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SUMMARY 

The antifatigue activity of hindered nitroxyl radicals and 
their precursors have been studied. It was demonstrated 
that hindered alicyclic nitroxyl radicals and their 
precursors have weak antifatigue activities. However the 
trend increased in the order: amine < nitroxyl radical < 
hydroxylamine. The activity was improved by attaching 
PD-C and CB-D antioxidant functions to the alicyclic 
nitroxyl radicals. On the other hand N-alkyl aldonitrones 
containing semi-hindered phenolic antioxidant functions 
were good antifatigue agents. Optimum activity was 
achieved when they were premilled with the rubber for two 
minutes on an open two-roll mill prior to the compounding 
operations. 

Mechanistic studies showed that the role played by O- 
alkylated hydroxylamines during the antifatigue activity of 
the hindered alicyclic nitroxyl radicals is small. It was 
also shown that the nitrones probably function in part as 
antifatigue agents by a chain repair mechanism. 

The hindered piperidines and hydroxylamines did not greatly 
affect the curing characteristics of the vulcanisation 
process. However their nitroxyl radicals were found to 
retard cure. The nitrones did not particularly affect the 
curing characteristics either, except for the N-primary - 
alkyl nitrones. These were found to activate cure. None of 
the hindered piperidine nitroxyl radicals nor their precursors 
possessed any antiozonant or antioxidant activity. The 
nitrones on the other hand, were found to be weak anti- 
oxidants but very good static antiozonants. All the 
compounds were non-discolouring and non-staining. 
Combinations of the nitrones with other non-discolouring/ 
non-staining stabilisers did not impair their antidegredant 
activities very much. Furthermore the nitrones were shown 
to be better static antiozonants than the commercially 
available agents. Moreover they represent a new class of 
compounds which can potentially be used to protect light 
coloured rubber goods against fatigue and ozone deterioration. 

KEY WORDS: Antifatigue; nitroxyl radicals; nitrone; 
antiozonant; discolouration/stain. 
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CHAPTER ONE 

GENERAL ASPECTS OF THE DETERIORATION OF RUBBERS 

1.1 INTRODUCTION 

An important consideration in the design of rubber 

components is that they should have an adequate service 

life. Premature failure can occur by a variety of 

processes. These include shelf ageing, metallic 

poisoning,heat ageing, light ageing, fatigue, flex 

cracking, oxidation and ozone cracking. In all these 

cases, except for the last, the fundamental reaction 

responsible for the ageing process is always the same: 

oxidation of the rubber hydrocarbon or of the cross-link 

(1-10) | 
by molecular oxygen In each case the reaction is 

initiated by a different initiating process. 

A direct consequence of oxidation is rupture of the polymer 

molecules (1124), In natural rubber, this is manifested 

as a loss in mechanical properties such as tensile strength, 

elasticity, elongation at break and resilience. In some 

synthetic rubbers (153), for example styrene butadiene 

rubber (SBR) , ageing may be accompanied by an increase in 

tensile strength due to cross-linking reactions taking 

place during the oxidative process. 
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Mechanical working of polymers causes a much more rapid 

deterioration which is not normally uniform throughout 

the bulk of the polymer (®), Thus the continual flexing 

of rubber leads to the development of surface cracks 

which rapidly propagate through the rubber component 

and may in severe cases lead to complete severage. This 

type of breakage is referred to as fatigue and is 

aggravated by oxygen and ozone. Typical of this kind 

of failure are groove cracking in tyres, tread and ply 

separation in tyres, cracking of torsion springs and 

motor mounts, the cracking of carcass beltings and the 

cracking of boot uppers and shoe soles. 

1.2 MECHANISM OF OXIDATIVE DETERIORATION 

1.2.1. Ihe Autoxidation Cycle 

All organic polymers are hydrocarbon materials and hence 

are susceptible to oxidation. The oxidative deterioration 

of polymers takes place by a process known as autoxidation. 

