLOMDA (I) = 1.0/ZLAMDA(I) 

C 	CALL ROUTINE TO CALCULATE WEIGHTING FACTORS FOR LEAST SQUARES DATA FIT 
CALL WT(ZONG(I),FORCE(I),FUDGE(I),ZLONG) 
IF(IFL.E0.1)G0 TO 140 
WRITE(62 1409)FORCF(I),FUNCTN(I),ZLAMDA(I),ZLOMDA(I),ENOVAL(I) 

1400 FORMAT(1)(.5(1PE16.61 5X)) 
GO TO 140 



591 IF(IFL.E0.1)G0 TO 140 
WRITE(5,5631) 

6631 FORMAT(1)(1 *POINT REJECTED AS GIVES RISE TO INDEFINITE RESULT*) 
140 CONTINUE 

NO =I 
IF(IWAT,En,1)G0 TO 753 

C 	FIT DATA TO MOONEY RIVLIN EQUATION 
CALL LEAST(ZLOMDA,ENDVALIEUDGE,S,A,P,Y,Z,ND,61IFL) 
GO TO 754 

C 	FIT DATA TO KINETIC THEORY EQUATION 
753 CALL KINET(ENDVALI FUOGE,NO,ZLOMDA,IFL,SL,P,6) 
754 RETURN 
755 ZLX = ZLONG/10,0 

C 	WRITE ZERO LENGTH FOR COMPRESSION DATA 
WRITE(6,3522)ZLX 

3522 FORMAT(1X/////1Xy*SAMPLE LENGTH = *,F6,4y*CMS*) 
GO TO 756 
END 

SUBROUTINE KINET(X,W,ND,Y,IFLG,AVX,ERP,MOUT) 
C 	SUBROUTINE FITS STRESS—STRAIN DATA TO KINETIC THEORY DATA 

CIMENSION X(ND),Y(ND),W(ND) 
DIMENSION XA(100),YA(100)yWA(100),RES(100),INDEX(100) 
DATA IND1,IND2,IND3/1H p1H4.1 1HE/ 

C 	NUMBER OF DATA POINTS IS INITIALLY TOTAL NUMBER PRESENTED 
NA = NO 
CO 360 I=1,NA 

C 	COPY WORKING PARAMETERS TO AVOID OVERWRITING THEM IN MAIN PROGRAM 
XA (I)=X (I) 
YA(I)=Y(I) 

360 WA(I)=14(I) 
C 	SET SUMS TO ZLRO 

380 SUMX=0,0 
SUMW=0,0 

C 	CALCULATE BEST FIT FOR PARAMETERS PRESENTED 
DO 361 J=1,NA 



SOMX=SUMX+(XA(J)*WA(J)) 
361 SUMW=SUMW+WA(J) 

AVX=SUMX/SUMW 
C 	SET SUMS TO ZERO 

SUMR=0.0 
C 	CALCULATE STANDARD DEVIATION OF DATA 

CO 362 L=1 I NA 
RES(L)=AVX-XA(L) 
RES(L)=RES(L)*RES(L) 
SUMR=SUMR+RES(L) 

362 PES(L)=SORT(PES(L)) 
EPP=SUMR/FLOAT(NA-1) 
ERP=SORT(EPP) 

C 	CHECK DATA ....BAD POINT MARKED 4  AND REJECTED 	POOR POINTS 

C 	POINTS MARKEDE BUT KEPT IN CALCULATION 
DO 363 M=1,NA 
INDEX(M)=INO1 
IF(RES(M).GE.(3.54ERP))G0 TO 371 
IF(RES(m).GE.(2.04EPP))G0 TO 372 
GO TO 363 

371 INDEX(M)=IND2 
GO TO 363 

372 INDEX(M)=IND3 
363 CONTINUE 

C 	UNLESS ITERATING PRINT OUT RESULTS 
IF(IFLG.EC.1)G0 TO 379 
WITE(MOUT 1 3600) 
WRITE(MOUT 1 3700)(XA(M),YA(M),RES(M),INOEX(M),M=1,NA) 
WPITE(MOUT7 3800)AVXIERR 