By definition“autoxidation is the spontaneous oxidation of 

hydrocarbon materials when exposed to oxygen” ie Bolland 

and co-workers(1! 9-11) 

a chain reaction proceeding via a free radical mechanism 

have suggested that the oxidation is 

with the formation of hydroperoxides. The essential. steps 

of this chain reaction are shown in scheme 1.1. 
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Reaction rate 

(a 

Initiator + «=8R: Initiation Weary 

jan ah £2). p00. V>=k, k'][o 
(3) Propagation 

ROO* + RH 43). ROoH + R- V3=k, [Roo] [rx] 

. : ee = 12 Ro+R R-R vazk,[R] 
As (5) ‘ ‘ = ; ROOs + Re ———»+ ROOR Termination Ve=ks [24 [Roo] 

, demo = 3] 2 ROO+ + ROO ROOR + 0, Vez, [Roo:] 

Scheme 1.1 

Assuming a stationary concentration of free radicals and 

that under these conditions 

ry 2Vi04 Ve + -V, 

and also 

Nae 

aos a then [Roo ] ea ao ee 

eli PISS eemutbaedtoe mele 

«2° [oy [eg] , 
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Now 

0 < " < =a [> absorbed] 
a 3 Ky[H00}] [a 

substituting for Roo | ; 

-d [c, abs orbea| os 

ae i 

  

Ka 
Slane 
x2" [oY] a 

- : 6 2 
if it is assumed that Kyke = Ks» then 

= = alo, absorbed] - ry 

at k,2 Kee 
— + ly 

  

Thus at 'high' oxygen pressures 

  

-d fe, absorbea] k k3 [ze] 
Se ee 2 é 

at ins (eq 1) 
6 

and at ‘low' oxygen pressures 

=a [o, absorbed] x K, [oJ 

ea aban ape, whet eee sr (eq 2) 4 
Kg 

Equation (1) describes satisfactorily the kinetics of 

oxidation of a large number of hydrocarbons at pressures 

greater than 100 me 
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These equations suggest that in the excess of oxygen, 

the overall oxidation processs is determined by the 

reaction step 3 of the autoxidation cycle. However, 

in the deficiency of oxygen, alkyl radicals may 

predominate in the system and consequently the rate of 

propagation and termination is expectedly different 

from that taking place in the excess of oxygen. 

In the case of olefins, an alternative propagation step 

has been reported Cac to account for the products 

of oxidation. This is the addition of alkylperoxyl 

radicals to the reactive double bond. 

RI 
I . 

ROO=CH=CHR" 

(CR) 

ROO’ + R'CHSCHR" . 

The radical ( Rt) formed in this reaction is alkyl and 

continues the chain reaction by addition to oxygen. 

Although this step is in competition with step 3 in the 

autoxidation cycle, chemical identification is necessary 

to distinguish between them since the kinetics of their 

formation are the same Ny, 

The initiation step may be brought about in a-number of 

Wass the most important being heat, light and mechanical 

activation (1/2911), 

27



Chain scission occurs after thermolysis and photolysis 

reactions of the hydroperoxides and other peroxy 

entities formed during the autoxidation eycle’*). 

Hydroperoxidation is thus of major chemical significance 

in olefin autoxidation, and in polymers it is a precursor 

to the physically important scission and cross-linking 

processes which result in a loss of the mechanical 

properties. 

When applied to polymers, this autoxidation reaction 

scheme has been criticisea(+4) for not taking into 

account the chain scission reactions, as hydroperoxidation 

by itself does not alter the mechanical properties of the 

polymer significantly. These properties are lost only 

after the scission of the oxygenated species which are 

formed during the autoxidation cycle. Furthermore, 

for sulphur cross-linked rubbers, the scheme does not 

take into account oxidation of the sulphur cross-links, 

the products of which are known to retard the oxidative 

deterioration of the rubber‘+), Despite these limitations 

however, the autoxidation cycle describes satisfactorily 

the kinetics of oxidation of most polymers including rubbers. 
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1.3 THE MECHANISM OF THE OXIDATION OF RUBBER 

1.3.1 The Oxidation of Raw Rubber 

There are a number of proposed mechanisms, but the 

most widely accepted scheme is that suggested by 

(1,712), Bevilaqua The essential steps of this 

mechanism are outlined in scheme 1.2. 