379 NB=0 
C 	RESET ARRAYS FOR RECALCULATION WITHOUT REJECTED POINTS 

DO 364 N=1,NA 
IF(INDEX(N).EO.IND2)G0 TO 364 
NO=ND+1 
YA(NB)=YA(N) 
XAAND)=YA(N) 
WA(N9)=WA(N) 

364 CONYINUE 



C 	IF ONLY ONE POINT LEFT INFORM USER ...RESULT TRIVIAL 
IF(NB.EQ.1)G0 TO 365 

C 	CHECK NUMBER OF REJECTED POINTS IF 0 STOP RECALCULATIONS 

IF(ND.EO.NA)G0 TO 366 
C 	RESET NUMBER OF POINTS AFTER POINT REJECTION AND RECOMPUTE RESULTS 

367 NA =NB 
GO TO 380 

366 RETURN 
365 WRITE(MOUT,3900) 

RFTURN 
3900 FORMAT(1)(y*TRIVIAL RESULT BASED ON ONE POINT ONLY ...HENCE BLOCK R 

lEJECTED 	  

	

3600 FORMAT (1H1,* 	X 	 Y 	 RES*) 
3700 FORMAT(1X,3(1PE16.6)4X)01) 
3800 FORMAT(1X////1Xt*SLOPE OF KINETIC THEORY PLOT = 4- ,1PE16.6,1X///1X, 

14-STANDARD DEVIATION = 4. ,1PE1606) 
END 

SUBROUTINE LEAST(X,Y,W,AIBI ERP,EPA,ERB I ND / MOUT,IFLG) 
C 	SUDROUTINE FITS DATA TO MOONEY RIVLIN EQUATION 	. 

DIMENSION X(ND),Y(ND),W(ND) 
DIMENSION XA(100),YA(200),WA(100),SMOOTH(100),RES(100),INDEX(1.00) 
DATA IND1,IN02,IN03/1H ,2114 ,1H1'/ 

C 	INITIAL NUMBER OF POINTS IS TOTAL NUMBER PRESENTED 
NA=ND 
DO 200 I = 1,NA 

C 	COPY WORKING PARAMETERS TO PREVENT THEM BEING RESET IN MAIN PROGRAM 
XA(I) = X(I) 
YA(I) = Y(I) 

	

200 WA(I) = W(I) 	 ca 

C 	SET SUMS TO ZERO 
245 SUMX = 0.0 

SUMY = 0.0 
SUMW = 0.0 
SUMXP = 0.0 



C 	COMPUTE LEAST SOUARES FIT PARAMETERS 
DO 210 J = 1,NA 
SUMXP = SUMXP + XA(J) 
SUMX = SUMX + (XA(J) * WA(J)) 
SUMY = SUMY + (YA(J) * WA(J)) 

210 SUMW = SUMW + WA(J) 
AVXA = SUMX/SUMW 
AVYA = SUMY / SUMW 
AVXAP = SUMXP/FLOAT(NA) 

C 	SET SUMS TO ZERO 
SUM1 = 0.0 
SUM2= 0.0 
SUM3 = 0.0 
DO 220 K = 1,NA 

C 	EVALUATE SLOPE AND INTERCEPT 
SUMI = - SUM1 + (WA(K) * (XA(K) 	AVXA) * (YA(K) 	AVYA)) 
SUM2 = SUM2 +(WA(K) * (ABS(XA(K) 	AVXA)**2)) 

220 SUM3 = SUM3 	(WA(K) * (ABS(YA(K)-• AVYA)**2)) 
A = SUM9./SUM2 
B = AVYA 	(A * AVXA) 

C 	SET SUMS TO ZERO 
SUMR = 0.0 
SUMXR = 0.0 

C 	COMPUTE STANDARD DEVIATIONS OF CALCULATED PARAMETERS 
DO 239 L = 1,NA 
SMOOTH(L) = (A*XA(L))+B 
RES(L,) = YA(L) 	SMOOTH(L) 
RES(L) = RES(L)*RES(L) 
SOMXR = SUMXR + ((XA(L)-.-AVXAP)*(XA(L)....AVXAP)) 
SUMP = SUMP 	RES(L) 

239 RES(L) = SORT (PES(L)) 
ERP = SUMR/FLOAT(NA 	2) 
ERA = ERP/SUMXR 
EPO = ERP*((1.0/FLOAT(NA))+(AVXAP/SUMXR)) 
ERP = SORT (ERP) 
ERA = SORT(FRA) 
ERI = SORT(ERP) 