According to this scheme, hydrogen atoms are abstracted 

from the methylene groups of the polyisoprene chain 

and this constitutes the propagation step of the 

autoxidation cycle. The main primary product is thus 

a polymer chain having hydroperoxy groups attached to the 

methylene carbons. Some of the peroxyl’ radicals however, 

attack a neighbouring double bond before hydrogen 

abstraction can occur. This leads to the formation of 

cyclic dialkyl peroxides. Secondary reactions then 

lead to chain scission, cross-linking and formation of 

various functional groups along the polymer chain. In 

natural rubber and in cis-polyisoprene chain scission 

predominates over cross-linking, thus softening occurs on 

ageing. In the synthetic rubbers, like SBR, cross-linking 

reactions can occur by radical addition across pendant 

vinyl groups that are inherent in the polymer‘), 

These pendant vinyl groups are formed during the polymer 

manufacturing stage. 
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Scheme 1.2 Oxidative degradation of raw rubber 

Natural rubber also behaves differently to cis- 

polyisoprene during oxidation due to the presence of 

naturally occurring antioxidants in the former. 

1.3.2 ‘fhe Oxidation of Vulcanised Rubber 

The essential difference between raw rubber and 
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vulcanised rubber is that the latter contains cross- 

links which impart the useful service properties to the 

rubber. These cross-links may be of the type: 

(i) C-C as obtained from a peroxide or radiation cure. 

(ii) C-S,-C as obtained from a typical sulphur 

formulated conventional cure. 

(Geis B) c-S,-¢ and C-S,-C as obtained from a TMTD 

sulphurless cure. 

The difference between the vulcanised and unvulcanised 

rubbers is highlighted in their behaviour to creep and 

stress relaxation under conditions where chain scission 

is negligibie(?), Raw rubber exhibits rapid decay of 

stress when held at constant extension at various 

temperatures ranging from ~50°C to ore!) In contrast 

vulcanised rubbers do not show any comparable relaxation 

behaviour between -40°C and +40°c(13), At higher 

temperatures, relaxation occurs due to chemical scission 

of the cross-links. 

In contrast to raw rubbers, the oxidation of vulcanised 

rubbers is complicated by the presence of the cross-links. 

The oxidative degradation of peroxide cured vulcanisates 

corresponds closely with that observed for the raw rubber 

since the cross-links are direct carbon-carbon links (16), 
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In the case of sulphur cross-linked vulcanisates however, 

besides main chain scission occurring as a result of 

autoxidation, cross-links are also oxidised sna! ano) 

Oxidation of the cross-links gives rise to oxygenated 

sulphur compounds which are known to protect the rubber 

against further oxidative deterioration (259-2) However, 

chain scission is normally associated with the formation 

of these antioxidant species. 

1.4. THE FATIGUE OF RUBBER 

One of the ways in which failure of rubber components 

can occur is by the development and propagation of cracks 

resulting from the cyclic mechanical working of the 

rubber. This kind of failure is known as fatigue. By 

deeinitiont~) 'fatigue is the change in physical 

structure and properties of the mass of a rubber component 

when it is subjected to repeated deformation’. 

In general there are three causes for the failure of 

rubber by fatiguesst +17). These are: 

CL) The mechanical rupture of the polymer molecules. 

(2) Oxidation of the polymer chains. 

(3) The action of ozone. 

The mechanical rupure of the polymer molecules is 
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accelerated in the presence of oxygen and when this 

occurs the failure is termed as 'mechano-oxidative' 

rupture. Fatigue failure is also accelerated by ozone 

due to the initiation of cracks caused by ozonisation 

of the rubber hydrocarbon. 

The-roles played by the oxygen and the ozone are clearly 

distinct phenomena, although the combined effects of the 

two stimulants may be synergistic. Oxidation leads to 

a random development of shallow cracks, known as 

crazing, on the surface of the rubber. Ozonisation 

leads to the formation of deep cracks, always 

perpendicular to the direction of the applied strain. 