C 	COMPARE DATA WITH STANDARD DEVIATION....MARK BAD POINTS * AND REJECT...... 
C 	.....MAnK POOP POINTS P. BUT RETAIN 



CO 230 M = 1,NA 
INDEX(M) = IND1 

IF(RES(M).GE.(3.5*ERP))G0 TO 231 
IF(RES(M).GE.(2.0*ERP))G0 TO 232 
GO TO 230 

231 INDEX(M) = IN02 
GO TO 230 

232 INOEX(M) = INO3 
230 CONTINUE 

IF (IFLG. EQ. 1) GO TO 221 
C 	UNLESS ITERATING PRINT OUT RESULTS 

WRITE(MOUT,2000) 
WRITE(MOUT 1 2001)(XA(M),YA(M),SMOOTH(M),RES(M),INDEX(M),M=1,NA) 
WRITE(MOUT,2002)A,B,ERP,ERA,ERB 

221 NB = 0 
DO 240 N = 1,NA 
IF(INDEX(N).E0eIND2)G0 TO 240 
NB = NB + 1 

C 	RESET ARRAYS OF WORKING PARAMETERS FOP RECOMPUTING WITHOUT REJECTED POINTS 
XA(NB)= XA(N) 
YA(NB)= YA(N) 
WA(NB) = WA(N) 

240. CONTINUE 
C 	CHECK IF NUMBER OF POINTS 1 GIVE UP AND INFORM USER 

IF(ND,E0.1)GO TO 241 
C 	CHECK IF NUMBER OF POINTS 2 INFORM USER RESULT TRIVIAL 

IF(NB,E0.2)G0 TO 242 
C 	CHECK...IF 0 POINTS REJECTED FINISH ITERATION 

IF(ND.E.O.NA)G0 TO 243 
244 NA = NB 

GO TO 245 



243 RETURN 
242 WRITE(MOUT,2003) 

GO TO 244 
241 WRITE(MOUTI 2004) 

RETURN 
2000 FORMATC1H1OX I IMX119X1 1HY 1 16X1 6HSM1OTH,16X,3HRES) 
2001 FORMAT(1X 1 4(1RE16.6,4X)01) 
2002 FORMAT(1X////1X,4HA = p1RE16.6,1X//1X,4HB = ,IPE16.6,1X//1X,7HFPP 

1= OPE16.6,1X//iX,7HERA = 1 1PE16.61 1X//1X 1 7HERB = ,1PE16.6) 
2003 FORIAT(1X 1 *TRIVIAL RESULT BASED ON TWO POINTS ONLY*) 
2004 FORMAT(1X 1 *INDEFINATE RESULT BASED ON ONE POINT 	HENCE JOD ABO 

1PTED*) 
END 



337 

(0 2) A Computer Pror7ramme to Calculate the Best Arrhenius  

Plot and Calculate ActIvation Enor-ies and "Pre-ex-ponnntial  

Factors  

This nror;ramme was a standard least sauares DroL:ramme 

adapted so that the input parameters were rate constants and 

the temperatures, in degrees centigrade, at which they were 

obtained. 

After obtaining the slope and intercept, the activation 

energy and pre-exponential factor were calculated. 

The programme is given on pages 339 to 341 inclusive; 

it is written in A.S.A. Fortran and was used on the Imperial 

College CDC 6400 computer and the University of London 

CDC 6600/6400 installation. 



PROGRAM LSTSQT(INPUT,OUTPUT I TAPE5=INPUT I TAPE6=OUTPUT) 
oil EusioN Y(100),X(100),Z(10i),V(10u),NAMEIT(16) 

999 RLAD(57 6325)(NAMEIT(I),I = 1,16) 
6325 FURMAT(8A1.A) 

WRITE(6,8998)(NAMEIT(I),I = 1,16) 
8998 FUFWAT(1X 1 20X 2 8A1U11X//1X120X18A10,1X////1X) 

REA0(51 211b)INOEX I NUMER 
kLAD(5,2uJA(Y(1),X(I)iI=1INUI(3EP) 

• 2110 FO:MAT(2I3) 
20CC FORMAT(2(E3.0 1 1X)) 