1.4.1 The Mechanics of Crack Propogation 

Growth and propagation of cracks in rubber has been 

studied extensively using test pieces containing 

deliberately inserted cuts and subjecting them to static 

or dynamic strain. 

It has been shown that fatigue is primarily a physico- 

chemical phenomenon. The initial crack formation may 

be a physical phenomenon however, the rate of crack 

growth is certainly dependent on both the presence of 

oxygen and on the tearing energy at the tip of the crack. 

Oxygen accelerates the rate of deterioration of the rubber by 
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combining with the alkyl radicals produced during the 

mechanical scission of the rubber molecules. The nature 

of the role played by oxygen will be discussed further in 

section 1.4.6. 

Crack growth during fatigue has been shown to take place 

from minute flaws on the surface of the rubber. These 

flaws include small indentations, hard particles, small 

regions of abnormal local cross-linking density and 

cracks initiated by Oronel ls 

1.4.2 The Tearing Energy Concept 

Much of the work reported in the literature on fatigue 

has involved the study of the tearing energy at the tip 

of the growing crack (19-29), 

The tearing energy is defined as 'the energy produced at 

the tip of a crack when an external force is applied for 

the propagation of that crack'. For an edge crack the 

tearing energy is mathematically defined as: 

T = 2KWC 

where T is the tearing energy, K is a constant which 

slowly varies as a function of strain, C is the length 

of the cut in the unstrained rubber and W is the work done 
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or the strain energy at a maximum extension during each 

cycle. 

1.4.3 The Relation Between the Tearing Energy and the 

Fatigue Life 

When expressed in terms of T, the crack growth per cycle 

for a repeated loading through zero strain ne ole 

de an 

where C = crack length 

nm = number of cycles 

T = maximum tearing energy attained during the 

cycle 

The number of cycles for a crack to grow from a length 

cy to Cy is then: 

  

Now T = 2KWC 

and since T increases with C, rupture of a sample will 

occur when the tear strength Tc is exceeded. Therefore 
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the number of cycles to failure, N, is given by: 

Te 

Nea ar 
2KW F(T) (Eq 13) 

Ti 

where Ti is the tearing energy at the start of the test. 

Equation 1.3 thus relates the fatigue life to the crack 

growth characteristics of a rubber, the magnitude of the 

deformation and the size of the initial crack or flaw. 

Using power law approximations of the form: 

E(t) = pr? 

and integrating equation (1° 3) 

a 5 oS “(Eq 1*4) 
(p-1) (2Kw)? o6-4 

where Co is the effective size of the natural flaws. 

£ is known as the strain exponent and is influenced by the 

hysterisis and morphological characteristics of the 

rubber. For natural rubber 4 has been shown to equal 

2 and for SBR vulcanisates B equals 4(20, 21) 
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The flaw size, Co, required to give the best quantitative 

correlation with the experimental results is 2.5 x i072 cm, 

for natural rubber, and Ca.5 x 107? cm for spr(2°), 

The fatigue life of a vulcanisate can, therefore, be 

predicted mathematically by the use of the fracture 

mechanics treatment. When expressed in these terms, the 

cut growth behaviour is strongly dependent on the 

magnitude of the tearing energy and on the loading conditions 

1.4.4 The Efféct of the Loading Conditions and the 

Morphotogical Factors 
  

The cut growth characteristics of a rubber are greatly 

influenced by the type of loading conditions and the 

morphological characteristics of the base rubber (20-27) , 

The loading conditions are classified into static conditions 

and dynamic conditions’ ?--"=>), In both cases, the rate 

of cut/crack growth is affected by whether the rubber is 

able to undergo strain induced crystallisation and also 

on the associated hysteresis loss. In a perfectly elastic 

material, where there is no hysteresis loss, the stress 

pattern around the tip of a growing crack would advance at 

a speed approaching that of sound‘), However if hysteresis 

loss occurs then the rate of propagation of the crack is 

greatly retardea(>), 
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For natural rubber, at high str. 

caused by the strain induced cr 

thus under static strain, the c 

rubber is not very significant 

For the same reason, 

propagation for a crystallising 

the rubber is allowed to return 

cycle. If it is not allowed to 

fatigue life of the rubber will 

In contrast, a rubber like SBR 

loss since it does not undergo 

oe Thus for crystallisation 

propagation occurs at the same 

conditions are static, dynamic 

during each cycle, or dynamic w. 

strain during each cycle. 

1.4.5 Other Factors Affecting 

Other factors which affect the 

and the fatigue life of rubber 

(1, 20, 25, 26) 
to include the §stat 

variation, the energy input dur 

temperature and the nature and 

Probably, the most important of 
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under dynamic strain, 

ain, the hysteresis loss 

y.stallisation is very great, 

rack growth for natural 

unless Tc is exceeded (39), 

crack 

rubber only occurs when 

to zero strain during each 

the return to zero strain, 

be substantially higher. 

has very little hysteresis 

strain induced 

this rubber, crack 

rate whether the loading 

with return to zero strain 

ith return to non-zero 

Fatigue Life 

rate of crack propagation 

components have been reported 

e of cure, compounding 

ing each cycle, the 

loading of any filler. 

theseare the state of cure,



variations.in the compounding formulation and the energy 

input per cycle 

The state of cure affects the degree of cross-linking 

and an increase in cross-link density decreases the 

fatigue life of the rubber component 1), This is 

probably related to the capacity of the rubber molecules 

to be reorientated and dissipate the applied molecular 

stresses. 

The type of cross-link also affects the fatigue life 

significantly. Generally sulphur cross-linked rubbers 

have a higher fatigue life than carbon-carbon cross-linked 

rubbers and this is particularly pronounced for the 

polysulphide cross-linked rubbers. This effect is due 

to a combination of two facts. . A polysuiphide cross- 

linked network is more flexible than a carbon-carbon 

cross-linked network. Hence the molecular stresses in 

the former is less than that in the latter case. Furthermore 

polysulphide cross-links are able to break and reform during 

the fatiguing operations, thus imparting a greater lifetime 

to the vulcanisate. Mono and disulphide cross-linked 

rubber have intermediate fatigue properties. 

The dispersion of the compounding system also affects the 

fatigue properties, since the uniformity of the distribution



of cross-linking sites will be affected. 

The energy input during a deformation cycle has a 

significant effect on the fatigue life of the Subber ="). 

Generally an increased energy input decreases the fatigue 

life. The effect is obviously due to the greater amount 

of work done which causes the rubber to deteriorate more 

Kapidly. Because of this effect, rubber vulcanisates 

having different moduli owing to changes in compounding 

formulations, should not be compared at the same strain. 

Instead they should be compared at the same strain energy 

per cycle. If tested in the former manner, the results 

may be erroneous, due to variations in the energy input (2), 

Effects of temperature on crack growth and fatigue are 

mainly associated with changes in hysteresial behaviour 

of the rubber. At temperatures up to about 100°C the 

fatigue life of natural rubber is not greatly affected. 

In contrast, for a non-crystallising rubber such as SBR 

the fatigue life decreases very Maxkediy 0)» 

Inclusion of small particle size fillers have little effect 

on the fatigue life if comparisons are made on an equal 

energy input basis. Constant amplitude comparisons 

however, will tend to penalise the high modulus compounds, 

since the energy input will be greater. Filler particles 

41



  

i fe 
b -C==== H-CH» -CH5-C=CH- 

/ Sommenets 
oO 3 a3 2) 

~CH~C=CH-CH,-CH,-C=CH- 7 es chi 

~ @- CH-CH,-CH5-C=CH- 

a 

3 , 3 3 Cry 

~CH, -C=CH-CH.* + +CH,-C=CH- , Oo ate at semen te 

02 oo 

i3 (a 

~Cliy-C=CH-CH,-00" + *CH5-C=CH- 

Scheme 1.3 

42