IF(INDEX.E.C.u)G0 TO 90 
WRITL(6 1 2111) 

2111 FOP.MAT(1)( 1 4X,1HK1 11X1 5HLN(K),8X,4HT(C),9X1 6H1/T(K)) 
00 91 NO = iI NUMDEP 
Z(HU) = ALOG(Y(NO)) 
V(NO) = 1,0/(273.2 + )(MO)) 

91 WraTE16,2JU2)Y(NO),Z(NO),X(NO),V(NO) 
2002 FORMAT(1)( 1 4(1PE9.2,5X)) 

GC TO 99 
90 WRITE(6 7 3JUu) 

300U FOi;MAT(IX ) 4X )1HY,13X ) 1HX) 
00 92 MO = 1, NUMBER 
Z(H0) = Y(M0) 
V(H0) = X(M0) 

'92 WR1TE(6,2i93)Z(M0),V(M0) 
2303 FOQAAT(1Xp2(1PE9.225X)) 
99 Wm1TE(6,100) 

3100 FORMAT(1X 2 1X//////////1X) 
CALL LSO(Z 2 V,D,C,NUMBER,STDC I STOO) 
IF(INDLX.E0.6)GU TO 93 
0:LH = C 	8.:514/160j.0 
PR':EX = D*8,314 
LPL) = STUC 4  8.314/1000.0 
LRP = ST0D48.314 
OLLH = -DLLH 
LPL) = -LRD 



WRITE(61 2188)ULLH,ERDIPREXIERP 
2008 FOMAT(iX12i;;HACTIVATION ENERGY = /F9.4/8H + OR 	/F9.411X,19HKILOJ 

1OULES PER MOLE / IX/t/1X,21MAGTIVATION ENTROPY = ,F1U.4,8H + OR 	,F 

21Z.4piX115HJOULES PER MOLE) 
93 IF(INDLX.L(;.1)G0 TO 999 

STOP 
EN1J 

SUUROUTINE LSO(Y1X/DICO,STOCISTOD) 
DIMENSION Y(1UU) / X(10U) 

C 	22222222222222222222222222222222222222222222222222222222222222222 
C 	SUJ,WUTINE PEFORNS A LEAST SQUARES FIT GIVING 0 AS INTERCEPT AND 
C 	SLOPE 
C 	'2222222222222222222222222'222222222222222222222222222222 

SUM! = 0.0 
SUN2 = 0.0 
SUi3 = 
SUN4 = U.D 
DO 36 IQ = 
SUM1 = SUMi + Y (I0) 
SUN2 = SUN2 + (X(IO)*Y(IO)) 

;1 -3 = SUM3 + X(IO) 
ab SUN4 = SUM4 + (X(ID)**2.0. 

U = ((SUM3*SUO2) 	(SUM1*SUM4))/((SUN3**2.0) 	(N*SUM4)) 
C = ((h * SUM2) - ( SUM1*SUM3))/((N*SUM4) - (SUM3*2.0)) 
XMN = SUM3/FLOAT(N) 
XNNS = U.0 
CRS = u.0 
DO 37 IP = 
UIFF = X(IP) 	XMN 
EST = (C*X(IP)) + D 

EST 	Y(IP) 
XMNS = (DIFF * DIFF) + XMN 

87 EPS = (ER°. * ERR) + CRS 
VAi< = Li6/FLOAT(N-2) 
VAC = VAR/XMNS 



VAI;3 = VAR*( (1 .0/FLOAT (N)) + l (XtiN * XMN)/XliNS) 
ST DO = SQRT(VARC) 
STUD = SORT (V ARM 
NU = N-2 

TE.(6,1J0(:)C,D:STDCISTDDy NU 
1000 FCi-?:IAT(1X 7 81-1SLOPE = y1PL16.671X///1X712HINTERCEPT = 7 1 PE.16.6 71 X/// 

6L.11S1 ANDA:',L1 DEVIATION IN SLOPE = iPElb. 61 1 X///1X 7 3 LthiST ANDARD 
2EVI AT IOU IN INTERCEPT = '143E16. 6 71X///iX iIHNU = N-2 = 1 13) 

C 	2222a'2222222222e22222222222222222222222222222222222222 2222 
RETURN 
END 

O 


